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Design and campaign synthesis of pyridine-based histone deacetylase inhibitors pp 2525-2529
David M. Andrews,” Keith M. Gibson, Mark A. Graham, Zbigniew S. Matusiak,
Craig A. Roberts, Elaine S. E. Stokes, Madeleine C. Brady and Christine M. Chresta
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The synthesis of the HDAC inhibitor 13b is reported. (HDACI enzyme pICsq 8.01.)
Novel uracil-based 2-aminoanilide and 2-aminoanilide-like derivatives: Histone deacetylase pp 2530-2535

inhibition and in-cell activities

Antonello Mai,” Andrea Perrone, Angela Nebbioso, Dante Rotili, Sergio Valente,
Maria Tardugno, Silvio Massa, Floriana De Bellis and Lucia Altucci®
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Tetrazole based amides as growth hormone secretagogues pPp 2536-2539

James J. Li," Haixia Wang, Jun Li, Fucheng Qu, Stephen G. Swartz, Andrés S. Hernandez,

Scott A. Biller, Jeffrey A. Robl, Joseph A. Tino,” Dorothy Slusarchyk, Ramakrishna Seethala,

Paul Sleph, Mujing Yan, Gary Grover, Neil Flynn, Brian J. Murphy and David Gordon
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Compound 31 (ECsy = 0.2 nM)
A novel series of N1 substituted tetrazole amides were prepared and showed to be potent growth hormone (GH) secretagogues.
Among them, hydroxyl containing analog 31 displayed excellent in vivo activity by increasing plasma GH 10-fold in an anesthetized
IV rat model.
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Use of y-aminopropyl-coated glass surface for the patterning pp 2540-2543
of oligonucleotides through oxime bond formation

Nabil Dendane, Antoine Hoang, Eric Defrancq,” Frangoise Vinet and Pascal Dumy

The patterning of oligonucleotides on glass slides and into the inner wall of capillary tubes have been achieved by using oxime bond
formation.

Synthesis and characterization of 5,6,7,8-tetrahydroquinoline C5a receptor antagonists pp 2544-2548

J. Kent Barbay,” Yong Gong, Micke Buntinx, Jian Li, Concha Claes,
Pamela J. Hornby, Guy Van Lommen, Jean Van Wauwe and Wei He

Synthesis and structure—activity relationships of a series of substituted 5,6,7,8-tetrahydroquinoline C5a receptor antagonists are
reported.

Synthesis and biological evaluation of histone deacetylase inhibitors that are based on FR235222: pp 2549-2554
A cyclic tetrapeptide scaffold
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Design of high-affinity peptide conjugates with optimized fluorescence quantum pp 2555-2557
yield as markers for small peptide transporter PEPT1 (SLC15A1)
Praveen M. Bahadduri, Abhijit Ray, Akash Khandelwal

and Peter W. Swaan™

Based on our results of computational analysis, we have
designed, synthesized, and performed in vitro activity assessment
of novel Alexa Fluor-350-labeled dipeptides directed to identify
novel substrates and inhibitors for human small peptide
transporter PEPT1 in a high-throughput assay setting.
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Synthesis and antimicrobial activity of 7o-amino-23,24-bisnor-5o-cholan-22-ol derivatives pp 2558-2561
Sharaf Nawaz Khan, Young Mee Jung, Bong Jin Kim, Heeyeong Cho, Jinho Lee and Hong-Seok Kim*

OTBS OH

1) NH40Ac, NaBH3CN,

MeOH-THF
0 \ 2) pTSA/acetone S. pyogenes 308A MIC 1.6ug/mL
</o = o 3) NH4OT;, NaBH(OEh)3/THF  "CI*HgN"" F| “/NHg*Cl"  S. pyogenes 77A  MIC 3.1ug/mL

4) SOCly,-MeOH/CH,Cl, S. aureus 503 MIC 3.1pg/mL
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A series of 7o-aminobisnorsteroids were synthesized and antimicrobial activity was assessed against Gram-positive

and Gram-negative bacteria. 3a,7a-Diaminobisnorsterol dihydrochloride 15 showed the highest antimicrobial

activity against Streptococcus pyogenes 308 A with a MIC value of 1.6 ng/mL. Among the tested compounds 13-20, +
compound 13 showed MHC at 100 pg/mL. @

Design and synthesis of morpholine derivatives. SAR for dual serotonin & noradrenaline pp 2562-2566
reuptake inhibition

Paul V. Fish,” Christopher Deur, Xinmin Gan, Keri Greene, David Hoople, Malcolm Mackenny, Kimberly S. Para,
Keith Reeves, Thomas Ryckmans, Cory Stiff, Alan Stobie, Florian Wakenhut and Gavin A. Whitlock

Oﬁ Candida rugosa Oﬁ steps R Oﬁ
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Morpholine derivatives 5, 8-23 are inhibitors of monoamine reuptake. Target compounds were prepared using a highly specific
enzyme-catalysed resolution of racemic morpholine ester 26 as the key step. Structure-activity relationships established that
serotonin and noradrenaline reuptake inhibition are functions of stereochemistry and aryl/aryloxy ring substitution.

Carbonic anhydrase inhibitors. Interaction of indapamide and related diuretics with 12 mammalian pp 2567-2573
isozymes and X-ray crystallographic studies for the indapamide—isozyme II adduct

Claudia Temperini, Alessandro Cecchi, Andrea Scozzafava and Claudiu T. Supuran®
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5-Sulfonyl-benzimidazoles as selective CB2 agonists pp 2574-2579

Bie M. P. Verbist, Michel A. J. De Cleyn, Michel Surkyn, Erwin Fraiponts,
Jeroen Aerssens, Marjoleen J. M. A. Nijsen and Harrie J. M. Gijsen™
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Synthesis and exploration of the structure—activity relationship of a novel benzimidazole series as highly selective CB2 ®+
agonists are reported.
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Design and campaign synthesis of piperidine- and thiazole-based histone deacetylase inhibitors pp 2580-2584

David M. Andrews,” Elaine S. E. Stokes,” Greg R. Carr, Zbigniew S. Matusiak, Craig A. Roberts,
Michael J. Waring, Madeleine C. Brady, Christine M. Chresta and Simon J. East

The synthesis of the HDAC inhibitor 16d is reported. (HDACI1 enzyme pICsq 7.46. A549a xenograft efficacy at 12.5 mg/kg.)

Synthesis and antimicrobial properties of Monensin A esters pp 2585-2589
Adam Huczynski, Joanna Stefanska, Piotr Przybylski, Bogumil Brzezinski* and Franz Bartl

®+

Microarray-based label-free detection of RNA using bispyrene-modified 2'-O-methyl pp 2590-2593
oligoribonucleotide as capture and detection probe

Takashi Sakamoto, Akio Kobori and Akira Murakami®

U\mn e

Ssion

Bispyrene-modified with
oligoRNA probe unmodified RNA

G Cr—E—
Glass substrate
We developed a novel oligonucleotide microarray for the detection of RNA without fluorescent labeling of target RNA. The
technology may contribute to on-site gene diagnostics of various diseases.

Synthesis of new benzimidazole linked pyrrolo|2,1-c|[1,4]benzodiazepine conjugates Pp 2594-2598
with efficient DNA-binding affinity and potent cytotoxicity

Ahmed Kamal,”* P. Praveen Kumar, K. Sreekanth, B. N. Seshadri and P. Ramulu
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Benzimidazole linked pyrrolo[2,1-¢][1,4]benzodiazepine conjugates were synthesized and displayed potential in vitro cytotoxicity
against human cancer cell lines.
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New chemotypes for cathepsin K inhibitors pp 2599-2603

Naoki Teno,” Osamu Irie, Takahiro Miyake, Keigo Gohda, Miyuki Horiuchi, Sachiyo Tada,
Kazuhiko Nonomura, Motohiko Kometani, Genji Iwasaki and Claudia Betschart

(N = | \/N N/(:/JN\
N_J HN N)\\ Sn
SAR

Cyano pyrimidine acetylene and cyano pyrimidine z-amine, which belong to a new chemical class, were prepared and tested for
inhibitory activities against cathepsin K and the highly homologous cathepsins L and S. The use of novel chemotypes in the
development of cathepsin K inhibitors has been demonstrated by derivatives of compounds 1 and 8.

Exploring predictive QSAR models for hepatocyte toxicity of phenols using QTMS descriptors pp 2604-2609
Kunal Roy* and Paul L. A. Popelier”

We construct predictive QSAR models for hepatocyte toxicity data of phenols using Quantum Topological ®+
Molecular Similarity (QTMS) descriptors along with hydrophobicity (log P) as predictor variables.

4'-Methyl-4,5'-bithiazole-based correctors of defective AF508-CFTR cellular processing pp 2610-2614
Choong Leol Yoo, Gui Jun Yu, Baoxue Yang, Lori I. Robins, A. S. Verkman and Mark J. Kurth*

CH, Cl
2 )N|\ N 7/ i AF508-CFTR corrector activity
ﬁ)\ﬂ S N N Vmax (mM/s) Ky (WM)
15Jf OMe 0.13+0.01 0.7
Synthesis of 4-modified noraristeromycins to clarify the effect of the 4'-hydroxyl groups pp 2615-2618

for inhibitory activity against S-adenosyl-L-homocysteine hydrolase
Takayuki Ando, Kenji Kojima, Praveen Chahota, Atsushi Kozaki, Nikalje D. Milind and Yukio Kitade”
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Hypoxia-inducible factor-1 and nuclear factor-kB inhibitory meroterpene pp 2619-2623
analogues of bakuchiol, a constituent of the seeds of Psoralea corylifolia

Cheng-Zhu Wu, Seong Su Hong, Xing Fu Cai, Nguyen Tien Dat, Ji-Xing Nan,

Bang Yeon Hwang, Jung Joon Lee and Dongho Lee*
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Selective vasodilatation effect of sargahydroquinoic acid, an active constituent pp 2624-2627
of Sargassum micracanthum, on the basilar arteries of rabbits

Byong-Gon Park, Woon-Seob Shin, Yumi Um, Sungsik Cho, Gab-Man Park, Dong-Soo Yeon,

Seong-Chun Kwon, Jungyeob Ham, Byoung Wook Choi and Seokjoon Lee*

OH CO,H

OH Sargahydroquinoic acid

ECsp 11.8 um on basilar artery: 140 uM on Cartoid Artery Selective Index (SI, ECs, for basilar): 11.9.

Synthesis of small molecule inhibitors of the orphan nuclear receptor steroidogenic pp 2628-2632
factor-1 (NR5A1) based on isoquinolinone scaffolds

Joshua Roth, Franck Madoux, Peter Hodder and William R. Roush*
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31, ICxo (SF-1) = 200 M 32, IC5, (SF-1) = 200 nM ®+
Structure-dependent inhibition of bladder and pancreatic cancer cell growth pp 2633-2639

by 2-substituted glycyrrhetinic and ursolic acid derivatives
Gayathri Chadalapaka, Indira Jutooru, Alan McAlees, Tom Stefanac and Stephen Safe”

. . %, _~CO,R! :
The 2-cyano and 2-trifluoromethyl substituted 1-en-3-one 2
derivatives of methyl glycyrrhetinate and methyl ursolate are

potent inhibitors of bladder and pancreatic cancer cell growth. o

2
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Methyl glycyrrhetinate Methyl ursolate
derivative derivative
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2-Arylbenzoxazoles as novel cholesteryl ester transfer protein inhibitors: pp 2640-2644
Optimization via array synthesis

Lalgudi S. Harikrishnan,” Muthoni G. Kamau, Timothy F. Herpin, George C. Morton, Yalei Liu,

Christopher B. Cooper, Mark E. Salvati, Jennifer X. Qiao, Tammy C. Wang, Leonard P. Adam,

David S. Taylor, Alice Ye A. Chen, Xiaohong Yin, Ramakrishna Seethala, Tara L. Peterson, David S. Nirschl,
Arthur V. Miller, Carolyn A. Weigelt, Kingsley K. Appiah, Jonathan C. O’Connell and R. Michael Lawrence

Festetanan

100

CETP SPAICs, = 0.010 uM ®+
CETP WPA IC5, = 0.91 uM

Novel antibacterial azetidine lincosamides pp 2645-2648

Hardwin O’Dowd,” Jason G. Lewis, Joaquim Trias, Rumi Asano, Johanne Blais,
Sara L. Lopez, Craig K. Park, Charlotte Wu, Wen Wang and Mikhail F. Gordeev

+
The synthesis and evaluation of antibacterial azetidine lincosamides 1 are described. @

N-p-Aldopentofuranosyl-/V-[p-(isoamyloxy)phenyl]-thiourea derivatives: pp 2649-2651
Potential anti-TB therapeutic agents

Avraham Liav,” Shiva K. Angala, Patrick J. Brennan and Mary Jackson
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All four N-p-aldopentofuranosyl-N'-[p-(isoamyloxy)phenyl]-thiourea derivatives were synthesized and their MIC values against
M.th were determined.

Pyrazolo-pyrimidines: A novel heterocyclic scaffold for potent and selective p38a inhibitors Pp 2652-2657
Jagabandhu Das,” Robert V. Moquin, Sidney Pitt, Rosemary Zhang, Ding Ren Shen, Kim W. Mclntyre,

Kathleen Gillooly, Arthur M. Doweyko, John S. Sack, Hongjian Zhang, Susan E. Kiefer, Kevin Kish,

Murray McKinnon, Joel C. Barrish, John H. Dodd, Gary L. Schieven and Katerina Leftheris

Me

The synthesis and structure—activity relationships (SAR) of p38a MAP kinase inhibitors based H  Neg
on a pyrazolo-pyrimidine scaffold are described. These studies led to the identification of HN N\<¢/
compound 2x as a potent and selective inhibitor of p38o MAP kinase with excellent cellular
potency toward the inhibition of TNFa production. Compound 2x was highly efficacious in N | SN
vivo in inhibiting TNFa production in an acute murine model of TNF production. X-ray co- N /)
crystallography of a pyrazolo-pyrimidine analog 2b bound to unphosphorylated p38a is also ( 2x
disclosed.

p38aIC50 =5 nM

hPBMC TNFa IC50 = 6 nM
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Novel bisbenzimidazoles with antileishmanial effectiveness pp 2658-2661

Annie Mayence, Aurélie Pietka, Margaret S. Collins, Melanie T. Cushion,
Babu L. Tekwani, Tien L. Huang and Jean Jacques Vanden Eynde”

The synthesis and pharmacological profile of novel bisbenzimidazoles is reported.

Small molecules with structural similarities to siderophores as novel antimicrobials pp 2662-2668
against Mycobacterium tuberculosis and Yersinia pestis

Karen L. Stirrett, Julian A. Ferreras, Venkatesan Jayaprakash,” Barij N. Sinha, Tao Ren and Luis E. N. Quadri*

Synthesis and evaluation of compounds with structural similarities to Mycobaterium
tuberculosis and Yersinia pestis siderophores as novel antimicrobials targeting the
physiology of iron-scarcity adapted bacteria. R1

Carbonic anhydrase inhibitors: The X-ray crystal structure of ethoxzolamide complexed to human pp 2669-2674
isoform II reveals the importance of thr200 and gIn92 for obtaining tight-binding inhibitors

Anna Di Fiore, Carlo Pedone, Jochen Antel, Harald Waldeck, Andreas Witte, Michael Wurl,

Andrea Scozzafava, Claudiu T. Supuran™ and Giuseppina De Simone™

An X-ray crystallographic study for the binding of ethoxzolamide to human carbonic
anhydrase (CA) II provides useful insights for the design of novel CA inhibitors targeting
different isozymes.

Alkyne—quinuclidine derivatives as potent and selective muscarinic antagonists Pp 2675-2678
for the treatment of COPD

Jean-Philippe Starck, Laurent Provins,” Bernard Christophe, Michel Gillard,
Sophie Jadot, Patrick Lo Brutto, Luc Quéré, Patrice Talaga and Michel Guyaux
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SAR around alkyne—quinuclidine derivatives allowed the discovery of highly potent muscarinic antagonists displaying interesting
preferential slow off-rates from the M3 receptor.
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A novel bifunctional maleimido CHX-A" chelator for conjugation to thiol-containing biomolecules pp 2679-2683
Heng Xu, Kwamena E. Baidoo, Karen J. Wong and Martin W. Brechbiel*

In, %Y etc for imaging
%y 177y etc for therapy

Thiol-ether linkage

CHX-A" DTPA

Discovery of a novel indole series of EP; receptor antagonists by scaffold hopping pp 2684-2690

Adrian Hall,” Andy Billinton, Susan H. Brown, Anita Chowdhury, Gerard M. P. Giblin, Paul Goldsmith,
David N. Hurst, Alan Naylor, Sadhana Patel, Tiziana Scoccitti and Pamela J. Theobald
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The discovery, synthesis, and biological activity of a novel series of indole EP1 receptor antagonists is described, such as compounds
10a and 12g. Compound 12g demonstrated in vivo efficacy in a preclinical model of inflammatory pain.

Scaffold oriented synthesis. Part 2: Design, synthesis and biological evaluation pp 2691-2695
of pyrimido-diazepines as receptor tyrosine kinase inhibitors

Vijaya Gracias, Zhiqin Ji, Irini Akritopoulou-Zanze,” Cele Abad-Zapatero, Jeffrey R. Huth,

Danying Song, Philip J. Hajduk, Eric F. Johnson, Keith B. Glaser, Patrick A. Marcotte, Lori Pease,

Nirupama B. Soni, Kent D. Stewart, Steven K. Davidsen, Michael R. Michaelides and Stevan W. Djuric
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We report the discovery of the pyrimido-diazepine scaffolds as novel adenine mimics. Structure-based design led to the discovery of
analogs with potent inhibitory activity against receptor tyrosine kinases, such as KDR, Flt3, and c-Kit. Compound 14 exhibited low
nanomolar KDR enzymatic and cellular potencies (ICso =9 and 52 nM, respectively).

Identification of prostaglandin D, receptor antagonists based on a tetrahydropyridoindole scaffold Pp 2696-2700
Christian Beaulieu,” Daniel Guay, Zhaoyin Wang, Yves Leblanc, Patrick Roy,

Claude Dufresne, Robert Zamboni, Carl Berthelette, Stephen Day, Nancy Tsou,

Danielle Denis, Gillian Greig, Marie-Claude Mathiecu and Gary O’Neill
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A molecular modeling study of the interaction of 2’-ﬂuor0-substltuted pp 2701-2708
analogues of dUMP/FAUMP with thymidylate synthase ; The 2, 5-diF-ara-UMP binding mode to TS

Adam Jarmuta,” Anna Dowiercial and Wojciech Rode

Development of 2-’butyl-N-methyl pyrimidones as potent inhibitors of HIV integrase pp 2709-2713

M. Emilia Di Francesco,” Paola Pace, Fabrizio Fiore, Francesca Naimo,
Fabio Bonelli, Michael Rowley and Vincenzo Summa
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HIV Spread CICg5 (50% HHS) = 10 nM

Pyrano-|2,3b]-pyridines as potassium channel antagonists pp 2714-2718
Heather J. Finlay,” John Lloyd, Michael Nyman, Mary Lee Conder,
Tonya West, Paul Levesque and Karnail Atwal

O\\ //0

/S
SEIL QX
N

. \\o H

28

The design and synthesis of a series of highly functionalized pyrano-[2,3b]-pyridines is described. These compounds were assayed for
their ability to block the I, channel encoded by the gene hKV1.5 in patch-clamped L-929 cells. Six of the compounds in this series
showed sub-micromolar activity, the most potent being 28 with an ICso of 378 nM.

PTP1B inhibitors: Synthesis and evaluation of difluoro-methylenephosphonate pp 2719-2724
bioisosteres on a sulfonamide scaffold
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Synthesis and characterization of 1,3-dihydro-benzo|b][1,4]diazepin-2-one derivatives: pp 2725-2729
Part 3. New potent non-competitive metabotropic glutamate receptor 2/3 antagonists

Thomas J. Woltering,” Jiirgen Wichmann, Erwin Goetschi, Geo Adam, James N. C. Kew,

Frédéric Knoflach, Theresa M. Ballard, Jorg Huwyler, Vincent Mutel and Silvia Gatti

In a series of 1,3-dihydro-benzo[b][1,4]diazepin-2-ones the replacement of a (2-aryl)- F H o
ethynyl-moiety by smaller substitutents produced highly potent non-competitive group ‘ N

II mGluR antagonists. After oral administration of, for example, 7p in vivo activity by O
reversal of the LY354740-induced hypolocomotion in mice could be demonstrated. N=

N=N
N \)
7p IC;=16nM
EDg, = 3.3 mg/kg p.o.

N-Pyridin-3-yl- and N-quinolin-3-yl-benzamides: Modulators of Human pp 2730-2734
Vanilloid Receptor 1 (TRPV1)

Michele C. Jetter,” James J. McNally, Mark A. Youngman, Mark E. McDonnell,

Adrienne E. Dubin, Nadia Nasser, Sui-Po Zhang, Ellen E. Codd, Ray W. Colburn,

Dennis R. Stone, Michael R. Brandt, Christopher M. Flores and Scott L. Dax

The synthesis and biological activity of a series of 3-quinolinyl p-aminobenzamide TRPV1 antagonists are reported.

Des-A-ring benzothiadiazines: Inhibitors of HCV genotype 1 NS5B RNA-dependent RNA polymerase pp 2735-2738

Pamela L. Donner,” Qinghua Xie, John K. Pratt, Clarence J. Maring, Warren Kati, Wen Jiang,
Yaya Liu, Gennadiy Koev, Sherie Masse, Debra Montgomery, Akhter Molla and Dale J. Kempf
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Described herein is a set of non-nucleoside, small molecule inhibitors of genotype 1 HCV polymerase based on a benzothiadiazine
screening hit. After demonstrating that a methylsulfonylamino D-ring substituent increased the enzyme potency into the low
nanomolar range, a minimum core required for activity was explored. We observed that small aromatic rings and alkenyl groups
appended to the 5-position of the B-ring were optimal, resulting in inhibitors with low nanomolar potencies.

Synthesis and SAR of new pyrrolo|2,1-f][1,2,4|triazines as potent p38o MAP kinase inhibitors pp 2739-2744
Stephen T. Wrobleski,” Shuqun Lin, John Hynes, Jr., Hong Wu, Sidney Pitt,

Ding Ren Shen, Rosemary Zhang, Kathleen M. Gillooly, David J. Shuster, Kim W. McIntyre,

Arthur M. Doweyko, Kevin F. Kish, Jeffrey A. Tredup, Gerald J. Duke, John S. Sack,

Murray McKinnon, John Dodd, Joel C. Barrish, Gary L. Schieven and Katerina Leftheris

Synthesis of a novel series of substituted pyrrolo[2,1-f][1,2,4]triazines have resulted in the \/©\ j\
identification of subnanomolar inhibitors of the p38c MAP kinase. Subsequent X-ray co- HN N~ “R2
crystallographic studies with compound 30 have revealed the binding mode of this class of 5 H

<" N

inhibitors within the p38a active site. R\ N‘N/)
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Synthesis, antiviral activity, and conformational studies of a P3 aza-peptide analog pp 2745-2750
of a potent macrocyclic tripeptide HCV protease inhibitor

John T. Randolph,” Xiaolin Zhang, Peggy P. Huang, Larry L. Klein, Kevin A. Kurtz,

Alex K. Konstantinidis, Wenping He, Warren M. Kati and Dale J. Kempf

P3 Aza analog of a potent macrocyclic tripeptide inhibitor of
HCYV protease was over 2 orders of magnitude less active in both
enzyme (NS3-4A) inhibition and sub-genomic replicon assays.

N w w
ICg0=0.011 uM ICs0=3.8 M @
ECso=0.077 uM ECso=231uM
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Design and campaign synthesis of pyridine-based
histone deacetylase inhibitors
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Abstract—A lead benzamide, bearing a cyanopyridyl moiety (3), was identified as a potent and low molecular weight histone deace-
tylase (HDAC) inhibitor. Various replacements of the cyano group were explored at the C3-position, along with the exploration of
solubility-enhancing groups at the C5-position. It was determined that cyano substitution at the C3-position of the pyridyl core,
along with a methylazetidinyl substituent at the C5-position yielded optimal HDACT inhibition and anti-proliferative activity in

HCT-116 cells.
© 2008 Elsevier Ltd. All rights reserved.

In the eukaryotic cell, DNA is routinely compacted to
prevent transcription factor accessibility. When the cell
is activated this compacted DNA is made available to
DNA-binding proteins, thereby allowing the induction
of gene transcription.! Nuclear DNA associates with
histones to form chromatin and the N-terminal tails of
the core histones contain lysine residues that are sites
for post-transcriptional acetylation.”? This reversible
process is important in transcriptional regulation and
cell-cycle progression.* Histone deacetylases (HDACsS)
are zinc-containing enzymes which catalyze the removal
of acetyl groups from the ¢-amino termini of lysine res-
idues clustered near the amino terminus of nucleosomal
histones and inhibition of this process is intimately
linked to the induction of gene transcription.’ In
addition, HDAC disregulation has been associated with
several cancers and HDAC inhibitors such as the com-
mercially launched Zolinza (1)> and MS-275 (2)° are
undergoing study for the potential treatment of cutane-
ous T-cell lymphoma and various haematological malig-
nancies (Fig. 1).7:8

As part of an ongoing effort to identify novel HDAC
inhibitors, compound 3 and its corresponding des-cyano
analogue were identified as potent, low molecular
weight, but moderately soluble leads, capable of being

Keywords: HDAC; Histone; Deacetylase; HCT-116; Benzamide.
* Corresponding author. Tel.: +44 1625 517126; e-mail: david.andrews
(@astrazeneca.com

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

doi:10.1016/j.bmcl.2008.03.058
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Figure 1. Zolinza (1), MS-275 (2) and cyanopyridine lead 3.

elaborated into drug-like compounds.’ The cyano com-
pound 3 was shown to be more potent than the des-cy-
ano analogue by approximately 5- to 10-fold in an
HDAC isolated enzyme assay'’ and therefore became
the focus of our optimization efforts (data not shown).
We rationalized that the introduction of a hydroxy-
methyl moiety at the 5-position would provide 4 which
could be used in suitably activated form to provide a
large range of base-containing and therefore more solu-
ble analogues. Further expansion of the lead structure,
substituting methyl, chloro and fluoro for cyano at the
3-position provided valuable SAR, which is described
later.

Our synthetic strategy relied upon the ability to access the
key boronate ester 6 in good yield and to exploit it in a
series of Suzuki coupling reactions with the known or
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Figure 2. Synthesis of aminomethylpyridine derivatives (a) 4-(4.4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid, DMTMM, acetonitrile, rt,
90%; (b) 7 or 8 or 9 or 10, 6, PdCl,(dppf), NaHCO;, DME, H,O0, 60 °C, 5-9 h, 50-76%; (c) LiAIH4/THF, rt 15 min, H,O, 0 °C, NaOH, 2 h; 10% Pd/
C, EtOH, Et;N, H,, rt 18 h 21%; d) R'NH, NaBH(OAc);, DCM, rt, 3 h, H,O 50-80%; (¢) MsCl, DCM, Et;N, 12¢ or 12d, rt, 2 h, R'NH, rt, 18 h 50—
80%; (f) DCM, TFA, rt 30 min, SCX2 cartridge elution—DCM, MeOH, 2 M NH3/MeOH.

commercially available haloheterocycles 7-10. (Fig. 2) 6
was obtained in 90% yield on a >500 g scale by coupling
amine 5 with 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)benzoic acid using N-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-N-methylmorpholinium chloride (DMTMM) in
acetonitrile at room temperature. The haloheterocycles
7-10 were coupled by heating with 6 in water/DME/NaH-
CO; at 60 °C and in the presence of tetrakis(triphenyl-
phosphoranyl) palladium as the catalyst.

The appropriate pyridine precursors for the methyl,!!
cyano'? and chloro analogues were either commercially
available, or prepared according to the literature prece-
dent. The precursor to the fluoroanalogue was derived
by coupling commercially available 10 with the boronate
ester 6, as above, followed by reduction using lithium
aluminium hydride to adjust the oxidation level. The
intermediate 6-chloro compound was dechlorinated
using hydrogen gas over 10% palladium on charcoal
in ethanol/triethylamine overnight at room temperature.
Although the yield was only modest (21%), this

was more than compensated by the directness of the
approach.

Aldehydes 11a and 11b were then subject to multiple
parallel synthesis, using sodium triacetoxyborohydride
in dichloromethane and a range of secondary amines,
the yields typically being in the range 50-80%. Alco-
hols 12¢ and 12d were activated using methanesulfo-
nyl chloride and displaced with the same set of
secondary amines, again with overall yield typically
in the range 50-80%. The final test compounds were
liberated in 70-95% yields by Boc deprotection using
TFA/DCM and were characterized by LC-MS and
proton NMR.

The biological data for an illustrative subset of the ter-
tiary amines generated by this approach is summarized
in Table 1. In all, exploitation of the four different 3-
substituted pyridine aldehydes and alcohols led to the
synthesis of approximately 300 secondary and tertiary
amine test compounds.

Table 1. Efficacy and non-efficacy properties of aminomethylpyridine-based HDAC inhibitors

Compound RI1 R2 My HDACI enzyme HCTI116
proliferation

mean pICSO10

ACD hERG pH 7.4 mean pH 7.4
logD (7.4) mean pICsy solubility (uM) measured log D

mean pICs,'?

3 — CN 314 791 6.54
13a CH, 372 7.7 6.51
13b END O oN 383 sol 6.86
13¢ cl 393 773 6.52
13d F 376 730 6.43
14a — CH, 430 773 6.64
14b £NN-\ CN 441 801 6.86
14c Ccl 450 779 6.47
14d F 434 74 6.36
15a — CH, 444 7172 6.62
15b &NuN CN 455 7.98 6.85
15¢ Cl 464 788 6.51
15d F 448 748 6.19

2.05 <4.5 35 1.58
0.87 <4.6 2240 1.18
0.38 <4.6 746 1.22
1.5 4.65 1340 NV
1.3 <4.6 841 1.69
1.98 <4.6 >2350 1.20
1.09 <4.6 >1940 1.14
2.27 5.08 NT 1.81
2.04 <4.5 >2420 NV
2.31 <4.6 >2620 1.44
1.42 4.72 1385 1.28
2.6 5.15 >1490 1.68

2.37 <4.5 >2160 1.60
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Figure 3. Pyridine core vs cell potency; line connectors show matched
pairs.

The successful parallel synthesis allowed rapid system-
atic testing and visualization of the results by matched
pair analysis. When the data for a small number of com-
pounds are studied (as in Table 1), the SAR for cell po-
tency appears to be fairly flat, but when the whole
dataset is analyzed, modest but clear trends in potency
for the 3-substituent can be observed. Figure 3 shows
that when matched pairs are compared, the chloro and
fluoro-substituted pyridines are consistently less potent
than their methyl and cyano counterparts. Interestingly,
the enhanced potency of the cyano series does not ap-
pear to arise as a consequence of increased lipophilicity
as the cyano compounds generally display log D 0.4 low-
er than their halo matched pairs (Fig. 4). Extensive use
of the calculated log D was used pre-synthesis to select
compounds with moderate predicted log D, there being
a reasonable correlation between the calculated and
measured values. In each series, compounds were se-
lected from those enumerated with log D generally below
2.5.

No correlation was observed within the dataset as a
whole for the relationship between hERG ICs, and lipo-
philicity or potency,'* but once again, matched pair
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Figure 4. Pyridine core vs measured logD (pH 7.4); line connectors
show matched pairs.
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Figure 5. Pyridine core vs lonWorks hERG plCsy; line connectors
show matched pairs.

analysis suggested that the lowest hERG liabilities re-
sided within the methyl and cyano subseries, as illus-
trated in Figure 5.

Having established that the cyano and methyl pyridines
offered the best balance of efficacy and non-efficacy

Table 2. Rat iv DMPK properties of aminomethylpyridine-based
HDAC inhibitors

Compound Dose iv CL tin Vs AUC
(umol/kg) (mL/min/kg) iv (h) (I/kg) iv norm
(h kg/L)
3 5.0 56.1 NV 1.0 0.30
13a 5.0 30.2 3.0 6.9 0.55
13b 5.0 19.6 3.8 5.4 0.84
13c
13d 5.0 34.0 3.6 6.3 0.49
14a
14b 2.5 47.5 1.1 3.6 0.35
14c
14d
15a
15b 2.5 44.0 2.0 5.1 0.37
15¢
15d

Table 3. Rat oral DMPK properties of aminomethylpyridine-based
HDAC inhibitors

Compound Dose oral ty» oral (h) AUCg_; oral
(umol/kg) norm (h kg/L)

3 10.0 NV 0.19

13a 67.1 5.5 0.68

13b 65.2 5.5 0.74

13¢ 63.6 5.2 0.51

13d 10.0 5.4 0.25

14a 4.9 Nv? 0.02

14b 56.7 3.2 0.32

14c 55.6 44 0.16

14d 4.6 N\ 0.26

15a 56.4 3.4 0.18

15b 55.0 4.3 0.33

15¢ 39 NV# 0.08

15d 4.5 N\ 0.21

#Compound administered as part of an oral cassette.
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Table 4. DMPK properties of the HDAC inhibitor 13b in a range of pre-clinical species

Species/route Dose (umol/kg) CL (mL/min/kg) Vs (Ukg) t12 (h) AUC_; norm (pM h kg/pmol) Oral %F
Nude mouse/oral 65.2 — — 3.0 0.51 —
Beagle dog/iv 0.8 30.0 1.9 0.55 —
Beagle dog/oral 3.0 — — 2.1 0.07 13%

properties, we sought to more broadly elucidate the
structure—property relationships by measuring the
DMPK properties of the four subseries. The oral expo-
sure of the lead compound 3 had been limited by high
clearance in the rat and we were also concerned that
its modest solubility would limit its utility in the higher
doses needed for a xenograft efficacy study. In general,
the normalized oral exposures of the halopyridines were
in a similar range to that observed for 3; those with
exposure exceeding the reference generally showed
greater hERG inhibition (Tables 2 and 3).

The methyl pyridines 14a and 15a showed lower oral
exposure than their cyano analogues 14b and 15b, pre-
cluding further study. In the case of the cyclobutyl ana-
logues 13a and 13b,!> the oral AUCs were comparable,
however, clearance of the methylpyridine 13a was higher
than that of cyanopyridine 13b (approximately 30 vs
20 mL/min/kg plasma clearance).

The solubility of 13b, coupled with its low plasma pro-
tein binding (mouse, 54%; rat, 53%; dog, 48% free),
made it an ideal candidate for further evaluation. Com-
pound 13b showed excellent oral exposure in the rat and
moderate dog oral bioavailability as shown in Table 4.

The development of compounds in the HDAC inhibitor
class has previously been reported as an iterative exer-
cise,'® building upon the structure-activity relationships
derived for the hydroxamate and benzamide families. In
an effort to better understand the utility of the pyridine-
based benzamide inhibitors, we have adopted an
optimization campaign style of approach. Pre-synthesis
calculation of properties was used to define a large com-
pound set capable of being prepared from a small num-
ber of advanced, flexible intermediates. Extensive use of
R-group stripping and matched pair analysis was used
to select compounds for further synthesis and testing,
the focus being upon generating structure—property as
well as structure—activity relationships. Further profiling
of 13b will be reported in due course, along with other
novel HDAC inhibitors.
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Abstract—A novel series of non-hydroxamate HDAC inhibitors (HDACi) showing a uracil group at the left and a 2-aminoanilide/2-
aminoanilide-like portion at the right head have been reported. In particular, the new compounds incorporating a 2-aminoanilide
moiety behaved as class I-selective HDACi. Compound 8, the most potent and class I-selective, showed weak apoptosis (higher than
MS-275) joined to cytodifferentiating activity on U937 cells. Surprisingly, the highest differentiation was observed with 13, through

an effect that seems to be unrelated to HDAC inhibition.
© 2008 Elsevier Ltd. All rights reserved.

Chromatin remodelling is involved in the epigenetic reg-
ulation of gene expression.!-? This mechanism includes a
growing number of families of enzymes that catalyse
several covalent modifications (acetylation/deacetyla-
tion, methylation/demethylation, phophorylation, ubig-
uitilation, ADP-ribosylation, etc.) at the histone tails of
nucleosomal histones H3 and H4.>* In particular, his-
tone deacetylases (HDACS) catalyse the removal of the
N-acetyl lysine residues from the histone tails, thus
changing the accessibility of transcription factors to
DNA and switching the chromatin in its heterochroma-
tin form, transcriptionally silent.>”” The inhibition of
HDACGC:s restores the recruitment of transcription factors
to DNA and silences the growth of cancer cells by
inducing pathways that lead to growth arrest, terminal
differentiation and apoptosis, both in in vitro and in
in vivo assays.®!! In humans, 18 HDACs have been
identified and grouped into four classes according to
their homology with the yeast deacetylases. Class I, II
and IV HDAC:s are zinc-binding enzymes, whereas class
II1 HDACsS (sirtuins) have a NAD"-dependent mecha-

Keywords: Chromatin remodelling; Histone deacetylase; Aminoanilide;

Non-hydroxamate; Apoptosis; Cytodifferentiation.
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nism of deacetylation, do not share any homology with
class I, IT, IV HDAGC:S, are not sensitive to class I, 11, IV
HDAC inhibitors (HDAC!I), and do not have histones
as primary targets. Class I (HDACI1-3, 8) and class II
(HDAC4-7, 9, 10) HDAC:S also deacetylate a growing
number of non-histone proteins in addition to histones
such as transcription factors and proteins related to cell
proliferation, differentiation, migration and death.®'!
Class I and IT HDAC:s are generally considered valuable
therapeutic targets for the treatment of leukemia and so-
lid tumors,®'! and suberoylanilide hydroxamic acid
(SAHA) (Fig. 1) is the first class I/Il HDACi approved
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Figure 1. HDACi belonging to the hydroxamate (SAHA) or 2-
aminoanilide/2-aminoanilide-like (MS-275, PAOA and MCI1863)
series.
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by the FDA in October 2006 for the treatment of cuta-
neous T-cell lymphoma (CTCL), and it is currently in
clinical trial of Phase II or III (alone or in combination)
for the treatment of a great number of tumors.'>!3 Class
I HDACS are ubiquitary, primarily with nuclear locali-
sation, and often act as transcriptional co-repressors,
whereas class Il HDACs have a tissue-specific expression
and can shuttle between nucleus and cytoplasm. Mount-
ing evidences suggest distinct roles for different classes of
HDACG:s. Class I HDAC overexpression has been re-
ported for human gastric, prostate (HDACI) and colon
tumors (HDAC3),'4 !¢ whereas the knockdown of
HDACI1 and HDAC3 (but not HDAC4 and HDAC7)
with siRNA in HeLa cells deeply inhibited proliferation
and induced apoptosis.'” Moreover, by combining the
use of class-selective HDACi with the siRNA technique,
Cohen et al. reported that inhibition of HDACI and
HDAC?2 but not HDAC3, HDAC6 and HDACS are pri-
marily responsible for sensitisation to TRAIL-induced
apoptosis in Jurkat, K562, U937, DU145 and CLL cell
lines.!® On the other hand, Altucci and co-workers clearly
demonstrated that HDACI1 and HDAC?2 reside on the
TRAIL promoter in leukemia cells thus contributing
with its aberrant silencing in tumors.'>2° Finally, siR-
NA-mediated knockdown of HDAC1 or HDAC3 but
not HDAC?2 (unless the concomitant ablation of both
HDACI and HDAC?2 was made) led to an inhibition of
cell proliferation in U20S, MCF7 and MCF10A cancer
cell lines.?! Thus, the development of class I-selective
HDAC: seems to be a tool to evaluate if anticancer agents
with improved efficacy and weaker toxicity profile com-
pared to pan-HDACi could be obtained.??

MS-275 (Fig. 1) is a class I-selective HDACi from the
Bayer Schering AG Pharma group, that inhibits tumor
growth in vivo and promotes differentiation or apopto-
sis following the induction of the cyclin-dependent ki-
nase inhibitor p21WAFYCIP1 “the apoptotic TRAIL and
the generation of ROS species.?>?* In the U937 cell line,
MS-275 showed an enzymatic inhibition profile deeply
different from that of SAHA (Table 1).2>-2¢

The main chemical difference between the two HDAC: is
the zinc-binding group,?’” which is the hydroxamate in
SAHA?® and probably the 2-aminoanilide portion in
MS-275.2 Thus, we prepared (see Supplementary
material for chemical and physical data) and tested in
both enzyme and cellular assays the pimeloylanilide
orthoaminoanilide (PAOA) (Fig. 1), described by Wong
et al. as class-I selective HDACi, and its 2-hydroxyani-
lide analogue MC1863 (Fig. 1), as 2-aminoanilide/2-
aminoanilide-like analogues of a SAHA homologue.

In our hands, when tested in the U937 cells, PAOA
and MC1863 at 5 uM shared a inhibiting behaviour sim-
ilar to MS-275: they were active against HDACI [%
inhibition: 28.9 (PAOA), 31.7 (MC1863), 47.8 (SAHA),
43.7 (MS-275)] but not against HDAC4 [% inhibition: 0
(PAOA), 7.9 (MC1863), 31.4 (SAHA), 0 (MS-275)], they
both induced histone H3 and H4 (PAOA only) but not
o-tubulin hyperacetylation (Fig. 2), and they were highly
efficient cytodifferentiating agents [% CDIllc positive
cells: 18.3 (PAOA), 36.6 (MC1863), 6.6 (SAHA), 30.8
(MS-275)], but very weak if at all pro-apoptotic agents
after 30h of treatment (Fig. S1 in Supplementary
material).

Recently we reported a new series of uracil-based
hydroxamates (UBHAs) as novel HDAC1.2%31734 Two
of them (MC1641 and MC1751, 1d and 1j in Ref. 25,
respectively) were active against HDAC1 but not
against HDAC4, and were able to highly increase the
levels of both acetyl-H3 and acetyl-a-tubulin. In cellular
assays (U937 cells), they displayed some differentiation
activity and low apoptosis.?

Following our researches on HDACI,?>2%31-4! with the
aim to increase the class-I selectivity of our uracil deriv-
atives to obtain more efficient compounds in the cellular
tests, we designed and synthesised a new series of uracil-
based 2-aminoanilide and 2-aminoanilide-like deriva-
tives 1-13 (Fig. 3), and we determined, in addition to
the anti-HDAC activity, their effects on histone H3
and o-tubulin acetylation in the human leukemia U937
cell line. Moreover, p21WAFVCIPL induction as well as
the activities of the compounds 1-13 on cell cycle, apop-
tosis induction, and granulocytic differentiation in the
U937 cells have been assayed. The 2-aminoanilide and
2-aminoanilide-like derivatives 1-13 were synthesised
from the uracil-containing carboxylic acids 24-29 by
treatment with benzotriazole-1-yl-oxy-tris-(dimethyl-
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Figure 2. Effects of PAOA and MCI1863 on histone H3/H4 and a-
tubulin acetylation and on p21 induction.

Table 1. Biological properties of SAHA and MS-275 in the human leukemia U937 cell line®

Compound HDACI inhbtn® HDACH4 inhbtn®  Ac-H3 Ac-o-tubulin ~ p21 induct  Apoptosis induct® Granuloc different®
SAHA +++ ++ +++ +++ +++ +
MS-275 ++ + ++ +++ + +++

#See Refs. 25 and 26.

® Assay performed on immunoprecipitate (IP).
“Measured by the Annexin V/PI method.

9 Measured by the CD11c expression.
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Figure 3. Novel uracil-based 2-aminoanilide and 2-aminoanilide-like derivatives 1-13.

amino)-phosphonium hexafluorophosphate (Bop-re-
agent) and the appropriate aromatic amine in the pres-
ence of triethylamine. Alkaline hydrolysis of the ethyl
5-(6-0x0-1,6-dihydropyrimidin-2-ylthio)pentanoates 20
and 21, and of the ethyl 4-((6-ox0-1,6-dihydropyrimi-
din-2-ylthio)methyl)benzoates 22 and 23 yielded the
acids 24,%° 25, 26 and 27, respectively. Condensation
of the 3-amino-3-phenylacrylamides 18 and 19, readily
obtained by the reaction of B-oxoesters 14 2° and 15 with
ammonium hydroxide, with diethyl pimelate in the pres-
ence of sodium ethoxide furnished the 6-(6-oxo-1,6-
dihydropyrimidin-2-yl)hexanoic acids 28 and 29. The
ethyl esters 20-23 were prepared by reaction the of ethyl
w-bromovalerate or ethyl 4-(bromomethyl)benzoate and
the 6-substituted-2-thiouracils 16> and 17, in turn ob-
tained by the condensation of the appropriate f—oxoest-
ers 14 and 15 with thiourea (Scheme 1).4?

Compounds 1-13 were tested at 5 pM against human re-
combinant (hr) HDAC1 and HDAC4 enzymes, in com-
parison with MS-275 and SAHA at 5 uM (Table 2). By
the analysis of the data reported in Table 2, we can draw
the following structure-activity relationships (SAR): (i)
amongst the aromatic amines linked at the right head
of the uracil-based molecules, only the 1,2-phenylenedi-
amine and 2-hydroxyaniline were able to elicit the
HDAC inhibiting effect of the compounds (1, 2, 6, 8-
10, 12), whereas the introduction at the same position
of 2,3-diaminopyridine, 4,5-diaminopyrimidine, or
naphthalene-1,8-diamine was not effective (see com-
pounds 3-5, 7, 11 and 13). In addition, (ii) the replace-
ment of the phenyl group at the C6 position of the
uracil ring with a 4-biphenyl moiety did not influence
(compare 1 with 6 and 8 with 9) or gave a little decrease
(compare 10 and 12) of the HDACT inhibiting capacity,
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Scheme 1. Reagents and conditions; (a) EtONa, thiourea, EtOH, reflux, 5-6 h, 70-80%; (b) Ethyl w-bromovalerate, K,CO3;, DMF, rt, 1 h, 50%; (c)
Ethyl 4-(bromomethyl)benzoate, K,CO3;, DMF, rt, 1 h, 51-55%; (d) 2 N KOH, EtOH, H,O, rt, 18 h, 90-94%; (¢) NH,OH 28%, 120 °C, 2-3 h, 66—
70%; (f) diethyl pimelate, EtONa, EtOH, reflux, 6 h, 90-95%; (g) i—BOP-reagent, Et;N, dry DMF, N,, rt, 0.5 h; ii—aromatic amine, rt, 0.5-1 h, 40—

60%.
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Table 2. Human recombinant HDACI and HDAC4 inhibitory
activities of the new uracil-based compounds 1-13 at 5 uM*

Compound % Residual activity
HDACI1 HDAC4

1 47.2 97.0
2 74.3 50.7
3 99.3 99.4
4 96.7 110.7
5 84.7 97.0
6 443 57.5
7 89.2 92.5
8 16.0 88.8
9 12.3 338
10 17.7 59.2
11 91.1 100.8
12 326 48.5
13 92.1 96.5
SAHA 6.7 61.7
MS-275 7.3 87.6

4 Data represent mean values of at least three separate experiments.

but significantly increased the HDAC4 inhibiting action
of the derivatives (the effect is particularly clear with
1—6 and 8 — 9, and less evident with 10 — 12), thus
abating the class I-selectivity of the compounds. Finally,
the use of the 4-methylbenzamide moiety (compounds 8
and 9) instead of the pentanamide chain (compounds 1
and 6) as a spacer connecting the uracil portion with
the 2-aminoaniline group highly increased the anti-
HDACT activity of the derivatives with no or little influ-
ence on HDAC4, whereas the replacement of the sul-
phur atom (in 1 and 6) with the isoster methylene unit
(in 10 and 12) improved the HDACI1 as well as the
HDAC4 inhibiting action of the compounds, thus low-
ering the class I-selectivity. In conclusion, the most ac-
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4y Sew e ERGWES SR

C  sava 10 1M 12 13

Ac Tub- [v-4]

tive and class I-selective derivative amongst those
prepared in this study was the N-(2-aminophenyl)-4-
((6-0x0-4-phenyl-1,6-dihydropyrimidin-2-ylthio)methyl)-
benzamide 8, which showed an activity/selectivity simi-
lar to MS-275 [ICsos (uM) against HDACI1: 0.2 (8)
and 0.3 (MS-275); ICsos (LM) against HDAC4: 125 (8)
and 142 (MS-275)].

In the U937 cells, we have determined the effects of 1-13
(at 5 uM for 24 h) on histone H3 and a-tubulin acetyla-
tion levels taken as markers of class I HDACs and
HDACH6 inhibitin&l activities, respectively (Fig. 4). The
induction of p21VAFVCIPL for the tested compounds
was assessed too (Fig. 4). SAHA and MS-275 have been
taken as reference compounds. In the acetylation assays,
the majority of the tested compounds showed high acet-
yl-H3 levels and no o-tubulin acetylation, with the
exceptions of 2 and 9 which gave a modest signal on
H3 acetylation, and 6 and 12 which weakly increased
a-tubulin acetylation. Some of the tested compounds
(1, 5, 8, 10 and 12) showed high p21 induction. Com-
pared with the hydroxamates MC1641 and MC1751,
which behaved as class I/Ilb HDACi,> the new 2-
aminoanilide-like derivatives displayed a higher level
of class I selectivity, the majority of them being unable
to hyperacetylate a-tubulin.

Compounds 1-13 were then tested in the U937 cell line
(at 5 uM for 30 h) to evaluate effects on cell cycle, apop-
tosis induction, and granulocytic differentiation. SAHA
and MS-275 (5 uM) were used as reference drugs. At the
tested conditions, 1, 3, 4, and 5 showed a weak arrest of
the cell cycle in the S phase, and 8 gave a block of the
cycle at the G2 phase (Fig. S2 in Supplementary mate-
rial). Apoptosis induction was measured with the An-
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Figure 4. Western blot analyses on U937 cells performed on 1-13 (at 5 uM) to determine their effects on histone H3 and o-tubulin acetylation, and on

p21 induction. SAHA and MS-275 (5 uM) were used for a comparison.
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Figure 5. Granulocytic differentiation activity displayed by 1-13 (at
5 uM for 30 h) on the human leukemia U937 cell line.

nexin V/propidium iodide (PI) double staining method:
in this test, compound 8 and, to a lower extent, 10 and
12 displayed 4.8% to 8.4% of apoptosis induction, they
being less active than SAHA (16.8%) and more potent
than MS-275 (3.5%) (Fig. S3 in Supplementary mate-
rial). Granulocytic differentiation was evaluated by mea-
suring the CDllc expression level upon 30h of
stimulation with 1-13 at 5 uM. Amongst the tested com-
pounds, 5, 8, 12 and 13 showed a percent of CD11c¢ po-
sitive PI negative cells higher than SAHA (5: 30.3; 8:
47.6; 12: 45.9; 13: 67.6; SAHA: 21.5), 13 being even
more potent than MS-275 (% CD11c+/PI- cells: 63.1)
as cytodifferentiating agent (Fig. 5).

In conclusion, we reported here a new series of uracil-
based HDACi 1-13 bearing a 2-aminoanilide or 2-
aminoanilide-like moiety at the right head of the mole-
cules. Such compounds were in general more efficient
in inhibiting hrHDACT1 than hrHDAC4, and were able
to increase the H3 but not a-tubulin acetylation levels in
the U937 cells. The highest class I-selectivity was dis-
played by the uracils bearing at C6 a phenyl ring, at
C2 a sulphur atom, and showing a 4-methylbenzamide
moiety as a spacer between the uracil ring and the 2-
aminoanilide group. Compound 8, the most potent
and class I-selective HDACI for this series, yielded to-
gether with 12 a high level of CD11c¢ positive/PI negative
cells in the cytodifferentiation assay (U937 cells, 5 uM,
30 h). Surprisingly, compound 13, which failed in inhib-
iting HDACs, showed in the same assay a cytodifferen-
tiating effect higher than MS-275. Studies are in progress
to probe this issue.
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Abstract—A novel series of N1 substituted tetrazole amides were prepared and showed to be potent growth hormone (GH) secret-
agogues. Among them, hydroxyl containing analog 31 displayed excellent in vivo activity by increasing plasma GH 10-fold in an

anesthetized IV rat model.
© 2008 Elsevier Ltd. All rights reserved.

Human growth hormone (GH) replacement therapy has
shown promising results for the prevention of muscle
functional decline in the elderly in a number of prelimin-
ary studies.! However, longer term use is associated with
multiple side effects such as edema, arthralgia, carpal
tunnel syndrome, and hyperglycemia due to the need
to administer superphysiological doses of GH in order
to maintain an efficacious level in the systemic circula-
tion.? Orally active GH secretagogues (GHS), on the
other hand, have been shown to enhance the amplitude
of GH during endogenous pulsatile release and are be-
lieved to more closely mimic human physiological condi-
tion.®> Therefore, treatment with an oral GHS agent
should offer a more optimal approach for restoring pul-
satile GH secretion in the elderly population.* Several
classes of GHS agonists such as 1 (MK-677),> 2 (CP-
42491),° and 3 (LY-444711)” have advanced to the clin-
ics (Fig. 1). More recently, we have reported a novel tet-
razole based GHS 4 (BMS-317180) as our first clinical
candidate. Tetrazole 4 was shown to be orally active
and efficacious in promoting GH release in a preclinical
beagle dog model.® As part of our efforts to further
delineate structural features critical for activity within
this series, SAR exploration of various amide and/or
reverse amide linkers, in place of the corresponding car-

Keywords: GHS, growth hormone secretagogues; Tetrazole amide.
* Corresponding authors. Tel.: +1 609 818 7124 (J.J.L.); e-mail
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Figure 1. Representative examples of GH secretagogues.

bamate in 4, was undertaken. Herein is a summary of
these SAR studies which led us to the identification of
a novel series of N1 substituted tetrazole amides as po-
tent GHS agonists.

The preparations of tetrazole amides were straightfor-
ward from readily available starting materials and are
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outlined in Scheme 1. The syntheses started with amide
coupling of N-Boc-O-benzyl-D-Serine (5) and amines 6
via conventional mixed anhydride activation protocol.
The formation of tetrazole intermediate 7 proceeded in
the presence of triphenylphosphine, diethyl azodicar-
boxylate (DEAD), and azidotrimethylsilane (TMSN3).°
The removal of Boc protecting group in 7 with strong
acids and subsequent reaction with Boc-Aib-OH gave
8a—c. Hydrolysis under basic condition provided acid 9
or 11; or the alcohol intermediate 10. Amide formation
from acid 9 or 11 via the activation of EDAC and HOAT
followed by deprotection of Boc group gave the desired
amides 12-36 or benzyl amides 40-43. For reverse amide
analogs, alcohol 10 was first converted to an azide inter-
mediate using a modified Mitsunobu condition, followed
by hydrogenation of the azide to provide the correspond-
ing amine. Once again, reverse amides 37-39 were pre-
pared in a similar manner as previously described using
a variety of acids. The last two steps of these sequences,
amide formation and de-Boc deprotection, were easily
amended to a parallel synthesis procedure using auto-
mated solid phase extraction purification and generally
afforded the final compounds in >95% purity.!°

A H4 glioma cell based GHS functional FLIPR assay
was developed for the in vitro evaluation of these
GHS agents.!"!2 All the compounds reported herein
showed an intrinsic activity greater than 85% as com-
pared with endogenous Ghrelin (ECsy = 1.4 nM) and

therefore are considered as full agonist.'3

Simple amides with various terminal lipophilic groups
such as 12-17 exhibited modest potency in the range
of 26-70 nM (Table 1). The incorporation of more polar
functional groups at the distal position, such as a methyl
sulfone in 18, a sulfonamide in 19, a primary amide in
20, or a urea in 23 improved GHS potency to give com-
pounds with ECs value less than 10 nM. The dramatic
effect of the terminal moiety on the in vitro potency was
evident by comparison to ester 21 or acid 22. These
modifications resulted in a significant loss of functional
potency (ECso > 140 nM).

We have demonstrated earlier that the incorporation of
a distal hydroxyl group in the tetrazole carbamate series
(i.e., 4) significantly improved oral activity in our pre-
clinical beagle dog model.® Consequently, a series of tet-
razole amides containing a terminal hydroxyl group
were evaluated. A longer length in general appeared to
be preferred as compounds 27-32 showed considerably
greater potency than shorter length analogs 25-26 (Ta-
ble 1). Interestingly, replacement with a phenolic hydro-
xyl moiety as in 33 provided a very potent
subnanomolar GHS agonist. However, further exten-
sion of the terminal hydroxyl group as in 35, or restric-
tion as in cyclohexanol 36, resulted in a substantial loss
of activity. For two of the most potent amides 31 and 33
(ECs59 ~ 0.2 nM), the corresponding N-methylated ter-
tiary amides 32 and 34 were also generated, but an
approximate 10-fold loss of the functional potency was
observed in both cases.

Me_ Me
NHBoc H
O/Y NHBoc ©/\ é( NHBoc further elaboration
COH 7 NH,G N=
' N—G shown below
: ' N\G
5 6 =N
7
8a-c
H Me Me H Me, Me
o e ©/\ /I NHBoc f,c ©/\ /I
. N= N= 1R2
G="<X">""Cco,Me /\/\[r NR R
O
9 12-36
H Me Me H Me Me
8b e ©/\ /I NHBoc g,h i,c ©/\ /I
N= N=
G= \\/\/OAc ' N/\/OH ' - N/\/NW/RS
(0]
10 37-39
H Me_Me H Me_Me

8c

1

40-43

Scheme 1. Reagents and conditions: (a) NMM, i-BuOCOCI, 70-95%, THF; (b) TMSN;, DEAD, Ph3P, 50-85%, THF; (c) 15-20% TFA/CH,Cl, or
4 N HCI in dioxane/methanol; (d) Boc-Aib-OH, EDAC, HOAT, 65-83%, CH,Cl,; (e) 1 N aq NaOH, 80-90%; (f) EDAC, HOAT, appropriate
amines, 30-90%, CH,Cl,; (g) PPhy, DEAD, DPPA, 95%, THF; (h) Hy/5% Pd-C catalyst, 95%, MeOH; (i) EDAC, HOAT, appropriate acids,
30-90%, CH,Cl,.
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Table 1. In vitro potency of amides

HMe Me

o NC(
/\/\n/NR1F{2

Table 2. In vitro potency of reverse amides

HMe Me

oY

\n’

o] o}
Compound® R, ECso (nM) Compound R; ECso (nM)
12 ~(CH,);CH; 30 37 ~(CH,),OH 44
13 ~CH,CF; 26 38 ~(CH.),S0,Me 14.7
14 —Ph 70 /
7 OH
15 —CH,Ph 32 39 ’ 0.64
16 ~(CH,),Ph 23
17 —(CH,)3Ph 33
18 ~(CH,),SO,Me 4.1
19 —(CH,),SO,NH, 1.4
20 —(CH,),CONH, 7.6 Table 3. In vitro potency of benzyl amides
21 —(CH,),CO,Et 140 H Me, Me
22 —(CH,),CO,H 204 ©/\ /I
23 \/\N//( 33 E/ N/\/O NHR“
NH N
L @
24 —(CH;),OH 40
25 —(CH,);0H 27 Compound Position Ry ECso (nM)
26 —~(CH,),OH 1.8 40 1,2 —(CH,),OH 11
27 —(CH,)sOH 1.3 41 1,3 8.4
28 —(CH2)sOH 0.6 42 1,2 ~(CH,),OH 0.9
29 ASe~o~OH 0.7 43 1.3 3.0
30 AgOH 0.2
, To assess the in vivo efficacy of these novel tetrazole
31 AN g OH 02 amide based GHS compounds, analogs 19, 28, 31, 33,
o// N and 37 were selected for evaluation in an anesthetized
. IV rat model for their ability to stimulate GH release.'
32 3.1 C .. .
, All the compounds showed good activity in generating
OH 4- to 10-fold increases in plasma GH upon a single
33 0.2 . .
screening dose of 0.17 ummole/kg, and were slightly
. more potent than carbamate 4 in this model (Table 4).
34 29 Compound 31 afforded the greatest response and was
, QP subsequently tested at lower doses (0.017 or

35 /\/\©/S\/\0H 105
36 \O 521
""OH

Ghrelin 1.4

4R, is hydrogen; R; is methyl for compounds 32 and 34.

Three reverse amides, generated based on SAR observa-
tions in the initial amide series (e.g., 18, 26, and 33),
were also evaluated (Table 2). Analogs 37-39 showed
approximately a two- to fourfold loss of potency as
compared to their amide analogs, limiting our interest
in further optimization in the reverse amide chemotype.
Finally, selected benzyl amides were assessed as part of
the linker evaluation. Similar to the results obtained in
the simple amide series, longer chain lengths were also
preferred (i.e., 42, ECsy of 0.9nM vs 40, ECsy of
11 nM) but the difference in potency between 1,2 and
1,3 substitution scaffold was unremarkable in the two
pairs evaluated (Table 3).

0.052 ummole/kg). The observed response indicates that
analog 31 was the most potent in vivo analog of the ser-
ies. Unfortunately, in a subsequent PK evaluation in rat,
compound 31 was shown to have poor oral bioavailabil-
ity (<3%), precluding it for further evaluation.

In summary, we have identified a novel series of tetra-
zole amides as exceptionally potent GHS agonists. The

Table 4. In vivo activity in the IV anesthetized rat model®

Compound ECso (nM) GH + SEM" (%)
4 1.9 264 + 39

19 1.4 408 £ 69

28 0.6 522+ 88

33 0.2 606 + 104

37 4.4 722+ 67

31 0.2 1290 £ 119

956 % 120 (0.052 pmole/kg)
398 + 65 (0.017 umole/kg)

?Five rats per group are treated with each compound.

®The values represent the increase of GH = SEM (%) relative to
control after IV dosing of 0.17 pmole/kg of compound; lower doses
were also evaluated for compound 31.
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incorporation of a terminal hydroxyl group in general
was preferred for both potent in vitro and in vivo activ-
ity. The most potent analog 31 (ECsy = 0.2 nM) showed
an increase in plasma GH levels of approximately 10-
fold in an anesthetized IV rat model.

w
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Abstract—The present work reports on the preparation of glass surfaces coated with NPPOC-protected aminooxy groups and their
use for the patterning of oligonucleotides on glass slides and in capillary tubes. The method involves the use of surfaces coated with
amino groups using (y-aminopropyl)triethoxy silane and subsequent grafting of the aminooxy groups by using the activated ester 1.
The NPPOC-protected aminooxy groups on the surfaces can be cleaved upon irradiation. The free aminooxy groups so obtained are
subsequently reacted with aldehyde-containing oligonucleotides to achieve efficient surface patterning.

© 2008 Elsevier Ltd. All rights reserved.

The design of micro-arrays of DNA, carbohydrates and
peptides is the subject of intensive research as they rep-
resent a powerful tool for high-throughput screening of
biomolecules with applications in genetic analysis,
molecular diagnostics, and drug discovery. Similarly,
micro-fluidic systems in which the synthesis, purifica-
tion, and analysis are accomplished on chip are of signif-
icant interest. The ‘lab on a chip’ devices along with the
micro-array technologies are expected to make feasible
more rapid, multi-parametric and economical analysis
with minimal sample volumes.

The control of surface chemistry is crucial to achieve
efficient immobilization of biomolecules for preparation
of such micro-devices. One of the most challenging tasks
is to carry out the immobilization of biomolecules with-
out perturbing their intrinsic properties. Two major ap-
proaches are available for surface immobilization and
patterning of biomolecules on surfaces. The first ap-
proach involves the direct on-surface synthesis (in-situ),’
whereas the second approach involves the immobiliza-
tion of prefabricated oligonucleotides on the support.?
The latter approach is more widely used to prepare
low to medium density micro-arrays on account of its
flexibility. Moreover, this approach utilizes ‘spotting

Keywords: DNA; Lab on a chip; Micro-array; Oxime; Photo-depro-

tection; Surface patterning.

*Corresponding author. Tel.. +33 (0)476514433; fax: +33
(0)476514946; e-mail: Eric.Defrancq@ujf-grenoble.fr
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techniques’ and hence benefits from the use of auto-
mated robots. The surface immobilization of biomole-
cules by later approach can be achieved by chemical
reaction between surface-bound reactive groups and
functionalized biomolecules.® Several strategies includ-
ing maleimide/thiol,* ‘click chemistry’ involving al-
kyne/azide,® hydrazide/aldehyde® have been reported
for covalent attachment of biomolecules on open sur-
faces. However, the patterning inside the micro-channels
for ‘lab on a chip’ preparation is more tedious and there-
fore only few methods have been reported to date. A
photo-generated-surface-bound aldehyde group has
been described earlier for surface immobilization of pro-
teins through the formation of Schiff base.” Another
method is based on the photo-crosslinking of surface-
bound benzophenone derivatives with biomolecules
through C—H insertion.® Recently, an elegant method
based on the use of ultraviolet-light emitting diodes
(UV-LED’s) has been proposed for in-situ synthesis of
DNA in capillaries.’

In this context, we have investigated the use of oxime
bond formation for the covalent attachment of the oli-
gonucleotides on glass surface. In our earlier works,
we have demonstrated the efficiency of oxime linkage
for functionalization of planar glass surfaces and inner
wall of glass capillary tubes.!? Others have also reported
the surface immobilization of oligonucleotides on gold
surfaces or polymeric particles using oxime bonds.'!
Recently, we reported the efficient surface patterning
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of oligonucleotides in capillary tubes as well as on glass
surfaces through oxime bond formation by using sur-
faces grafted with reactive aminooxy groups masked
with photo-cleavable protected group, 2-(2-nitrophenyl)
propyloxycarbonyl group (NPPOC).'> NPPOC groups
were removed by brief irradiation to unmask the
reactive aminooxy group on surfaces and subsequently
reacted with the aldehyde-containing oligonucleotides.
The masked-aminooxy moieties were grafted on the
glass surfaces by using a triethoxysilane derivative bear-
ing the NPPOC-protected aminooxy group. The trieth-
oxysilane derivative was prepared in four steps from
11-bromo-1-undecene. In the present work, we report
an alternative method for grafting NPPOC-protected
aminooxy moieties on the glass surfaces. The current
strategy involves coupling reaction of activated ester 1,
bearing the NPPOC-protected aminooxy group, with
surface-bound amino groups. The preparation of sur-
faces coated with amino groups using (y-aminopro-
pyDtriethoxy silane (APS) is well documented in
literature.!>'4 We report that current approach allows
also an efficient surface immobilization and patterning
of oligonucleotides on glass slides and in capillary tubes.

The activated ester 1 was prepared in two-steps from
carboxymethoxyamine hydrochloride (Scheme 1). The
aminooxy moiety was protected with photolabile
NPPOC chloride derivative and N-hydroxysuccinimide
was introduced next using the standard procedure.'’
Compounds 1 and 2 were characterized by NMR and
mass analysis.'®

The oligonucleotide immobilization was accomplished
first on glass slides and then in capillary tubes.!” The
glass slides were activated by treatment with sodium
hydroxide solution. The slides were then dipped at room
temperature in a solution of (y-aminopropyl)triethoxy
silane in toluene overnight to achieve chemisorption of
amino groups on surfaces. This was followed by curing
at 110 °C for 3 h to stabilize the silane layer. The silan-
ization step was followed by overnight coupling reaction
with activated ester 1 in DMF at room temperature. The
photo-cleavage of the NPPOC-protecting group of the
aminooxy moieties on the glass surface was next carried
out by irradiation at 365 nm through a mask containing
holes (diameter of the holes = 100 pm) in a 20% pyridine

o O
HO(~oNHsCI @
o}

Scheme 1. Reagents and conditions: (a) 2-(2-Nitrophenyl)propyl
chloroformate, Na,CO; 10% H,O, rt, 3h, 90%; (b) DCC, N-
hydroxysuccinimide, CH,Cl,, rt, 4 h, 67%.

aqueous solution for different time durations (10, 15,
and 20 s). It should be noted that the presence of base
is required for the photolysis to proceed. Oligonucleo-
tide immobilization was accomplished by dipping the
glass slides in a solution of 0.4 M ammonium acetate
buffer containing oligonucleotide aldehyde (20 uM) for
2 min. The oligonucleotides containing aldehyde func-
tionality at 5'-terminus were prepared as reported
earlier.'8

The efficiency of this method was further evaluated by
investigating the ability of surface-bound oligonucleo-
tides to hybridize with the complementary strand
labeled with Cy3 fluorescent probes. After hybridiza-
tion and subsequent washings, the glass slides were
scanned under a fluorescent scanner. Herein, the sig-
nal intensity directly reflects the efficiency of surface
immobilization by current approach. The representa-
tive scanned images from the hybridization experi-
ments are shown in Figure 1. A pattern of
fluorescent and non-fluorescent areas with the shape
of the mask was visualized. The ratio signal/noise S/
N was evaluated for the different time durations (10,
15, and 20s) to 2, 3, and 4, respectively. An irradia-
tion time of 15s was thus found enough to obtain a
good signal to noise ratio.

The strategy was used next for surface immobilization of
oligonucleotides into the inner wall of capillary tubes.
Capillary tubes are extensively used in many biological
applications, they are inexpensive and provide higher
surface-to-volume ratio. The glass capillary tubes were
silanized with (y-aminopropyl)triethoxy silane and the
coupling with activated ester 1 was performed in trichlo-
roethylene instead of DMF. DMF was found to cause
the degradation of the fused capillary and hence not
used. The photo-deprotection of the aminooxy moieties
was carried out by irradiation at 365 nm for varying
time periods (from 5 to 30 s) through a slit aperture ad-
justed at 150 pm. This allowed the unmasking of amino-
oxy moieties only at preselected portions of the tube.
The surface immobilization was achieved by filling the
capillary tubes with aqueous solution of aldehyde-con-
taining oligonucleotides. The hybridization experiments
with complementary sequence labeled with Cy3 were
performed at 100 nM concentrations. SSC buffer was
used to remove unhybridized complementary oligonu-
cleotides and the capillary tube was scanned under a
fluorescent scanner (Fig. 2). Fluorescence spots were
found localized at the irradiated portion of the tube.
The photo-deprotection was rapid and an irradiation
time of 5s was sufficient to obtain a measurable
response.

In conclusion, an alternative protocol for the surface
patterning of oligonucleotides was developed. The effec-
tiveness of the method was verified by accomplishing oli-
gonucleotide immobilization on surfaces of glass slides
and capillary tubes. Although the present method shows
a signal to noise ratio slightly less favorable than our
previously reported strategy, it presents the main advan-
tage that the NPPOC-protected aminooxy surfaces can
be prepared easily from (y-aminopropyl)tricthoxy
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Figure 1. (Left) Scanned images of the oligonucleotide arrays on the glass slides. Arraying was achieved by irradiation through a mask (hole
diameter: 100 pm) at 365 nm for (a) 10s, (b) 15, and (c) 20's in a 20% aq pyridine solution, followed by the deposition of a 20 pM solution of
aldehydic oligonucleotide in 0.4 M ammonium acetate buffer for 2 min. Hybridization was carried out at 39 °C for 1 h using a 10 nM solution of
Cy3® labeled complementary oligonucleotide. Fluorescence intensities are color-coded, varying from blue (Iow) to green, yellow, red, and then white
(saturation), (right) profiles intensity for quantification analysis.
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Figure 2. Scanned images of the oligonucleotides arrayed into the
capillary tube. The arrayed capillary tube was obtained after following
procedure: irradiation at 365nm in 20% aq pyridine solution for
various time periods; deposition of a 20 uM solution of aldehydic
oligonucleotide in water for 2min; and hybridization with the
complementary strand labeled with Cy3®. Time of irradiation: (a)
Ss,(b) 10s, (c) 15s, (d) 20s, (e) 30 s.

silane-coated glass. The immobilization protocol
reported herein could be an efficient tool in the design
of ‘labs on a chip’ devices.
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0 1.39 (d, J =6 Hz, 3H), 2.89 (s, 4H), 3.68 (m, 1H), 4.31
(m, 2H), 4.39 (s, 2H), 7.30-7.60 (m, 4H). ESIMS (m/z): 395
(M+H)".

For experimental protocol, see Ref. 12.
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Abstract—A novel series of substituted 2-aryl-5-amino-5,6,7,8-tetrahydroquinoline C5a receptor antagonists is reported. Synthetic
routes were developed that allow the substituents on the tetrahydroquinoline core to be efficiently varied, facilitating determination
of structure—activity relationships. Members of the series display high binding affinity for the C5a receptor and are potent functional

antagonists.
© 2008 Elsevier Ltd. All rights reserved.

The complement system plays an important role in the
body’s immune defense.! Activation of complement trig-
gers a cascade involving proteolysis of serum proteins to
active peptides. The anaphylatoxin C5a, formed by pro-
teolysis of complement component 5 (C5), is a potent
pro-inflammatory mediator involved in recruitment
and activation of leukocytes. The functional effects of
C5a are mediated by interaction with the G-protein cou-
pled 2C5a receptor (C5aR, CD88) expressed by target
cells.

Inappropriate and/or excessive complement activation
has been implicated in the pathology of a number of
autoimmune and inflammatory diseases, and therapeu-
tic agents capable of attenuating the complement re-
sponse have been widely sought.®> Eculizumab
(Soliris™, Alexion Pharmaceuticals, Inc.), the first mar-
keted complement directed therapy, recently received
FDA approval for treatment of paroxysmal nocturnal
hemoglobinuria (PNH).* This C5-directed antibody
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blocks C5 proteolysis, inhibiting the formation of C5a
and C5b. Considerable effort has also been directed to-
ward the discovery of small molecule drugs capable of
blocking the complement response,’ and in particular
C5aR signaling.®

3-Substituted-6-arylpyridine C5aR antagonists (general
structure 1, Fig. 1) were discovered by scientists at
Neurogen Corporation.” Aided in part by molecular
modeling, we hypothesized that these antagonists could
be biased toward their proposed bioactive conformation
by the addition of a cyclic tether (converting the pyri-
dine core to a 5,6,7,8-tetrahydroquinoline).® We report
here the synthesis, C5aR binding and functional antag-
onism, and pharmacokinetic properties of the members
of the resulting series.

In the first phase of this study, the amino group at the 5-
position was varied. The preferred synthetic route for
varying this substituent incorporates the amino group

CHs
Et N* | NR'R? Et N% l NR'R?
x> ? """" - e IO
Et Et ,

Figure 1. Generalized structures of disclosed 3-substituted-6-aryl
pyridine C5a receptor antagonists’ (1) and proposed 3,6,7,8-tetrahy-
droquinolines (2).
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at the last step (Scheme 1). Cyclocondensation of 3-ami-
no-2-cyclohexen-1-one (3) with malonic acid bis(2,4,6-
trichlorophenyl) ester (4) and chlorination of the crude
bis-phenol intermediate with phosphorus(V) oxychlo-
ride afforded 5. Suzuki cross-coupling with 2,6-diet-
hylphenylboronic acid occurred predominantly at the
2-position. Refluxing intermediate 6 with sodium meth-
oxide in methanol resulted in substitution of the 4-
chloro group. Installation of the amino group at the 5-
position was accomplished by reduction of the ketone,
activation of alcohol 8 as the corresponding chloride,
and displacement with an amine. The displacement reac-
tions tended to be sluggish; excess amine and potassium
carbonate (4 equiv each) were used to drive the reaction
and decrease the amount of elimination byproduct
formed. The reactions were typically conducted at ambi-
ent temperature using an extended reaction period (1-
3 d); higher temperatures promoted elimination. In sev-
eral instances in which it was desired to independently
vary the two amino substituents, or due to commercial
availability of the amine starting material, a primary
amine was used in the displacement reaction and the sec-
ond alkyl group (Me or Et) was subsequently installed
by reductive amination (compounds 28, 33-34, 36-37,
and 42, Table 2).

In order to efficiently prepare analogs that varied at the
2- and 4-position, syntheses were explored in which each

Et N* d Et N/
x
Et N7 OH 1g &%NR R?

Scheme 1. Reagents and conditions: (a) PhBr, reflux, Ar=24,6-
trichlorophenyl; (b) POCls, reflux; (c) 2,6-DiEtPhB(OH),, Pd(PPh;),,
Na,COs3, H,0, toluene, reflux; (d) NaOMe, MeOH, reflux; (¢) NaBHy,
MeOH; (f) SOCl,, CH,Cl; (g) R'R®NH, K,COs, CH;CN.

of these substituents was installed at the last step.” These
routes proved more challenging than that of Scheme 1;
displacements of the chlorides prepared from alcohols
11 and 14 with N-ethyl-1-naphthylamine required heat-
ing and were less efficient than those using the chloride
derived from 8. Nevertheless, preparation of 2-chloro-
tetrahydroquinoline 12 allowed installation of the 2-po-
sition aryl substituent in the final step by a microwave-
accelerated Suzuki reaction, allowing rapid generation
of structure—activity relationships (Scheme 2a). Two
analogs varying at the 4-position were produced by
the route shown in Scheme 2b (60-61), while others
(62-63) were prepared using the route shown in Scheme
1, with alternative nucleophiles substituted for sodium
methoxide.

Compounds were screened for their ability to block
C5a-induced intracellular calcium mobilization in the
human monocytic cell line U937.!° An initial set of ana-
logs that revealed potential for C5a receptor antagonist
activity within the series incorporated 1,2,3,4-tetrahy-
droisoquinolines at the 5-position (Table 1). The unsub-
stituted tetrahydroisoquinoline analog 17 had an I1Cs, of
1.1 uM; a brief screen of substitutions achieved

Table 1. C5aR antagonist activity of 5-position tetrahydro-

isoquinolines
8
L. A
| 5
Et
Compound?® R C5a-induced Ca®*
flux I1Csq (LM)
17 H 1.1
18 5-Cl 1.7
19 5-CF, >10
20 6-OMe,7-OMe >10
21 7-Cl 1.4
22 7-F 0.88
23 7-OMe >10
24 7-CF3 >10
25 §8-CO,Me 0.84
26 8-CF3 0.27

#Except where noted, compounds were tested as racemates.

a)
L N“o 2 WS or M
|
o "o I o
10! 1|
. |
. b Et N7 | OHcf g N NS g Et N7 N
_— S — | ) —_— | )
Cl = al Et Pz ? Et
Et R
14 Et 15 Et 46

Scheme 2. Reagents and conditions: (a) NaOMe, MeOH, 23 °C (44% 10, 40% separable 2-methoxy-4-chloro regioisomer); (b) NaBH4, MeOH; (c)
SOCl,, CH,Cl,; (d) N-ethyl-1-naphthylamine, K,CO3;, CH3CN, reflux; (¢) ArB(OH),, PdCl,(PPhs),, Na,CO;, H,O, CH3CN, pW 120-160 °C,
10 min; (f) N-ethyl-1-naphthylamine, K,CO3, CH;CN, 110 °C (sealed tube); (g) ROH, RONa, uW, 155-175 °C.
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Table 2. C5aR antagonist activity of 5-position naphthylamines and analogs

Compound R! R? C5a-induced Ca®* flux ICsy (uM)
27 1-Naphthyl Et 0.10
28 1-Naphthyl Me 0.17
29 1-Naphthyl 2-OH-Et 0.19
30° 1-Naphthyl Acetyl 6.2
31 1-Naphthyl H >10
32 H Et >10
33 2-Naphthyl Me >10
34 2-Me-1-naphthyl Me L.5
35 6-OMe-1-naphthyl Me 0.18
36 5-OMe-1-naphthyl Me >10
37 4-OMe-1-naphthyl Me 0.53
38 (S)-1,2,3,4-Tetrahydro-1-naphthyl® Me 0.82
39 (5)-1,2,3,4-Tetrahydro-1-naphthyl® Me 5.5
40 (R)-1,2,3,4-Tetrahydro-1-naphthyl® Me 1.9
41 (R)-1,2,3,4-Tetrahydro-1-naphthyl® Me 8.1
42 5,6,7,8-Tetrahydro-1-naphthyl Et 0.22
43 Phenyl Me 7.9
44 Benzyl Et >10
45 —CH,-1-naphthyl Me >10
(—)-27¢ 1-Naphthyl Et 0.027
(+)-27¢ 1-Naphthyl Et >10

#Prepared by the reaction of N-acetyl-1-naphthylamine with the chloride derived from 8 (NaH, THF, 23 °C).

® Less polar diastereomer (SiO, TLC, 25% EtOAc:hexanes); tetrahydroquinoline 5-position absolute stereochemistry undetermined.

¢ More polar diastereomer.

9 Enantiomeric excesses (ee): (—)-27 >99%, (+)-27 98.6% by analytical chiral SFC (chiralcel OD-H column, 0.46 x 50 cm; mobile phase 70:30
COsy:modifier (0.2% i-Pr,NH in MeOH), flow rate 3 mL/min, 50 °C).

Table 3. C5aR antagonist activity of analogs varying at the 2-position Table 4. C5aR antagonist activity of analogs varying at the 4-position

N/‘ N Et N/‘ N
R\ OK x xk

Et
Compound R C5a-induced
Ca2* flux ICsy (LM) Compound X C5a-induced Ca®* flux ICsy (UM)

46 2-Me,6-Me phenyl 0.13 60 OEt 0.067

47 2-Me,4-OMe,6-Me phenyl  0.17 61 OCH,Ph 0.27

48 2-OMe,6-OMe phenyl 1.8 62 O-Cyclopentyl  0.037

49 2-OMe,6-Cl phenyl 0.11 63' SMe 0.082

50 2-Me phenyl 0.35 64° H >10

51 2-Et phenyl 0.65 15 Cl 2.0

52 2-i-Pr phenyl 1.7 4 Prepared from 1,2,5,6,7,8-hexahydroquinoline-2,5-dione by the route

53 2-Ph phenyl >10 shown in Scheme 1.

54 2-F phenyl 46

55 1-Naphthyl 5.9

56 Phenyl >10

57 3-Thienyl >10 Table 5. C5aR binding assay results

S8 3-Pyridyl . >10 Compound [1251]-C5a binding Compound [1251]-C5a

59 5-Benzo-1,3-dioxolyl >10 K (uM) binding K; (M)

12 Cl >10

15 0.18 43 0.68
17 0.035 48 1.2

improvement of the potency to 270 nM for the 8-trifluo- 26 0.0097 51 0.086
romethyl substituted antagonist 26. Screening a variety 27 0.0089 54 37
of additional cyclic and acyclic substituted amines (data ;g g~‘l)g73 :2 3'37

not shown) led to the identification of an active 1-naph-






J. K. Barbay et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2544-2548 2547

Table 6. Human liver microsome (HLM) stability and rat pharmacokinetic profile of compound 27*

Compound HLM stability Chax, po £ SD Cl, iv £ SD t2, po £ SD F (%)
(t1/2, min) (uM) (mL/min/kg) (h)
27 54 1.3+£0.3 31+4 1.8+0.2 59

#Dosed po at 10 mg/kg, iv at 2 mg/kg, n = 4.

thylamine subseries (Table 2). Compound 27, bearing an
N-ethyl-1-naphthylamine substituent, had an ICsy of
100 nM. Modest changes to the N-alkyl group (ethyl
to methyl or 2-hydroxyethyl, 28-29) were tolerated,
while replacing this group with an acetyl substituent re-
sulted in uM level activity. Removal of the N-alkyl
group caused a decrease in activity (31, >10 uM). The
naphthalene group was also required; N-ethyl secondary
amine 32 did not display significant antagonist activity.
Attachment of the amine substituent at the 1-position of
the naphthalene ring appeared to be preferred, as 2-
naphthyl analog 33 displayed decreased activity. A small
set of methoxy-substituted 1-naphthylamines (35-37)
generally displayed reduced activity, with 6-methoxy
substitution affording the most active compound (35,
180 nM). 1,2,3,4-Tetrahydronaphthalenes 38-41 (each
tested as a single diastereomer) displayed activities rang-
ing from 820 nM to 8.1 uM, while reduction of the
naphthalene to the 5,6,7,8-tetrahydronaphthalene was
better tolerated (42, 220 nM). Replacement of the naph-
thalene with an unsubstituted phenyl reduced activity
(43, 7.9 uM) as did the homologation to the naphtha-
len-1-ylmethanamine 45 (>10 pM).

In the next phase of the study the N-ethyl-1-naphthalene
substituent was held constant while the aryl group at the
2-position was varied (Table 3). In general, 2,6-disubsti-
tuted analogs (46-49) were more potent C5a receptor
antagonists than 2-monosubstituted compounds (50—
54). Continuing the trend, the unsubstituted phenyl ana-
log 56 did not show significant activity, nor did several
heterocycles unsubstituted at the ortho carbons (57—
59). These results suggest that maintaining a twisted
biaryl conformation is important for activity.

Finally, structure—activity relationships at the 4-position
were explored by varying this group while holding con-
stant the N-ethyl-1-naphthylamine and 2,6-diethylphe-
nyl substituents (Table 4). Alkoxy groups larger than
methoxy groups were found to be capable of improving
activity (ethoxy, 67 nM; cyclopentoxy, 37 nM). Re-
moval of this substituent, or replacement with a chloro,
resulted in lower potency (ICso > 10 and 2.0 pM, respec-
tively). A thiomethyl replacement for the methoxy group
was tolerated (82 nM).

The binding affinity of selected compounds to the C5a
receptor was assessed by their ability to displace ['*I]-
C5a from differentiated U937 cells (Table 5).!' A num-
ber of compounds demonstrated binding to the receptor
with high affinity (for instance, compound 27, K;
8.9 nM). These results provide evidence that the ob-
served functional antagonism of members of the series
is a consequence of binding to C5aR (as opposed to a
mechanism involving the downstream signaling
cascade).

The effect of the stereochemistry of 27 on its C5aR
antagonist activity was investigated. The enantiomers
of this compound were resolved by chiral supercritical
fluid chromatography (SFC). The levorotary enantio-
mer (absolute stereochemistry undetermined) was
shown to be primarily responsible for activity ((—)-27
IC50 27 HM, (+)-27 IC50 > 10 MM)

The human liver microsome stability and pharmacoki-
netic profile of racemic 27 in rats were determined
(Table 6). The compound displayed 59% oral bioavail-
ability. It had reasonable human liver microsome stabil-
ity (¢1/» 54 min; 88% remaining at 10 min), but displayed
moderate clearance (31 mL/min/kg).

In conclusion, a series of substituted 5,6,7,8-tetrahydro-
quinoline C5aR antagonists was discovered. Structure—
activity relationships at the 2-, 4-, and 5-position of
the tetrahydroquinoline core were studied. The com-
pounds displayed activity in binding (displacement of
['*°I]-C5a) and functional (C5a-induced calcium mobili-
zation) assays in a human cell line. These results add to
the growing body of evidence that C5aR can be potently
antagonized with non-peptidic small molecules. Further
exploration of the series will be reported separately.
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The human monocytic cell line U937 (ATCC CRL-1593)
was maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum, 10 mM Hepes, 1 mM
pyruvate, 2mM L-glutamine, 100 IU/mL penicillin G,

11.

and 100 pg/mL streptomycin (all Invitrogen). U937 cells
were treated with 1 mM dibutyryl cAMP (Sigma) for 48—
72h to induce differentiation prior to assessment of
intracellular Ca®>* mobilization according to a modified
protocol described in Van Lommen et al. (Bioorg. Med.
Chem Lett. 2005, 15, 497). Briefly, Fluo-3-loaded cells
(200,000 cells/well) were dissolved in HBSS medium
(Invitrogen) supplemented with 10 mM Hepes, 2.5 mM
probenecid, and 0.1 % BSA (pH = 7.4) and pre-incubated
for 20 min with test compound (1% DMSO) before
recombinant human C5a (1.5nM, Sigma) was added.
Changes in intracellular free Ca®" concentration (Fiay)
were measured using FLIPR technology (Molecular
Devices). ICsy values were calculated using non-linear
regression in Graphpad Prism.

In C5aR competition binding assays, dibutyryl cAMP-
differentiated U937 cells were dissolved in binding buffer
consisting of 50 mM Hepes, 5 mM MgCl,, 1 mM CaCl,,
0.1% NaN3, and 0.02% protease-free BSA (pH 7.4). After
pre-incubating the cells (2 x 10° cells/well) with test com-
pound (1% DMSO) for 30 min at 25 °C, ['?’I]-C5a (Bolton
& Hunter labeled, Perkin-Elmer, 2200 Ci/mmol, 0.05 nM)
was added for 60 min while the cells were kept at 4 °C.
Non-specific binding was defined in wells containing
100 nM recombinant C5a. Cells were harvested on GF/B
filter plates (presoaked in 0.5% polyethyleneimine) using a
Packard cell harvester. The filter plates were washed with
binding buffer supplemented with 500 mM NaCl and filter
bound radioactivity was determined by liquid scintillation
counting on a TopCount NXT™ (Packard). K; values were
calculated using the equation of Cheng and Prusoff
(Biochem. Pharmacol. 1973, 22, 3099) in Graphpad Prism.
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Abstract—We outline the synthesis of six novel derivatives that are based on a recently discovered HDAC inhibitor FR235222. Our
work is the first report utilizing a novel binding element, guanidine, as metal coordinators in HDAC inhibitors. Further, we dem-
onstrate that these compounds show cytotoxicity that parallels their ability to inhibit deacetylase activity, and that the most potent
compounds maintain an L-Phe at position 1, and a p-Pro at position 4. Both inhibition of HDAC activity and cytotoxicity against
the pancreatic cancer cell line BxPC3 are exhibited by these compounds, establishing that a guanidine unit can be utilized success-

fully to inhibit HDAC activity.
© 2008 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDACS) are enzymes responsible
for the regulation of chromatin remodeling and gene
transcription by deacetylation of the amino-terminal
tails of histones. The inappropriate up-regulation of
HDACG: is associated with carcinogenesis, and inhibitors
of HDACs have demonstrated efficacy against cancer
cell lines.!

There are already numerous HDAC inhibitors in clinical
trials.>* However, treating pancreatic cancers has been
unsuccessful with any drug currently on the market. Gi-
ven that HDACs are inappropriately up-regulated in
pancreatic cancers,>® HDAC inhibitors (HDACIs) have
tremendous potential for treating these drug-resistant
cancers. Pancreatic cancer is the fifth most deadly cancer
in U.S. Only 10% of patients are eligible for surgery,’
and less than 20% of pancreatic cancers respond to the
drug of choice (Gemzar) or other drugs on the mar-
ket.®° The 5-year survival rate for patients with pancre-
atic cancers is less than 5%.'° With such a low response

Keywords: HDAC; Guanidine; FR235222; Peptide; Pancreatic cancer.
* Corresponding author. Tel.: +1 619 594 5580; fax: +1 619 594
4634; e-mail: mcalpine@sciences.sdsu.edu

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

doi:10.1016/j.bmcl.2008.03.047

rate to current chemotherapeutic treatments, there is an
immediate need for new drugs that provide additional
chemotherapeutic options to pancreatic cancer patients.

To date, HDACISs can be divided into five chemical fam-
ilies: hydroxamic acid derivatives, short chain fatty
acids, benzamides, electrophilic ketones, and cyclic tet-
rapeptides.>!! These five families all inhibit the activity
of metal-dependent HDAC classes I and II. The phar-
macophore model for HDAC inhibition consists of
three elements: (1) a surface recognition unit binding
to the rim of the binding pocket, (2) a metal-binding do-
main, which chelates with the metal cation in the active
site, and (3) a linker that connects the surface recogni-
tion site to the metal-binding domain (Fig. 1). In most
natural products, one of three binding elements is typi-
cally found: alpha hydroxy ketones, epoxides, and N-
hydroxamic acids.'!"!?> There is a clear understanding
that HDACTs function by using the surface recognition
unit to bind to the HDAC protein surface near the metal
pocket, thus placing the metal-binding element inside
the binding pocket. However, for the FR235222 deriva-
tives a diversity of surface recognition and metal-bind-
ing elements and their effects on HDAC inhibition
have not been explored. Poor pharmacokinetic
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properties associated with several of the metal binding
domains led us to investigate the possibility of novel
structures utilizing guanidine and acetyl as metal-bind-
ing elements.! Herein, we describe the synthesis of a
new family of cyclic peptides that are based on the
FR235222 natural product, a cyclic tetrapeptide struc-
turally related to Trapoxin, HC-toxin, Chlamydocin,
and apicidin.?>'>'% For the first time, it is explored
how a guanidine metal-binding element impacts the
HDAC inhibition and cytotoxicity.

There is extensive literature on derivatives containing the
three moieties found in natural product metal-binding
units. In addition to work exploring their potency, other
non-traditional metal binding units have been published
including, sulfur,'®> N-formyl hydroxylamine,'® and
phosphorous-containing compounds.!” However, no
work has been published to date on guanidines as me-
tal-binding units in HDACIs. Guanidines represent a
very important class of compounds both biologically
and chemically. Their hydrophilic nature provides stabil-
ization of protein conformations via hydrogen bonding
and mediates solubility of natural products.'® With a
high pK, value of 12.5, arginine residues containing a
guanidinium side chain may not be considered optimal
metal-binding ligands. However, the highly acidic nature
of a metal cation found in the HDAC pocket can poten-
tially lower the pK, value of the guanidinium side chain,
allowing for coordination with the metal. In fact, several
recent reports document the stability of guanidine-metal
interactions,!??° although additional studies are needed.
Despite their likely metal binding capabilities, guani-
dines have gone unexplored in the realm of HDACI as
potential metal-binding units.

Here we describe the design and synthesis of HDACI
incorporating the use of guanidines and compare them
to a more established metal-binding element, an acetyl

moiety.!!! These guanidine and acetyl compounds are
derivatives of FR235222, which was isolated from the
fermentation broth of a fungus, Acremonium sp. No.
27082.2! Previous work by the Mori group reports that
FR235222 has potency against three types of lympho-
cytes (MLR, anti-CD3-blast, and TPA-blast) with I1Cs
values in the low nanomolar range thus demonstrating
promising anti-cancer properties.’! In this report we de-
scribe how changes to the surface recognition site at all
four positions (Fig. 1) impact the compound’s cytotox-
icity and HDAC activity. Literature precedence has
shown that a 4- to 5-atom chain is optimal in the linker
region of the molecule,? therefore we have utilized both
a 4-atom chain and a 5-atom chain between the surface
recognition macrocyclic peptide and the carbonyl of the
acetyl or imine unit of the guanidine. Finally, we
explored how effective a guanidine unit would be as a
metal-binding unit compared to the acetyl moiety.

We used a convergent solution phase route in order to
easily insert L- and D-amino acids in each position with-
in the derivatives. This route is also amenable to large-
scale synthesis for extensive biological studies. Scheme
1 depicts the two fragments involved in our synthetic
route, allowing us to form the linear tetrapeptide, which
is cyclized to generate the final product. The synthesis of
six novel HDACIs was completed using amino acids
shown in Scheme 1. Using 2(1-H-benzotriazole-1-yl)-
1,1,3-tetramethyl-uronium tetrafluoroborate (TBTU),
and diisopropylethylamine (DIPEA), acid-protected res-
idue 1(a—d), and N-Boc-protected residue 2 (Scheme 1)
were coupled to give the dipeptide MeO-1-2 (90-95%
yield). Deprotection of the acid on residue 1 using lith-
ium hydroxide gave the free acid 1-2 (85-95% yield)
as shown in Fragment 1. The synthesis of Fragment 2
(Fig. 1) was completed by coupling residue 3(a-b) to res-
idue 4(a-b) (Scheme 1) to give the dipeptide 3-4-Boc
(90-95% yield). The amine was deprotected on Frag-
ment 2 using TFA to give the free amine 3-4 (~quanti-
tative yield). Fragments 1 and 2 were coupled using
multiple coupling agents yielding six examples of linear
tetrapeptides (yields ranged from 30% to 90% depending
on the substrate). Upon formation of the linear tetra-
peptide, an acid deprotection using lithium hydroxide
was performed (~85-95% yield), subsequently followed
by the deprotection of the amine on the linear tetrapep-
tide with TFA (~quantitative yield). With a free acid
and free amine, cyclization of the linear tetrapeptide
was performed by dissolving it in 2:2:1 ratio of THF:CH
3CN:CH,Cl, (0.007 M). Addition of DIPEA (6 equiv)
and three coupling agents (HATU, DEPBT, and TBTU
0.7 equiv ea) to the reaction gave a clear solution. Reac-
tions were usually complete in 2-4 h. A work-up with
methylene chloride and ammonium chloride, concentra-
tion in vacuo, purification via flash chromatography and
HPLC, provided the final products confirmed via LCMS
and H'NMR (yields ranged from ~25% to 65% depend-
ing on the substrate). With the exception of compounds
5 and 6, a deprotection of amines on residues 3(a-b)
using hydrogenolysis were performed upon completion
of cyclization. This deprotection was accomplished by
dissolving the cyclized compound in EtOH (0.1 M)
and treating with hydrogen gas in the presence of 10%
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Pd/C. The reaction was stirred for 3-5h under hydro-
gen, whereupon filtration with Celite yielded the final
product.??

The amino acids (Scheme 1) were chosen based on work
done on other classes of tetrapeptide HDAC inhibitors.
It was demonstrated that altering the surface recogni-
tion unit at position 1 enhances potency relative to the
natural product depending on the amino acids in posi-
tions 2—4.223 Further, this position was known to toler-
ate both a b- and L-amino acid.?>?? Thus, our changes to
position 1 included: an L-Phe (residue 1a) (compounds 1
and 5), a p-Phe (residue 1b) (compounds 2 and 3), an

N-methyl Phe (residue 1¢) (compound 6), and the incor-
poration of a rigid binding element, tetrahydroisoquino-
line (residue 1d), (compound 4) (Fig. 2). Based on
previous precedents no changes were made to position
2 as changes to this position did not appear to effect po-
tency,>!!" and therefore a single ethyl moiety was utilized
at this position for all 6 compounds for ease of synthesis
(Fig. 2). It is well established that in position 4 it is
critical to maintain a p-amino acid in order to ensure
the appropriate binding of the macrocycle to the HDAC
binding site and for appropriate insertion of the linker
element.?®> Further, studies have shown that a B-turn
element was important at this position, and indeed a
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Figure 2. FR235222 derivatives (compounds 1-6) and Apicidin.

D-proline (residue 4a) or a p-piperdinyl carboxylate res-
idue (residue 4B) was considered optimal.>?3 Thus, we
included a p-proline (compounds 1, 2, 4, and 6), and a
D-piperdinyl carboxylate moiety (compound 3) as part
of our exploratory work on this new class of derivatives.

We also made modifications to the linker region at posi-
tion 3 (Fig. 2). Previous work had shown that a 4- to 5-
atom chain was optimal in the linker region of the
molecule in order to place the electronegative binding
element at the appropriate position in the HDAC pock-
et.2 Thus, we chose two different residues for substitu-
tion at this position, where one contained a 4-atom
chain (residue 3a) leading to the guanidine unit (com-
pounds 1-4), and the other utilized a 5-atom chain lead-
ing to the protected lysine binding element (residue 3b)
(compounds 5 and 6). Finally, we utilized two different
binding elements: guanidine (3a) (compounds 1-4) and
N-acetyl (3b) (compounds 5 and 6). Note: the nitrogen
of the guanidine and the nitrogen of the side chain lysine
are considered part of the linker unit, whereas the ami-
dine of the guanidine and the carbonyl of the acetyl are
considered part of the metal-binding element.

The six compounds were assayed at 200 uM concentra-
tion against endogenous HDACs from Hela cell ly-
sates, as previously described.?* Apicidin (Fig. 2) a

potent cyclic tetrapeptide HDACI (ICs, value of
13 £ 2nM) was used as a positive control (0.3 = 0.3%
deacetylase activity) and DMSO was used as a negative
control (set to 100% deacetylase activity) (Fig. 3). Com-
pound 5 was the most potent compound, and inhibited
deacetylase activity to 38 + 2% at 200 uM concentration
relative to the DMSO control. This compound con-

FR235222 Derivatives - Deacetylase Activity
100%

80% -

60% -

40% -

20% -

% Deacetylase Activity

0%

A 1 2 3 4 5 6
HHDAC 200uM | 0.3% | 97% | 97% | 98% | 83% | 38% | 86%

Figure 3. HDAC inhibition assay of FR235222 derivatives. Each
column represents the average of three independent trials at 200 uM of
apicidin or compounds 1-6, with standard error of +0.3%, 4%, 5%,
4%, 1%, 2%, and 6%, respectively. A, Apicidin. All data were
normalized to the 4% DMSO control (100%).
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tained an acetyl-binding unit, and like the natural prod-
uct, it possessed an L-Phe at position 1 and a proline res-
idue at position 4. Since compound 5 is an acetyl-lysine
mimic, the ability for compound 5 to act as an HDAC
mimic was assessed; this information can be found as
a part of the supplementary materials. Compounds 4
and 6 also displayed some potency at 200 uM concentra-
tion, with 83 £ 1% and 86 £ 6% activity, respectively,
relative to the DMSO control. Compounds 5 and 6 only
differ in the presence of an N-methyl at the position 1,
suggesting that this single methyl group substitution
influences potency by altering the conformation of the
macrocyclic surface recognition unit.!! Because com-
pound 4 contains a guanidine binding element, the data
suggest that guanidine is an appropriate choice when
designing new HDACI. It should be noted that com-
pounds 2 and 3 contain a D-Phe residue at position 1
and do not show appreciable deacetylase activity at
200 uM concentration, suggesting that the stereochemis-
try is important at position 1. In addition, compound 4
with a tetrahydroisoquinoline moiety at 1 demonstrated
greater potency than compound 1, which incorporated
an L-Phe, suggesting that more rigid side chain is impor-
tant for potency. In total, the data highlight the impor-
tant role of position 1 in governing inhibitor potency,
aiding future design efforts.

The deacetylase activity correlated with the cytotoxicity
of the compounds in pancreatic cancer cell line BxPC3,
where compounds 1-4 and 6 were all less toxic than
compound 5 (Fig. 4). These data indicate that a 5-atom
linker may be necessary for histone deacteylase activity
and cytotoxicity. Further efforts exploring these conclu-
sions will be made and the results will be published in
due course.

In summary, we outlined the synthesis of 6 novel
derivatives that are based on a recently discovered
HDAC inhibitor, FR235222. We show the use of a
novel binding element, guanidine, where our work is
the first to report these units being utilized as metal
coordinators in HDAC inhibitors. Further, we demon-
strate that compound 5, which is the most successful
at inhibiting HDAC activity is also the most cytotoxic.

FR235222 Derivatives - BxPC3 cytotoxicity
100%

80% A
60% A
40% -
. l .
I | |
A 1 2 3 4 5 6
HWBxPC35uM | 98% | 27% | 17% | 20% | 0% | 38% | 19%

% Growth Inhibition

Figure 4. Cytotoxicity assays of FR235222 derivatives. Data
points = average four wells from three assays (5 uM). Error = +5%,
A, Apicidin, control, DMSO.

This compound contains an L-Phe at position 1, and a
D-Pro at position 4. Finally, we show that a guanidine
unit can be utilized successfully to inhibit HDAC
activity. Future derivatives will incorporate 5-atom
linkers with guanidines as metal binding elements as
well as metal binding elements with electron-withdraw-
ing groups. Their effectiveness will be described in the
near future.
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Abstract—We employed a computational approach to design and synthesize a series of fluorescently labeled hPEPT1 substrates.
Five Alexa Fluor-350™-labeled peptides were assessed for their in vitro inhibitory activity in hPEPT 1-transfected CHO cells. At least
four labeled peptides show potent inhibitory activity toward hPEPT1-mediated uptake of [°’H]-GlySar and three compounds dis-
played a significant cellular uptake specifically mediated by hPEPT]I.

© 2008 Elsevier Ltd. All rights reserved.

The human small peptide transporter, hPEPT1, is a clin-
ically important intestinal solute carrier protein critically
involved in the absorption of its natural substrates, food
protein-derived di- and tripeptides. Additionally, it
mediates the intestinal uptake of numerous drug classes,
such as B-lactam antibiotics, ACE-inhibitors, several
antivirals,! as well as various prodrugs. For example,
valyl prodrugs of the nucleoside antiviral drugs acyclo-
vir and ganciclovir display 3- to 5-fold and 10-fold high-
er bioavailability upon oral administration in humans
compared to their parent compounds, respectively.?>
The increased intestinal permeability can be attributed
solely to their affinity for intestinal hPEPT1. This trans-
porter’s relaxed substrate specificity, relatively high
capacity and low affinity (K, ~1.1 mM for the proto-
typical PEPT1 substrate glycylsarcosine (GlySar))
makes it an ideal target for the design of peptidomimetic
drugs with increased intestinal permeability and
bioavailability.

In the absence of a crystal structure for hPEPT1, the
rate at which new substrates and inhibitors can be iden-
tified or rationally designed is expectedly slow. Alterna-
tive experimental strategies to rapidly screen large
compound database for hPEPT1 affinity can be carried

Keywords: Alexa Fluor 350™; hPEPT1; Peptide conjugation; Fluores-

cence; High-throughput screening; CoMFA; Transporter.
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0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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out using stably expressed cell lines in a high-throughput
screening (HTS) setup. The success of this approach will
be determined by assay sensitivity for prototypical sub-
strates or new chemical entities (NCEs) when assessing
inhibition or transport via hPEPT1. The most com-
monly applied assay techniques involve laborious liquid
chromatography—mass spectrometry or costly radiola-
beled tracer methodologies. However, fluorescence of-
fers a convenient alternative for HTS applications due
to its sensitivity and applicability to a wide variety of
cell-based systems.

Several other groups have reported fluorescently labeled
peptides directed to develop hPEPT1 HTS assays, albeit
with limited success. Abe and colleagues* synthesized
FITC and coumarin-3-carboxylic acid conjugated pep-
tide analogs that showed affinity for hPEPT1 expressed
in Caco2 cells, but were not transported. Other studies
reported AMCA (7-amino-4-methylcoumarin-3-acetic
acid) peptide conjugates® and peptide analog-FITC es-
ters® with hPEPT1 affinity. However, the fluorescent
dyes used in these studies have limited quantum yields
and may not be particularly suitable for HTS implemen-
tation.” In fact, fluorescein dyes are known to display
self-quenching properties at high concentrations, there-
by limiting potential assay sensitivity. The present study
was designed to develop a metabolically stable fluoro-
genic substrate for hPEPT1 with superior fluorescence
quantum yield at a range of intracellular pH values.
Based on our previous knowledge of the hPEPTI
pharmacophore and structure-activity relationship,® we
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designed five novel Alexa Fluor 350™ (AF)-labeled pep-
tide analogs using computational design, synthesis, and
in vitro analysis of AF-labeled substrates designed spe-
cifically to target PEPT1.

We built a three-dimensional quantitative structure—
activity relationship (3D-QSAR) using Comparative
Molecular Field Analysis (CoMFA) from the extensive
dataset by Gebauer and colleagues.” Molecules were
built and subsequently energy minimized in SYBYL
(v.7.1) using the Tripos force field.!° The most active
compound in the dataset, o-(methylphenyl)-D-tyrosyl-
L-alanine® was used as a template and all the other mol-
ecules were superimposed to it using atom-based align-
ment. The resulting CoMFA steric and electrostatic
contour plots are shown in Figure 1. The model devel-
oped has good descriptive ability as evidenced by a r*
value of 0.989 with six components.

The overall steric contribution (53%) to binding is high-
er than the electrostatic contribution (47%). The AF
analogs (Table 1) using pK; (—logK;) (M) as dependent
variable and CoMFA descriptors as independent vari-
ables in the partial least square (PLS) analysis (data
not shown). Out of a set of 50 permutations, the five
highest scoring compounds were selected for synthesis
and in vitro testing.

The synthesis of dipeptide-conjugated AF (Molecular
Probes, Eugene, OR) was carried out by dissolving
BocLys(Z)OSu in a mixture of N,N-dimethyl formamide
(DMF), 1,4-dioxane, diisopropylamine (DIEA), and an
appropriate amino acid or dipeptide (Scheme 1). The
progress of the reaction was monitored by mass spectros-
copy for the disappearance of a peak at m/z 478.5. The
dipeptide is then deprotected by catalytic hydrogenation
using 10% Pd/C to remove the carbonyloxybenzyl (Z)
group. The deprotected compound was dissolved in
DMF, dioxane, and diisopropylethylamine followed by
the addition of AF carboxylic acid succinimidyl ester
to give the fluorescently labeled dipeptide. This was final-
ly deprotected using TFA in dichloromethane to give the

Figure 1. CoOMFA contour map. The green and yellow regions indicate
that an increase in steric bulk favors or disfavors binding to hPEPTI,
respectively. The increase of negative charge near red region or positive
charge near blue region favors binding. The template compound is
shown in capped stick model.

Table 1. Predicted activities of Alexa Fluor-350™ derivatives from
CoMFA analysis

Compounds —logKk; K; (mM)
AF-LysGly 4.550 0.028
AF-LysVal 4.459 0.035
AF-LysSer 4.590 0.026
AF-LysAla 4.611 0.024
AF-LysGlyGly 4.700 0.019

desired product. All in vitro studies were conducted with
stably transfected CHO cell lines expressing hPEPT1 as
described previously.® Competitive inhibition studies
were performed at pH 6.0 for 30 min using [*HJ-glycyl-
sarcosine (GlySar) (1 uM, 1 Ci/mmol) (Moravek, Brea,
CA) as a tracer. Initially, parent peptides were assessed
for their inhibitory potencies of [*H]-GlySar uptake in
hPEPT1-CHO cells. Subsequently, the inhibition of
100 uM and 1000 uM AF-labeled peptides (in DMSO,
not exceeding 1% final DMSO concentration) on [*H]J-
GlySar (1 uM) accumulation in hPEPT1-CHO cells
was determined. To determine the cellular uptake of fluo-
rescently labeled peptides and to assess their mutual
competitive inhibition of GlySar, the effect of 10 mM
GlySar (Sigma, St. Louis, MO) on the uptake of
100 uM AF-labeled dipeptide was assayed in hPEPT1-
CHO cells. Cells were washed three times and lysed with
1 N NaOH for 1 h and neutralized with 10% HCI solu-
tion. Total cellular fluorescence was determined using a
Spectramax Gemini XS (Molecular Devices, Sunnyvale,
CA). Data were calibrated using fluorescence standard
curves and normalized to protein content.

AF-labeled peptides have strong affinity for hPEPT1 as
demonstrated by their potent inhibition of [*H]-GlySar
uptake in hPEPTI-transfected CHO cells (Fig. 2).
Reduction in hPEPT1 affinity imparted by AF-conjuga-
tion is minimal as compared to the activity of the parent
peptide (Fig. 2). Of the compounds tested, the LysVal,
LysSer, and LysAla analogs showed the strongest rela-
tive inhibition of [*H]-GlySar uptake. Interestingly, the
cellular uptake of AF-labeled LysVal was significantly
greater (2- to 3-fold) compared to the other peptides
(Fig. 3). This would indicate that inhibition data do
not correlate with hPEPT1-mediated substrate translo-
cation. Inhibition of AF-labeled peptide uptake by a
100-fold GlySar excess indicates mutual inhibition be-
tween GlySar and AF-labeled analogs, indicative of a
shared translocation pathway, that is, hPEPTI
(Fig. 3). Interestingly, the LysVal conjugate of AF dis-
plays relatively high cellular uptake while only modestly
inhibiting [*H]-GlySar uptake (~40% at 1 mM), whereas
LysAla and LysSer conjugates exerted stronger [*H]-
GlySar uptake inhibition (<~22%) with only modest
cellular permeation. This would suggest that AF-LysVal
is a good substrate for PEPT1 compared to the other
dipeptide conjugates, but further studies are warranted
to fully characterize this phenomenon.

Overall, AF offers significant advantages over other re-
ported fluorescently labeled peptides such as a large
Stokes shift (100 nm for AF vs 30 nm for FITC) and a
relatively high fluorescence quantum yield (0.89 AF-





P. M. Bahadduri et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2555-2557 2557
o @ Ly oo oi.ou
H O~ OH
< Y YK 1A X
0 o O3,-OH o XOYN NToR
i i o H
NH - NJ\R —_— NH
N ?
oo o~ o NH>
iii
O,
\F.o o
HN, 2 R
oHzN o Cc-OH
HO3S - 0‘ iv HO3 [s) HN—(
Z C~0OH N R
0% HN‘( Z
HoN O HZN 0" ~o 4.

R= H, CH;, CH,OH, CH(CHj3),

Scheme 1. Reagents and conditions: (i) DMF, 1,4-Dioxane, DIEA; (ii) 10% Pd/C, EtoAc, MeOH; (iii) DMF, 1,4-Dioxane, Alexa Fluor 350
carboxylic acid succinimidyl ester; (iv) CH,Cl,, TFA.

C—1100uM . 1000uM

M T
I T a8

1004

LysVal vs AMCA reference in water), which may enable
the use of these novel conjugates in a HTS setting. In
summary, this report describes the design and synthesis
of five novel AF-conjugated peptides with sub-millimo-
1 lar affinity levels for hPEPTI1. Future studies should
determine whether cellular uptake can be monitored
without cellular disruption and in real-time to facilitate
HTS screening.
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Abstract—A series of 7o-aminobisnorsteroids were synthesized and their in vitro antimicrobial activity was evaluated regarding
Gram-positive and Gram-negative bacteria. The stereoselective reductive amination of 7-ketosteroid 3 with NH4OAc, in the pres-
ence of NaBH;CN, afforded a high yield of 7a-aminosteroid 4. The 3,7-diaminobisnorsteroids were obtained by the reductive ami-
nation of 4 with NH4OTy, Boc-spermidine, and Boc-spermine. 3a,7a-Diaminobisnorsterol dihydrochloride 15 showed the highest
antimicrobial activity against Streptococcus pyogenes 308A with a MIC value of 1.6 pg/mL. Hemolytic activities of the compounds
13-20 were determined. Compound 13 showed MHC value at 100 pg/mL.

© 2008 Elsevier Ltd. All rights reserved.

Resistance against man-made antibiotics in human
pathogens has increased tremendously, thus posing a
constant challenge to drug designers.! Aminosteroids,
compounds that possess an amino group in a steroid
scaffold, have recently been recognized as potential anti-
biotics. The most important example of such an aminos-
teroid is squalamine (Fig. 1), a polyamine-steroid
conjugate isolated from the tissue of Squalus acanthias.
Squalamine, which displays antimicrobial activity
against Gram-positive and Gram-negative bacteria, pos-
sesses antiangiogenic activity and exhibits low hemolytic
activity.? Recently, seven new aminosterols related to
squalamine were isolated and found to be more potent
than squalamine.®> The high potency and low natural
abundance of squalamine has prompted efforts toward
its synthetic production resulting in a multi-step total
synthesis, although in low overall yield.* Analogues of
squalamine have been prepared and some of these com-
pounds display stronger activity against bacteria, fungi,
and protozoa than squalamine.® Hence, focus has been
diverted away from the total synthesis of squalamine
to the synthesis of its analogues to eliminate the long,

Keywords: To-Aminobisnorsteroids; 3o,7a-Diaminosterol; Reductive

amination; Antimicrobial activity.

* Corresponding author. Tel.: +82 53 9505588; fax: +82 53 9506594
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multi-step, low-yielding syntheses of these potential
antibiotics. Toward this end, a variety of aminosteroids
have been synthesized for the investigation of their
structure—activity relationship (SAR). Recently, a series
of cholesterol-based 3-amino and 7-aminosterols were
synthesized and found to be active against microbes.®
In one study, an amino group was attached to choles-
terol through oximation and reduction or azide
formation and reduction to synthesize 7o and 7B-sper-
midinylcholesterol. But these methods required multi-
step process and overall yields were not so high.® In
another study, amphiphilic 3o~ and 3f-amino deriva-
tives were synthesized from So-cholestan-3-ol through
a multi-step process involving mesylation, bromination,
azide formation, and reduction which provided the final
products in low overall yields.” In contrast to these mul-
ti-step methods, employing a reductive amination in the
synthesis of aminosteroids offers advantages potentially
leading to one-step syntheses of aminosterols in high
yields.®? As part of a research program directed toward
the development of aminosteroid antibiotics, we have
synthesized a series of aminosteroids from 3-keto-
23,24-bisnorchola-4-en-22-o0l and various amines using
a reductive amination approach in order to examine
the SAR against bacteria. Our study has focused on
the significance of the functional group (hydroxyl, fluo-
rine and amino) at C-7 and the amino or polyamino
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Figure 1. Squalamine and its analogues.

group at C-3, along with the relative stereochemistry at
these two positions. Recently, we reported on the syn-
thesis and antibacterial activity of 7-fluoro-3-aminoster-
0ids.!® In a continuation of our efforts, we now report
on the synthesis and antibacterial activity of 7a-
aminobisnorsteroids.

For the synthesis of 7a-aminobisnorsteroids, the requi-
site starting material, 3-dioxolane-22-tert-butyldimethyl-
silyloxy-23,24-bisnor-5a-cholan-7-one (3), was prepared
from commercially-available 3-keto-23,24-bisnorchola-
4-en-22-ol by the previously reported procedure.'! The
stereoselective reductive amination of 3-keto and 7-keto-
steroids in order to synthesize 3o, 3 and 7o-isomers,
respectively, has been previously reported by us.® The
versatility of this reductive amination protocol was ex-
tended to 23,24-bisnor-5a-cholane 3 to introduce amine
functionality at C-7 by reacting compound 3 with
NH4OACc in the presence of NaBH;CN to give the 7a-
aminobisnorsteroid. After the groups at C-3 and C-22
were deprotected with pTSA, the free amino group at
C-7 was reacted with di-fert-butyl dicarbonate to give
3-keto-7a-(tert-butyloxycarbonyl)amino-23,24-bisnor-5a-
cholan-22-ol 4 in 72% yield. The 3-keto group of 4 was
reduced with K-selectride to yield 3o-hydroxy com-
pound 5 in 85% yield, or with NaBH,4 which afforded
the 3B-hydroxy compound 6 in 78% yield. The stereose-
lective introduction of an amino group at C-3, with the
configurations 3o and 38 was dependent on the selection
of a reducing reagent. Smaller reagents like NaBH3;CN
provided the 3 isomer and bulky reagents like sodium
triacetoxyborohydride [NaBH(OAc);] and sodium
tris[2-(ethylhexanoic)]borohydride [NaBH(OEh);]*
afforded 3o isomer predominantly.®!? Thus, amine pre-
cursors such as NH4OT;, Boc-spermidine, and Boc-
spermine could be reacted with 4 in the presence of
NaBH(OEh); to afford 7 (76%), 9 (93%), and 11 (91%)
while the reaction of 4 with the same amine precursors
using NaBH;CN produced 8 (62%), 10 (60%), and 12
(61%) as shown in Scheme 1. The structures of the ob-
tained compounds were characterized by NMR spec-
troscopy and elemental analysis.'> The '"H NMR of 9
showed 30-NH and 7a-NH protons at ¢ 4.61 and 4.80,
respectively, whereas '"H NMR of 10 revealed 3p-NH
and 70-NH proton at 6§ 4.60 and 4.73, respectively.'?
The chemical shifts observed were similar to those found
previously.®® Deprotection of the Boc group in com-
pounds 5-12 with hydrochloric acid in situ generated
from the reaction of thionyl chloride with methanol pro-
ceed smoothly in dichloromethane to provide the corre-
sponding hydrochloride salts 13-20 quantitatively.

Recrystallization of the resulting hydrochloride salts in
acetone—methanol afforded pure 13-20. The sulfation
of the hydroxyl group at C-22 in 9 and 10 with SO3—pyr-
idine complex in pyridine at room temperature, followed
by treatment with hydrochloric acid yielded 21 and 22 in
94% and 92% yield, respectively.

Ten synthesized 7a-aminobisnorsteroids 13-22 were
evaluated along with compounds 1 and 2 for antimicro-
bial activity against the strains of three Gram-positive
and five Gram-negative bacteria as previously de-
scribed.'®!! and the MIC (minimum inhibitory concen-
tration) values are summarized in Table 1. The
structures of 1 and 18 are similar in all respects including
stereochemistry, except for the functional group at C-7.
Previously, we examined the effect of substituents by
introducing the fluorine atom at C-7 in 2, which showed
more potency than the hydroxyl analogue 1.!° Although
the 3-amino-7a-hydroxy-23,24-bisnor-5a-cholane was
inactive (with a MIC of 100.0 pg/mL) against the tested
strains,'? the 3-hydroxy-7a-amino-23,24-bisnor-50-chol-
anes 13 and 14 showed antimicrobial activity against
Streptococcus pyogenes 308A, S. pyogenes TTA, Staphy-
lococcus aureus 503, and Escherichia coli DC2. The fa-
cial amphiphilic 3o,70-diaminobisnorsteroid 15 was
the most potent in this series with a MIC as low as
1.6 ug/mL against S. pyogenes 308A. The 3 isomer 16
was less potent than the 3o isomer 15 with a MIC of
6.3 pg/mL against Gram-positive strains. Moreover, it
was observed that the 3a-hydroxy isomer 13 was more
potent than the 3B-isomer 14, and in the same manner
the 3o-amino isomer 15 was more active than the 3f-iso-
mer 16. The introduction of a spermidine moiety at C-3
in a bisnorsteroid did not further enhance activity
against any of the tested bacterial strains. Compounds
1, 2, and 18 have a similar structure except for the func-
tional group at C-7, and a comparison of the activity of
these compounds shows that an amino substituent only
marginally improves activity while a fluorine dramati-
cally enhances potency.!® The sulfation at C-22 in 17
gave analogue 21 which showed twice the activity as
17 against S. pyogenes 308A, S. pyogenes TTA, S. aureus
503, and Pseudomonas aeruginosa 9027. The 3B isomer
22, however, was less active. The spermine analogues
19 and 20 showed enhanced activity against S. pyogenes
308A, S. aureus 503, and P. aeruginosa 9027 compared
to the spermidine analogues 17 and 18. The 3p-spermine
isomer 20 was more active than the 3o-spermine isomer
against S. pyogenes 308A, S. aureus 503, and P. aeruginosa
9027. Compound 15 was moderately active against Sal-
monella typhimurium and Enterobacter cloacae 1321E as
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Scheme 1. Synthesis of 7a-aminosteroids. Reagents: (i) NH4OAc, NaBH3;CN, THF-MeOH; (ii) pTSA, acetone; (iii) Boc,O, MeOH; (iv) K-selectride,
THF, —60 °C or NaBH,, EtOH; (v) NH,OTf, NaBH(OEh);, THF; (vi) amine, NaBH3;CN, THF-MeOH, or amine, NaBH(OEh);, THF; (vii)

SO;.py, CsHsN; (viii) SOCl,, MeOH, CH,Cl.

Table 1. In vitro antimicrobial activity (MIC: pg/mL) of 7a-aminobisnorsteroids

Strains 1 2 13 14 15 16 17 18 19 20 21 22

S. pyogenes 308A 25.0 6.3 3.1 6.3 1.6 6.3 12.5 12.5 6.3 3.1 6.3 25.0
S. pyogenes TTA 25.0 6.3 6.3 12.5 3.1 6.3 25.0 25.0 25.0 25.0 12.5 50.0
S. aureus 503 12.5 6.3 3.1 12.5 3.1 6.3 12.5 12.5 12.5 6.3 6.3 25.0
E. coliDC 2 25.0 6.3 12.5 25.0 12.5 25.0 >100 50.0 50.0 50.0 25.0 >100
P. aeruginosa 9027 12.5 6.3 >100 >100 50.0 >100 25.0 25.0 12.5 6.3 12.5 >100
P. aeruginosa 1771M 25.0 3.1 >100 >100 25.0 50.0 >100 >100 25.0 50.0 50.0 >100
S. typhimurium 50.0 >100 >100 >100 25.0 50.0 >100 >100 >100 >100 >100 >100
E. cloacae 1321E 50.0 >100 >100 >100 50.0 50.0 >100 >100 >100 >100 >100 >100

shown in Table 1. Minimal hemolytic concentrations
(MHC) of 13-20 were determined in triplicate by the lit-
erature method.’® Most of the 7o-aminobisnor deriva-
tives tested had no significant hemolytic activity up to
100 pg/mL. Compound 13 showed MHC at 100 pg/mL.

In conclusion, we have synthesized a series of 7a-amin-
obisnorsteroids by reductive amination in high yield.
Our results suggest that the nature and stereochemistry
of functional groups exerted a major impact on antimi-
crobial activity. The 3a-hydroxybisnorsteroid 13 and
3a-aminobisnorsteroid 15 were more active than their
3B-hydroxy and 3B-amino counterparts 14 and 16. This
seemed to be a general trend except for 3a-sperminylbis-
norsteroid 19 which showed lower activity than its 3f
analogue. 3a,7a-Diaminobisnorsterol dihydrochloride

15 was determined to be the most potent among the
tested 7a-aminobisnorsteroids. The results obtained sug-
gest that the stereochemistry and substituent at C-3 and
a 7a-amino group are the crucial determinants of activ-
ity. Most of the 7a-aminobisnorsteorids exhibited no
hemolytic activity. There was no correlation between
MICs and MHCs of individual compounds. The com-
pounds are being checked for antiangiogenic activity
and a detailed study will be released in future
communication.
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Abstract—Single enantiomer (SS) and (RR) 2-[(phenoxy)(phenyl)methyljmorpholine derivatives 5, 8-23 are inhibitors of mono-
amine reuptake. Target compounds were prepared using an enantioselective synthesis employing a highly specific enzyme-catalysed
resolution of racemic n-butyl 4-benzylmorpholine-2-carboxylate (26) as the key step. Structure—activity relationships established
that serotonin and noradrenaline reuptake inhibition are functions of stereochemistry and aryl/aryloxy ring substitution. Conse-
quently, selective SRI, selective NRI and dual SNRIs were all identified. One of these compounds, a potent and selective dual SNRI,
(SS)-5a was selected as a candidate for further pre-clinical evaluation.

© 2008 Elsevier Ltd. All rights reserved.

Selective inhibition of serotonin (5-HT) and noradrena-
line (NA) reuptake (SNRI) has been shown to be an
attractive dual pharmacology approach for the treat-
ment of a number of diseases.!'”> For example, dual 5-
HT/NA reuptake inhibitor duloxetine (1) has shown
clinical efficacy in the treatment of depression, pain,
and urinary incontinence.>*

O
‘ J@
)

1: duloxetine 2: (x)-reboxetine

As part of our research efforts to identify potential drug
candidates, we have recently reported SNRIs derived
from piperazine,’ 3-amino-pyrrolidine,® and benzyl-

Keywords: Serotonin and noradrenaline reuptake inhibitor; SNRI;

Morpholine; Enzyme-catalysed resolution.

* Corresponding author. Tel.: +44 (0) 1304 644589; fax.: +44 (0) 1304
651987; e-mail: paul fish@pfizer.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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amine’ templates. In this letter, we disclose some factors
that modulate 5-HT and NA reuptake inhibition in a
morpholine scaffold as a surrogate for the biogenic
amine.

Reboxetine (2), a selective NA reuptake inhibitor used
clinically in the treatment of depression,® was selected
as a suitable chemical starting point. As an initial ven-
ture, we elected to introduce a 3-Cl and a 4-Cl substitu-
ent onto the aryloxy ring of reboxetine to explore the
effect upon SRI and NRI activity.®’ In addition, the
influence of the two vicinal chiral centres on monoamine
reuptake inhibition was explored by the preparation of
these targets as racemic, single diastereoisomers 3-5.°

The combination of the 2-OEt-4-Cl with the syn diaste-
reoisomer 4ab furnished a promising lead as SRI activity
had been introduced and NRI activity retained giving a
dual SNRI with 25-fold selectivity over dopamine (DA)
reuptake inhibition (DRI) (Table 1). The 2-OEt-3-Cl,
syn diastereoisomer 3ab was also a balanced SNRI but
with weaker affinity at both transporters. The SRI and
NRI profiles of the corresponding 2-OMe-4-Cl ana-
logues Sab and Scd were similar to those of 4ab and
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Table 1. In vitro inhibition of monoamine reuptake for racemic diasteroisomers (3-5) and single enantiomers (5, 8-23)

0,

a,b,c

oY
A _NH

6 0
X, O
R® R®

R
3-5,8-23 3-5,8-23 3-5,8-23 3-5,8-23
(SS)-syn-a (RR)-syn-b (RS)-anti-c (SR)-anti-d
Compound R R? R? R? Stereochemistry 5-HT K; (nM) NA K; (nM) DA K; (nM) clogP
duloxetine N 5 45 435 4.26
reboxetine H 2-OEt SS/RR 1400 5 >10,000 3.26
3ab H 2-OFEt, 3-Cl SS/RR 240 275 >10,000 3.82
3cd H 2-OEt, 3-Cl RSISR 340 1490 >10,000 3.82
4ab H 2-OFEt, 4-Cl SS/RR 60 15 1540 4.05
4cd H 2-OEt, 4-Cl RSISR 220 390 1670 4.05
5ab H 2-OMe, 4-Cl SS/RR 28 36 5050 3.52
Scd H 2-OMe, 4-Cl RSISR 85 320 2200 3.52
5a H 2-OMe, 4-Cl SS 110 8 1570 3.52
5b H 2-OMe, 4-Cl RR 11 420 1790 3.52
8a H 2-OMe, 4-F SS 740 6.0 3080 2.95
8b H 2-OMe, 4-F RR 22 610 NT 2.95
9a H 2-Cl, 4-F SS 260 12 1170 3.81
9b H 2-Cl, 4-F RR 20 830 760 3.81
10a H 2-Me, 4-F SS 185 18 1250 3.78
10b H 2-Me, 4-F RR 34 860 950 3.78
11a H 2-F, 3-F SS 3390 10 2600 3.20
11b H 2-F, 3-F RR 12 130 380 3.20
12a H 2,3-OCH,CH>- SS 1800 12 NT 3.22
12b H 2,3-OCH,CH>- RR 20 350 5750 3.22
13a H 2-Cl, 3-Cl SS 100 17 420 4.26
14a H 2-OMe, 4-CN SS 110 210 NT 2.48
15a H 2-OMe, 4-Br SS 30 12 NT 3.67
16a H 2-OMe, 4-CF; SS 41 160 NT 3.82
17a H 2-Cl, 4-OMe SS 96 28 1090 3.64
18a 2-F 2-OMe, 4-Cl SS 70 22 NT 3.66
19a 3-F 2-OMe, 4-Cl SS 58 9 10,800 3.66
20a 4-F 2-OMe, 4-Cl SS 62 29 NT 3.66
2la 2-Me 2-OMe, 4-Cl SS 70 84 NT 3.97
22a 3-Me 2-OMe, 4-Cl SS 69 16 NT 4.02
23a 4-Me 2-OMe, 4-Cl SS 88 180 1650 4.02

#Nomenclature used throughout: a = SS; b= RR; ¢ = RS; d = SR; ab is the racemic SS/RR syn-diastereoisomer.
®See Ref. 25 for details of assay conditions. Monoamine reuptake K; values are geometric means of at least three experiments. Differences of <2-fold

should not be considered significant.
°NT, not tested.

4cd, with again a preference for the syn diastereoisomer
5ab. This modification of the aryloxy ring (ie.,
4ab — Sab) brought a 2-fold increase in SRI activity
resulting in a potent, balanced SNRI with >100-fold
selectivity over DRI. The SAR within these compounds
3-5 showed the anti diastereoisomers to be inferior in
both SRI and NRI activity compared to the syn and
were discontinued.

Compound 5ab has physicochemical properties consis-
tent with CNS target space!® (m. wt. 333; clogP 3.52;
logD;4 1.9; pK, 7.7, HBD 1; HBA 4; PSA 40 A%)!!
and was selected as a lead for our drug discovery
programme.

Caution must be exercised when evaluating SAR
from the biological activities of racemic com-

pounds as the contribution to the observed effects
may not be equal for each enantiomer; this is
further complicated when seeking dual activities
at two biological targets.'> Hence, compound 5ab
was then prepared as the two single enantiomers
(SS)-5a and (RR)-5b so as to determine the influ-
ence of absolute stereochemistry on the SRI and
NRI activity.

Target compounds 5, 823 (Table 1) were prepared
using a new enantioselective synthesis starting from
the racemic morpholine ester 7 (Fig. 1).'* This route
was attractive to us as it allowed for the late stage instal-
lation of both the aryl and aryloxy rings. The key (R)
and (S) morpholine acids 6 were efficiently prepared
on large scale by an enzyme-catalysed resolution of race-
mic ester 7.





o B
(o]
R® R
3 PG =BOC or Bn

5, 8-23: Proposed targets = 6:(R) & (S) acids (X = OH)

7: (RS) ester (X = O-n-Bu)
Figure 1. Target compounds, retrosynthesis and homochiral synthons.

Racemic ester 26, prepared in two steps from N-benzy-
lethanolamine (24) and chloroacrylonitrile,'* was
screened against a panel of lipases (Scheme 1). Lipase
Candida rugosa'> was completely stereospecific, catalyz-
ing the hydrolysis of the (S)-ester to give (S)-acid 28
whilst leaving the (R)-ester 27 untouched.'®!” The N-
benzyl protecting group of 27 was then exchanged for
the N-BOC amine 29 as it had a beneficial effect on
the yields of subsequent reactions and simplified depro-
tection at the final step. Base hydrolysis of the n-butyl
ester 29 gave the acid as the Li salt 30, and activation
of 30 with 1-propanephosphonic anhydride (T3P)
followed by the reaction with HN(Me)OMe gave Wein-
reb amide 31. Treatment of 31 with Grignard reagents
ArMgX gave the aryl ketones 32 with no detectable loss
in e.e. (Scheme 2). Reduction of 32 with Zn(BHy), cre-
ated the second stereocentre giving alcohol 33 with good
diastereoselectivity (RS:RR 16:1), and then the reaction
of 33 with MeSO,Cl gave mesylate 34. The displacement
of the MsO group of 34 with phenols ArOH gave the
corresponding (RR)-aryloxy ethers 35 in good yield
and with complete inversion of the benzylic stereocentre,
and finally deprotection of the N-BOC amine with HCI
afforded the (RR)-target compounds 5,8-23. The (SS)-
enantiomers were prepared by an identical sequence
but starting with the (S)-acid 28.

The absolute stereochemistry of 5!7 was found to have a
significant effect on activity (Table 1): (S5)-5a was a po-

HO™Y o/\

HN Ph a,b

~ —

24 25

o™ oY

X AL N_ f, - AL UN
\H/R\/ boc & BUO\H/R\/ “boc
[e]

30: X = OLi 29
31: X = N(Me)OMe

e

B
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tent NRI with SRI activity, whereas (RR)-5b was a
selective SRI. This split in SRI versus NRI activity
was also observed with five additional pairs of enantio-
mers 8-12. In some cases, selective SRI (e.g., 9b) and
selective NRI (e.g., 8a, 11a) were achieved. Overall,
there was a broad range in both SRI and NRI activities
and the ratios of activity (SRI:NRI, 350:1 to 1:40).

Both 5a and 5b were screened for off-target pharmacol-
ogy against a panel of 70 receptors, enzymes and ion
channels. Compound 5b was found to have significant
binding affinity for the histamine HI receptor'®
(K; = 26 nM), whereas 5a was inactive at H1 (<20% at
10 uM). It is of note that neither 5a or 5b had confirmed
functional activity against any other target in this panel
at <3 uM. It was subsequently determined that 8b—12b
also had affinity for the H1 receptor (K; = 10-200 nM),
whereas 8a-12a were inactive. The modest NRI activity
combined with H1 receptor affinity resulted in the dis-
continuation of the (RR)-series.

Further SAR was directed at improving SRI activity in
the (SS)-series by exploring a broader set of substituents
on the aryloxy ring 13a—17a. Increasing the size of the
group at the 4-position gave 15a (4-Br) as a potent, bal-
anced dual SNRI, although the introduction of 4-CF;
16a inverted the SNRI profile with a greater affinity
for the 5-HT transporter. Substitution on the aryl ring
was investigated by the introduction of a F or Me at
the 2-, 3-, or 4-positions of 18a-23a (see Table 1).

From these experiments, Sa emerged as having a desir-
able combination of dual NRI and SRI activity, good
selectivity over DRI, and no significant off-target phar-
macology. Furthermore, Sa was one of the least lipo-
philic structures of those presented in Table 1.
Reducing lipophilicity was an important selection crite-
ria for this programme.!® Compound lipophilicity was
initially assessed by the calculation of partion coeffi-
cients (clog P) and then confirmed for selected examples

NC)\/NvPh C n—BuO\H)\/NvPh

O/ﬁ /\
n-Bu0__A__N._ _Ph + HO N.__Ph
\H/R\/ ~N S ~
o o

27: 94 % yield

28: 97 % yield
100 % e.e.

100 % e.e.

Scheme 1. Reagents and conditions: (a) CH,=C(CI)CN, Et,0, 40 °C, quant.; (b) -BuOK, DME, reflux 65%; (c) n-BuOH, c¢. H,SOy, reflux, 85%; (d)
Candida rugosa, t-BuOMe-H,O0, rt, 42 h; (e) 2,5-dihydrotoluene, 10%-Pd/C, BOC,0, EtOH, reflux, quant.; (f) LiOH (0.95 equiv), THF-H,O0, 0 °C,

90%); (g) T3P, HN(Me)OMe, NEt3, CH2CH2, then aq KzCO}, 85%.
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i R zﬁNH — @\/Q R%

5,8-23

NS ¥ o S

..o

Q.

33

R “boc

OMs
Rgg ; “R*
3

R

34

Scheme 2. Reagents and conditions: (a) ArMgBr, THF, rt, 98%; (b) Zn(BHy,),, Et,0, rt, 87%; (c) MeSO,Cl, NEt;, CH,Cl,, 0 °C, quant.; (d) ArOH,
Cs,CO3, microwave in THF or reflux in dioxane, 95%; (¢) HCI in dioxane, CH,Cl,, 95%.

by the measurement of the octanol-buffer distribution
coefficient (5a: log D74 1.9).

Additional screening®® in vitro showed 5a to have good
membrane permeability (CaCO-2 18/16) with low affin-
ity for P-gp efflux transporters (MDCK-mdrl 22/35)
suggesting the potential for good oral absorption and
CNS penetration.'® Compound 5a had good metabolic
stability in human liver microsomes (¢, > 120 min)
and human hepatocytes (#;,, 186 min) consistent with
low predicted clearance. Compound Sa had no signifi-
cant inhibition of CYP450 enzymes (1A2, 2C9, 2C19,
2D6, 3A4; 1Cso > 29 uM) and modest ion channel activ-
ity as measured by binding to potassium hERG ([’HJ-
dofetilide, K; 3.3 uM), sodium (site 2, K; 1.2 uM) and
calcium (L-type diltiazem site, K; 2.0 uM) channels.

Further pharmacological evaluation in vivo, in microdi-
alysis experiments,?!?> showed 5a to increase both NA
and 5-HT levels in interstitial fluid of the prefrontal cor-
tex of conscious rats by 170% and 160%, respectively,
above pre-drug baseline levels (10 mg/kg administered
s.c., n=0).

Based on this profile, dual SNRI 5a (PF-734629)%3 was
selected as a candidate for further evaluation in pre-clin-
ical disease models. The results of these studies will be
reported in future publications.?*?
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Abstract—Diuretics such as hydrochlorothiazide, hydroflumethiazide, quinethazone, metolazone, chlorthalidone, indapamide, furo-
semide, and bumetanide containing primary sulfamoyl moieties were reevaluated as inhibitors of 12 human carbonic anhydrases
(hCAs, EC 4.2.1.1). These drugs considerably inhibit (low nanomolar range) some CA isozymes involved in critical physiologic pro-
cesses, among the 16 present in vertebrates, for example, metholazone against CA VII, XII, and XIII, chlorthalidone against CA
VB, VII, IX, XII, and XIII, indapamide against CA VII, IX, XII, and XIII, furosemide against CA I, II, and XIV, and bumethanide
against CA IX and XII. The X-ray crystal structure of the hCA II-indapamide adduct was also resolved at high resolution.

© 2008 Elsevier Ltd. All rights reserved.

Carbonic anhydrase (CA, EC 4.2.1.1) inhibitors, such as
acetazolamide (5-acetamido-1,3,4-thiadiazole-2-sulfon-
amide) 1, and the structurally related sulfonamides
methazolamide 2, ethoxzolamide 3, and dichlorophena-
mide 4, inhibit non-selectively all the 16 different iso-
forms of this metalloenzyme characterized so far in
vertebrates.!?> Acetazolamide played a major role in
the development of renal physiology and pharmacology,
as well as for the design of many of the presently widely
used diuretic agents, such as among others the thiazide
and high ceiling diuretics.!"® CAs catalyze a very simple
physiological reaction, the interconversion between car-
bon dioxide and the bicarbonate ion, and are thus in-
volved in crucial physiological processes connected
with the respiration and transport of COy/bicarbonate
between metabolizing tissues and lungs, pH and CO,
homeostasis, electrolyte secretion in a variety of tis-
sues/organs, biosynthetic reactions (such as gluconeo-
genesis, lipogenesis, and ureagenesis), bone resorption,
calcification, tumorigenicity, and many other physio-
logic/pathologic processes.!7# Many CAs isoforms

Keywords: Carbonic anhydrase; Isozyme; Sulfonamide; Diuretic; Ben-

zothiadiazine; Furosemide; Indapamide; X-ray crystallography.

* The X-ray coordinates of the hCA II-indapamide 10 adduct are
available in PDB with the ID 3BL1.

* Corresponding author. Tel.: +39 055 457 3005; fax: +39 055
4573385; e-mail: claudiu.supuran@unifi.it

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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have been shown to be present in various tissues of the
kidney,”!° such as CA II, IV, VB, IX, XII, and XIV,
where these play a crucial function in at least three renal
physiological processes: (i) the acid-base balance
homeostasis; (i) the bicarbonate reabsorption processes,
and (iii) the renal NH, " output.>'!"!> Inhibition of both
cytosolic (CA II) and membrane-bound (CA IV and CA
XIV) enzymes seems to be involved in the diuretic effects
of these sulfonamides.>?!2

Sulfonamides 1-4 are used for the treatment of edema
due to the congestive heart failure, and for drug-induced
edema, in addition to their applications as antiglaucoma
agents.!>!! The structurally related compound to aceta-
zolamide, benzolamide 5, has a renal effect on bicarbon-
ate excretion around 10 times as potent as that of
acetazolamide, but the compound remained as an or-
phan drug and has not been developed for clinical use.
Using acetazolamide 1 as lead, a large number of other
quite successful sulfonamide diuretics were developed in
the 60s and 70s, such as benzothiadiazines 6 (hydrochlo-
rothiazide 6a, hydroflumethiazide 6b, and the like),
quinethazone 7, metolazone 8, chlorthalidone 9, indap-
amide 10, furosemide 11, and bumetanide 12.'3 Some
of them are among the most widely clinically used
diuretics,%!""13 and as these all possess primary SO,NH,
moieties, acting as excellent zinc-binding groups for the
metal ion present within the CA active site,' 3 it is to be
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expected that these should also have CA inhibitory
properties. However, this issue has been investigated
only in the 60s or 70s when these drugs were launched,
and when only one CA isozyme (i.e., CA II) was pre-
sumed to exist and be responsible for all the physiologic
effects of the sulfonamide drugs.!' Here, we reinvestigate
the interaction of some of these clinically used diuretics
with all 12 catalytically active mammalian CA isoforms
and also report the X-ray crystal structure of one of
them (indapamide 10) with CA 1II.

The data listed in Table 1 show that similar to the clas-
sical CAls 1-5, the clinically used sulfonamide diuretics
6-12 also act as inhibitors of all 12 investigated CA iso-
zymes, with an inhibition profile different from that of
inhibitors investigated earlier, such as 1-5. The follow-
ing should be noted from these inhibition data. (i)
Hydrochlorothiazide 6a acts as a medium potency inhib-
itor of isoforms hCA 1, II, VB, IX, and XII, with inhibi-
tion constants in the range of 290-603 nM, the
compound being a weaker inhibitor of isoforms hCA
VA, VI, VII, XIII, and XIV (Kis in the range of
3.655-5.010 pM) and an exceedingly weak one against
hCA III (K; of 0.79 mM). (ii) Hydroflumethiazide 6b
shows an inhibition profile distinct from that of the clo-
sely structurally related 6a, being a rather efficient inhib-
itor of the following isoforms hCA II, VB, VII, IX, XII,
and XIV, with inhibition constants in the range of 305-
435 nM. This sulfonamide is a weaker inhibitor of hCA
I, IV, and VI (Kis in the range of 2.84-8.25 uM) and
shows a very weak inhibition against isozymes hCA
III, VA, and XIII (Kis of 10.2-870 uM). Thus, even
small structural changes in the benzothiadiazine scaf-
fold, such as the substitution of the chlorine atom in
ortho to the sulfamoyl moiety by a trifluoromethyl
group, such as in the pair 6a/6b, have dramatic conse-
quences for the CA inhibitory properties of the two
compounds (Table 1). (iii) Quinethazone 7 is the only
diuretic among compounds 1-12 investigated here which
is not approved for clinical use in Europe (but it is ap-
proved in USA),%!"® and this derivative was not avail-
able to be investigated here. The literature data® show
it to be a very weak hCA I and a modest hCA II inhib-
itor, with inhibition constants in the range of 1.26—
35 uM (Table 1). (iv) Metolazone 8 shows very weak
hCA I and III inhibitory properties (Kis in the range
of 54-610 uM), being a low micromolar inhibitor of
hCA 1I, VI, and XIV, with inhibition constants in the
range of 1.714-5.432 uM. However, the drug is a med-
ium potency inhibitor of isozymes hCA IV, VA, VB,
and IX (Ks in the range of 216-750 nM) and a very effi-
cient one against hCA VII, hCA XII, and mCA XIII
(Kis in the range of 2.1-15nM). (v) Chlorthalidone 9
also shows a very interesting inhibition profile, acting
as a weak hCA III inhibitor (with a Kj of 11 pM, this
compound is one of the most effective hCA III inhibitors
ever detected among all known sulfonamides except tri-
fluoromethanesulfonamide which has a K; of
0.9 uM),3®15 and a rather weak hCA VI and hCA
XIV inhibitor (Kjs in the range of 1.347-4.95 uM).
Chlorthalidone is a moderate hCA VA inhibitor (K of
917 nM) and an effective, or very effective inhibitor of
the other mammalian CA isozymes. Thus, the ubiqui-

tous hCA I and II, as well as hCA 1V, show inhibition
constants in the range of 138-348 nM, but isoforms
VB, VII, IX, XII, and XIII are inhibited in the low
nanomolar range (Kis in the range of 2.8-23 nM). (vi)
Indapamide (the clinically used R-enantiomer) 10 acts
as an inefficient CA I and III inhibitor (Kjs in the range
of 51.9 to >200 uM), is a rather weak inhibitor of iso-
forms CA II, VA, VI, and XIV (K;s in the range of
890-4950 nM) but shows significant inhibitory activity
against CA IV and VB (Kis in the range of 213-
274 nM) and excellent inhibition of CA VII, IX, XII,
and XIII, with inhibition constants in the low nanomo-
lar range (Kis in of 0.23-36 nM). These data are indeed
remarkable, also considering the wide use of the drug as
diuretic and its beneficial effects in patients with type 2
diabetes mellitus, as recently reported in an important
clinical trial.'3 A special mention should be done regard-
ing CA VII (Kj of 0.23 nM) since this isoform is present
only within the brain, unlike other cytosolic CAs.»!3° In
this organ, CA VII is involved in epileptogenesis among
others, being one of the targets of the anticonvulsant
sulfonamides and sulfamates."!>® There are no litera-
ture data regarding a possible anticonvulsant effect of
this compound, but the present data strongly suggest
one, and experiments are warranted to test this activity
which may lead to novel applications for the drug or
to the design of novel classes of CA VII-selective inhib-
itors."15® (vii) Furosemide 11 acts as a very weak hCA
III inhibitor (K7 of 3200 uM), but it shows moderate
inhibitory activity against many isoforms, such as CA
IV, VA, VB, VI, VII, IX, XII, and XIII, with Kjs in
the range of 261-564 nM. The compound is, on the
other hand, a much better inhibitor of CA I, II, and
X1V, with Kis in the range of 52-65 nM. (viii) Bumeth-
anide is again an extremely weak hCA III inhibitor (K;
of 3400 uM), similarly to furosemide with which it is
structurally related. However, bumethanide is also a
weak inhibitor of hCA 1, II, VI, and XIII (K;s in the
range of 2570-6980 nM), probably due to the quite
bulky phenoxy moiety in ortho to the sulfamoyl zinc-
binding group. The compound shows better inhibitory
activity against isoforms CA IV, VA, VB, and XIV
(K7s in the range of 159-700 nM) but very good inhibi-
tion of the tumor-associated isoforms CA IX and XII
(Kys in the range of 21.1-25.8 nM, that is, the same or-
der of magnitude as acetazolamide 1, methazolamide
2, or cthoxzolamide 3) and CA VII (K of 62 nM).

But what is the relevance of this study for the drug de-
sign of CAIs with diverse pharmacological applications?
Up to now, these widely used drugs were considered to
be inactive as CAIs, due to the fact that these were
launched in a period when only CA II was well known
(and considered as responsible of all physiologic effects
of CAls). It may indeed be observed that in contrast
to the classical CAls of type 1-5 (generally low nanomo-
lar CA 1II inhibitors), all compounds 6-12 (except furo-
semide 11) are much weaker inhibitors of this isozyme,
usually in the micromolar range. Indeed, only furose-
mide 11 is a good CA 1II inhibitor among these diuretics,
with a Kj of 65 nM, whereas all others show Kjs in the
range of 138-6980 nM (Table 1). Again with the excep-
tion of furosemide 11, diuretics 6-12 have low affinity
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Table 1. Inhibition data with some of the clinically used sulfonamides 1-12 against isozymes [-XIV (the isoforms CA VIII, X, and XI are devoid of
catalytic activity and probably do not bind sulfonamides as these do not contain Zn(Il) ions)'*
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o
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11 12
Isozyme® K (aM)

1 2 3 4 5 6a 6b 7 8 9 10 11 12
hCA I* 250 50 25 1200 15 328 2840 35,000° 54,000 348 51,900 62 4930
hCA II* 12 14 8 38 9 290 435 1260° 2000 138 2520 65 6980
hCA III* 2x10° >2x10° >2x10° >2x10° 14x10° >2x10° >2x10° nt >2x10° 1.1x10* >2x10° >2x10° >2x10°
hCA IV* 74 6200 93 15,000 nt 427 4780 nt 216 196 213 564 303
hCA VA* 63 65 25 630 37 4225 10,200 nt 750 917 890 499 700
hCA VB* 54 62 19 21 34 603 429 nt 312 9 274 322 159
hCA VI* 11 10 43 79 93 3655 8250 nt 1714 1347 1606 245 3890
hCA VII* 2.5 2.1 0.8 26 0.45 5010 433 nt 2.1 2.8 0.23 513 62
hCA IX® 25 27 34 50 49 367 412 nt 320 23 36 420 25.8
hCA XII® 5.7 3.4 2 50 3.5 355 305 nt 5.4 4.5 10 261 21.1
mCA XIII* 17 19 50 23 nt 3885 15,400 nt 15 15 13 550 2570
hCA XIV® 4] 43 25 345 33 4105 360 nt 5432 4130 4950 52 250

h, human; m, murine isozyme; nt, not tested, data not available.

#Full length enzyme.

® Catalytic domain.

°From Ref. 3b.

9 Mean value from at least three different measurements.'* Errors were in the range of +5% of the obtained value (data not shown).

for CA 1, the other isoform known when these drugs Table 1 show that many of the drugs 6-12 appreciably
have been discovered.'® However, the data listed in inhibit CAs discovered after their introduction in clini-
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cal use, with some low nanomolar (or even subnanomo-
lar) inhibitors against many of them. Examples of such
situations, are among others: metholazone 8 against
CA VII, XII, and XIII, chlorthalidone 9 against CA
VB, VII, IX, XII, and XIII, indapamide 10 against
CA VII, IX, XII, and XIII, furosemide 11 against CA
I, II, and XIV, and bumethanide 12 against CA IX
and XII among others (Table 1). As already mentioned
above, bumethanide 12 is a tumor-specific (targeting CA
IX and XII) CAI, of equal potency to acetazolamide 1,
but without the promiscuity of acetazolamide which is a
potent CAI against most mammalina isozymes. Indeed,
bumethanide is a weak inhibitor of all other isoforms ex-
cept CA IX and XII, which are overexpressed in tu-
mors.!” Indapamide 10 and chlorthalidone 9 are also
strong inhibitors of the tumor-associated CAs, but these
are also effective in inhibiting CA VII and XIII too (Ta-
ble 1). It is thus clear, that these old drugs may indeed
have newer applications in therapy or as experimental
agents, in situations in which the selective inhibition of
some CA isozymes is needed, and which cannot be
obtained with the presently used compounds of types
1-5.

Recently, it has been observed that indapamide 10 in
combination with an ACE inhibitor (as diuretics) are
highly beneficial for the treatment of patients with
hypertension and type 2 diabetes.!* On the other hand,
classical sulfonamide CAIs such as acetazolamide 1,
methazolamide 2, ethoxzolamide 3, and other com-
pounds possessing such properties, are known to induce
vasodilation in a variety of tissues and organs, including
the kidneys, eye vasculature, and brain vessels.'®!”
However, the exact mechanisms by which these produce
this beneficial effect for many pathologies (e.g., hyper-
tension, glaucoma, and diabetic retinopathy), or the iso-
forms involved in it, are unknown for the moment.!'%1°
A very recent report shows that indapamide 10 has a
protective role against ischemia-induced injury and dys-
function of the blood-brain barrier, probably due to its
vasodilating effects.’” An organ-protective effect of
indapamide in the animal models of renal failure has

Q
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S

e

%\ Thri99
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also been reported, showing the drug to be beneficial
in preventing damage to the capillary structures, the
endothelium, and in reducing the hypertrophy of super-
ficial glomeruli among others.?! All these effects are
probably mediated by the inhibition of CAs present in
blood vessels or in the kidneys, but no specific pharma-
cologic or biochemical studies are available so far, ex-
cept for these clinical observations mentioned
here.!3172! The lesson we learn from all these data is
that probably many of the recently reported beneficial
clinical properties of indapamide 10 are due indeed to
its diuretic effects, but in conjuction with its strong inhi-
bition of some CA isozymes (such as CA 1V, VB, VII,
IX, XII, and/or XIII) reported here for the first time,
isoforms present in kidneys and blood vessels.

In order to understand at molecular level the interac-
tions between indapamide 10 and the active site of a
CA isozyme, we report here the X-ray crystal structure
of its adduct (the R-enantiomer) with the ubiquitous,
highly investigated isoform hCA II, since other isoforms
for which the compound has good affinity (such as CA
VII and IX) were not crystallized yet.!"*2>2° Inspection
of the electron density maps at various stages of the
refinement, showed features compatible with the pres-
ence of one molecule of inhibitor 10 bound within the
active site (Fig. 1).27-3! Interactions between the protein
and Zn>" ion were entirely preserved in the adduct, as in
all other hCA Il-sulfonamide/sulfamate/sulfamide com-
plexes investigated so far.?>2° Analysis of the three-
dimensional structure of the complex revealed a com-
pact binding between the inhibitor and the enzyme ac-
tive site, with the tetrahedral geometry of the Zn’>"
binding site and the key hydrogen bonds between the
SO,NH, moiety of the inhibitor and enzyme active site
all retained (Figs. 2 and 3, and Table 2).2>-2¢ In particu-
lar, the ionized nitrogen atom of the sulfonamide group
of 10 is coordinated to the zinc ion at a distance of
2.15 A. This nitrogen is also hydrogen bonded to the hy-
droxyl group of Thr199 (N-Thr1990G = 2.86 A), which
in turn interacts with the Glul060El atom (2.5 A, data
not shown). One oxygen atom of the sulfonamide moi-

£
.

52, 8

Kﬂ\e\“/
L

Phe131

Figure 1. Simulated annealing omit |2F, — F| electron density map of indapamide 10 bound within the hCA II active site.
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Figure 2. The hCA II-indapamide 10 complex. View of the zinc coordination sphere and neighboring amino acid residues involved in the binding of

inhibitor 10 (in yellow).

His96

His94
\ /2+/ IS!
Zn

!
T \ =22.0
cl O NH Thr199
Ss_ 319

=\ 376 7 NH
Ny NH N

13.1-3.4 Phe131
His64 (in conformation)

Figure 3. Detailed interactions in which indapamide 10 participates
when bound within the hCA 1I active site. Active site residues
coordinating the metal ion (His94, 96, and 119) as well as those
involved in the binding of the inhibitor (His64, Phel31, and Thr199)
are shown. Figures represent distances (in A).

ety is 3.06 A away from the catalytic Zn>* ion, being
considered as weakly coordinated to the metal ion,
whereas the second one participates in a hydrogen bond
(of 3.19 A) with the backbone amide group of
Thr199.%3 26 His64 (in its in conformation) makes strong
van der Waals contacts (<4 A) with the CONH moiety
of the inhibitor, but these interactions cannot actually
be considered as hydrogen bonds. A very strong interac-
tion is on the other hand the strong offset face-to-face
stacking between the annulated ortho-phenylene moiety
of inhibitor 10 and the phenyl group of Phel31 (Figs. 2
and 3), which has been observed previously for several
other adducts of hCA II with sulfonamides such as a
pyridinium derivative® and sulpiride.?® Such a stacking

Table 2. Crystallographic parameters and refinement statistics for the
hCA 1I-10 adduct

Parameter Value
Crystal parameter
Space group P2,
Cell parameters

a 41.32A

b 42.05A

¢ 7225 A

p 104.29°
Data collection statistics (20.0-2.1 A )
No. of total reflections 24,686
No. of unique reflections 24,373
Completeness (%0)* 85.0 (82.0)
Folsig(F,) 7.8 (1.7)
R-sym (%) 14.0 (30.0)
Refinement statistics (20.0-2.1 A )
R-factor (%) 22.8
R-free (%)° 29.9
Rmsd of bonds from ideality (A) 0.015
Rmsd of angles from ideality (°) 1.80

aValuoes in parentheses relate to the highest resolution shell (2.1-
2.0A).
® Calculated using 5% of data.

interaction was in fact demonstrated to be highly impor-
tant for the orientation of the inhibitor within the active
site and for the potency of a sulfonamide as CAI against
this isoform.® The second feature which is salient for the
adduct of 10 with hCA II regards the stacking interac-
tion in which Phel31 participate with the phenylene
moiety of the bicyclic ring present in indapamide. As
seen from Figures 2 and 3, the two rings, that is, the
ortho-phenylene moiety of inhibitor 10 and the phenyl
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group of Phel31 are strictly parallel to each other, being
at a distance of 3.41-3.46 A.

In conclusion, we investigated whether the widely used
benzothiadiazines and high ceiling diuretics, such as
hydrochlorothiazide, hydroflumethiazide, quinethazone,
metolazone, chlorthalidone, indapamide, furosemide,
and bumetanide, which contain primary sulfamoyl moie-
ties acting as potential zinc-binding functions, may act as
inhibitors of 12 catalytically active mammalian CAs.
These drugs are widely used clinically and were launched
in a period when only isoform CA II was known and con-
sidered physiologically/pharmacologically relevant, and
thus no inhibition data against other CA isoforms are
available in the literature. Although acting as moder-
ate—weak inhibitors of CA II, and CA 1, all these drugs
considerably inhibit other CA isozymes known nowadays
to be involved in critical physiologic processes, among the
16 CAs present in vertebrates. Some low nanomolar (or
even subnanomolar) inhibitors against such isoforms
were detected, such as metholazone against CA VII,
XII, and XIII, chlorthalidone against CA VB, VII, IX,
XII, and XIII, indapamide against CA VII, IX, XII,
and XIII, furosemide against CA I, II, and XIV, and
bumethanide against CA IX and XII. The X-ray crystal
structure of the CA II-indapamide adduct was also re-
solved at high resolution, showing features that may be
useful for the drug design of novel classes of CAls. We
also propose that the recently observed beneficial effect
of indapamide for the treatment of patients with hyper-
tension and type 2 diabetes is due to its potent inhibition
of CA isoforms present in kidneys and blood vessels,
which explain both the blood pressure lowering effects
and organ-protective activity of the drug.
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Abstract—A novel series of benzimidazole CB2-receptor agonists was synthesized and the structure—activity relationship explored.
The results showed agonistic activities with an ECsy up to 0.5 nM and excellent selectivity (>4000-fold) over the CB1 receptor. The
size of the substituent on the 2-position determined the level of agonism, ranging from inverse agonism to partial agonism to full
agonism, which was more pronounced for the rat CB2 receptor. A wide variation of sulfonyl substituents at the benzimidazole 5-
position was tolerated, which was used to optimize the drug-like properties. This resulted into lead compound 14j that can be used to
investigate the potential of a selective, peripherically acting CB2 agonist. The in vitro profile of key compounds is displayed using pie

bar charts (VlaaiVis).
© 2008 Elsevier Ltd. All rights reserved.

The endocannabinoid system has been known to medi-
ate a complex array of biological effects. These effects
are regulated through at least two distinct G-protein
coupled receptors, the CB1- and CB2-receptor.! While
the effects mediated by CB1, mostly in the CNS, have
been thoroughly investigated, those mediated by CB2
are not well defined. CB2 selective agonists are claimed
to be effective in the treatment of pain,? various inflam-
matory diseases,?> osteoporosis*, and atherosclerosis.’
Separation between the therapeutically undesirable psy-
chotropic effects mostly associated with the CBI1 recep-
tor, and the clinically desirable ones are considered to
be essential for a cannabinoid agonist to be widely ac-
cepted as a useful drug. Two strategies can be envisaged
to avoid possible CBIl-mediated central side effects of
cannabinoid receptor agonists. One could aim for com-
pounds without central penetration, only exerting their
pharmacological effects peripherically, or aim for selec-
tive CB2-compounds. Since cannabinoid ligands, in gen-
eral, are rather lipophilic molecules, the complete
avoidance of central penetration is not a straightforward
task. Most of the described CB2 selective ligands possess
a substantial potency for the CB1 receptor when tested

Keyword: Cannabinoid receptor CB2 agonist benzimidazole VlaaiVis

species difference.
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in our protocols, which can contribute to their analgesic
action.® The discrepancies between the reported potency
values can be explained by differences in methodologies
used as pointed out by Huffman with WIN-55,212-2.7
Even combination experiments of CB2 agonist ligands
and CBI1 antagonists cannot always mask or suppress
the CB1 mediated activity of the ligands due to the
incompatibility of their pharmacokinetic properties
and/or the degree of selectivity of the used antagonists.

Therefore, in order to investigate the true potential of a
CB2 agonist, there is a need for drug-like CB2 ligands
with an increased selectivity over the CBI receptor.

A high throughput screening assay was initiated for the
development of novel selective CB2 agonists. The benz-
imidazole derivative 1 was obtained as an initial hit
compound. The pharmacological data are presented in
a pie bar chart (VlaaiVis)® (Fig. 1 and Table 1).

The pie bar chart displays the profile of a compound and
allows for an easy comparison of compounds. In this
type of visualization, the preferred profile (Table 1) is
represented as the grey outer rim and determines the
properties of the dataset. Each property is represented
by a colored wedge in the circle, and the width of these
wedges hints at the relative importance of the property.
An increase in coloring of the wedge corresponds to an
improved value for the respective parameter: the fuller
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Figure 1. Pharmacological data: ECs5y CB2 = 25 nM; ratio ECs, CB2/
CBI1 = 354.

1

Table 1. Preferred profile as used in the pie bar chart representation

Properties Preferred
profile

Blue® hCB2-agonism-ECs, <1 nM

Ratio EC5, CB2/CBI1 >1000

hCB2-agonism-% efficacy >100%
Green CYP-450 1A2/2C19/2C9/2D6 <50%

3A4 BFC, BQ and DBF

inhibition®

%Metabolism in human <50%

liver microsomes after 15 min

Solubility at pH 7.4 and pH 4 >20 uM
Yellow Rule of five violation <1

#Start from the first blue value and read clockwise.

the better. The blue value represents the in vitro phar-
macological activity of a compound. The green wedges
contain the ADME data and the yellow bar corresponds
to in silico calculations.

Several different intermediates were synthesized to en-
able variation at particular sites of the molecule. For
the variation of the right-hand side of the molecule syn-
thesis began with 4-chlorothiophenol 2 where the de-
sired R°-substituent was introduced via nucleophilic
substitution (Scheme 1). The resulting sulfide was oxi-
dized to sulfone 3 using meta-chloroperoxybenzoic acid.
Nitration under standard conditions afforded com-
pound 4, then R' was introduced via a nucleophilic aro-

1. Cs,CO,, acetone
ethylbromide

2. m-CPBA, CHCl,

100%
o,
cr
s R

oo

or
HS
2
NH,
-

K,CO,
diox or -PrOH
9%

H,, Pd/C

5 R=NO,
MeOH (69%) I: 6R=NH,

Scheme 1.

matic substitution making use of RINHZ, mostly
tetrahydro-4-pyranylmethylamine, to give 5. Reduction
of the nitro group to aniline 6 was followed by acylation
to introduce substituent R, The desired benzimidazoles
7 were obtained via final condensation in hot acetic acid.
This synthesis route was ideal for the exploration of the
SAR around R' and R? since they were introduced at a
late stage of the synthesis.

A synthetic route where the R>-substituent was intro-
duced in one of the last steps started from 5-chloro-2-ni-
tro-aniline 8 (Scheme 2). 4-Methoxybenzylthiol
(PMBSH) was introduced as a protecting group via
nucleophilic aromatic substitution and subsequent reac-
tion with pivaloylchloride gave 9. Reduction of the nitro
group followed by reductive amination with tetrahydro-
pyran-4-carbaldehyde introduced the most favorable
R'-substituent. Condensation to the benzimidazole un-
der acidic conditions and subsequent deprotection of
the para-methoxybenzyl group with TFA gave interme-
diate 11. In the next step, the various R> groups could be
introduced. Alkyl substituents were introduced via
nucleophilic substitution making use of R>-Br or R>-
Cl. (Hetero)aromatic substituents were introduced via
Pd-catalyzed reactions.!? Finally, the sulfides were oxi-
dized to sulfones 12-14 using meta-chloroperoxybenzoic
acid.

The first exploration of the SAR around 1 focused on
the variation of the substituents at the benzimidazole
2- and S5-positions, but did not lead to any improvement
in potency or selectivity for the CB2 receptor.

A recent publication by Pagé et al. on benzimidazole
derivatives as selective CB2 inverse agonists illustrated
the importance of a substituent on the benzimidazole-
N'-nitrogen.!! In their series, a cyclohexylmethyl or a
tetrahydro-4-pyranylmethyl substituent at this position
was well tolerated. When implemented to our initial
set of compounds, we realized their added value as dem-
onstrated in Table 2.

In general, the cyclohexylmethyl group (17) led to the
most potent compounds but the tetrahydro-4-pyranylm-

HNO, al
X
8 NO,
0o
3 4
1. R2COCI
CH,CI,, pyr
or R2COOH, DIPEA KCO
HBTU, CH,Cl, N
—_— 2
)R
2. HOAG, A N S/CEN

oo
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1. Fe, aq. HOAc, A 0
o
1. PMBSH
NO. EtOH, KOH
O 2 e SOOI,
cl NH, 2. PivCl NH HOAG, CH,Cl, NH
pyridine
ch.ol, %o NaBH,CN }(go
8 48% 69%
1a. R%Br, Cs,CO;,
acetone
KCO or 1b. Pd,(dba),, diox,
1. HOAc, A N Xantphos, Cs,CO;, N
- />7<
2. TFA HS/C[N/: ]( 2. m-CPBA, S N
CHClI, oo
70% 11 12-14
Scheme 2.
Table 2. Influence of benzimidazole-N'-nitrogen substituent and oxidation state of sulfur
1
R Y
o
7/
Ny N S (a) SO (b) SO, (¢)
- OEt
H
ECS(): 2 HM EC50: >10 HM
15
(0]
ECSOZ 4 nM EC50: 20 nM ECSOZ 20 nM
CB2/CBI1: 75 CB2/CBI: 484 CB2/CBI1: 537
16 %Metab™: 98% %Metab: 95% Y%Metab: 66%
(O ECso: 125 nM ECsp: 6.3 n1M ECso: 5nM
CB2/CBI: 1.2 CB2/CBI: 8.2 CB2/CBI: 50

17 %Metab: 85%

%Metab: 74%

2% Metabolism as measured after 15 min incubation with human liver

ethyl group (16) showed the best selectivity window with
only a slight decrease in potency. In Table 2, the influ-
ence of the oxidation state of the sulfur atom is also
demonstrated. Although not yet optimal, the sulfone
derivatives 16c—17¢ show the highest metabolic stability
as well as the best CB2/CB1 selectivity.

Removal of the chlorine atom at the 6-position led to
compound 7a (Fig. 2). With an improved potency, selec-
tivity, and stability, 7a became our new starting point
for the development of a highly selective CB2 agonist.

As shown in the pie bar chart (Fig. 2), compound 7a ful-
fills most of the criteria as set in our preferred profile;
however it acts as a partial agonist as indicated with
the third blue wedge. The percentage of agonism efficacy
reached only 44%.

A benzimidazole series with a 2,3-dihydrobenzo-fura-
nylmethyl substituent at the 2-position has been re-

microsomes (hLM).

7a

Figure 2. Pharmacological data: ECsy CB2 = 4.0 nM; ratio ECsy CB2/
CBI1 = 1597; metabolism_hLM = 34%.

ported as inverse agonists.!! Another article describing
a 2-oxoquinoline series as CB2 receptor inverse agonists
uses similar para-alkoxybenzyl substituents to elicit a
full CB2 inverse agonist response.'? We decided to focus
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Table 3. Influence of substituent in position 2 on partial agonism®

Table 4. 5-Alkylsulfonyl substitution

ECso Human CB2 Rat CB2

ECsy Ratio ECsy  %Metabolism

X (nM) agonism agonism O @M) CB2/CBI in hLM
N Y%Eff Y%Eff N (15 min)
e 2 CTv A
8 N oS N
00 (o}Ne)
R’ 7 R
a CH,C¢H,OEt 4.0 44 a CF3(CH,); 1 285 36
b CH; (X =CH,) 31 b CF5(CH,), 1.3 394 13
¢ CH(CHs;), (X =CHy) 1.6 101 99 ¢ CH;CH, 1.2 551 0
d C(CHj;); (X =CH,) 0.8 104 d ¢-PropCH, 1.3 121 14
e C(CH3);3 1.2 120 102 e CN(CHy), 4.0 2114 24
f CH,CH(CH3), 4.0 101 43 f HO(CH,), 2.5 3846 6
g c-pentyl 4.0 109 0 g H,N(CH,), 10 912
h CH,-benzo[1,3]dioxole® >10* h EtHN(CH,); 158 43
i AcHN(CH,); 100 109

#X is equal to oxygen unless mentioned.
®7h ECs = 6.3 nM; human CB2 inverse agonism %Eff = 92.13

on the 2-position to understand the partial agonist
nature of compound 7a (Table 3). The influence of the
substituent at the 2-position was retrieved from a set
of compounds 7a-h possessing a cyclohexylmethyl or a
tetrahydro-4-pyranylmethyl group in the benzimidazole
1-position.

Increasing the bulkiness of the moiety at the 2-substitu-
ent resulted in increased CB2 potency as demonstrated
by comparing compounds 7b, ¢, and d. Any further in-
crease in bulkiness led to partial agonism as observed
for 7a or even inverse agonism as demonstrated by
7h.!3 Further SAR studies around this template enabled
us to conclude that the effect of bulkiness on agonism is
even more pronounced for the rat CB2-receptor. Com-
pound 7f showed partial agonism in rat and 7g showed
no agonism at all, while both retained full agonism for
the human receptor. Similar differences between rat
and human CB2-receptors have been observed regard-
ing binding potencies.'* Any effort to increase the polar-
ity on this site of the molecule resulted in a dramatic
decrease of potency. Overall, the ferz-butyl group had
the best balance between percentage effective agonism
and potency.

The right-hand side of the molecule was now fully opti-
mized and rather lipophilic. Substituents at the 1-posi-
tion should fit a large hydrophobic pocket on the
receptor and only a hydrogen acceptor moiety such as
an ether functionality is tolerated. A tert-butyl group
at the 2-position seemed to be the most optimal substi-
tuent. Compound 7e emerged as the preferred candi-
date, but despite a reasonable CB2/CB1 ECs, ratio of
~500 it still induced the typical psychotropic effects
whell15 dosed in rat, commonly referred to as the tetrad
test.

We aimed for a CB2/CBI selectivity ratio of at least
1000 to avoid these psychotropic effects. In order to im-
prove the selectivity, we also explored the left-hand side
of the molecule. As learned from our initial series, there
was a certain degree of freedom for variation at the 5-

position. First, the influence of an alkylsulfonyl group
was investigated (Table 4) (12a-i).

There was no significant effect on the parameters by
changing the chain length as demonstrated with a
trifluoroalkyl group in 12a-b. Simple alkyl groups in
12a-d showed good activity but moderate selectivity.
Introduction of polar groups such as cyano- (12e) and
hydroxyl groups (12f) improved the selectivity but
diminished the potency toward the CB2 receptor. Amine
(12g, h) or amide substituents (12i) decreased the
potency considerably. Further SAR exploration pointed
toward benzylsulfonyl substituted compounds 13 (Table
5). This variation led to a favorable potency but suffered
severely from metabolic cleavage of the benzylic moiety
within 13a. Difluorination as in 13b could solve this, but
again selectivity remained an issue.

Further SAR studies were focused on aryl- and hetero-
arylsulfonyl substituents in 5-position (14a-1, Table 6).

Substitution on the aryl group improved the potency,
independent of the site of substitution (14b—d). In the
case of meta-substituents (14c) an excellent selectivity
was obtained. Unfortunately, ortho- and meta-substi-
tuted phenylsulfones displayed poor metabolic stability.
A decrease in activity was observed by introducing
polarity (14e—f) in line with the alkyl substituents,
though this was less pronounced. Heteroaryl substitu-
ents (14g—i) were mostly well tolerated. Pyridine 14g

Table 5. 5-Benzylsulfonyl substitution

ECsy Ratio ECsqg  %Metabolism
(nM) CB2/CBI1 in hLM
N (15 min)
K
Rg N
00
. 13
R
a p-CN-Ph-CH, 0.5 436 73
b p-CN-Ph-CF, 1.6 62 28
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Table 6. 5-(Hetero)aryl substitution®
ECso Ratio ECsy  %Metabolism

X (nM) CB2/CBI in hLM

. ; N/ (15 min)
O"SO N

R 14

a Ph (X =CH,) 1.2 14 23

b 2,6-CIl-Ph 0.4 292 96

¢ 3-CN-Ph 0.5 1462 61

d 4-CN-Ph 0.6 191 42

€ 4-H2NCH2-P]’1 5.0 363

f 4-AcNMeCH,-Ph 1.6 550 50

g 4-Pyridine 1.2 215 28

h 2-thiazole 0.8 4 25

i 2-furan 0.4 40

i 3-OEt-4-pyridine 0.3 4266 48

k 3-F-4-pyridine 0.8 495 40

1 3-Me-4-pyridine 1.3 1622 40

#X is equal to oxygen unless mentioned.

gave a reasonable potency but suffered from the known
problem of severe CYP-interactions.'® However, these
interactions could be reduced to acceptable levels by
the introduction of a pyridine ortho-substituent (14j-1),
and this also increased the selectivity for the CB2 recep-
tor in analogy with 14¢. In addition, compared to meta-
substituted arylsulfone 14c¢, the metabolic stability of
ortho-substituted pyridines was improved to a reason-
able level which led to acceptable plasma concentrations
when dosed orally in vivo (Table 7).

Overall, 2-tert-butyl-5-(2-ethoxypyridin-4-sulfonyl)-1-
tetrahydropyran-4-ylmethyl)-1H-benzimidazole 14j
showed an optimal potency, selectivity and ADME-pro-
file as illustrated in Figure 3.

In vivo plasma kinetics study (Table 7) for 14j in rat
(10 mg/kg po) showed an absolute oral bioavailability
of 43% and a brain to plasma ratio of 0.1, indicating
poor blood brain barrier penetration. Compound 14j
did not show any CBI mediated side effects in the tetrad
test (40 mg/kg po). This highly selective and almost
exclusive peripheral acting compound will be used to
investigate the true potential of a peripheric CB2 ago-
nist. Full in vivo characterization will be published in
pharmacological journals in due course.

Although compound 14j possesses a promising profile,
the solubility and the inhibition of CYP-450 isoforms
2C9 and 2C19 remain an issue, and further optimization
is currently ongoing.

Table 7. Plasma kinetics after oral administration (10 mg/kg) of 14j in
male Sprague-Dawley rat

AU Cinf Fabs
(ng h/ml) (%)

2501 = 706 <1

Cmax Tmax 13753
(ng/ml) () (b)
14j 731 £ 353 0.5 34+04

s AU
N\ l S/CEN»% \\ /v

14 T

Figure 3. ADME-data: inhibition of Cyp-450 isoforms 2C19 = 76%
inhibition at 107> M and 2C9 = 94% inhibition at 107> M.
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Abstract—A lead benzamide, 3, was identified as a potent and low molecular weight histone deacetylase (HDAC) inhibitor. Opti-
mization led to 16d, demonstrating an excellent balance of efficacy and non-efficacy properties, along with very desirable in vivo
DMPK. The final compounds presented are >1000-fold more potent than the initial screen hit, an improvement in potency which

was achieved with a concomitant significant improvement in all the main non-efficacy properties.

© 2008 Elsevier Ltd. All rights reserved.

In the eukaryotic cell, DNA is routinely compacted to
prevent transcription factor accessibility. When the cell
is activated this compacted DNA is made available to
DNA-binding proteins, thereby allowing the induction
of gene transcription.! Nuclear DNA associates with
histones to form chromatin and the N-terminal tails of
the core histones contain lysine residues that are sites
for acetylation.>? This reversible process is important
in transcriptional regulation and cell-cycle progression.*
Histone deacetylases (HDACS) are zinc-containing en-
zymes which catalyze the removal of acetyl groups from
the e-amino termini of lysine residues clustered near the
amino terminus of nucleosomal histones and inhibition
of this process is intimately linked to the induction of
gene transcription.’ In addition, HDAC disregulation
has been associated with several cancers and HDAC
inhibitors such as the commercially launched Zolinza
(1)> and MS-275 (2)° are undergoing study for the po-
tential treatment of cutaneous T-cell lymphoma and
various hematological malignancies (Fig. 1).”° Recent
data highlight the impressive response rates in the treat-
ment of Hodgkin lymphoma.'°

As part of an ongoing effort to identify novel HDAC
inhibitors, compound 3'! was identified as an active,

Keywords: HDAC; Histone; Deacetylase; Anticancer; Benzamide.

* Corresponding authors. Tel.: +44 1625 582828 (D.M.A.); e-mail
addresses: david.andrews@astrazeneca.com; elaine.stokes@
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Figure 1. Zolinza (1), MS-275 (2) and pyridine lead 3.

low molecular weight, but moderately soluble lead,
capable of being elaborated into drug-like compounds.
Although this compound demonstrated activity in a
pooled HDAC enzyme assay,'? cellular activity in an
HCT116 proliferation assay!'? could not be reproducibly
demonstrated. We hypothesized that the relatively mod-
est enzyme potency of this compound leads to variable
cellular activity, but this point was not conclusively pro-
ven. However, knowledge of postulated HDAC binding
modes led us to suggest that elaboration of the ‘B’ ring
of 3 with a ‘C’ ring, would provide a template for mak-
ing compounds (4) of greater potency by being capable
of making hydrophobic contacts in the cap group region
of the HDAC protein (Fig. 2).

Compounds 7a-e were therefore synthesized by
coupling the amine 6 with substituted benzoic acid
derivatives 5a-e using N-(4,6-dimethoxy-1,3,5-triazin-
2-yl)-N-methylmorpholinium chloride (DMTMM) in
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Figure 2. Crystal structure of Zolinza bound to HDAC-like protein.'*

acetonitrile at room temperature, followed by overnight
deprotection using HCI in dioxane. Compounds 8a—e
generally precipitated from the reaction mixture, and
were isolated by filtration and washing with a non-polar
solvent. Where free bases were required, they were usu-

R NHBoc
5a-e ~“COH 6 -

X g NHBoc  PNSX N,
~ N\© b) AN
7a-e O O

R

8a-e

Figure 3. Synthesis of benzamide derivatives. (a) DMTMM, acetoni-
trile, rt, 50-82%; (b) 4 M HCl/dioxane, rt, 20 h, 42-82%. For the
identity of R, see Table 1.

Table 1. Enzyme and cell potency of benzamide HDAC inhibitors

ally further subjected to SCX cartridge ion-exchange
chromatography to obtain the free base (Fig. 3).

Compounds 8a—e validated our hypothesis by showing a
significant increase in potency compared to the starting
hit 3, albeit with a commensurate increase in logD
(data not shown). We therefore sought to maintain or
increase potency and to improve drug-like properties
by appending a solubility-enhancing group to the ‘C’
ring (Table 1).

Our synthetic strategy relied upon the ability to access
the key boronate ester 9'° in good yield and couple it
in a Suzuki reaction with benzyl 4-{[(trifluoromethyl)sul-
fonylJoxy}-3,6-dihydropyridine-1(2H)-carboxylate ~ 10'7
or commercially available 2-chloro-1,3-thiazole-5-carb-
aldehyde. Both reactions proved amenable to scale-up
on multi-gramme scale, yielding 82% and 68% of the
late-stage, divergent intermediates 11 and 12, respec-
tively. Compound 12 could be used in a series of reduc-
tive aminations in multiple parallel synthesis format
with a large set of amines; as an alternative, reduction
to 13, mesylation and amine displacement were also
highly effective. Compound 11 was simultaneously re-
duced and deprotected using H,/10% Pd/C to yield the
free amine 14 which could be alkylated or subjected to
reductive amination, again in multiple parallel synthesis
format. The final test compounds were liberated in 70—
95% yields by Boc deprotection using TFA/DCM and
were characterized by LC-MS and proton NMR.
Approximately 300 compounds were made and tested
using this synthetic strategy (Figs. 4 and 5).

The synthetic library of thiazole and piperidine phenyl
benzamides were subjected to testing in the primary as-
say cascade. Gratifyingly, a large proportion of the
compounds synthesized met the potency criteria and
were therefore selected for progression into other dis-
criminating in vitro cascade assays. Acquired long
QT syndrome causes significant cardiac side effects
and represents a major problem in clinical studies of
drug candidates. One of the reasons for development
of arrhythmias related to long QT is inhibition of the
human ether-a-go-go-related-gene (hERG) potassium

Compound R X Mean log D HDAC enzyme pICs, HDACI enzyme pICso"° HCT116 proliferation pICs,
3 H N 1.0 4.29 5.61 —
8a (/I\}i C 2.3 5.02 6.91 5.74
o
8b \/]\l C 1.2 4.78 NT 5.13
°N
8c C <0.5 5.23 6.86 6.08
N
8d C 2.51 4.57 7.35 6.36
N
8e (UN. C NT 4.44 NT 5.63
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Figure 4. Synthesis of thiazole and piperidine-based benzamide
derivatives. (a) PdCl(dppf), NaHCO;, DME, H,0, 60 °C, 5-9h,
82%; (b) 2-chloro-1,3-thiazole-5-carbaldehyde, PdCl,(dppf), NaHCOs,
DME, H,0, 60 °C, 5-9 h, 68%; (c) NaBH4, MeOH, water, 10 °C to rt,
18 h, 97%; (d) piperidine, NaBH(OAc);, DCM, rt, 3 h, H,O 80%; (¢)
MsCl, DCM, Et;3N, 30 °C, cool to 10 °C, add ethylamine or propyl-
amine in THF, rt, 22 h 49-60%; (f) 10% Pd/C, MeOH, H,, 5 bar,
50 °C, 2h 81%; (g) R2CHO, NaBH(OAc);, DCM, rt, 3 h, H,O 50—
80%; (h) R? alkyl halide, DIPEA, IPA, reflux, 4 h 50-82%; (i) DCM,
TFA, rt, 30 min, SCX2 cartridge elution-DCM, MeOH, 2 M NHy/
MeOH.

channel.!® Therefore, early identification of hERG
affinity is becoming increasingly important. We there-
fore chose to profile the compounds early in the cas-
cade using a high-throughput patch-clamp hERG
assay'?; plotting the HCT116 proliferation pICsy
against hERG plICs, allowed rapid identification of
compounds worthy of progression to more detailed
in vitro and in vivo studies. Compounds of high po-
tency and low hERG liability are boxed in blue in Fig-
ure 5; the results of detailed testing for several of these
compounds are described in Tables 2-4.

Compounds 15b, 16b and 16d offer optimal in vitro effi-
cacy and non-efficacy characteristics and were therefore
selected for further in vivo study.

The thiazole 15a demonstrates an encouraging increase
in potency; however, its solubility is still modest
(37 uM at pH 7.4). The secondary amines 15b and 15¢
were marginally less potent in the cellular proliferation
assay, but showed solubility greater than 500 uM with
minimal hERG inhibition (data not shown).

Compound 16a emerged as one of the most potent
piperidine-based inhibitors in the cellular assay (Table
3), however, unusually for this series, the compound
shows significant inhibition of more than one cyto-

6.0

. L a
5 :gig i:ferldlme Potent HDAC
58 azoe = & Potent hERG
Weak HDAC & L] "
5.6 Potent hERG
a
F 54 = .
a '- Ll
£ 52 gt
0 . i,
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" 1] 4o ®
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. " a a - o
a ™ L " °
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5.4 5.6 5.8 6.0 6.2 6.4 6.6 6.8
HCT116 Proliferation Mean plCyg,

Figure 5. HCT116 cell potency versus hERG plICs, for a series of
thiazole and piperidine-based benzamide HDAC inhibitors.

chrome P450 isoform. A concern arising from P450
inhibition by an HDAC inhibitor is possible drug
interactions that can be the result of abrogation of
the P450 pathway(s) of metabolism causing toxicity
due to elevated exposures of other drugs metabolized
by these pathways. Compound 16a shows pICs, be-
tween 5 and 6 for 3A4, 2D6, 2C9 and 2C19, whereas
16b-e demonstrate plCso <5 against all isoforms
tested. The most likely explanation of the increased
P450 inhibition by 16a is its higher flexibility, provid-
ing greater opportunity for it to adopt a conformation
for cytochrome binding, coupled with its increased
logD.

The thiazole 15b shows good in vivo properties, clear-
ance being higher than desirable, but quite reasonable
in light of its very high plasma free levels. Of the three
compounds, however, it demonstrates the lowest expo-
sure after oral dosing to the nude mouse.

Compound 16d demonstrates superior exposure in the
nude mouse and was therefore progressed to a nude
mouse xenograft study, in which a statistically signifi-
cant difference in tumor weight can be demonstrated,
by comparison to sham-dosed control animals (Fig. 6).
An excellent dose-response profile was observed, with
significant growth inhibition observed at 12.5 mg/kg
orally.

In summary, 16d?° therefore emerged as the compound
demonstrating the most favorable balance of efficacy
and non-efficacy properties, along with very desirable
in vivo DMPK properties across the species tested.
The final leading series of compounds are >1000-fold
more potent than the initial screen hit, an improvement
in potency which was achieved with a concomitant sig-
nificant improvement in all the main non-efficacy prop-
erties. Finally, 16d can be assembled in a highly
convergent manner from readily available precursors,
enabling further detailed studies, which will be reported
in due course.
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Table 2. Enzyme and cell potency of thiazole benzamide HDAC inhibitors

Compound R'= MW HDACI enzyme pICs, HCT116 proliferation pICs, ACD logD
152 O\l 393 7.6 6.84 2.94
15b CH;CH,NH- 352 7.42 6.69 1.79
15¢ CH;(CH,),NH- 366 7.56 6.73 2.4
Use R1 definition in conjunction with Figure 4.
Table 3. Enzyme and cell potency of piperidine benzamide HDAC inhibitors
Compound R’= Method HDACI enzyme pICs, HCT116 proliferation pICs, Mean logD
Fo
16a N)K/\* h 7.17 6.52 2.76
H
\N/
16b 04\©\/ g 7.07 6.32 1.53
(0]
16¢ AN“\@V h 7.24 6.38 231
““NH
16d OJ\@v h 7.46 6.44 2.08
“NH
6.36 1.99

16¢ 04\(>V h 7.51

Use R2 definition in conjunction with Figure 4.

Table 4. DMPK properties of the HDAC inhibitors 15b and 16d in Han Wistar rat, nude mouse and beagle dog

Compound/species Dose IV~ CL tip IV Vss

AUC oy
[umol/kg] [ml/min/kg] [h] [Vkg] IV norm [hkg/L] [umol/kg]

Dose oral  ty; oral [h] AUC_, oral Plasma % free

norm [h kg/L]

15b/rat (HW) 5.0 38 52 13 044 70.9 2.1 0.31 54
15b/mouse (nude) — — — — — 70.9 1.1 0.06 —
16b/rat (HW) 5.0 49 1.6 31 034 10.0 2.1 0.07 28
l6b/mouse (nude) — — — — 54.8 3.8 0.23 40
16d/rat (HW) 2.5 16 1.7 3.5 1.08 54.8 3.7 0.74 21
16d/mouse (nude) 5.0 36 4.8 5.0 0.46 54.8 32 0.59 —
16d/dog (beagle) 0.8 7 102 42 49 3.0 72 8.4 33
Acknowledgments
—a— Vehicle
1'0__ —e— Compound 16d 62.5 mg/kg We thank Andrew Mortlock and Keith Gibson for sup-
09- |—*—Compound 16d 50 mg/kg port, encouragement and advice. We thank Graham
1 | ¥ Compound 16d 25 mg/kg Sproat & Heather Haye for cloning of HDACI1 and pro-
— 0'8'_ —<— Compound 16d 12.5 mg/kg vision of HDAC enzyme; Helen Pointon, Greg Carr,
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g yce, Mark Graham, Galith Karoutchi, Mark Maybury,
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Figure 6. Nude mouse A549a xenograft efficacy for 16d when
administered orally once daily (5 d/week) for 18 days.
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Abstract—The esters (2-10) of the ionophore antibiotic Monensin (1) were synthesized by four different methods, which are
discussed in detail. These new esters were characterized by various spectroscopic techniques and subsequently tested in the face
of their antimicrobial properties. Three derivatives (3, 8 and 10) showed activity against Gram-positive bacteria. Additionally
derivative (10) exhibited a relatively low antifungal activity against Candida in contrast to Monensin A.

© 2008 Elsevier Ltd. All rights reserved.

Monensin A (1, Fig. 1) isolated from Streptomyces
cinnamonensis is a well-known polyether antibiotic,
capable to transport monovalent and divalent metal cat-
ions across lipid membranes. Therefore, it belongs to a
group of highly bioactive molecules.!> Monensin exhib-
its antibiotic,’ coccidiostatic,* cardiovascular® and other
important biological and medical properties.® Only
recently it was shown that Monensin A is also a highly
effective ionophore for Li*, Rb* as well as for Pb*
cations.” These properties are the basis of many biolog-
ical and pharmaceutical fields of application of this
compound and new ones can be expected for the future.

Up to now various derivatives of Monensin were synthe-
sized in order to reduce its toxicity and to extend its
fields of application.® In previous publications we
reported on the synthesis and the physicochemical prop-
erties of several new Monensin A esters.” The complex-
ation of mono- and divalent metal cations by Monensin
A esters and the properties of these complexes have been
described in detail. These esters show especially high
affinity towards Na* and Ca** cations.’

From the literature data it is known that the complexa-
tion ability towards Na* and Ca®' cations is often

Keywords: lonophores; Monensin; Esters; Synthesis; Antimicrobial
activity.
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related with a strong antifungal and/or antibacterial
activity.'%!! Furthermore, our previous results demon-
strated that the esterification of Monensin A influences
its physicochemical properties and consequently these
Monensin derivates have the potential to change the
mode of action.'”> These interesting results have moti-
vated our group to optimize the synthesis methods and
to study the biological activities of these new com-
pounds. In the present contribution, we compare four
methods of Monensin A ester synthesis. Furthermore,
we compare the antimicrobial activity of the new ester
with the activity of unmodified Monensin A.

The synthesis of carboxylic esters is one of the most fun-
damental methods in organic chemistry to obtain useful
natural and synthetic compounds. However, most ester-
ification procedures require rather harsh conditions such
as the presence of strong acids, bases or other catalysts.
Furthermore, the reactions of this type often proceed
only at high temperatures. However, Monensin A is very
sensitive to acidic conditions and heating. For this rea-
son we attempted to choose the reaction conditions for
the esterification as mild as possible. The new esters of
Monensin A (2-10) were prepared according to four dif-
ferent methods. All esters used for our experiments
including the acyloxy esters are stable under the experi-
mental conditions. This was checked by several spectro-
scopic and spectrometric methods such as FT-IR, NMR
and ESI-MS.
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Figure 1. Chemical structure of Monensin A and its esters.

These synthesis pathways summarized in Scheme 1 are
the only efficient ones, albeit with different yields.

In the first method DCC (N,N’-dicyclohexylcarbodiim-
ide) was used as a coupling agent (Scheme 1, method
a).!3!* This procedure results in low to moderate chem-

ical yields, for example, the yield of Monensin ethyl ester
(2) was only 20%.

When PPy (4-pyrrolidinopyridine), a very effective acyl-
ation catalyst, was additionally used in catalytic
amounts, the yield of compound (2) could be drastically
increased to 71%. However, for the synthesis of the
other Monensin esters such as (3), (7) and (8), this ester-
ification method was unsatisfactory because only low
yields of these compounds could be achieved (Scheme
1, method b).'#

The third method for the synthesis of new Monensin
esters (Scheme 1, method c) is based on the reaction
between Monensin A and the appropriate alcohol in

(4) (89%7); (5) (30%™*);
(6) (80%"); (9) (45%*);
(10) (76%*)

d)

(3) (67%); (4) (35%); °) a)

—>

monensin A

M

lm

(2) (71%); (3) (32%);
(7) (37%); (8) (15%)

(2) (20%)
(7) (72%); (8) (69%)

Scheme 1. Synthetic access to Monensin A ester derivatives. Reagents
and conditions: (a) EtOH, DCC (N,N’-dicyclohexylcarbodiimide),
CH,Cl,, 0 °C to rt; (b) R-OH (corresponding alcohols), DCC, PPy (4-
pyrrolidinopyridine), CH,Cl,, 0 °C to rt; (c) R-OH, DCC, PPy, p-TSA
(p-toluenesulfonic acid monohydrate), CH,Cl,, 0 °C to rt; (d) R-X
(bromides™ or chlorides**), DBU (1,8-diazabicyclo[5.4.0]lundec-7-ene),
toluene, 90-100 °C, 5 h.
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the presence of DCC, PPy and p-TSA (p-toluenesulfonic
acid monohydrate). This method was quite efficient and
esters (3), (7) and (8) could be obtained in high yields
(up to 70%). However, under the same reaction condi-

tions, the Monensin benzyl ester (4) was only obtained
with a yield of 35%.'#

The fourth reliable strategy of Monensin (1) esterifica-
tion is based on the direct alkylation of carboxylate ions.
This method uses the corresponding alkyl bromides with
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) as an effective
nucleophilic catalysts. Under these reaction conditions
the yield was above 75% (4, 6). Note that the use of alkyl
bromides instead of alkyl chlorides significantly
increases the yields of the respective esters. Interestingly,
this esterification method shows also a remarkable
solvent dependence. Toluene was the most appropriate
of all solvents tested, probably because of an optimal
solubility of reactants and products in this solvent
(Scheme 1, method d).'4

All esters (2-10) can easily be purified by column chro-
matography on silica gel. The structures of the esters
were determined on the basis on elemental analysis,
FT-IR, 'H, '*C NMR, ESI-MS and semiempirical
(PM5) methods.'*+13

Monensin A (1) as well as the new esters of Monensin A
(2-10) were tested in vitro in the face of their antibacte-
rial and antifungal activity. The Gram-positive cocci,
Gram-negative rods and yeasts-like micro-organisms
used in the tests are collected in Table 1.

Hospital strains of S. aureus were isolated from different
biological materials of patients of the Warsaw Medical
University Hospital. 10 of these strains were methicil-
lin-susceptible (MSSA) and 10 other strains were methi-
cillin-resistant (MRSA). Due to this resistance these
strains were tested concerning their sensitivity towards
the new Monensin A esters. The other micro-organisms
used here were provided by the Department of Pharma-
ceutical Microbiology, Medical University of Warsaw,
Poland. %17

The data concerning the antimicrobial activity of the
compounds are summarized in Table 1.
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Table 1. Antimicrobial activity of Monensin A (1) and its esters: (3), (8), (10); diameter of the growth inhibition zone (GIZ) [mm] and minimal

inhibitory concentration (MIC) [pg/ml]

16,17

Growth inhibition zone (GIZ) [mm] and Minimal inhibitory concentration (MIC) [pg/ml]

1 3 ® (10)

Glz MIC Glz MIC Glz MIC GIz MIC
S. aureus NCTC 4163 22 2 13 100 19 100 23 12.5
S. aureus ATCC 25923 22 1 11 100 19 50 20 6.25
S. aureus ATCC 6538 20 2 13 100 17 100 23 12.5
S. aureus ATCC 29213 18 1 13 100 17 50 25 6.25
S. epidermidis ATCC 12228 15 2 — 100 13 100 24 12.5
B. subtilis ATCC 6633 22 1 15 12.5 20 25 27 6.25
B. cereus ATCC 11778 18 2 14 12.5 19 50 25 6.25
E. hirae ATCC 10541 — 12.5 — >400 — >400 13 50
M. luteus ATCC 9341 12 4 — 100 11 200 22 25
M. luteus ATCC 10240 12 2 11 50 13 50 18 12.5
E. coli ATCC 10538 na na na na
E. coli ATCC 25922 na na na na
E. coli NCTC 8196 na na na na
P. vulgaris NCTC 4635 na na na na
P. aeruginosa ATCC 15442 na na na na
P. aeruginosa NCTC 6749 na na na na
P. aeruginosa ATCC 27853 na na na na
B. bronchiseptica ATCC 4617 na na na na
C. albicans ATCC 10231 na na na 18 200
C. albicans ATCC 90028 na na na 17 200
C. parapsilosis ATCC 22019 na na na 14 400

na, no activity in disc diffusion test—denotes lack of the growth inhibition zone.

Among the tested compounds (Table 1), only Monensin
A (1) as well as three ester derivatives (3, 8 and 10)
showed detectable but different activities against
Gram-positive bacteria. Only one of the derivatives
(10) exhibited relatively low antifungal activity against
Candida while Monensin A was inactive against these
fungi. Compounds (2, 4-7 and 9) were inactive towards
all micro-organisms tested.'®

The interactions between the oxygen atoms of Monensin
A or of the Monensin A esters with mono- and di-valent
metal cations lead to the formation of pseudo-cyclic struc-
tures which are additionally stabilized by intramolecular
hydrogen bonds.>” In previous investigations we could
show that the mode of complex formation with Na* cat-
ions is very similar for the majority of Monensin A deriv-
atives and rather independent of the nature of the
respective ester groups. This suggests that the ester groups
are not engaged in the coordination process.”? Thus, the
differences in the biological activities between Monensin
A and the Monensin A derivatives described here are
not based on a different capability of complex formation
but on other parameters such as size and chemical nature
of the substituent. One of these parameters is potentially
the lipophilic character of the substituent, which evokes
lower solubility in aqueous solutions. Furthermore, the
presence of aromatic substituent in the ester group, such
as phenyl (compounds 4 and 9) or naphthalene rings
(compounds 5 and 6), might decrease the mobility of
Monensin A esters in the lipid bilayers.

The highest antibacterial activity of compound 10
among the ester derivates and its slight antifungal activ-
ity is probably related to the presence of the morpholine

ring moiety, since it was previously observed that vari-
ous compounds containing this substituent show moder-
ate antibacterial and strong antifungal activities.'® The
low antibacterial activity of compound 3 is probably
connected with the presence of allyl group, which has
a significant influence on the antimicrobial activity.'”

Drug-resistant Gram-positive bacterial pathogens
including methicillin-resistant S. aureus (MRSA) cause
serious chemotherapeutic problems in hospitals.?® Our
studies reveal that Monensin A clearly shows antimicro-
bial activity against both MRSA (methicillin-resistant)
and MSSA (methicillin-susceptible) strains of Staphylo-
coccus aureus at doses MIC = 1-2 pg/ml, whereas from
among the Monensin A esters studied only compound
10 shows interesting activity at the doses MIC = 6.25-
12.5 pg/ml (Supplementary material, Table 1S).

In the present work, we synthesized nine new esters
(2-10) of Monensin A using four different synthesis
pathways. We provide evidence that three Monensin
esters (3, 8 and 10) show antibacterial activity against
human pathogenic bacteria, including antibiotic-resis-
tant S. aureus. Concerning the Monensin A esters, only
compound (10) shows relatively low antifungal activity.
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Synthesis of Monensin A (1): Monensin A sodium salt
(Fluka) was dissolved in dichloromethane and stirred
vigorously with a layer of aqueous sulphuric acid (pH 1.5).
The organic layer containing MONA was washed with
distilled water, and dichloromethane was evaporated
under reduced pressure to dryness.

(a) General procedure for the synthesis of Monensin A
esters (2-10): (method a, Scheme 1): To a mixture of (1)
(500 mg, 0.75 mmol) in dichloromethane (15ml) the
following compounds were added: DCC (206 mg,
1.0 mmol), EtOH (5 mmol). The mixture was first stirred
at a temperature below 0 °C for 24 h and then for further
24 h at room temperature. Subsequently, the solvent was
evaporated under reduced pressure to dryness. The residue
was then suspended in hexane and filtered off. The filtrate
was evaporated under reduced pressure and the residue
purified chromatographically on silica gel (Fluka type 60)
to give (2) (20% vyield) as a colourless oil showing a
tendency to form the glass state; (b) (method b, Scheme 1):
To a mixture of MONA (500 mg, 0.75 mmol) in dichlo-
romethane (15 ml) the following compounds were added:
DCC (206 mg, 1.0 mmol), PPy (50 mg, 0.33 mmol), cor-
responding alcohol (5.0 mmol). The mixture was first
stirred at a temperature below 0 °C for 24 h and then for
further 24 h at room temperature. After this time the
solvent was evaporated under reduced pressure to dryness.
The residue was suspended in hexane and filtered off. The
filtrate was evaporated under reduced pressure and the
residue was purified chromatographically on silica gel
(Fluka type 60) to give corresponding esters (2-3, 7-8)
(yield from 15% to 71%) as a colourless oil showing a
tendency to form the glass state; (c) (method ¢, Scheme 1):
To a mixture of MONA (500 mg, 0.75 mmol) in dichlo-
romethane (15 ml) the following compounds were added:
DCC (206 mg, 1.0 mmol), PPy (50 mg, 0.33 mmol), cor-
responding alcohol (5mmol) and p-TSA (28.5 mg,
0.15 mmol). The mixture was first stirred at a temperature
below 0°C for 24 h and then for further 24 h at room
temperature. The solvent was subsequently evaporated
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under reduced pressure to dryness. The residue was
suspended in hexane and filtered off. The filtrate
was evaporated under reduced pressure and the residue
was purified chromatographically on silica gel (Fluka type
60) to give (3-4, 7-8) (yield from 35% to 73%) as a
colourless oil showing a tendency to form the glass state;
(d) (method d, Scheme 1): A mixture of alkyl bromide or
chloride (1.45 mmol), MONA (500 mg, 0.75 mmol), and
DBU (175 mg, 1.15 mmol) and 40 ml toluene was heated
at 90 °C for 5h. After cooling, the precipitate DBU-
hydrohalide (DBUHX) was filtered and washed hexane.
The filtrate and the washing were combined and evapo-
rated under reduced pressure. The residue was purified by
chromatography on silica gel (Fluka type 60) to give the
corresponding ester (4-6, 9-10) (yield from 30% to 8§9%) as
a colourless oil showing a tendency to form the glass
state.

Selected spectra data for (5): ESI-MS (m/z): 834 (M+Na™);
"H NMR (6 ppm in CD;CN): 2.69 (1H, m, 2-H), 2.78 (1H,
t, J=6.6 Hz, O(11)-H), 3.11 (3H, s, 35-H), 3.33(2H, It,
J=6.6Hz, 26-H), 3.50 (1H, t, J = 4.3 Hz, 3-H), 3.58 (1H,
overlapped, 3-H), 3.60 (1H, overlapped, 13-H), 3.62 (1H,
overlapped, 21-H), 3.84 (1H, d, J=4.4 Hz, 17-H), 3.92
(1H, s, O(10)-H), 4.0 (1H, dd, J=2.2 Hz, 7.1 Hz, 5-H),
4.18 (1H, d, J = 8.8 Hz, O(4)-H), 4.21 (1H, m, 20H), 5.57,
5.64 (each 1H, both d, J=12.6 Hz, OCH,-Ar), 7.45-8.11
(9H, Ar), 0.70-2.28 pattern of 45 protons; '*C NMR (&
ppm in CD3;CN): 175.9, 134.6, 132.8, 132.4, 129.9, 129.4,
128.3, 127.5, 126.9, 126.3, 127.7, 108.5, 97.9, 88.1, 86.9,
86.4,84.4,81.8,77.9,77.3,71.9,68.7, 67.5,65.2, 58.2, 41.5,
39.7,37.7, 36.8, 35.9, 35.1, 34.9, 34.6, 34.0, 32.6, 32.0, 30.1,
28.4,26.3, 17.8, 16.5, 16.1, 12.5, 12.2, 11.1, 8.3; IR(KBr):
1734 cm~' (vC=0); Elemental analysis: (%): Calcd for
Cy47H70011: C, 69.60; H, 8.70; Found: C, 69.40; H, 8.89.
Compounds (3-4 and 7) as well as their complexes with
monovalent cations were characterized by us in Refs. 9c—e¢,
respectively.

. Antimicrobial activity was examined by the disc diffusion

and MIC method under standard conditions using Muel-
ler—Hinton II agar medium (Becton Dickinson) for bac-
teria and RPMI agar with 2% glucose (Sigma) for yeasts,
according to CLSI (previously NCCLS) guidelines.!”
The compounds giving some growth inhibition zone in
disc diffusion assay were tested by the twofold serial agar
dilution technique to determine their minimal inhibitory
concentration (MIC) values.

17.

18.

20.
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For the disc diffusion method, sterile filter paper discs
(9 mm diameter, Whatman No. 3 chromatography paper)
were dripped with the compound solutions tested (in
ethanol) to load 400 pg of a given compound per disc. Dry
discs were placed on the surface of an appropriate agar
medium. The results (diameter of the growth inhibition
zone) were read after 18 h of incubation at 35 °C.

For MICs determination, all compounds were dissolved in
DMSO. Concentrations of the agents tested in solid
medium ranged from 3.125 to 400 pg/ml. The final
inoculum of all organisms studied was 10* CFU mL™"
(colony forming units per ml), except the final inoculums
for E. hiraeATCC 10541, which was 10° CFUmL™". A
control test was also performed for DMSO which was
found inactive in the culture medium. Minimal inhibitory
concentrations were read off after 18 h (for bacteria) and
24h (for yeasts) of incubation at 35°C. Ionophore
antibiotic—Monensin A was used as a control for bacteria
and fluconazole (for the disc diffusion method 25 pg per
disc has been used) for yeast (C. albicans ATCC 10231
GIZ =22 mm, MIC =1 ug/ml; C. albicans ATCC 90028
GIZ =32mm, MIC=1pgml; C. parapsilosis ATCC
22019 GIZ = 22 mm, MIC = 2 pg/ml).

(a) Clinical and Laboratory Standards Institute. Perfor-
mance Standards for Antimicrobial Disc Susceptibility
Tests; Approved Standard M2-A9. Clinical and Labora-
tory Standards Institute, Wayne, PA, USA, 2006; Clinical
and Laboratory Standards Institute. Methods for Dilution
Antimicrobial Susceptibility Tests for Bacteria That Grow
Aerobically; Approved Standard M7-A7. Clinical and
Laboratory Standards Institute, Wayne, PA, USA, 2006.
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Prous Science J.R. Publishers: S.A., 1987; pp 543-554.
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Abstract—A novel oligonucleotide microarray that can detect RNAs without fluorescent labeling of sample RNAs was developed.
As a capture and detection probe, bispyrene-modified 2’-O-methyl oligoribonucleotide (OMUpy2), whose fluorescence was dramat-
ically increased when hybridized with its complementary RNA, was adopted. Fluorescence of the OMUpy?2 tethered on the glass
surface was enhanced as much as 22-fold by the addition of complementary oligoribonucleotide.

© 2008 Elsevier Ltd. All rights reserved.

In the last decade, important discoveries concerned
with RNAs, for example, small interfering RNA and
microRNA (miRNA), have been reported. In particu-
lar, miRNAs have received much attention because of
their important functions in gene regulation, diverse
cellular processes ranging from cellular differentiation,
proliferation, apoptosis, and metabolism to cancer.!™
The development of a more sophisticated method for
RNA detection is an important issue in increasing the
understanding of the function of RNAs in living cells.
Oligonucleotide microarray technology, which can
detect thousands of target nucleic acids on a chip, is
one of the most superior technologies used to analyze
RNA expression in the cell. Recently, new types of oli-
gonucleotide microarray using an adopted functional-
ized oligonucleotide as a capture probe have been
developed. Castoldi et al. adopted locked nucleic acid
as a capture probe for oligonucleotide microarray anal-
ysis of miRNA expression of murine heart and liver.°

Abbreviations: cCODN, complementary oligodeoxyribonucleotide; cO-
RN, complementary oligoribonucleotide; miRNA, microRNA; MB,
molecular beacon; OMUpy?2, bispyrene-modified 2’-O-methyl oligori-
bonucleotide; SBR, signal to background ratio; SSC, saline
sodiumcitrate.

Keywords: RNA; Oligonucleotide microarray; Transcriptome; Pyrene.
*Corresponding  author. Tel./fax: +81 75 7247814; e-mail:

akiram@kit.ac.jp

T Present address: Department of Synthetic Chemistry & Biological
Chemistry, Kyoto University, Katsura, Kyoto 615-8510, Japan.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Wang et al. immobilized a molecular beacon (MB),
whose fluorescence was enhanced upon hybridization
with its complementary DNA or RNA, as a capture
and detection probe of an oligonucleotide microarray.”
The MB-immobilized microarray was able to detect the
hybridization without target labeling and washing pro-
tocol after hybridization. These technologies, which al-
low for rapid and highly sensitive detection of target
nucleic acid on the oligonucleotide microarray, may
contribute to the study of gene expression and gene
diagnostics.

Here, we present a novel RNA-detection chip. The chip
enabled label-free detection of RNAs using bispyrene-
modified 2’-O-methyl oligoribonucleotide (OMUpy2,
Fig. 1a) as a capture and detection probe. Previously,
we reported that OMUpy2, whose fluorescence at
480 nm was greatly enhanced when it hybridized with
its complementary RNA (Fig. 1b), was useful for
RNA detection in a homogeneous physiological solu-
tion.®? If OMUpy2 probes complementary to target
RNAs are immobilized in designated positions on a
glass substrate (OMUpy?2 array), various target RNAs
could be detected simultaneously without target labeling
and washing protocol. This is because only the probes
that hybridize with target RNA can emit fluorescence
at 480 nm at a specific position on the surface of a glass
substrate (Fig. 1c). We studied the fluorescence charac-
teristics of OMUpy?2 tethered to the glass substrate with
various linker molecules. The fluorescence enhancement
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Figure 1. Structure of OMUpy2 (a), fluorescence emission spectra of
OMUpy?2 in the presence (-) or the absence (---) of complementary
RNA in a homogeneous solution (b), and schematic illustration of
microarray-based label-free detection of RNAs using OMUpy?2 as a
capture and detection probe (c).

of the OMUpy2 array upon the addition of oligoribonu-
cleotide and its sequence specificity were also
investigated.

Oligonucleotide sequences are listed in Table 1. To
immobilize OMUpy2 on the surface of a glass substrate,
several linker molecules (i.e., d(T)y, d(T)e, d(T);2, and
PEG-d(T),,) were adopted. In the case of d(T)-linkers,
the glass substrate was modified with 3-mercaptopropyl-
trimethoxysilane, and then 5’-thiol modified OMUpy2-
CF3 (tether: d(T)y, d(T)s and d(T),») was spotted on
the glass substrate. In the case of PEG-d(T);,-linker,
5’-thiol modified OMUpy2-CF3 (tether: d(T);,) was
spotted on a PEG,ggo-maleimide-grafted glass substrate
that was prepared according to reported procedure.!®
Detailed procedures for the immobilization of OMUpy2
were described in References and notes section.!!

Signal to background ratio (SBR) is important for the
accurate detection of target RNA in our microarray sys-
tem. To evaluate the SBR of the OMUpy?2 array, fluo-
rescence microscopic analysis!? of the OMUpy?2 arrays
whose surface was grafted with OMUpy2-CF3 via vari-

Table 1. Oligonucleotide sequence of OMUpy2 probe, ORN and
ODN

Name Sequence

OMUpyZ-CF3 5/-thi01-C6-d(T)0’(,,12- GAUGUGU
UpyUpyCUCCUC-3'

OMUpy2-JN2 5'-thiol-C4-d(T);1.-GAGGGC
UpyUpyCGUGCGC-3'

OMUpy2-CM3 5’-thiol-C¢-d(T),-UUUpyUpy
CAUUGUUUUCC-3

cORN-CF3 5'-r(AGGAGAAACACAUCQC)-3’

ORN-Ctl 5'- (GAAUGAACGUUGAAG)-3'

cODN-CF3 5'-d(AGGAGAAACACATC)-3’

Underlined character indicates 2’-O-methylribonucleoside. Upy indi-
cates 2'-O-pyrenylmethyluridine.

ous linker molecules, was performed 30 min after the
addition of the buffer solution (5x SSC) of oligoribonu-
cleotide complementary to OMUpy2-CF3 (cORN-
CF3).'3 Background fluorescence, fluorescence signal,
and SBR of the OMUpy2 arrays are listed in Table 2.
In all cases, fluorescence intensities of OMUpy2-CF3
on the glass surface were increased by the addition of
cORN-CF3 (SBR > 1), although the SBRs were in-
creased with the elongation of the linker molecule be-
tween OMUpy2 and the glass surface. The difference
in the SBR is probably due to a difference in the back-
ground fluorescence and/or to the hybridization effi-
ciency of OMUpy2 on the glass surface. Indeed,
background fluorescence decreased with the elongation
of the linker molecule, indicating that the interaction be-
tween the glass surface and pyrene in the OMUpy2
strand could be one of the reasons for the high back-
ground fluorescence observed in the case of d(T), and
d(T)¢-linker. On the other hand, in the case of PEG-
d(T);,, the SBR was 4-fold larger than that in the case
of d(T)»-linker, although the background fluorescence
was similar in both cases. These results indicate that
the hybridization efficiency of OMUpy2 on the glass
surface was increased by the addition of PEG as a lin-
ker. The flexibility of the PEG linker largely might con-
tribute to the improvement of the hybridization yield.
Similar results were reported by Shlapak et al.! who
found that the hybridization yield of the oligonucleotide
tethered to PEG-grafted glass surface was 4-fold higher
than that of the oligonucleotide tethered to a linkerless
surface. They also concluded that the increase in the
hybridization efficiency was caused by the flexibility of
the PEG between the oligonucleotide capture probe
and glass surface. Our results indicate that the OMUpy2
array can successfully detect complementary RNA with-
out target labeling and washing protocol after the
hybridization, and that the PEG-d(T),-linker is the
most suitable linker among the four linkers examined.

Previously, we reported a unique character of OMUpy2
whereby the fluorescence intensity of OMUpy2 was en-
hanced by the addition of complementary oligoribonu-
cleotide (cORN) but not by the addition of

Table 2. Background fluorescence (BF), fluorescence signal (FS), and
signal to background ratio (SBR) of the OMUpy2 array and OM Upy2
in homogeneous solution

Oligonucleotide added BF FS SBR
OMUpy?2 array”

d(T), cORN-CF3 73117 1.6
d(T)s cORN-CF3 21 61 2.9
d(T);2 cORN-CF3 2 11 5.4
PEG-d(T);, cORN-CF3 2 44 2
PEG-d(T);» ORN-Ctl 2 6 2.9
PEG-d(T);» cODN-CF3 4 10 2.5
In homogeneous solution®
cORN-CF3 2 176 88
cODN-CF3 2 5 25

#[cORN (or cODN)] =2 uM in 5x SSC.

°[OMUpy2-CF3 (d(T)y)] = 1 uM, [cORN (or cODN)] =1 puM in 5x
SSC. Fluorescence intensity at 480 nm was measured by a spectro-
fluorophotometer with excitation at 342 nm at room temperature.
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complementary oligodeoxyribonucleotide (CODN) in a
homogeneous physiological solution.® Such a unique
characteristic might be useful for RNA detection in
crude biological samples, such as cell extract, tissue ex-
tract, and the reaction mixture of T7 RNA polymer-
ase-based RNA amplification. To confirm whether this
unique character is maintained on the PEG-grafted glass
surface, fluorescence microscopic analysis of the OMU-
py2 array was performed after the addition of cORN or
cODN solution whose sequences were complementary
to OMUpy2-CF3 (cORN-CF3, cODN-CF3). The fluo-
rescence intensity of OMUpy2-CF3 on the glass surface
was significantly enhanced by the addition of cORN-
CF3 solution but not by the addition of cODN-CF3
solution (Table 2). This result indicates that the unique
RNA recognition-character of OMUpy2 in the homoge-
neous physiological solution was maintained by OMU-
py2 immobilized on the PEG-grafted glass surface.

To evaluate the sequence specificity of the OMUpy?2 ar-
ray-based label-free detection of RNAs, three different
OMUpy2 probes (OMUpy2-CF3, OMUpy2-JN2, and
OMUpy2-CM3) were immobilized on a similar glass
substrate via the PEG-d(T);, linker, and fluorescence
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microscopic analysis was performed after the addition
of the buffer solution of cORN-CF3 or ORN-Ctl. Fluo-
rescence intensity of the spot of OMUpy2-CF3 was in-
creased 22-fold by the addition of cORN-CF3 but the
fluorescence intensity of the other spots did not change
(Fig. 2, a-d). Moreover, the addition of ORN-Ctl,
whose sequence was not complementary to any immobi-
lized OMUpy2 probes, did not affect the fluorescence
intensity of the spots (Fig. 2, f~i). These results indicate
that the OMUpy2 probe immobilized on the glass sur-
face via the PEG-d(T);, linker can detect complemen-
tary RNA specifically from the enhancement of the
fluorescence emission.

In conclusion, we developed a novel RNA detection ar-
ray whose surface was grafted with OMUpy2. The
OMUpy2 array can successfully detect its complemen-
tary RNA without target labeling and the washing pro-
tocol. Among the four linkers chosen, PEG-d(T);, was
the most suitable for RNA detection. As the OMUpy2
array can detect target RNA by simply adding a sample
solution to the array, it is expected that the OMUpy?2 ar-
ray is a useful tool for RNA expression analysis. The
OMUpy2 array developed here may contribute to pro-
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Figure 2. Fluorescence microscopic images of the OMUpy2 array in the presence of oligoribonucleotide solution (a—d, f-i), and histograms of the
fluorescence intensity of the microscopic images (e and j). Sequence of immobilized OMUpy?2 probe is indicated on the right top of each image. (a—e)
In the presence of cORN-CF3, (f+) in the presence of ORN-Ctl. The colored line on the fluorescence images indicates the position used for the
histogram analyses. [CORN-CF3 (or ORN-Ctl)] = 1 uM in 5x SSC buffer. Scale bar: 200 pm. Fluorescence intensity was corrected by the immobilized
amount of the each probe quantified by fluorescence intensity when it hybridized with 6-FAM labeled complementary oligoDNA.
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gress in the study of RNA expression, gene diagnostics,
and the clinical usage of gene diagnosis. Detection of
cellular RNAs based on the OMUpy2 array is now in
progress.
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topropyltrimethoxysilane (MPTMS) or 3-glycidoxypro-
pyltrimethoxysilane (GPTMS)/toluene and incubated at
room temperature for 10 h and washed with acetone and
then dried under nitrogen stream. GPTMS modified glass
substrates were further modified with PEG-diamine and
sulfosuccinimidyl 4-(p-maleimidophenyl)butyrate (SMPB)
according to reported procedure.'® Briefly, the epoxy
group of GPTMS on the glass surface was hydrated with
HCI aq soln and then NalO, oxidation was performed to
obtain an aldehyde-modified glass surface. A 17 mM
PEG-diamine/CHCI; solution was poured onto the alde-
hyde-modified glass surface to graft PEG, and the glass
substrate was incubated at 74 °C for 40 h. The free
terminal amino group of the grafted PEG was modified
with SMPB. The solution of 5uM 5’-thiol modified
OMUpy?2 in 20 mM PBS was spotted onto a MPTMS or
PEG-SMPB modified glass surface by a microarray
spotter (Stampman, NLE Lab., Nagoya, Japan) with split
stainless-steel pin (¢ = 0.15 mm). After spotting, the glass
substrate was incubated at room temperature for 24 h in a
humidified chamber. In the case of the PEG-SMPB
modified glass surface, the maleimido group on the glass
surface was blocked with 3-mercaptopropionic acid.
Finally, glass substrates were washed with water and
dried under nitrogen stream.

All fluorescence images were obtained by a fluorescence
microscope (ECLIPSE TE300, Nikon, Tokyo, Japan)
equipped with a high-pressure Xe lamp, a digital CCD
camera (ORCA-ER, Hamamatsu Photonics, Shizuoka,
Japan), and an image intensifier unit (C8600, Hamamatsu
Photonics, Shizuoka Japan). A 20-fold objective lens
(SuperFluor 20x, Nikon, Tokyo, Japan) and a filter block
consisting of band pass filters (340/15 and 480/30 nm) and
a dichroic mirror (380 nm) were used for microarray
observation and acquisition of fluorescence images. Fluo-
rescence intensity was quantified from the fluorescence
image by image processing software (Photoshop® 6.0,
Adobe Systems Inc., CA, US).

Hybridization of oligonucleotides on OMUpy2 array.
OMUpy2 array was pre-moisturized in water at room
temperature for overnight. After rapid removal of water
on the OMUpy2 array, the oligonucleotide solution
(10ul, 1 or 2uM in 5x SSC) was poured onto the
surface of the OMUpy2 array. Thirty minutes after the
addition of the oligonucleotide solution, fluorescence
images were acquired by a fluorescence microscopic
imaging system.
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Abstract—The synthesis of new benzimidazole linked pyrrolobenzodiazepine conjugates is described. Some of these conjugates show
significant DNA-binding affinity and, a representative compound 4¢ shows promising in vitro cytotoxicity against a number of

human cancer cell lines.
© 2008 Elsevier Ltd. All rights reserved.

Benzimidazole moiety is structurally related to purine
bases and is found in a variety of naturally occurring
compounds such as vitamin Bj,. The benzimidazoles
are potent antitumour,! antifungal®> and antiparasitic
agents,® whose mode of action is thought to result from
their inhibition of microtubule formations.* Substituted
benzimidazoles have proven as drug leads, which have
exhibited pharmacological interest.> A series of 2-substi-
tuted benzimidazole-4-carboxamides (1) have been syn-
thesized and evaluated for in vitro and in vivo
antitumour activity and DNA-binding affinity.! More-
over, the architecture of benzimidazole moiety as a
new platform for the DNA-minor groove recognition
elements® for, selective base pair recognition can be
achieved by introduction of heteroatoms and substitu-
ents in this ring system.” This ring system can also be
considered as a new tool for the target specific transcrip-
tion factor at the binding sites relevant to biological sys-
tems. Recently, Dervan and co-workers reported the
down-regulation of the angiogenetic vascular endothe-
lial growth factor (VEGF) by a DNA-binding fluores-
cein—polyamide conjugate in cell culture.?

On the other side, there is considerable interest in the
development of low molecular weight DNA-binding
agents towards their application on various biological
responses particularly anticancer activity. In this context

Keywords: Pyrrolobenzodiazepine; Benzimidazoles; In vitro cytotoxic-

ity; DNA-binding affinity.
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pyrrolo[2,1-c][1,4]benzodiazepines (PBDs) are a group
of potent DNA interactive antitumour antibiotics de-
rived from Streptomyces species,” well-known members
include DC-81 (2), anthramycin, chicamycin and tomay-
mycin. Their interaction with DNA has been extensively
investigated and it is considered unique since they bind
within the minor groove of duplex DNA forming a
covalent aminal bond with N2-amino group of guanine
base,!® giving rise to preference for Pu-G-Pu se-
quences.!! PBDs containing an N10-C11 lactam moiety
instead of an electrophilic N10—C11 imine or carbinol-
amine, and thus unable to interact covalently with
DNA, are also known. For example, Kaneko and co-
workers first reported!? that the PBD dilactam 3a has sig-
nificant in vivo antitumour activity in a P388 lymphocytic
leukaemia mouse model but did not propose a mecha-
nism of action. Jones and co-workers followed up this
observation by demonstrating, through DNA thermal
denaturation studies, that dilactam 3a and a number of
related analogues such as 3b can still bind to DNA but
through a non-covalent mechanism which was suggested
to account for the biological activity'>!# (Fig. 1).

In the literature, some PBD conjugates have been syn-
thesized and evaluated for their biological activity, par-
ticularly for their antitumour potential.'>"!7 Wang and
co-workers have synthesized indole linked PBD conju-
gates as potential antitumour agents.'® We have also
been engaged for the last few years towards the struc-
tural modifications'®?! and the development of new
synthetic strategies>>2* for this ring system. Recently,
we have designed and synthesized a number of PBD hy-
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Figure 1. Chemical structures of 2-substituted benzimidazole-4-carboxamide (1), DC-81 (2), PBD dilactoms (3), new benzimidazole-PBD conjugates
(4a—f) and benzimidazole-PBD dilactom conjugates (5a—b).
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Synthesis of benzimidazole-PBD conjugates 4a—f has
been carried out by employing the benzyloxy nitro-
thioacetal compound 8 as the starting material, which
has been prepared by the literature method.?” This upon
debenzylation gives hydroxy nitrothioacetal compound
9 and further etherification by dibromoalkanes provide
monoalkylated compounds 10a-c. The oxidative
cyclization of O-phenylenediamine and aldehyde
compounds 6a-b with Na,S,Os in ethanol provides
the benzimidazole compounds 7a-b (Scheme 1).28
Further, N-alkylation of these benzimidazole com-
pounds with monoalkylated compounds 10a—c give the
benzimidazole linked nitrothioacetal precursors 1la-c,
which upon reduction followed by deprotection of thi-
oacetal group afford the target imine compounds 4a—f
(Scheme 2).%

Synthesis of dilactam compounds Sa—b has been carried
out by employing the benzylated ester compound 13 as
the starting material, which was prepared by the litera-
ture method®® and further debenzylation followed by
reductive cyclization with 10% Pd/C-H, provides
hydroxydilactom compound 14. This on monoalkyla-
tion by dibromoalkanes provides monoalkylated dilac-
tom compounds 15a-b. The benzimidazole compounds
7a-b coupled with monoalkylated dilactom compounds
15a-b afford the desired final dilactom compounds 5a-b
(Scheme 3).3!

The DNA-binding ability of the novel PBD conjugates
(4a—f and 5a-b) has been investigated by thermal dena-
turation studies using calf thymus (CT) DNA at pH 7.0,
incubated at 37 °C, where PBD/DNA molar ratio is
1:5.32 In this assay, it is interesting to observe that com-
pounds 4a, 4¢c, 4d and 4f elevates the helix melting tem-
perature of CT-DNA by 6.1, 7.0, 5.1 and 6.1 °C,
respectively, after incubation for 18 h at 37 °C. The
enhancement of DNA-binding ability of these conju-
gates can be correlated to other interactions produced
by the benzimidazole component in addition to covalent
linkage of the imine component. Moreover, for the com-

pounds having odd number of carbon chain spacer there
is a substantial increase in the DNA-binding affinity.
Surprisingly, for compounds 4b and 4e having even
number of carbon chain spacer possessing the ATy, val-
ues are almost negligible and particularly, compound 4b
has not exhibited any DNA-binding affinity. A similar
phenomenon has been recently observed by us with
other related PBD conjugates.’® On the other hand,
the dilactam PBD conjugates (5a-b) also show lower
AT, values due to the absence of imine functionality,
that is, absence of covalent binding in these molecules.
Moreover the naturally occurring compound DC-81
(1) exhibits a ATy, of 0.7 °C, under similar experimental
conditions as illustrated in Table 1.

The restriction endonuclease inhibition studies carried
out on these molecules also confirm the relative binding
affinity of these PBD hybrids. The experimental proto-

Table 1. Thermal denaturation data for new benzimidazole-PBD
conjugates with calf thymus DNA

PBD [PBD]:[DNA]

AT, (°C) after

conjugates molar ratio® incubation at
37 °C for
Oh 18 h

4a 1:5 5.1 6.1
4b 1:5 0.0 0.0
4c 1:5 5.1 7.0
4d 1:5 39 5.1
4e 1:5 0.1 1.0
4f 1:5 6.1 6.1
Sa 1:5 0.3 0.7
5b 1:5 0.4 0.8
DC-81 (2) 1:5 0.3 0.7

#For a 1:5 molar ratio of [PBD]J/[DNA], where CT-DNA concentra-
tion = 100 uM and ligand concentration = 20 uM in aqueous sodium
phosphate buffer [I0 mM sodium phosphate + 1 mM EDTA,
pH =7.00 £ 0.01].

®For CT-DNA alone at pH 7.00 £0.01, T,, =69.2°C £ 0.01 (mean
value from 10 separate determinations), all ATy, values are +0.1-
0.2°C.
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Figure 2. RED(-restriction endonuclease digestion assay for benzimidazole-PBD conjugates with CT-DNA inhibitory activity of 4b and 4¢ on the
cleavage of plasmid pBR322 by restriction endonuclease BamH1 (20 U in 2 pL) for 1 h at 37 °C. The cut (C) and uncut (UC) products were separated
by agarose gel electrophoresis and visualized by ethidium bromide staining under UV illumination. Lane 1, control pBR322; lane 2, complete digest

of pBR322 by BamHI.

col described in the previous study has been em-
ployed.3?3* The result of this experiment for a represen-
tative compound 4c suggested that there is inhibition of
BamH1 by this PBD hybrid. However, there is no inhi-
bition by compound 4b as shown in Figure 2. Similarly,
compounds 5a and 5b have not shown noticeable inhibi-
tion of BamH]1.

Compounds 4c¢ and 4e have been evaluated in the 60 cell
line cancer screen of NCI. Especially compound 4c
shows significant in vitro cytotoxic potency in a wide

Table 2. In vitro cytotoxicity data for benzimidazole-PBD conjugates
(4c and 4e)

Panel/cell line Glsp (LM) Panel/cell line Glsp (LM)
4c 4e 4c 4e

Leukemia Melanoma
CCRF-CEM <0.01 0.24 LOX IMVI <0.01 0.78
HL-60(TB) <0.01 5.18 MALME-3M 0.01 1.74
K-562 <0.01 15.50 Ml14 <0.01 1.35
MOLT-4 <0.01 3.79 SK-MEL-2 0.02 147
RPMI-8226 <0.01 0.31 SK-MEL-28 <0.01 1.53
SR <0.01 045 SK-MEL-5 <0.01 1.09

UACC-257 <0.01 2.54
UACC-62 <0.01 1.57

Lung cancer
AS549/ATCC <0.01 3.22

EKVX <0.01 3.36  Ovarian Cancer
HOP-62 <0.01 — OVCAR-1 0.01 0.75
HOP-92 0.01 1.33 OVCAR-3 <0.01 1.72
NCI-H226 <0.01 2.13 OVCAR-4 <0.01 1.61
NCI-H23 <0.01 2.05 OVCAR-5 <0.01 3.27
NCI-H322M 0.03  2.70 OVCAR-8 <0.01 2.58
NCI-H460 <0.01 1.55 SK-OV-3 <0.01 3.32
NCI-H522 <0.01 1.04  Renal cancer

Colon cancer 786-0 <0.01 1.71
COLO 205 <0.01 1.07 A498 <0.01 1.68
HCC-2998 — 2.08 ACHN <0.01 2.81
HCT-116 <0.01 1.75 CAKI-1 <0.01 0.94
HCT-15 0.02  3.19 RXF 393 <0.01 1.34
HT29 <0.01 1.97 SN 12C <0.01 2.50
KM12 <0.01 1.92 TK-10 0.01 2.09
SW-620 <0.01 1.84 UO-31 0.10 1.23

Breast cancer Prostate cancer
MCF7 <0.01 0.66 DU-145 0.02 1.32
NCI/ADR-RES 0.23  3.24 CNS cancer
MDA-MB-231 0.01 1.39 SF-268 <0.01 1.80
HS 578T <0.01 1.70 SF-539 <0.01 1.72
MDA-MB-435  <0.01 1.39 SNB-19 <0.01 1.53
BT-549 <0.01 041 SNB-75 <0.01 1.22
T-47D <0.01 0.50 U251 <0.01 1.77

MDA-MB-468 <0.01 0.33

spectrum of cell lines in nine panels, with Glsy values
less than 10 nM. Compound 4e also possess cytotoxic
potency against many cell lines with Glsy values ranging
from 0.24 to 15.50 uM (Table 2). The GIsy values of
compound 4e against leukaemia cancer CCRF-CEM
and RPMI-8226 cell lines are 0.24 and 0.31 pM, respec-
tively. The in vitro cytotoxicity (ICsg) for the naturally
occurring DC-81 is 0.38 and 0.33 uM in L1210 and
PC6 cell lines, respectively.?>

In conclusion, new benzimidazole linked—-PBD conju-
gates have been synthesized that exhibit significant
DNA-binding ability. More importantly, compound 4c¢
exhibits potential in vitro cytotoxicity in a number of
cancer cell lines. This investigation further reveals the
significance of combining a non-covalent DNA-binding
component (benzimidazole core) to the covalent binding
PBD moiety. The detailed anticancer activity and molec-
ular modelling studies will be published in due course.
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Abstract—Cyano pyrimidine acetylene and cyano pyrimidine f-amine, which belong to a new chemical class, were prepared and
tested for inhibitory activities against cathepsin K and the highly homologous cathepsins L and S. The use of novel chemotypes
in the development of cathepsin K inhibitors has been demonstrated by derivatives of compounds 1 and 8.

© 2008 Elsevier Ltd. All rights reserved.

Osteoporosis is a debilitating disease that is caused by
an imbalance between bone matrix resorption and bone
remodeling. Cathepsin K, which is selectively and highly
expressed in osteoclasts, is a lysosomal cysteine protease
of the papain superfamily that has high homology to
cathepsins S and L.'? Studies using cathepsin K anti-
sense’® and cathepsin K deficient mice* have shown that
the proteinase is primarily involved in osteoclastic bone
resorption. Cathepsin K inhibitors therefore are re-
garded as a potential therapy for the treatment of bone
loss, such as osteoporosis.®> One significant consider-
ation in the design of cathepsin K inhibitors is selectivity
for its highly homologous lysosomal cysteine proteases,
cathepsins L and S. This has been shown to be possible
in many inhibitors having new scaffolds that have been
described in previous publications.®

As depicted in Figure 1, we have reported novel scaf-
folds, A,° B,® and C° for non-peptidic cathepsin K inhib-
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itors with P2 (R2 group in Fig. 1) and P3 (R1 group in
Fig. 1) moieties that make a significant contribution to
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Figure 1. Structure-based design of diverse pyrimidine-based scaffold.
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the interaction with S2 and S3 subsites. The derivatives
based on the scaffolds of purine nitrile A® are potent
inhibitors for cathepsin K but they exhibit only moder-
ate specificity toward the highly homologous cathepsins
L and S. Starting from the purine structure, cyano
pyrimidine amide B® has been explored as a series of
cathepsin K inhibitors. The novel scaffold C° derived
from the pyrimidine derivatives contributed to the dis-
covery of new and specific cathepsin K inhibitors. In this
communication, we report two additional new chemo-
types, cyano pryrimidine acetylene D and cyano pyrim-
idine f-amine E (Fig. 1).

In general, when designing selective inhibitors for cys-
teine proteases, it is crucial to create ideas to occupy
the S2 and S3 subsites by appropriate parts extending
from the core structure of the inhibitor. Of the various
types of the P2 substituents investigated, a neopentyl
as the P2 moiety of scaffolds B and C proved to be the
most favorable for the S2 subsite.®° Encouraged by this
observation, the neopentyl moiety was chosen as the
first candidate for the P2 moiety for the new scaffolds.
The modeling suggested that the P3 moiety can reach
to the S3 subsite if an appropriate rigid spacer could lin-
early extend from the S5-position of the pyrimidine to-
ward the S3 subsite. The compound 1 with acetylenes
as rigid linkers was designed as the first derivative for
scaffold D (Fig. 2). To further pursue the structural
diversity of the scaffold for cathepsin K inhibitor, we fo-
cused on the amino group at the 4-position of the pyrim-
idine. For scaffold E, the compound 8 was designed to
elucidate whether the appropriate residue at the 4-posi-
tion of the pyrimidine pointed toward the S3 subsite.

Unlike the peptidic inhibitors with rigorous hydrogen
bonds between the peptide sequence and amino acids
of the enzyme,'® non-peptidic inhibitors 1 and 8 may
have a flexible P2/S2 and P3/S3 interaction (molecular
parts colored by beige and pink in Figures 3 and 4,

N. Teno et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2599-2603

respectively). The acetylene inhibitor 1 displayed an
inhibitory activity for cathepsin K at single digit nM
range with 100-fold selectivity against cathepsins L
and S (Table 1). As indicated in Table 2, the parent com-
pound 8 for scaffold E represented moderate inhibition
for cathepsin K with selectivity against the highly
homologous cathepsins L and S. Therefore, both the
structures 1 and 8 were selected as a starting point for
further optimization. We expected to achieve a further
increase in the potency by extending the P3 moiety into
the S3 subsite in cathepsin K, which is a crucial binding
pocket comprising Asp61 and Tyr67. Crystal structures
of cathepsins L'" and S'? indicate that the correspond-
ing residues to the two amino acids in cathepsin K are
Glu63 and Leu69 in cathepsin L, and Lys64 and
Phe70 in cathepsin S. Since the comparison of the S3
subsites among human cathepsins K, L, and S revealed
significant variations, higher selectivity over related pro-
teases, cathepsins L and S, was anticipated.

1 3
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Figure 3. Compound 1 (beige) docked into the active site of human
cathepsin K.
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Figure 4. Compound 8 (pink), 10 (yellow), and 15 (orange) docked
into the active site of human cathepsin K.

Table 1. Inhibition of human cathepsins K, L, and S by compounds 1-

7
Compound 1C5* (nM)
Cat K Cat L Cat S
1 7.1 980 760
2 10 >1000 920
3 3.2 150 840
4 8.6 1000 460
5 7.2 190 68
6 7.1 >1000 >1000
7 3.7 >1000 800

#Inhibition of recombinant human cathepsins K, L, and S in a fluo-
rescence assay.’

Table 2. Inhibition of human cathepsins K, L, and S by compounds 8-
15

Compound 1C50* (nM)
Cat K Cat L Cat S
8 69 >1000 >1000
9 19 >1000 >1000
10 4.8 >1000 >1000
11 3.8 >1000 >1000
12 6.4 >1000 >1000
13 7.3 >1000 >1000
14 3.6 >1000 >1000
15 8.6 >1000 >1000

# Inhibition of recombinant human cathepsins K, L, and S in a fluo-
rescence assay.’

The initial design of the P3 moiety (R1 in Fig. 1) in scaf-
fold D or E aims to have electric and hydrophobic affin-
ity with Asp61 and Tyr67, respectively, in the S3 subsite
of cathepsin K. The designed derivatives having scaffold
D or E are illustrated in Figure 2.

The 1Cs, values of derivatives of 1 with scaffold D are
listed in Table 1. Acetylene inhibitors 2-5 having a hetero-
cyclic or a heteroaromatic group as the P3 moiety inhib-
ited cathepsin K equipotently to 1 but their selectivity
against cathepsin L and S showed a declining trend. In
particular, introduction of the imidazole derivative led

to the poorly selective inhibitor 5 against cathepsins L
and S. The sulfonamides 6 and 7 caused no substantial
change in a potency for cathepsin K and the selectivity
against cathepsins L and S. Although there is a possibility
on the optimization of the P3 moiety to improve the selec-
tivity against untargeted cathepsins, it turned out that 1,
6, and 7 are selective cathepsin K inhibitors.

The derivatives derived from 8 as representatives of scaf-
fold E are shown in Table 2. As indicated above and in
Figure 4, the structure of 8 implies that the para-substitu-
ents in the benzyl group of 8 contributed to the increase in
inhibitory activity against cathepsin K while having selec-
tivity against other cathepsins. Indeed, even synthetic
intermediate 9 showed an about 3.5-fold-increase in the
inhibitory activity for the target enzyme. In addition,
10-15 had substantial changes (8- to 18-fold-increase) in
the target enzyme inhibition compared to 8. As depicted
in Figure 4, compounds 10 (yellow) and 15 (orange) occu-
pied the critical subsites in the active site of cathepsin K.
Note here that all of the inhibitors listed in Table 2 had
no affinity to the highly homologous cathepsins L and
S. From the examples prepared in this series, it is evident
that the P3 moiety extended from scaffold E points toward
the S3 subsite of cathepsin K.

The synthesis of inhibitors discussed here is illustrated in
Schemes 1 and 2. The cyclization'*'* occurred
predominantly to yield 16 (scaffold C) under the condi-
tions, Pd(PPh;),Cl,, Cul, Et;N, DMF, 80 °C.° More-
over, we found that a change of the solvent to THF or
dioxane and/or reaction temperature (rt to 60 °C) in this
reaction led to non-cyclized product 1 (scaffold D). Fur-
ther investigation on the reaction condition using differ-
ent acetylenes as a starting material was carried out in
order to obtain non-cyclized derivatives as major prod-
ucts. The synthesis of 2-5 is outlined in Scheme 1, a cou-
pling of 17, and 19a and 19b (prepared from 18a and 18b
and bromo-ethyne) carried out by using Pd(PhCN),Cl,
and P(z-Bu); as catalyst and ligand'> gave 2 and 3,
respectively. The preparation of 4 and 5 was performed
by using Pd(PPh;),Cl,, Cul, Et;N, DMF, 60 °C. Sulfo-
nyl chloride derivatives 20 and 21 were coupled with
2216 to afford sulfonamide 6 and 7, respectively.

The 2-chloropyrimidin derivative 23 was prepared from
2,4-dichloropyrimidine and 2,2-dimethyl-propylamine,
which was coupled with commercially available benzyl
bromide derivatives to yield 24a—c (Scheme 2). Amina-
tion of 24¢ with 1H-[1,2,4]triazole in DMF gave 24d.
The intermediates, 24a, 24b, and 24d were reacted with
NaCN in DMSO-H,O0 to yield 8, 9, and 10, respectively.
The intermediate 25 was prepared by Sonogashira cou-
pling of 9 and prop-2-yn-1-ol in the presence of
Pd(PPh;),Cl, and Cul as catalysts. The hydroxyl group
of 25 was converted to chloride by methanesulfonyl
chloride to give 26. Various amines or heteroaromatic
derivatives were coupled with 26 to afford 11-15.

In summary, the new inhibitors reported here are an
important first step in tackling chemical modification.
The chemical modification of 1 and 8 with the scaffolds
D and E was focused on the P3 moiety which contrib-
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Scheme 1. Reagents and conditions: (a) Pd(PPh3),Cl,, Cul, Et;N, DMF, 80 °C, 2 h; (b) Pd(PPh;),Cl,, Cul, Et;N, THF, 60 °C; (c) DMF, 60 °C, 5—
7 h; (d) 17, PA(PhCN),Cl,, Cul, P(#-Bu)s, HN(i-Pr),, Dioxane, rt, 12 h; (e) 17, Pd(PPh;),Cl ,, Cul, Et;N, DMF, 60 °C, 0.5 h; (f) Et;N, CH,Cl,, 0 °C,

stirred at rt for 12 h.
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Scheme 2. Reagents and conditions: (a) K,CO;, THF, 80 °C, 8 h, 58%; (b) NaH, DMF, rt, 18 h; (c) DMF, rt, 18 h; (d) NaCN, DABCO, DMSO-
H,O0, 75 °C, 24 h; (e) Pd(PPh3),Cl,, Cul, EtN(i-Pr),, DMF, rt, 1 h, rt, 82%; (f) methansulfonyl chloride, EtN(i-Pr),, CH,Cl,, rt, 15 h; (g) various

amines or heteroaromatic rings (2.0 equiv), DMF, rt, 15 h.

uted to the selectivity against other cathepsins. The
capability of the novel chemotypes in the development
of cathepsin K inhibitors has been demonstrated by
the derivatives represented by 1 and 8, and appropriate
moieties extending from each scaffold engaged with key
pockets in the active site of cathepsin K.
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Abstract—We construct predictive QSAR models for hepatocyte toxicity data of phenols using Quantum Topological Molecular
Similarity (QTMS) descriptors along with hydrophobicity (logP) as predictor variables. The QTMS descriptors were calculated
at different levels of theory including AM1, HF/3-21G(d), HF/6-31G(d), B3LYP/6-31+G(d,p), B3LYP/6-311+G(2d,p) and MP2/
6-311+G(2d,p). The external predictability of the best models at the higher levels of theory is higher than that at the lower levels.
Moreover, the best QTMS models are better in external predictability than the PLS models using pK, and Hammett ¢* along with
log P. The current study implies the advantage of quantum chemically derived descriptors over physicochemical (experimentally

derived or tabular) electronic descriptors in QSAR studies.
© 2008 Elsevier Ltd. All rights reserved.

Phenols are widely distributed in edible plants and
found in tea, fruits and vegetables.!> Phenols are also
used in many industries as intermediates or as biocides
themselves.® They occur as industrial wastes and being
relatively soluble in water and detectable in rivers,
ponds, and soil, they are direct pollutants in the environ-
ment. They can also be produced by environmental deg-
radation of more complex molecules.* Phenols are
supposed to be the most toxic water pollutant as they
are carcinogenic in nature.>° Because of their prevalence
in the environment, human exposure to phenols is ubiq-
uitous, and thus there is much interest in determining
their potential hazard. Although the ability of polyphe-
nols to protect cell from the oxidative stress has been
demonstrated, there is increasing evidence of their pro-
oxidant cytotoxicity.” The toxicity of phenols is confus-
ing as the same polyphenol compounds can behave both
as antioxidants and prooxidants, depending on concen-
tration and free radical source.® '! Exposure of mamma-

Keywords: QTMS; Toxicity; Ab initio; Phenols; QSAR; External val-
idation; Electron density; Atoms in molecules; Quantum chemical
topology.
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lian cells to polyphenols is accompanied by an increase
in intracellular reactive oxygen species levels.!? The
mechanism underlying the toxicity of phenols is mainly
related to lipophilicity and electrophilic effects.' 13

Phenols are important in nutrition and medicine given
their cytotoxic potential. Second, they are prevalent in
the environment and are likely to elicit often unknown
ecotoxic effects. Hence, there is much interest recently
in applying quantitative structure—activity relationships
(QSARs) to predict the toxic potential of phenolic com-
pounds. Liu et al. have explored a QSAR for toxicity of
chlorophenols on 1929 cells.'® Padmanavan et al. have
used group philicity and electrophilicity as possible
descriptors for modelling ecotoxicity applied to chlor-
ophenols.? Rule-based ensemble modelling was applied
to develop a model with predictive capability for distin-
guishing between four different modes of toxic action for
a set of 220 phenols by Norinder et al.!” A three-dimen-
sional QSAR study has been reported for in-vitro toxic-
ity of chlorophenols to HepG2 cells.!® Aptula et al. have
modelled toxicity of di- and trihydroxybenzenes to Tet-
rahymena pyriformis using hydrophobilicity and electro-
philicity indices.!> Non-linear QSAR modelling of the
toxicity of phenol derivatives to Tetrahymena pyriformis
has been reported by Devillers.!® Schiiiirmann et al. re-
ported stepwise discrimination between four modes of
toxic action of phenols in the Tetrahymena pyriformis
assay.?’ Determination of mechanisms of toxic action
of phenols to Tetrahymena pyriformis by QSAR
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methods has also been reported by Ren.?! Wang et al.
have reported mechanism-based QSARs for the inhibi-
tion of substituted phenols on germination rate of Cuc-
umis sativus.*>

Moridani et al.?? have reported quantitative structure—
toxicity relationships of phenols in isolated rat hepato-
cytes using log P, pK, and Brown’s variation of Ham-
mett electronic constant (¢'). Physicochemical
electronic descriptors (pK, and ¢") are important in this
data set, which prompts the use of quantum topological
molecular similarity (QTMS) indices since they are
known to be successful.?*?° The data set of Moridani
et al.?? serves as a data source for the present work.
The objective is to obtain models with improved predic-
tive ability and better linked to modern ab initio wave-
functions. The details of QTMS descriptors can be
found in the previous publications.?*2°

To start with, an estimated geometry was obtained using
the program GaussView,3° which was then passed on to
the ab initio program GAUSSIANO03.3! We used, in suc-
cession, AM1, HF/3-21G(d), HF/6-31G(d), B3LYP/6-
31+G(d,p), B3LYP/6-311+G(2d,p) and MP2/6-
311+G(2d,p), passing on the optimised geometry of
each level as a starting geometry for the next. Since
the AM1 level is unable to produce a sensible topology,
only bond lengths were retrieved from it. Second, the
wavefunction was read by a local version of the program
MORPHY98,3? which locates the BCPs using an auto-
matic and robust algorithm.** The BCP descriptors of
eight common bonds of the phenolic compounds (six
C-C aromatic bonds, one C-O bond and one O-H
bond) were considered as variables for the statistical
model development. Thirdly, the program SIMCA3*
was used for partial least squares (PLS) analysis of the
data set. PLS is a generalization of regression, which
can handle data with strongly correlated and/or noisy
or numerous independent variables.?® It gives a reduced
solution, which is statistically more robust than Multiple
Linear Regression (MLR). The linear PLS model finds
‘new variables’ (latent variables (LV) or independent
scores) that are linear combinations of the original vari-
ables. To avoid overfitting, a strict test for the signifi-
cance of each consecutive LV is necessary and no new
LVs are added when they become non-significant. Cross
validation is a practical and reliable method of testing
this significance.>® For the development of the PLS
models, a hierarchical method was adopted. Initially,
for each level (except AM1), PLS models were devel-
oped for each category of descriptors, that is, p, VZp,
¢, 4, K, G, and equilibrium bond lengths. Note that 4,
iz and /3 are lumped together into the class of A. There
are 3 x 8 = 24 descriptors in the class of A while in other
classes there are only eight. At the outset, models were
tried with all available descriptors, but subsequently,
descriptors with smaller VIP (variable importance for
the projection) values were gradually deleted until a
model with the best O (leave-one-seventh-out cross val-
idation) was obtained. Then, using important descrip-
tors appearing in the PLS equations of different
descriptor classes, the PLS model for the combined set
of descriptors was developed.

The main target of any QSAR modelling is that the
developed model should be robust enough to be capable
of making accurate and reliable predictions of biological
activities of new compounds.’”° So, QSAR models
that are developed from a training set should be vali-
dated using new chemical entities for checking the pre-
dictive capacity of the developed models. The
validation strategies check the reliability of the devel-
oped models for their possible application on a new
set of data, and confidence of prediction can thus be
judged.*® In many cases, enough new chemicals being
unavailable for prediction purpose, the original data
set is divided into a training set and a test set. For the
present work, the compounds were ranked according
to the toxicity values and every fourth compound was
selected as a test set compound. Preliminary modelling
showed three compounds as outliers. They were re-
ported to have a different mode of action in the original
paper.?* These three compounds are catechol, hydroqui-
none and 2-nitrophenol, which are also reported to be
outliers in other studies.!®*! Thus, these compounds
were not considered in the present study.

For external validation, a predictive coefficient R ored Was
calculated via Eq. 1,

_ Z(Yobs B Ypred)2
Z(Yobs - 7Training)2

where Y,,s and Y4, respectively, represent the ob-
served and predicted toxicity values of the test set com-
pounds, while YTmmmg represents the mean observed
value of the training set. The R;_; value is in part con-
trolled by the magnitude ofP Ytesl Ytrammg)z. The
squared regression coefficient (r) between observed
and predicted values of the test set compounds does
not necessarily indicate that the predicted values are
very near to observed activity values (there may be con-
siderable numerical differences between the values in
spite of maintaining a good overall intercorrelation).
To better indicate the external predictive capa01ty of a
model, a modified 7* term (2,), defined before,*? is given
in Eq. 2,

2
R pred —

(1)

r}zn:r2<l— r2—ré> (2)

The magnitude 73 in Eq. 2 represents the squared corre-
lation coefficient between the observed and predicted
values of the test set compounds setting the mtercept
to zero.*> Note that 7 is always larger than 7. In case
of good external prediction, predicted Values will be very
close to observed activity values. So, the > value will be
very near o the 2 value. In the best case, 72 will be
equal to 7 whereas in the worst case re value will be
Zero.

For all the developed models we have reported the coef-
ficient of Varlatlon (R?), leave-one-seventh-out cross-val-
1dat1on R* (Q?) for the training set and the L ol
and 72, values for the test set. The final models were also
subjected to a randomisation test. In this test, the toxic-
ity data (Y) are randomly permuted keeping the descrip-
tor matrix intact, followed by a PLS run. Each
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randomisation and subsequent PLS analysis generates a
new set of R* and O values, which are plotted against
the correlation coefficient between the original Y values
and the permuted Y values. The intercepts for the R
and Q7 lines in this plot are a measure of the overfit.
A model is considered* valid if R <04 and
0;, < 0.05.

Moridani et al.??> employed MLR to model the data set
(Table S1 in Supplementary Data) using log P, and pK,
and ¢" as the electronic descriptors. They tried bond dis-
sociation energy and a redox potential as additional
electronic descriptors, but the data for these descriptors
are not available for all the compounds presented in
their paper. Furthermore, the QSAR relations with
these two descriptors were inferior?® to those containing
pK, and ¢". Hence, we will compare our results only to
the QSAR models involving pK, and ¢ in addition to
log P.

Here we compare our models to those of Moridani
et al.2> As QTMS does not encode for hydrophobicity
we have retained log P in all our models. Since hydro-
phobicity is an important descriptor for hepatocyte tox-
icity,?? log P appears as a significant contributor in all
the models. Our objective is increasing the predictive po-
tential of the models using QTMS descriptors instead of
o' and pK,. Since we used PLS rather than MLR and
since we divided the data set into a training and a test
set, we cannot directly compare our results to those of
Moridani et al.?}

A preliminary PLS model of the data matrix composed
of log P, pK, and ¢" led to a model with one LV show-
ing a R? value of 0.565 and a Q? value of 0.330. The PLS
score plot in Figure S1 (in Supplementary Data) clearly
shows three outliers: 2-nitrophenol, catechol and hydro-
quinone. These compounds were not considered in the
rest of the analysis.

Table 1 summarizes all PLS models. We first discuss the
three models with only physicochemical electronic
descriptors. Model 1 was developed from logP and
pK, using one LV. This gave a Q* value of 0.696 while
the R? value for the training set was 0.759. When this
model was used to predict the toxicity values of the test
set compounds, the R, value was found to be —0.345
and the 72 value was 0.018. Clearly, although model 1
passes the internal cross-validation test (since
0% >0.5), the predictive capacity of the model based
on the test set is practically nil. Model 2 involves log P
and ¢*, leading to a Q* value of 0.823 and a R’ value
of 0.864. The predictive capacity of the model was found
to be acceptable (R}, = 0.616, r7, = 0.544). The third
model used all three descriptors (logP, pK, and c").
This one-LV model showed results (Q°=0.782,
R* =10.850, Rfmd = 0.409, 2 = 0.391) inferior to model
2. Clearly, using the physicochemical descriptors, model
2 is the best one showing acceptable internal and exter-
nal validation parameters.

Now we discuss the models containing QTMS descrip-
tors, systematically increasing the level of theory. At

AMI1 level, only bond distances were considered as
descriptors. At the start all eight bond lengths along
with log P were considered as descriptors, followed by
deletion of less significant descriptors based on VIP val-
ues, eventually resulting in model 4. A two-LV model
(model 4) with three descriptors (one of them being
log P) showed a R’ value of 0.832 and Q° value of
0.787 for the training set. When the model was used to
predict the toxicity values of the test set compounds,
the R2 , and r2 values were found to be 0.511 and
0.479, respectively. Clearly, model 4 is inferior to model
2. Hence we proceed to the higher levels of theory.

At HF/3-21G(d) level we obtain eight models, one of
which was developed from the pool of all descriptors.
Based on both internal validation and external valida-
tion characteristics, the best model was derived from
bond lengths (model 5). Model 5 with six descriptors
and three LVs showed R*> and Q? values of 0.890 and
0.808, respectively, for the training set, and R;red and

72 values of 0.667 and 0.570, respectively, for the test

set. Clearly, this model is better in both internal and
external validation characteristics than model 2, which
is based on ¢". The next best model was based on the
ellipticity descriptor (model 8). This model shows R
and O values of 0.790 and 0.780, respectively, for the
training set and R?_, and 2, values of 0.710 and 0.568,
respectively, for the test set and thus this model is infe-
rior to both model 2 and model 5 (however, 12 value of
model 8 is better than those of model 2). While consid-
ering all descriptor types, model 12 containing six
descriptors and three components gave acceptable inter-
nal validation characteristics (Q* = 0.756), but the exter-
nal validation parameters are miserably poor.

At the next level, HF/6-31G(d), we again derived eight
models (models 13-20), as is the case for all higher lev-
els. The best model at this level came from the pool of all
descriptors (model 20). Model 20 with eleven descriptors
and four LVs gave excellent R* (0.911) and Q7 (0.815)
values while the external validation parameters were
very good (le,red =0.730, r2, = 0.796). This model was
better than models 2 and 5 in both internal and external
validation characteristics. Only considering models built
from descriptors from a single class, model 18 with seven
K descriptors (R*>=0.879, 0*=0.791) closely follows
model 20. The R, value of model 18 is slightly higher
than that of mocfel 20; however, the 2, value (0.734) of
model 18 is lower than that of model 20. In search of
models for higher predictive capacity (external predict-
ability), BCP properties were calculated at still higher
levels.

Models 21-28 were obtained at B3LYP/6-31+G(d,p) le-
vel. Based on the external validation characteristics,
model 22 with four descriptors and two LVs showed a
predictive R* value of 0.774 and 2, value of 0.786. These
values are marginally lower than the corresponding val-
ues of model 20 obtained at the HF/6-31G(d) level. The
R? and Q? values for training set for model 22 are 0.867
and 0.790, respectively. Another model (model 26) with
four K descriptor shows R? , and 72, values lower than
those of model 22, but the internal validation character-
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Table 1. Comparative analysis of QSAR models based on hierarchical PLS for hepatocyte toxicity data

Level of theory Model no.  Type of descriptors ~ No. of LV¢ R? 0? Rlz)red P r 2
in addition to logP  descriptors
MP2/6-311+G(2d.p) 44 All 4 2 0.847  0.780 0.525  0.561 0.531  0.464
43 G 8 2 0.869  0.797 0.889  0.891 0.890  0.863
42 K 3 2 0.874  0.839 0.733  0.734 0.732  0.701
41 2° 3 2 0.814  0.612 —0.736  0.059 —-0.543 0.013
40 & 6 2 0.831  0.738 0.287  0.369 0.348  0.316
39 Vf, 4 2 0.838  0.752 0.593  0.596 0.592  0.558
38 P 3 2 0.860  0.816 0.761  0.780 0.754  0.654
37 Distance 3 2 0.843  0.803 0.474  0.497 0.481  0.434
B3LYP/6-311+G(2d,p) 36 All 4 2 0.788  0.740 —0.252  0.085 —0.176  0.042
35 G 7 2 0.886  0.857 0.810  0.878 0.842  0.711
34 K 7 3 0.886  0.768 0.814  0.821 0.820  0.795
33 7 13 3 0.856  0.634 0.687  0.679 0.677  0.649
32 & 5 2 0.841  0.749 0.009  0.156 0.084 0.114
31 Vf} 4 2 0.833  0.721 -0.704  0.012 —-0.495  0.003
30 P 6 3 0.889  0.798 0.744  0.735 0.734  0.712
29 Distance 4 2 0.871  0.829 0.250  0.831 0.245  0.195
B3LYP/6-31+G(d,p) 28 All 7 4 0.908  0.800 0.776  0.795 0.774  0.680
27 G 4 2 0.859  0.817 0.583  0.576 0.564  0.513
26 K 4 3 0.897  0.809 0.706  0.698 0.698  0.698
25 A 4 2 0.883  0.824 0.547  0.542 0.528  0.478
24 & 2 1 0.733  0.694 0.065 0.124  —0.128  0.062
23 \% 2 1 0.728  0.701 —0.749  0.000 —0.662  0.000
22 P 4 2 0.867  0.790 0.774  0.786 0.786  0.786
21 Distance 5 2 0.908  0.834 0.376  0.733 0.414  0.319
HF/6-31G(d) 20 All 11 4 0.911  0.815 0.730  0.796 0.796  0.796
19 G 5 2 0.811  0.747 0.313  0.292 0.291  0.283
18 K 7 3 0.879  0.791 0.733  0.734 0.734  0.734
17 2 9 3 0911  0.830 0.670  0.764 0.753  0.674
16 & 2 1 0.805  0.800 0.665  0.697 0.697  0.697
15 Vf} 4 3 0.842  0.765 0.570  0.570 0.568  0.545
14 P 5 3 0.898  0.816 0.515  0.501 0.499  0.479
13 Distance 4 2 0.834  0.769 0.675  0.780 0.737  0.618
HF/3-21G(d) 12 All 6 3 0.828  0.756 0.128  0.162 0.106  0.124
11 G 3 2 0.816  0.767 0.191  0.204 0.106  0.164
10 K 7 3 0.855  0.771 0.386  0.357 0.357  0.357
9 A 3 2 0.795  0.735 —0.330 0.041 —-0.241  0.019
8 B 2 1 0.790  0.780 0.644  0.710 0.670  0.568
7 \% 5 1 0.787  0.733  —10.42 0.023  —0.264 0.011
6 p 7 3 0.908  0.809 0.434  0.702 0.481  0.372
5 Distance 6 3 0.890  0.808 0.667  0.726 0.680  0.570
AM1 4 Distance 3 2 0.832  0.787 0.511  0.495 0.494  0.479
Physicochemical 3 " +pk, 3 1 0.850  0.782 0.410  0.409 0.407  0.391
2 a 2 1 0.864  0.823 0.616  0.625 0.608  0.544
1 pK, 2 1 0.759  0.696 —0.345 0.039 —0.263 0.018

Bold models indicate the best two models (for each level of theory) according to 72, values.

% Number of latent variables.
°J1, 25 and Js.

istics (0% =0.809) of model 26 are marginally higher
than model 22. It is important to note that the best mod-
el at this level, based on internal validation, is model 21
with a Q? value of 0.834; however, the external predic-
tive capacity of this model is miserable (Rfmd = 0.376,
r2 =0.319). However, the squared correlation coeffi-
cient (r?) between the observed and predicted values of
the test set compounds shows a high value (0.733) signi-
fying the redundancy of this (r*) parameter. Model 28,
which is based on the pool of all descriptors, shows
the highest R” for the training set (R> = 0.908) and the

07 value is very near to that of models 22 and 26. The
predictive R* value (0.776) of this model is also higher
than that of models 22 and 26, but the 72 (0.680) value
is lower than the corresponding values of models 22 and
26.

Models 29-36 were obtained at B3LYP/6-311+G(2d,p)
level. Based on external validation, model 34 with seven
K descriptors and three LVs is the best one at this level.
The Rf,red and 2 values of this model are 0.814 and
0.795, respectively. Obviously, this model is far better
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in external predictability than model 2 using ¢* as elec-
tronic descrlptor The internal validation parameter Q*
of model 34 is also very encouraging (0.768). However,
another model (model 35) based on G descriptors shows
a hlgher 0’ value (0.857) while showing comparatively
lower R2__, and 72, values (0.810 and 0.711, respectively).
Model 36 based on the pool of all descrlptors shows an
acceptable O value (0.740), but external predictability
of the model is practically nil. The root mean square er-
rors of prediction (RMSEP) of models 34 and 35 are
0.229 and 0.231 whereas root mean square errors of esti-
mate (RMSEE) for the training set in both cases are
0.187.

At the MP2/6-311+G(2d,p) level, models 37-44 were ob-
tained. For the models at this level, compound 6 had to
be omitted from the training set because of RAM short-
age to calculate the corresponding wavefunction. How-
ever, all seven test set compounds were used to
validate the external predictability. Based on external
validation, model 43 with eight G descriptors and two
LVs shows R, and r}, values of 0.889 and 0.863,
respectively, which are hlgher than those of any other
model. The internal validation parameter (Q%) of model
43 is also very good. However, another model (model
42) involving K descrlptors shows a higher Q* value
while showing lower R2 , and 72 values. The model 44
based on all descrlptors shows an acceptable Q” value
while the R?_, and 72, values are poor. The RMSEE val-
ues of moé)els 42 and 43 are 0.198 and 0.202, respec-
tively, while RMSEP values are 0.272 and 0.175,
respectively.

Selected models were subjected to randomisation test
with 100 permutations (default** is 20) in each case.
For all the models tested, R}, values are less than 0.4
and Q; values are less than 0.05 (Table S2 in Supple-
mentary Data). This indicates that the models are not

obtained by chance.

Discussing the data as a whole we can note the follow-
ing. Hydrophobicity (logP) being very important for
hepatotoxicity of phenols,>® the log P term appears in
all the models developed. Among the electronic descrip-
tors, pK, and ¢" have been used. Using physicochemical
electronic descriptors, the best model was model 2 (with
o) showing 61.6% predicted variance (external) and
82.3% predicted variance (internal). As our objective
was to replace physicochemical descriptors with compu-
tationally derived (i.e. quantum chemical) electronic
descriptors to develop models with better external pre-
dictability, we developed models with QTMS descrip-
tors calculated at different levels of theory starting
from AMI to MP2. Based on R’ ;. r* and r2, as metrics
to denote external predictability, the best "model was
model 43 with G descriptors at the highest level [MP2].
This model showed Rzred, r* and 72, values of 0.889,
0.891 and 0.863, respectlvely, which are considerably
higher than the corresponding values of model 2
(0.616, 0.625 and 0.544, respectively). When internal val-
idation characteristics were considered, the best model
was model 35 obtained at B3LYP/6-311+G(2d,p) level.
This model shows a Q* value of 0.857, which is slightly

higher than the corresponding value of model 2 (0.823).
It should be remembered that only external validation
can indicate the true predictability of a model.

We conclude that replacing physicochemical electronic
descriptors with computationally derived quantum
chemical (QTMS) descriptors increases external predict-
ability of QSAR models for hepatocyte toxicity data of
phenols. Moreover, experimental values of pK, or tabu-
lar value of ¢" may not be available for all new query
compounds. In such cases, computationally derived
QTMS descriptors give an extra advantage. The predict-
ability increases specially at the higher levels of calcula-
tions. This reconfirms the advantage of using quantum
chemically derived descriptors instead of physicochemi-
cal (experimentally derived or tabular) electronic
descriptors in QSAR studies.
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Abstract—The synthesis and AF508-CFTR corrector activity of a 148-member methylbithiazole-based library are reported. Syn-
thetic routes were devised and optimized to generate methylbithiazole analogs in four steps. Corrector potency and efficacy were
assayed using epithelial cells expressing human AF508-CFTR. These structure—activity data establish that the bithiazole substruc-
ture plays a critical function; eight novel methylbithiazole correctors were identified with low micromolar potencies.

© 2008 Elsevier Ltd. All rights reserved.

Cystic fibrosis (CF), a lethal genetic disease afflicting
~0.04% of white individuals,! results in chronic lung
infections because mutant cystic fibrosis transmembrane
conductance regulator (CFTR) protein fails to confer
chloride permeability to epithelial cells in lung and other
tissues.”? AF508-CFTR, the most common CF mutation
(present in at least 1 allele in ~90% of CF patients),’
contains a single amino acid deletion of phenylalanine
508, which causes the nascent protein to be retained in
the endoplasmic reticulum and rapidly degraded.* When
allowed to reach the cell plasma membrane by low-tem-
perature (27 °C) rescue, AF508-CFTR can function as a
cAMP-activated chloride channel, but with significantly
decreased activity compared with WT-CFTR.* While
programs aimed at the discovery of small-molecule effec-
tors of defective AF508-CFTR folding and cellular pro-
cessing (e.g., correctors) and channel gating (e.g.,
potentiators) have identified a number of AF508-CFTR
potentiators,® the discovery of effective correctors is a
substantially greater challenge as protein folding and
trafficking are complex processes involving multiple cel-
lular targets, some of which may be cell type-specific. As
previously reported, we identified several small-molecule
AF508-CFTR correctors [aminoarylthiazoles (e.g., 1
and 2), quinazolinylaminopyrimidinones (e.g., 3), and

Keywords: AF508-CFTR correctors; Bithiazole; Structure-activity;

Small-molecule library.
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8995; e-mail: mjkurth@ucdavis.edu
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4’'-methyl-4,5'-bithiazole (e.g., 4); Fig. 1] by screening a
structurally diverse set of 150,000 compounds.® Func-
tional and biochemical analyses established methylbi-
thiazoles as particularly promising for further
development based on their efficacy in human AF508-
CFTR airway epithelial cells and their CFTR-specific-
ity. Herein, we report the preparation and screening of
148 new methylbithiazole analogs aimed at establishing
initial SAR data for this lead class of correctors.

To verify our initial screening result as well as to develop
an effective route to methylbithiazoles, we began with a
resynthesis of corrector 4. This work commenced by treat-

ing 3-chloropentane-2,4-dione with thiourea (Scheme 1)
under reflux in absolute ethanol; 5-acetyl-2-amino-4-

MeO @
HsC \ /)
\
@E N N>]/NH HyC \>_NH

2

HNU& %(j 5Q$*

Figure 1. Correctors of defective human AF508-CFTR.
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19 8 OH, A 0
EtOH, N
M + )k —_— > )‘\\
H,N NH, 12h s
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condltlons

oo o4 3

Scheme 1. Aminothiazole N-acylation problem. Reagents and condi-
tions: (1) Et3N (1.2 equiv), C¢HsCOCI, DCM, 0 °C to rt, overnight, 5
is recovered; (2) Et;N (1.2 equiv), C¢HsCOCl, DCM, 0°C to rt,
overnight, except 5 was pre-washed with 10% aq NaOH, results in
complex mixture; (3) Ets;N (1.2 equiv), CsHsCOCI, toluene, reflux,
overnight, 5 is recovered + trace of 6; (4) i-Pr,NEt (15equiv),
CsHsCOCl (10 equiv), DCM, rt, overnight, 5 is consumed, mono-
and bis-benzoylation products.

methylthiazole (5) was obtained in 90% yield. Surpris-
ingly, attempts to N-acylate the C2-amino moiety in 5
with benzoyl chloride under various bases, solvents, and
temperature conditions failed or delivered the targeted
N-acyl aminothiazole 6 in low yield. While perhaps sur-
mountable in any particular case, the malfunction of
5 — 6 is a consequence of the 5-acetyl moiety reducing
the nucleophilicity of the C2-amino group of 5. Since
the plan was to ultimately diversify with a spectrum of
acid chlorides, this problematic reaction caused us to eval-
uate the inverse of these two reactions—that is, use ben-
zoyl isothiocyanate as the starting material in place of
thiourea (Scheme 2). Passing ammonia gas through a
dichloromethane solution of benzoyl isothiocyanate
delivered N-carbamothioylbenzamide (7) which then re-
acted with 3-chloropentane-2,4-dione to afford 6 in good
yield. a-Bromination of the acetyl group of 6 proved to be
quite challenging with the recovery of unreacted 6 being
the principle issue [Bry on Amberlite A-26 resin, CHCls,
rt, 24 h/no reaction; Br, in AcOH, rt, 24 h/>50% recov-
ered 6; NBS, CHCI;, reflux, 24 h/>50% recovered 6].
Pyridinium tribromide in a 30% HBr in acetic acid solu-

o] step 1 o s step 2
NHgz, DCM PIq EtOH, A
N=C=S ~ oo n H NH, °:§j<
step 3

/Q o) pyrH* Br3 )\
30% HBr in HOAc
step 4

EtOH A )\ J\
[ j \\OMe

H2N N
H oMe R2
9 NH4S\CN cl
1.5 M ag. HCI, A Q
H2N

OMe

Scheme 2. Synthesis of corrector 4.

tion resolved this problem, presumably because this
strongly acidic medium promotes enolization. Finally,
bromoacetyl thiazole 8 (obtained from 6) was treated with
thiourea 9, in turn prepared by the reaction of 5-chloro-2-
methoxyaniline with ammonium thiocyanate, in refluxing
ethanol to deliver corrector 4 in excellent yield. Impor-
tantly, no chromatic purifications were required through-
out the four-step process outlined in Scheme 2.

The concentration—activity data for resynthesized meth-
ylbithiazole 4 are shown in Figure 2 where the dashed
line indicates the level of activity with low-temperature
(27 °C) rescue which is used as a positive control and
reference. Activation of AF508-CFTR was confirmed
for each of the compounds by showing no activity on
non-transfected FRT cells and near-complete inhibition
of the increased iodide influx by the thiazolidinone
CFTR;,,-172 at 10 pM (data not shown).”

To establish SAR information, it was decided to begin
by making a small collection of analogs of 4 in which
the N-(4'-methyl-4,5'-bithiazol-2'-yl)benzamide moiety
was held constant while the aniline moiety was varied.
As outlined in Scheme 3, each of these derivatives was

an
dt
(uM/s)

0- ‘ ‘
0.1 1 10
[methylbithiazole 4] (uM)

Figure 2. Concentration—activity analysis of methylbithiazole 4

(mean * SE, n =4).
Hs
1
N S
H Br

HzN’Ar 8

NH,SCN
15Magq. HCI, A ”2NJLN -Ar| EIOH, A
held o P
eld—, .-~
constant =, 0 N/\g_(/\s K
o Ps = CAr
I3 N2°S N7 2 ")
i H —---mm-e- ~H/
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a: Ar = p-MeCgH4
b: Ar=p-MeOCgH,
c: Ar=p-FCgH,
d: Ar:m-FCGH4
e: Ar=m-MeOCgH,
f: Ar=p-CICgH,
g: Ar = m-Cl(0-MeO)CgHz
h: Ar = 0-CI(m-Cl)CgH3

Scheme 3. Aniline derivatives of the methylbithiazole corrector.
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Figure 3. Maximal iodide influx in AF508-CFTR-expressing FRT cells incubated at 37 °C for aniline-based methylbithiazole correctors 10a-h (see
Scheme 3) compared with 4a (C, negative DMSO vehicle control) (mean £ SE, n =4, *P < 0.05 tested by Student’s test comparing with C).

available in one step by condensation of the appropriate
arylthiourea with 8.

The corrector efficacies of methylbithiazoles 10a-h are
summarized in Figure 3. Although all eight of these
methylbithiazoles were less effective correctors of
AF508-CFTR than the initial hit compound 4, we were
encouraged to find that three (10f, 10g, and10h) were
moderately effective. Indeed, compounds 10g and 10h
showed comparable corrector activity to 4 at both 10
and 25 uM concentrations. Additionally, this small set
of compounds established that placing an electron with-
drawing fluorine group on the aniline moiety (e.g., 10c
and 10d) caused a significant decrease in activity and this
decrease was independent of where the fluoride was lo-
cated (10c and 10d). This small initial set of compounds
established that the peripheral modification of the meth-
ylbithiazole core modulates corrector activity and, as
such, a broader study of the amide and aniline substruc-
tures of methylbithiazole 4 was undertaken.

With these data for bithiazoles 10a-h in hand, a 40-
member second library set (11Aa-11Dj; Fig. 4) was pre-
pared by reagent-based modification of the protocol
outlined in Scheme 2 (e.g., the isothiocyanate employed
in step 1 incorporate aryl moieties A—D and the N-aryl
thioureas used in step 4 incorporated aryl moieties a—
i)- Based on the results with 10c and 10d, fluorine was
precluded from the R? aryls.

While library set two was under preparation, a third li-
brary set was targeted in which R' diversity (Scheme 2)
was expanded to include non-aryl substituents. Scheme
2 chemistry afforded high yielding reactions and re-
quired no chromatographic purifications, but R! diver-
sity in the bithiazoles accessible by this chemistry was
limited in that few isothiocyanates are commercially
available. Since previous attempts at benzoylation
5 — 6 (Scheme 1) were problematic, it was decided to
construct library set three by assembly of the bithiazole
first with subsequent N-acylation (Scheme 4). It was
postulated that the C2’-amino group in the planned 4'-
methyl-N-aryl-4,5’-bithiazole-2,2’-diamine intermediate
(e.g., 14a—j) would be considerably more nucleophilic
than the corresponding amine in aminothiazole 5 with

f "Ws
1* )‘\S N/)\ .R2?

11Aa-11Dj
R! R2
H ci
E} O 1;
Now \ \
c o, . a b CHa c CHy
o
o, O 1; )
cl VAR W W
B | d e ¢ f OMe
i OMe OMe
CI\©\ | /(j
VAREER \\/@ N
c i g h OMe i OMe
"L, Q
VAR
Di ' OEt

Figure 4. Library set two bithiazoles.

its C5 acyl moiety. In addition, adding the R' diversity
input in the last step was expected to provide consider-
able time- and labor-saving benefits, particularly with
regards to product purification.

Bromination of 5 using pyridinium tribromide plus 30%
HBr in acetic acid afforded 12 in 50% yield. While the
isolated product yield of this reaction was significantly
lower than the nearly quantitative bromination 6 — 8,
the cause of this modest yield was the water solubility
of the ammonium salt of 12. Aromatic thioureas 13a—j
were prepared by bubbling ammonia gas through the
commercially available aromatic isothiocyanates in
dichloromethane. After simply evaporating the dichlo-
romethane, pure aromatic thioureas 13a—j were obtained
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Scheme 4. Synthesis of library set three bithiazoles.

in high yield. Bromothiazole 12 was subsequently re-
fluxed in ethanol with thioureas 13a-j to afford C2’-
aminobithiazoles 14a—j in 60-80% yields. These com-
pounds were contaminated by the modest quantities of
impurities which proved difficult to remove by flash col-
umn chromatography as product and impurity R; values
were similar. Consequently, the crude C2’-aminobithiaz-
oles were used in the next step without purification. As
hoped, acylation of the C2’-amino moiety of 14a—j with
various acid chlorides in the presence of triethylamine in
chloroform afforded library set three bithiazoles 15Ea—
15Nj (Scheme 4). LC-MS analysis of this last reaction
generally showed 40-60% reaction completion. Addi-
tional reaction time or the addition of more acid chlo-
ride made product purification more difficult due to a
corresponding increase in side products. Upon work-
up, the products were purified by prep-HPLC and again
analyzed by LC-MS. All showed 90% or better purity as
well as the correct molecular ion peak.

The Ky/Vmax data for the eight most active methylbi-
thiazoles from 11Aa-11Dj and 15Ea-15Nj series are
shown in Figure 5. It is interesting to note that six out
of the eight best methylbithiazole share either a 4-chlo-
robenzamide (11Ca, 11Cd, 11Ci) or a pivalamide
(15Jf, 15Jh, 15Jj) at the C2’-position and five out of
these eight share either o-methoxy or o-ethoxy aromatic
amines (11Ci, 15Jf, 15Jh, 15Jj, 15Ni) at the C2-position.

When there is a p-substituted aromatic amide at the C2'-
position (11Ca, 11Cd, 11Ci, 11Dd), p-substituted aro-
matic amines at the C2-position have elevated activity
(11Ca, 11Cd, 11Dd). It is also interesting that bithiazole
15Ni, which presents a relatively long alkyl amide chain,
expressed comparable corrector activity. None of the
methylbithiazoles incorporating a 2,4-dichloroaniline

Cl
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o N S
: J M)\
{ NS Ny
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4 OMe
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122 49 0.9
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Figure 5. K4/Vy.x data for the most active bithiazoles in library sets
two and three.

substituent showed AF508-CFTR corrector activity.
Nevertheless, among the bithiazoles screened (including
the original hit 4), new bithiazole 15Jf is the most effec-
tive corrector as judged by both V., and Ky data.

AF508-CFTR corrector activity measurements were
made in this study as described previously® using FRT
epithelial cells stably co-expressing human AF508-CFTR
and the sensitive halide-sensing green fluorescent protein
YFP-H148Q/1152L.3 Cells were grown at 37 °C (90%
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humidity; 5% CO,) for 24 h and then incubated for 20 h
with 50 pl of medium containing the test compounds.
At the time of the assay, cells were washed with PBS
and then incubated with PBS containing forskolin
(20 uM) and genistein (50 uM) for 20 min. Measurements
were carried out using FLUOstar fluorescence plate read-
ers (Optima; BMG LABTECH GmbH), each equipped
with 500 + 10 nm excitation and 535 * 15 nm emission
filters (Chroma Technology Corp.). Each well was as-
sayed individually for iodide influx by recording fluores-
cence continuously (200 ms per point) for 2 s (baseline)
and then for 12 s after rapid (<1 s) addition of 165 ul
PBS in which 137 mM chloride was replaced by iodide.
The iodide influx rate was computed by fitting the final
11.5 s of the data to an exponential for the extrapolation
of initial slope and normalized for the background-sub-
tracted initial fluorescence. All experiments contained
negative controls (DMSO vehicle) and positive controls
(methylbithiazole 4).

In conclusion, we have developed two versatile synthetic
routes for the reliable preparation of bithiazole deriva-
tives. Screening data for the 148 bithiazoles provides
valuable structural activity information. In particular,
the information gathered from bithiazoles 11Ca, 11Cd,
11Ci, 11Dd, 15Jf, 15Jh, 15Jj, and 15Ni is guiding our
ongoing efforts to further refine and improve the
AF508-CFTR corrector activity of bithiazoles.
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Abstract—4’-Modified noraristeromycin (NAM) analogs, 4’-sulfo-, 4’-sulfamoy, 4’-azido and 4’-amino-NAM, were systematically
synthesized. The inhibitory activities of these analogs and related compounds against Plasmodium falciparum and human S-aden-

osyl-L-homocysteine hydrolase were investigated.
© 2008 Elsevier Ltd. All rights reserved.

S-Adenosyl-L-homocysteine hydrolase (SAHH) is the
enzyme that catalyzes the breakdown of S-adenosylho-
mocysteine (SAH) to homocysteine and adenosine.!
SAH is a strong inhibitor of numerous methyltransfer-
ases that transfer methyl groups from S-adenosylmethi-
onine to nucleic acids, proteins, lipids and other small
molecules.? Since these methylations are required for
the proliferation of viruses and tumor cells, the accumu-
lation of SAH leads to anti-virus/anti-tumor effects.>*

Various carbocyclic adenine nucleosides have been syn-
thesized®> to develop antimalarial reagents and their
inhibitory activities against Plasmodium falciparum, a
causative agent of human malaria, have been investi-
gated.® ' We previously reported that the introduction
of fluorine to the 2-position of noraristeromycin (1,
NAM, Figs. 1 and 2) increased seclective inhibition
against P. falciparum SAHH (PfSAHH) compared with
human SAHH (HsSAHH).” PfSAHH has additional
space near the 2-position of the adenine-ring, in the sub-
strate binding pocket compared with HsSSAHH.!! Muta-
genic analysis of the amino acid residue forming the

Keywords:  Aristeromycin; S-adenosyl-L-homocysteine hydrolase;
Carbocyclic adenine nucleoside; Plasmodium falciparum.
*Corresponding author. Tel./fax: +81 58 293 2640; e-mail:
ykkitade@gifu-u.ac.jp

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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modification NH2
N 8
1 ory
\@/ Selective inhibition
Sz against PfSAHH
HO OH

Essential for PfSAHH and HsSAHH inhibition

Figure 1. Structure of noraristeromycin (NAM) in relation to its
inhibitory activity against both SAHH.

additional space confirmed that inhibitor selectivity is
due to the difference of only one amino acid residue.'?
In addition, 2’ and/ or 3’ hydroxyl group modified com-
pounds, such as deoxy,'? dideoxy,!? epi,!? and keto,® did
not show any or showed less inhibitory activity against
both forms of SAHH. These hydroxyl groups and their
configurations are essential for the inhibition of SAHH.

Modification of the 4’-hydroxyl group of NAM is the
remaining improvement required for the development
of a potent and selective inhibitor against PfSAHH.
However, the interactions between NAM and the crucial
amino acid in the binding site of enzyme are unclear.

Based on this information, we focused on modifying the
4’-position of NAM. In this paper, we have described
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3X=F,Y=H 12X =08S05Na, Y=H

4X=0SOgNa, Y =H
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6X=OSOQNH2,Y=H
7 X = OSO,NHa, Y = NH,
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9X =NHy, Y =H

13 X =08S03Na, Y = NH,
14 X =08SO5NH,, Y =H
15X=OSOZNH2, Y=NH2
16 X=N3, Y=H

17X =NH,, Y=H

18 X=H,Y=H

Figure 2. Structures of carbocyclic adenine nucleosides: 1 (Ref. 14), 2
(Ref. 9), 3, 11 (Ref. 10), 8, 9 (Ref. 15), 10 (Ref. 16), 18 (Ref. 17), other
compound are novel compounds.

the syntheses of 4’-a- or 4'-B- sulfonyl, sulfamoyl, amino
and azido NMA analogs (4-9 and 12-17, Fig. 2), and
their inhibitory activities against PfSAHH and
HsSAHH, to clarify the effect of the 4’-hydroxyl group
of NAM. In addition, we have investigated and com-
pared these effects with the inhibitory activities of the
known NAM analogs (1-3, 10, 11, 18, Fig. 2), which
are reported by our laboratory®!%!3 and many research
groups. 417

The synthetic route for 4’-sulfonated or sulfamoylated
NAM is shown in Scheme 1. Compounds 19-22 were
prepared by a coupling reaction of the cyclopentene
derivative and 6-chloropurine or 2-amino-6-chloropu-
rine using a palladium catalyst'® for 1’,4'-cis- com-
pounds 19 and 20, or Mitsunobu conditions!® for 1’4/
trans-one 21 and 22, as previously reported.'® The sulfo-
nation of 19-22 was performed by sulfur trioxide pyrid-
inium complex?® in DMF. The following oxidation
using OsO4 with N-methylmorpholine N-oxide (NMO)
afforded 4’-sulfonated compounds 23-26. The conver-
sion of 6-chloro groups to an amino one yielded 4'-sul-
fonated NAM and their 2-amino analogs 4,%° 5, 12, and
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13. In the meantime, treatment of the starting materials
19-22 with NaH and sufamoyl chloride in DMF (a pre-
viously reported method?!), afforded 4’-sulfamoylated
compounds 27-30. Similarly, osmium oxidation?? affor-
ded the corresponding 4’-sulfamoylated NAM analogs
6,2° 7, 14 and 15.

The synthetic route for 4’-azido and 4’-amino NAM
analogs is shown in Scheme 2. The introduction of azido
group to the 4/-B-position was performed by using
NaNj3 and a palladium catalyst with retention of config-
uration to afford compound 31 from 19 as the reported
method.?? On the other hand, 4’-a-azido compound 32
was obtained from compound 19 with an inversion of
configuration by using N3;PO(OPh),-DBU, which was
developed by Shioiri et al.>* Finally, osmium oxidation
with NMO yielded 4’-B-azido-NAM 8 and a-azido-
NAM 16, followed by catalytic hydrogenation in the
presence of Pd-C to afford 4’-B-amino-NAM 9 and 4'-
a-amino-NAM 17,26 respectively. The stereochemistry
of the 4’-azido, and 2’ and 3’-hydroxyl groups was de-

@ N3\@/ Gl .
31
19 7 NH,
N-Ap
ol
N3 17
32

Scheme 2. Reagents and conditions: (a) i—NH;/MeOH (28%, w/w)
120 °C, 18 h, ii—Ac,0 (1.1 eq), pyridine (2.2 eq), CH,Cl,, 0 °C, 48 h,
iiiPd,(dba); - CHCls, Ph,P(CH,)sPPh,, THF, rt 1.5h, then NaNj,
H,0, rt 21 h; (b) i—NH3/MeOH, (28%, w/w) 120 °C, 24 h, ii—
N;PO(OPh),, DBU, THF, 0°C, 3.5h, then rt 18 h; (c) OsO4, NMO,
THF-H,O (10:1), rt 12 h; (d) Hy, Pd-C (5%), AcOH/MeOH (5% v/v),
rt 24 h.

cl cl
QNﬁN QNfN 4,5,6,7
(@) or (b), (© @ 5,6,
R3 N N/)\Rs R3 N N/)\Rs
\@/ \Q/ 12,13, 14, 15
R" Rf\s B
HO OH
comp  R! R2 R®
comp R! R2 R3 23 H OSO3Na  H
24 H  OSOsNa NH,
19 H OH  H 25 OSOsNa  H H
20 H  OH NH, 26 OSONa  H NH,
21 OH H  H 27 H  OSONH, H
2 OH H NH 28 H  OSO,NH; NH,
29 OSONH,  H H
30 OSO.NH;  H NH,

Scheme 1. Reagents and conditions: (a) SOs - pyridine, DMF, rt 18 h (for 23, 24, 25 and 26); (b) i—NaH, DMF, rt 2 h, ii—then NH,SO,Cl, rt 10 h
(for 27, 28, 29 and 30); (c) OsO4, NMO, THF-H,O (10:1), rt 12 h; (d) NH3/MeOH (28% w/w) 120 °C, 18 h.
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Table 1. Inhibitory activities against HSSAHH and PfSAHH

Compound HsSAHH PfSAHH Selective
1Cso, pM 1Cso, pM index®

1 (NAM) 1.1¢ 3.1° 0.35
2 63° 13° 4.3

3 200¢ ND¢ —
4-7 and 12-15 NDP NDP —

8 117 123 0.95
9 126 76 1.7

10 79 7.6 9.6
lld NDb,d NDbAd o

16 90 163 0.55
17 >500 >500 —
18¢ 9.0¢ 18.0¢ 0.5

#Selective index: mean ICsy value for human SAH hydrolase/mean
1Cs value for P. falciparum SAH hydrolase.

®No inhibitory activity showed at 1000 uM.

“Ref. 9.

dRef. 10.

fined by NOE correlations of the corresponding ring
protons.??

The enzyme assay was a modification of an earlier meth-
0d.?” A profile of the inhibitory activities of synthetic
compounds against recombinant PfSAHH and
HsSAHHe is shown in Table 1. The 4'-B- and 4’-a-sulfo-
nated and sulfamoylated NAM analogs 4-7 and 12-15
did not show any inhibitory activity against either
HsSAHH or PfSAHH. The 4/-B- and 4’-a-azido NAM
analogs 8 and 16 showed moderate inhibitory activities.
Although 4’-B-amino NAM 9 also showed inhibitory
activity similar to azido NAM, 4-a-amino NAM 17
showed a loss of activity against both SAHHs.

Surprisingly, the ICsy values of 4’-epi-NAM 10, which
possesses a hydroxyl group at the o side of carbocyclic
ring, were 79 and 7.6 uM against HsSAHH and
PfSAHH, respectively. The selective index was 9.6,
which was better than NAM 1 and 2-fluoro-NAM 2.
The configuration of the 4’-hydroxyl group had signifi-
cant effects on inhibitor selectivity between PfSAHH
and HsSAHH.

We previously reported the syntheses and inhibitory
activities of diverse NAM analogs against SAHHs.%1°
The 4’-a- and 4'-B-fluoro substituents of NAM analogs
3 and 11 decreased the inhibitory activities. Further-
more, 4’-deoxy NAM 18 possessed adequate inhibitory
activity against SAHHs. According to these assay
results, the introduction of a functional group at the
4’-position of NAM was ineffective. However, a-config-
uration of the 4’-hydroxyl group considerably increased
selective inhibitor activities against PFSAHH.

In conclusion, we have clarified the importance of the
4'-o-hydroxyl group of NAM for development of a po-
tent antimalarial agent, and compared the inhibitory
activities of 4’-modified NAM analogs. Further multi-
modifications of NAM and the related carbocyclic
adenine nucleoside are now under investigation. Addi-
tional potent analogs will be reported in due course.
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25. NOE correlations of compound 32, 8 and 16.

26. Selected physical dates For 4: 'H NMR (DMSO-ds,

400 MHz) ¢6: 8.12 (1H, s, H-2), 7.96 (1H, s, H-8), 7.16 (2H,
brs, NH), 5.01(1H d, Ju, on = 6.8 Hz, OH-2'), 5.07(1H,
d, Ju, on = 3.6 Hz, OH-3'), 4.4 (2H, m, H-2/, H-3'), 4.73
(1H, dd, J = 8.4 Hz, H-1'), 4.41 (1H, d, J = 8.4 Hz, H-4'),
2.66 (1H, m, J;,, = 14.8 Hz, H-5)), 2.11 (1H, m, H-5p);
HRFABMS (negative mode) m/z calcd for C;oH,O¢NsS
[M-H]™: 330.05014. Found, 330.05083. For 6: '"H NMR

27.

(CDs0D, 400 MHz) ¢: 8.13 (1H, s, H-2), 7.99 (1H, s, H-8),
4.60 (1H, dd, J=4.8 Hz, H-3’), 4.05 (1H, d, J=3.0 Hz,
H-2'), 3.93 (1H, d, J=4.8 Hz, H-4"), 3.47 (1H, s, H-1'),
2.80 (IH, m, J,,, = 14.8 Hz, H-5)), 1.99 (1H, m, H-SQ,);
HRFABMS (positive mode) m/z caled for CioH;5NgO5S
[M + H]": 331.0825. Found, 331.0804. For 17: '"H NMR
(CD5;0D-d,, 400 MHz) ¢: 8.51 (1H, s, H-2), 8.35 (1H, s,
H-8), 5.30 (1H, m, H-1'), 4.18 (2H, m, H-2’ and H-3'),
3.86 (1H, m, H-4), 2.85 (1H, ddd, J;.,, = 14.8 Hz, J = 9.6,
10.8 Hz, H-5)); 2.33 (1H, ddd, J=6.0, 10.4, H - 5});
HRFABMS (positive mode) m/z calcd for C10H15021<I6
[M+H]*: 251.1256. Found, 251.1287.

Gomi, T.; Date, T.; Osawa, H.; Fujioka, M.; Aksamit,
R. R.; Backlund, P. S., Jr.; Cantoni, G. L. J. Biol
Chem 1989, 264, 16138, Assay conditions: The enzyme
was incubated with 100 uL. adenosine, 5 mM, pL-homo-
cysteine and inhibitors in 0.2 mL of 10 mM potassium
phosphate, pH 7.2, buffer at 30°C for 2min in the
standard assay system. The reaction was started by the
addition of 5 puL of SAHH (human: 0.43 pg, P. falcipa-
rum: 0.54 pg) and terminated by the addition of 20 mL
of 0.67 N HCL The reaction mixture was kept on ice
until the HPLC analysis. The mixture was analyzed for
SAH by a Shimadzu LC-10A VP HPLC system. In the
synthetic reaction, one unit of SAH hydrolase was
defined as the amount synthesizing 1 pmol of SAH/min
at 30 °C.
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Abstract—Two new meroterpenoids, 12,13-dihydro-12,13-dihydroxybakuchiol (2) and (12'S)-bisbakuchiol C (3), were isolated from
the seeds of Psoralea corylifolia L. (Fabaceae). The structures of 2 and 3 were elucidated by spectroscopic and chemical methods. Six
meroterpenoids isolated from P. corylifolia and three semi-synthetic analogues were evaluated for HIF-1 and NF-«B inhibition, and
O-methyl and O-ethylbakuchiols (6 and 7) inhibited HIF-1 and NF-xB activation without significantly decreasing the viability of the

AGS and HelLa cells, respectively.
© 2008 Elsevier Ltd. All rights reserved.

Bakuchiol (1), a meroterpenoid isolated from the seeds
of Psoralea corylifolia L. (Fabaceae), has been shown
to exhibit the various biological properties including
antidiabetic,? antiinflammatory,® antimicrobial,* anti-
oxidant,® cytotoxic,® and liver protective activities.”-8
In our search for biologically active agents of natural
origin, a methanol extract of the seeds of P. corylifolia
potently inhibited hypoxia-inducible factor-1 (HIF-1)
activation induced by hypoxia (100% inhibition at
20 pg/mL) in a HIF-1-mediated reporter gene assay in
AGS human gastric cancer cells. HIF-1 controls a num-
ber of cellular events required for the adaptation of can-
cer cells to hypoxia. Therefore, HIF-1 inhibitors are
considered as potential therapeutic agents for cancer.”!°
In a preliminary communication, we reported the initial
phytochemical and biological investigation of this plant,
with the isolation of bakuchiol (1) as a HIF-1 inhibitory
constituent, as well as two novel dimeric meroterpe-
noids, bisbakuchiols A and B (8 and 9), which were

Keywords: Psoralea corylifolia; Fabaceae; Meroterpenoids; Hypoxia-

inducible factor-1; Nuclear factor-kB.

* Corresponding author. Tel.: +82 2 3290 3017; fax: +82 2 953 0737;
e-mail: dongholee@korea.ac.kr

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

doi:10.1016/j.bmcl.2008.03.028

not active in the HIF-1 mediated reporter gene assay.'!
Here, we report the isolation of two new meroterpenes
(2 and 3) and a known meroterpene, 12,13-dihydro-
12,13-epoxybakuchiol (4),'> and the preparation of
bakuchiol analogues (5-7) (Fig. 1), in addition to the
biological evaluation of these compounds obtained.

Compound 2 was obtained as yellow oil and shown to
possess a molecular formula of CigH,403 by positive
HRFABMS (m/z [M+Na]*, 313.1776). The 'H and '*C
NMR spectra of 2 were comparable to those of bakuchiol
(1), suggesting that 2 is a modified bakuchiol and a mer-
oterpene (Table 1). Thus, AA’XX’-type proton signals at
ou 6.71 (2H, d, J = 8.8 Hz, H-3 and H-5) and 7.19 (2H, d,
J = 8.8 Hz, H-2 and H-6), trans double bond signals at oy
6.04 (IH, d, J=164Hz, H-8) and 625 (1H, d,
J =16.4 Hz, H-7), vinyl group signals at dy 5.02 (overlap,
H-18) and 5.91 (1H, m, H-17), and three methyl signals at
ou 1.11 (3H, s, H-14), 1.15 (3H, s, H-15), and 1.20 (3H, s,
H-16) were apparent. However, the absence of the proton
signal of an olefinic methine (H-12) of bakuchiol (1) and
the presence of signals at dy 3.21 (1H, dd, J=2.0 and
10.8 Hz, H-12), 6c 74.0 (s, C-13), and d¢ 80.6 (d, C-12)
led to the inference that oxidative modification had oc-
curred at the C-12 and C-13 double bond of bakuchiol
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Figure 1. Structures of compounds 1-9.

(1).!2 Based on these observations and by comparison of
its spectroscopic data with those of bakuchiol (1),!? com-
pound 2 was suggested to be a 12,13-dihydroxylated bak-
uchiol, confirmed by HMQC and HMBC NMR
experiments. Therefore, the structure of the new com-
pound 2 was determined to be 12,13-dihydro-12,13-
dihydroxybakuchiol.'*> Mosher’s methodology was ap-
plied to determine the absolute stereochemistry of the
C-12 position according to established procedures.!41°
However, after several attempts, Mosher’s esters of 2
could not be prepared, so the absolute configuration of
the C-12 position remains unknown.

Compound 3 was obtained as yellow oil and shown to
possess a molecular formula of C;sH4303 by positive
HRFABMS (m/z [M+Na]", 551.3498). The 'H and
3C NMR spectra of 3 exhibited two characteristic sets
of signals corresponding to bakuchiol (1) and com-
pound 2, respectively (Table 1). Briefly, two sets of
AA’XX’-type proton signals at oy 691 (2H, d,
J=8.4 Hz, H-3 and H-5) and 7.28 (2H, d, J = 8.4 Hz,
H-2 and H-6); 6.78 (2H, d, J = 8.4 Hz, H-3’ and H-5')
and 7.24 (2H, d, J = 8.4 Hz, H-2" and H-6'), proton sig-
nals of two ftrans double bonds at oy 6.13 (1H, d,
J=16.0 Hz, H-8) and 6.30 (1H, d, J=16.0 Hz, H-7);
6.06 (1H, d, J=16.0Hz, H-8) and 6.28 (1H, d,
J=16.0 Hz, H-7'), proton signals of two vinyl groups
at oy 5.90 (1H, dd, J=10.4 and 17.2 Hz, H-17) and
5.04 (overlap, H-18); 5.89 (1H, dd, J=10.4 and
17.2 Hz, H-17’) and 5.04 (overlap, H-18") were observed

in the '"H NMR spectrum of 3. In the aliphatic region,
an oxygenated methine signal at 6y 3.61 (1H, dd,
J=1.6 and 9.2 Hz, H-12') and six methyl signals at oy
1.20 (3H, s, H-15), 1.21 (3H, s, H-14'), 1.22 (6 H, s,
H-16 and H-16’), 1.60 (3H, s, H-14), and 1.69 (3H, s,
H-15) were apparent. Therefore, it was inferred that
compound 3 is a dimeric meroterpene, in which bakuch-
iol (1) and compound 2 are connected by ether linkage,
which was supported by mass fragmentations (Fig. 2).
This inference was supported by 2D NMR experiments
and was consistent with the molecular formula obtained.
The connectivity between the two meroterpene units was
determined by the analysis of '*C NMR data. Thus, the
downfield shift of the C-13’ (o carbon) signal of 3 and
the upfield shifts of the C-12’, 14/, and 15’ (B carbons)
compared to the corresponding '*C NMR data of 2
clearly indicated the linkage of the two units (C-4-C-
13').!7 The absolute configurations of the C-12’ and C-
9 (C-9) positions were clarified by Mosher’s methodol-
ogy and biogenetic consideration, respectively. Mosher’s
esters (3s and 3r) indicated the S configuration at C-12’,
because of the positive values (Ads_r) obtained for H-
14" and H-15" and the negative differences for H-10’
and H-11’ (Fig. 2).'® Based on biogenetic consideration
(given the occurrence of 9S-bakuchiol only from nat-
ure),'>!? the stereochemistry of the stereogenic centers
at C-9 and C-9’ could be assumed. Accordingly, the
structure of the new dimeric meroterpene, (12'S)-bis-
bakuchiol C (3), was elucidated.?’ To the best of our
knowledge, (12'S)-bisbakuchiol C (3) is the first example
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Table 1. NMR spectroscopic data (CDCl3) for compounds 1-4*

Position o (J in Hz) dc
20 3 1 20 3 4

1 1309 s 131.1's 134.0 s 1303 s
2,6 7.19 d (8.8) 7.28 d (8.4) 127.4 d 128.4 d 1269 d 1273 d
3,5 6.71 d (8.8) 6.91d (8.4) 115.4 d 116.4 d 124.5d 1154 d
4 154.6 s 1579 s 153.4's 155.1's
7 6.25d (16.4) 6.30 d (16.0) 126.4 d 128.4 d 126.7 d 127.0d
8 6.04 brd (16.4) 6.13 d (16.0) 135.9d 136.1d 137.4 d 135.0d
9 42.5s 43.5s 428 s 4225
10 145m, 1.87 m 1.51°m 413t 402 t 4151t 375t
11 127 m, 1.63 m 1.98° m 232t 274t 234t 2411t
12 3.21 dd (10.8, 2.0) 5.12 brt 124.8 d 80.6 d 125.0d 65.1d
13 1313 s 74.0 s 131.6 s 59.2'8
14 I.1ls 1.60 s 17.6 q 25.0 q 17.9 q 18.6 q
15 1.15s 1.69 s 257 q 26.0 q 259 q 24.8 q
16 1.20 s 1.22's 233 q 242 q 23.5q 233 q
17 591 m 5.90 dd (17.2, 10.4) 1459 d 1478 d 146.0 d 145.4 d
18 5.02° 5.04° 1119t 112.7 t 112.49 t 1124 t
Y 130.8 s

2.6 7.24 d (8.4) 127.6 d

3,5 6.78 d (8.4) 115.6 d

4 155.1's

7' 6.28 d (16.0) 127.0d

8/ 6.06 d (16.0) 135.8 d

9’ 426

10 1.50 m, 1.98° m 38.6t

11’ 1.44 m, 1.50° m 264t

12/ 3.61 dd (9.2, 1.6) 78.9d

13/ 83.8's

14/ 1.21s 20.8 q

15/ 1.20s 233 q

16/ 1.22's 238 q

17/ 5.89 dd (17.2, 10.4) 146.0 d

18’ 5.04° 112.29

#The assignments were based on the DEPT, HMQC, and HMBC experiments.

®Measured for CD;0D solution.
¢ Overlapping signals.
9 Signals may be interchangeable.

3 R=H
3s R = (S)-MTPA
3r R=(R)-MTPA

Figure 2. Mass fragmentation of compound 3 and Ads.r values of
MTPA esters (3s and 3r) of compound 3 by Mosher’s methodology.

of a dimeric meroterpene in which two meroterpenes are
linked by ether linkage.

Compounds 2-4 were evaluated for their potential to in-
hibit the HIF-1 activation induced by hypoxia using a
HIF-1-mediated reporter gene assay in AGS human gas-
tric cancer cells,?'2* but were inactive (ICs, values
>20 pg/ml) in the assay (Table 2). Therefore, as reported
in our preliminary communication, bakuchiol (1) is the

Table 2. Biological activities of compounds 1-7 (ICs, values, uM)

AGS? HeLa®
HIF-1 MTT NF-xB MTT
1 6.1 15.3 6.9 11.0
2 c — — —
3 — — 12.2 —
4 _ _ _ _
5 5.7 26.8 5.7 18.1
6 8.7 55.8 5.7 —
7 26.3 — 12.2 —

# AGS, human gastric cancer cell.

®HeLa, human cervical adenocarcinoma cell.

¢1Csq value >50 pM; 17-desmethoxy-17-N,N-dimethylaminoethylami-
nogeldanamycin (HIF-1, ICsy 0.0036 uM; MTT, ICso 16.0 uM) and
celastrol (NF-kB, ICsy 0.15 uM; MTT, ICs 2.06 uM) were used as
positive controls.

only HIF-1 inhibitory principle (ICs, value 6.1 pM) iso-
lated from P. corylifolia.'' Previously, bakuchiol (1) was
reported to suppress the activation of NF-kB,?> which
regulates a number of genes involved in inflammation
and cancer responses.’* This led us to evaluate the
meroterpenes obtained from P. corylifolia for NF-kB
inhibition. Bakuchiol (1) and bisbakuchiol C (3) inhib-
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ited the NF-xB activation induced by TNF-o in HeLa
human cervical adenocarcinoma cells with ICs, values
of 6.9 and 12.2 pM, respectively, while compounds 2
and 4 and bisbakuchiols A and B were inactive (ICsq
values >50 uM) in the assay (Table 2).2528

However, bakuchiol (1) exhibited significant cytotoxic-
ity to the AGS and HeLa cells as measured by MTT as-
says (ICsq values 15.3 and 11.0 uM, respectively) (Table
2), suggesting that bakuchiol (1) may regulate the
expression of HIF-1 and NF-kB, and/or the stability
of the AGS and HeLa cells. These results prompted us
to prepare simple bakuchiol analogues in an attempt
to increase HIF-1 and NF-kB inhibitory efficacy, to re-
duce the cytotoxicity, and to obtain a preliminary no-
tion of structure—activity relationship of bakuchiol (1).
Acetylbakuchiol (5),%3 and O-methyl>3! and O-ethyl-
bakuchiols3? (6 and 7) were prepared as described in
the Supplementary data. These analogues were tested
in both assay systems and acetylbakuchiol (5) displayed
almost the same biological activities as those of bakuch-
iol (1). However, O-methyl and O-ethylbakuchiols (6
and 7) retained the inhibitory effects against HIF-1
(ICso values, 8.7 and 26.3 uM, respectively) and NF-
kB (ICsq values, 5.7 and 12.2 uM, respectively) activa-
tion without significantly affecting the viability of AGS
and HeLa cells, respectively, at the concentration of
50 uM.

According to these results, it was inferred that the nat-
ure of phenolic hydroxyl group and 12,13-double bond
of bakuchiol (1) play important roles in the biological
profiles of bakuchiol (1) in HIF-1 and NF-«B inhibition.
Thus, a bulky substitution on the hydroxyl group of
bakuchiol (1) reduces the inhibitory activity against
HIF-1 and NF-xB activation [bisbakuchiols A-C (8, 9,
and 3)].!' It was also noted that 12,13-double bond of
bakuchiol (1) is required for the HIF-1 and NF-xB
inhibitory activity (2 and 4).

In summary, we evaluated the six meroterpenoids iso-
lated from P. corylifolia and three semi-synthetic ana-
logues for HIF-1 and NF-kB inhibition, and found
out that O-methyl and O-ethylbakuchiols (6 and 7)
inhibited HIF-1 and NF-kB activation without signifi-
cantly decreasing the viability of AGS and Hela cells,
respectively. Further studies are needed to optimize the
biological profiles of the meroterpenoids and to eluci-
date how the meroterpenoids inhibit HIF-1 and NF-
kB activation.
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Abstract—Sargahydroquinoic acid (2), a major active constituent of Sargassum micracanthum collected from the coast of the East
Sea in Korea, showed a selective vasodilatation effect on the basilar arteries of rabbits. Therefore, treatment with sargahydroquinoic
acid may selectively accelerate cerebral blood flow through dilatation of the basilar artery without lowering systemic blood pressure.

© 2008 Elsevier Ltd. All rights reserved.

Natural products obtained from terrestrial plants and
microorganisms play an important role in the develop-
ment of clinical medicines.! Because more than 70% of
the Earth’s surface is covered by oceans, many marine
plants are used for food, a source of minerals, dietary fi-
ber, nutrition, and medicine.> Numerous marine natural
products have been found to be useful for pharmacolog-
ical studies to treat various diseases.>

Due to the public health challenges caused by vascular-
related diseases, including hypertension, stroke, sub-
arachnoid hemorrhage and Alzheimer’s dementia, there
is an urgent need to develop modulators that control
vascular tone.*> Contractility of the vascular system is
mainly dependent on the intracellular concentration of
Ca**. Cytoplasmic increases in Ca”>" are caused by the
opening of L-type Ca”" channels through sympathetic
nerve stimulation, and IP;-mediated Ca“" release from
the sarcoplasmic reticulum through vasoconstrictor-in-
duced phospholipase C activation.®” Therefore, calcium
channels are effective targets to modulate cytoplasmic

Keywords: Natural product; Sargahydroquinoic acid; Vasodilatation;

Basilar artery; Cerebrovascular diseases.

* Corresponding author. Tel.: +82 33 649 7454; fax: +82 33 641
1074; e-mail: sjlee@kwandong.ac.kr

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Ca®" concentrations treat for the treatment of vascu-
lar-related diseases.

In particular, vasoconstriction of the basilar artery is
important for the brain’s blood supply and blood pres-
sure in physiological and pathophysiological conditions.
As reported previously, delayed cerebral ischemia re-
mains an important cause of death and disability in pa-
tients who have suffered subarachnoid hemorrhages
(SAH).® Extracellular Ca** influx through voltage-oper-
ated calcium channels into vascular smooth muscle cells
plays a fundamental role in the development and
chronic effects of vasospasm after SAH.*!! Thus, vaso-
dilatation of the basilar artery could be useful in physi-
ological and pathophysiological situations, such as,
mitigation of vasospasm following SAH and cerebral
ischemia, and protection of occlusion by blood clots
or stenosis in the basilar or cerebral artery.

Therefore, the development of vasodilatation molecules
with low toxicity profiles for clinical use is important
and urgently needed. In particular, if selected candidates
have both potency and selectivity for the basilar artery,
they may be promising candidates for the treatment of
cerebrovascular diseases.

In the course of searching for vasoactive molecules from
a marine natural products library collected from the
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coast of the East Sea in Korea, we discovered that an or-
ganic extract of Sargassum micracanthum showed a
selective vasodilatation effect on the basilar artery but
not the carotid artery of rabbits at concentrations of
20 pg/ml and 2 pg/ml (data not shown).!?> Brown algae
of the genus Sargassum are known to contain structur-
ally unique secondary metabolites, such as plastoqui-
nones,'>!*  chromanols,'>'® cyclopentenone,!” and
polysaccharides.!® Previously, the usefulness of plato-
quinones and chromene from Sargassum micracanthum
have been reported to be useful as antioxidant,'® antivi-
ral,?® antiulcer agents on gastric lesions,?! and to inhibit
bone resorption.??> Although its constituents have not
been reported to show vasodilatation effects, it was re-
ported that marine-derived halogen-containing gramine
analogues induced vasorelaxation in isolated rat aorta.>?

In order to isolate active molecules from the MeOH ex-
tract (1 g), it was partitioned on a Cg reverse phase col-

o) COLH

OH Sargahydroquinoic acid (2)

ECsy 11.8uM on Basilar Artery; 140uM on Carotid Artery
Selectivity Index (SI, ECs for carotid / ECg for basilar): 11.9

Figure 1. Sargaquinoic acid (1) and sargahydroquinoic acid (2)
purified from ethyl acetate layer of Sargassum micracanthum.

umn with an aqueous MeOH gradient (60%, 70%, and
80%). The third fraction eluted with the 80% MeOH
aqueous solution retained cerebrovascular relaxation
activity, and was successively separated by silica HPLC
(Phenomenex Luna 5 p silica column, 10 x 250 mm, »n-
hexane/CHCI3/EtOAc = 8:2:1). The separation of the
C,g reverse phase by HPLC (Phenomenex Aqua 5 )
with 85% MeOH aqueous solution yielded sargaquinoic
acid (1, 61 mg)** and sargahydroquinoic acid®® (2,
214 mg) as shown in Figure 1. These are identical to
structures in reported papers.!3-2

Although it is known that sargaquinoic acid (1)'* exhib-
its Cox 1 and 2 inhibitory effects,?” anticholinesterase ef-
fect,”® nerve growth factor (NGF)-dependent neurite
outgrowth promoting activity,?® and insect growth inhi-
bition,? it did not show a relaxation effect in the basilar
artery. However, sargahydroquinoic acid (2), with simi-
lar biological properties as compound 1, selectively di-
lated the basilar artery in our organ bath system.3! 33

When treated with high K* (50 mM), the basilar and
carotid arteries were isometrically contracted by an in-
crease in intracellular Ca** ([Ca’'];), reaching a stea-
dy-state within 20 min. The concentration-response
relationship for sargahydroquinoic acid-induced vaso-
dilatation was measured by a single application of
sargahydroquinoic acid (2) in a log scale concentra-
tion in the basilar artery. However, the concentra-
tion—response relationship of sargahydroquinoic acid
(2) was obtained by cumulative application in the car-
otid artery. Sargahydroquinoic acid (2) induced vaso-
dilatation in the basilar and carotid arteries in a
concentration-dependent manner. The curve fittings
of the concentration-response relationships using the
Hill equation revealed that the concentration of half
maximal dilatation (ECsg) for the basilar and carotid

3 uM 10 pM 30 uM
A 50 mM K* | B 50 mM K* c 50 mM K™
|0.2 g IO.Z g |0A2 g
5 min 5 min 5 min
O S, N T — o84
10uM  30puM 100 M 300 uM 100 - ;
D N 100 M E 50 mM K-S F o] Basﬂ?r
50 mM K [ [ \ - O Carotid
é, 80 4
k=]
5 40
Jovz 8 Jl & % 20
5 min 20 min > H
» ‘ 0 v . T v 3

-6 -5 4 -3 2
Log [ Sargahydroquinoic acid]

Figure 2. Vasodilatative effects of sargahydroquinoic acid from Sargassum micracanthum on high K*-induced vasoconstriction of the rabbit basilar
and carotid arteries. Representative traces were obtained by single application of sargahydroquinoic acid in a log scale concentration
(107%%,107°,107*3,107* M) for 40 min after contraction induced by high K* (50 mM) reached a steady-state (20 min) on basilar artery (A-D).
Representative trace was obtained by cumulative application of sargahydroquinoic acid in serial a log scale concentration for 40 min after high K*-
induced contraction for 20 min on the carotid artery (E). The vasodilatation was plotted as a function of sargahydroquinoic acid concentration and
the curves were fitted using the Hill equation, E = (1 + ECsy/[sargahydrquinoic acid]”)~! (F). Data are represented as means + SD (n = 3).
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arteries were 11.8£0.28 and 140 £ 0.6 uM (n=13),
respectively. Based on the selectivity index (SI, ECs
for carotid/ECs, for basilar, 11.9), sargahydroquinoic
acid (2) selectively dilated the basilar artery more than
10-fold over the carotid artery. Thus, treatment with
sargahydroquinoic acid (2) may accelerate cerebral
blood flow through dilatation of the basilar artery,
without influencing systemic blood pressure. Generally
speaking, because vasodilatation by sargahydroquinoic
acid (2) does not decrease the blood pressure in the
heart, blood flow through the basilar artery will effec-
tively increase. Our results suggest that compounds
that share a similar core structure with sargahydro-
quinoic acid (2), such as plastquinone3*3° and hydro-
quinone,3® may be novel lead compounds for selective
pharmacological agents for the human vascular sys-
tem (Fig. 2).

In conclusion, the activity-guided purification for an or-
ganic extract of Sargassum micracanthum gave a vasodil-
atative constituent, sargahydroquinoic acid (2), which
selectively dilated the basilar artery of rabbits with an
ECso of 11.8 £ 0.28 uM. This molecule will be a novel
lead compound as well as a drug candidate for the treat-
ment of cerebral vascular diseases.
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Abstract—Three synthetic routes were developed for structure—activity relationship (SAR) studies of HTS-derived isoquinolinone
inhibitor probes for the orphan nuclear receptor steroidogenic factor-1 (NR5A1). Among the new analogs reported herein, 31
and 32 have improved potency, lower cellular toxicity, and improved selectivity compared to the initial HTS-derived leads 1 and 2.

© 2008 Elsevier Ltd. All rights reserved.

Nuclear receptors are transcription factors that regulate
gene expression through the binding of endogenous li-
gands.! Many nuclear receptors have been extensively
studied, and several have proven to be important targets
for treatment of a range of human diseases.” However,
natural or unnatural ligands are not known for a sub-
set of nuclear receptors, the so-called ‘orphan’ nuclear
receptors, which have limited efforts to determine the
pharmacology and therapeutic potential of these recep-
tors.! As part of a broader program to develop an
understanding of the pharmacology of relatively unex-
plored orphan receptors, the Scripps Research Insti-
tute’s Molecular Library Screening Center has
performed high-throughput screens of several orphan
receptors, among them the steroidogenic factor-1 (SF-
1, also known as NR5A1).3

Steroidogenic factor-1 (SF-1) has been implicated in sex
determination during development and in formation of
steroidogenic tissues.* SF-1 is involved in endocrine
function throughout life with expression in the pituitary,
testes, ovaries, and adrenal gland.> Knockout mice exhi-
bit male to female sex reversal and impaired develop-

Keywords: Steroidogenic factor-1 (NR5A1); Orphan nuclear receptor;

Isoquinolinone scaffold; SF-1 inhibitor; MLSCN.
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8955; e-mail: roush@scripps.edu

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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ment of adrenals and gonads.® Due to the potential
role SF-1 plays in the regulation of steroid hormone syn-
thesis including adrenal androgen and gonadal testoster-
one synthesis, selective control of this receptor could
result in therapeutic treatment of metastatic prostate
cancer.” Additionally, the involvement of SF-1 in energy
metabolism suggests relevancy in controlling obesity.?

Thus, the development of selective small-molecule bio-
logical probes of SF-1 is an important objective. Phos-
pholipids have been found in the ligand-binding
domain of human SF-1° and recently the first small mol-
ecules with the ability to modulate the activity of this
transcription factor were described.'”

Approximately 65,000 compounds were screened for
SF-1 inhibition by the Molecular Library Screening
Center Network (MLSCN) at The Scripps Research
Institute.>!! All initial hits were counterscreened against
the retinoic acid receptor-related orphan receptor o
(RORw), a phylogenetically distant nuclear receptor,?
in order to eliminate promiscuous as well as non-selec-
tive compounds. This led to the identification of two
mid-nanomolar SF-1 selective inhibitors 1 (PubChem
SID 7970631) and 2 (SID 7969543; Fig. 1).3!! Accord-
ingly, isoquinolinones 1 and 2 were selected as starting
points for the development of SF-1 small molecule
probes. We have developed and report herein three
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Figure 1. SF-1 inhibitors identified via ultra high-throughput screening
of the MLSCN library.

routes for the synthesis of 1 and 2 that enable different
aspects of the SAR of this SF-1 inhibitor series to be
examined. Among the analogs reported here, 31 and
32 have improved SF-1 inhibitor potency, lower cellular
toxicity, and possess improved selectivity compared to
the initial leads 1 and 2.

Our initial strategy for synthesis of analogs of 1 and 2
focused on sequential alkylations of an isoquinolinone
core (Scheme 1). Treatment of commercially available
5-hydroxyquinoline with peroxyacetic acid provided
N-oxide 4. Heating of the N-oxide 4 in acetic anhydride
gave a diacyl derivative that was not isolated but con-
verted directly to 5-hydroxyisoquinolinone 5.!2 Selective
alkylation of 5 at the phenolic position by using ethyl
(¥)-2-bromopropionate (NaH, DMF, 25 °C, 80%) gave
propionic ester 6. Subsequent N-alkylation of 6 with
tert-butyl bromoacetate (Cs,CO3;, DMF, 25 °C, 80%)
provided diester 7. Acidic deprotection of the tert-butyl
ester and subsequent coupling (EDC, DMAP, CH,Cl,)
of the derived carboxylic acid with either benzyl amine
8 or aniline 9 provided authentic samples of 1 and 2,
which were used to confirm the results of the MLSCN
SF-1 inhibitor screen.

While the sequence summarized in Scheme 1 permitted
us to synthesize a number of analogs, this route proved
less than ideal especially for synthesis of isoquinolinone

ether analogs owing to its linear nature. Especially prob-
lematic is that the chemoselectivity of alkylations of 5

OH OH OH
A a @\//\ b,c X d
— = ® e —
_N > N‘O NH
© 0
4 5

Me Me Me

@Q @?JL @?JL .

2N \E:[Zj
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Scheme 1. Reagents and conditions: (a) peroxyacetic acid, CH,Cl,
(99%); (b) acetic anhydride, 140 °C, 4 h, then concentrate; (¢) NaOMe,
MeOH (60%, 2 steps); (d) NaH, DMF, 30 min, then ethyl (*)-2-
bromopropionate (80%); (¢) Cs,COs3;, DMF, tert-butyl bromoacetate
(80%); (f) 2 M HCl in Et,0 and EtOH; (g) EDC, DMAP, CH,Cl,, 8 or
9 (45%, 2 steps).

with agents less reactive than a-halopropionate was
poor, with N-alkylation of 5 competing with phenol
O-alkylation with alkyl halides. This led us to develop
the more convergent second-generation synthesis sum-
marized for 14 in Scheme 2.

Aldehyde 10, available from the Claisen rearrangement
of m-salicaldehyde allyl ether,'? was alkylated in high

m ab @\/CINQNJLQ]
Cﬁ:&@j—»@\)&@]

Scheme 2. Reagents and conditions: (a) iodobutane, acetone, K,COs,
60 °C, 4 h (60-85%); (b) 1.5 equiv H,CrO,, acetone, 1 h (98%); (c) 9,
EDC, DMAP, CH,Cl, (83%); (d) i—0Os, CH,Cl,, —78 °C; ii—PPh;,
ili—cat. I, CH,Cl, (45%).

Me
EtOZC o
=
@N d
P
CO,H
15
Me Me

Eloj‘)\

E(O
© H N\)L
+ 2! d

16 17a,R 7,
18, R = H

Scheme 3. Reagents and conditions: (a) ethyl (£)-2-bromopropionate,
K,CO;, acetone, 60 °C, 4 h; (b) i—03, CH,Cl,, —78 °C; ii—Me,S, 1 h,
23 °C; (c) tert-butyl glycine hydrochloride (17a), 3 equiv Et;N, AcOH
to achieve pH 3-5, benzene, 100 °C, sealed tube, 12 h (67%); (d) glycine
(17b, 3 equiv), benzene, 100 °C, 12 h, sealed tube (94%).

OEt OEt

o]
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Scheme 4. Reagents and conditions: (a) i—TBSOTTf, Et;N, THF; ii—
0504 (2%), NMO, t-BuOH, acetone; (b) NalOy, acetone, H,O, THF,
t+-BuOH (78% from 19); (c) glycine tert-butyl ester hydrochloride,
benzene, Et;N and AcOH until pH 3-5, 100 °C sealed tube 12 h (21%);
(d) 2M HCl in Et,O and EtOH (99%); (e) 9, EDC, DMAP, CH,Cl,
(55%).
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yield with a variety of electrophiles (use of iodobutane is peptide coupling of 11 with glycinamide 12 (EDC,
illustrated in Scheme 2). The resulting product was then DMAP, CH,Cl,, 83%) provided diamide 13, which
oxidized using chromic acid to give acid 11.!* Standard was then converted to SF-1 inhibitor analog 14 via

Table 1. SF-1 inhibitor activity of analogs of 1 and 2 (all ICs, data are in pM)

Me
EIOQC)\O
A o
N AR
o H
Compound R 1C5o data® (uM)
SF-1 ROR« VP16 Cell tox®
1 See Figure 1 026 £0.06 >33 >33 >33
2 See Figure 1 0.76 £ 0.10 >33 >33 Inactive
23 —(CH,)3;CH3; 9.71 £5.63 Inactive Inactive Inactive
24 Cyclohexyl 1.77 £0.16 Inactive Inactive Inactive
25 Benzyl 1.06 £ 0.03 3.22+0.34 Inactive Inactive
26 p-Fluorobenzyl 0.68 + 0.12 1.68 +0.43 Inactive Inactive
27 —CH,-2-furanyl 4.71 £ 0.86 >33 Inactive Inactive
28 phenylethyl 0.36 £0.03 >33 Inactive Inactive
29 p-Nitrophenyl 0.53+£0.20 Inactive Inactive Inactive
30 p-Methylphenyl 0.34 £0.02 36.5+ 6.0 >33 40.2 3.7
31 p-Methoxyphenyl 0.20 £ 0.04 Inactive Inactive Inactive
32 p-(F5C)Ophenyl 0.20 £0.11 Inactive Inactive Inactive
33 p-Ethoxyphenyl 0.19 £ 0.01 22.6%£2.0 242 %56 37.0£0.7
34 p-Ethylphenyl 0.11 £0.04 25.0£3.9 >33 >33
35 p-n-Butylphenyl 0.36 £ 0.05 30.7 £10.7 Inactive Inactive
OR'
S NeS
NJI\N o
5 H
Compound R’ SF-1 RORo VP16 Cell tox®
14 —CH,(CH,),CH; 13.7+1.3 21.5%£3.5 241+1.9 >33
36 —CH,CH;CH,CH3; 7.86 £0.22 16.5+£2.2 17.5£1.9 Inactive
37 —~CH,CH;(CH,);CH3; 0.86 = 0.09 23.1%6.1 20.7 £8.0 Inactive
38 —C(CH;),CO,Et 0.59 £0.12 Inactive >33 Inactive
Me
EtO,c~ O
A Oj
N—R" o
o}
Compound R” SF-1 RORa VP16 Cell tox®
40 —~CH,CH,CONH- 8.46 £ 1.67 Inactive Inactive Inactive
41 —CH(Me)CONH- Inactive Inactive Inactive Inactive
42 —CH(CH,Ph)CONH- Inactive Inactive Inactive Inactive
43 —CH,CON(Me)- 3.57+0.89 Inactive Inactive Inactive
EtOZC\rO N o /@[Oj
Me NJI\N o
o H
Compound SF-1 ROR« VP16 Cell tox®
22 Inactive Inactive Inactive Inactive

#1Cs value >33 indicates that curve did not fit, and that ICsy was manually assigned to be >33 pM. ‘Inactive’ means <50% inhibition at 100 uM.
® Cellular toxicity determined by the CellTiterGlo assay (Ref. 18).
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ozonolysis of the vinyl group and dehydration of the
hemiaminal that is formed in situ. In some cases, the tar-
geted isoquinolinone was obtained directly from stan-
dard workup of the ozonolysis reaction. However, in
other cases the dehydration of the hemiaminal did not
occur spontaneously. Therefore, as a standard proce-
dure, a catalytic amount of I, iodine was added to a
solution of the crude hemiaminal in CH,Cl, to promote
dehydration and aromatization.

In order to probe the SAR of the glycine spacer con-
nected to the isoquinolinone nitrogen, we demonstrated
that condensation of hydroxylactone 16 (accessible from
ozonolysis of acid 15) and glycine fert-butyl ester 17a
provides ester 7 (Scheme 3). Deprotection of 7 provides
carboxylic acid 18, which is an intermediate in the se-
quence summarized in Scheme 1. Alternatively, amino
acids such as glycine (17b), alanine and phenylalanine
can be coupled directly with 16 to give 18, thereby obvi-
ating the need for use of the fert-butyl ester protecting
group. Subsequent coupling of carboxylic acid 18 with
a range of amines and anilines, using the conditions
summarized in Scheme 1, greatly facilitated SAR studies
of this amide substituent.

Finally, in order to probe the substitution pattern of the
isoquinolinone nucleus of 1 and 2, a third synthetic
strategy was developed starting from commercially
available hydroxyindanones (Scheme 4); the synthesis
of 22 starting from 19 is illustrative. Thus, after alkyl-
ation of 5-hydroxyindanone with ethyl (+)-2-bromopro-
pionate (K,COs;, acetone, 60 °C, 4 h), indanone 19 was
treated with TBSOTT and Et;N'° to give the silyl enol
ether which, without isolation, was treated with N-meth-
ylmorpholine N-oxide (NMO) and catalytic osmium
tetroxide.'® The resulting o-hydroxyindanone 20 was
cleaved using NalO, to give the hydroxylactone, which
was condensed with glycine zert-butyl ester under condi-
tions summarized in Scheme 3. Subsequent coupling of
the carboxylic acid derived from deprotection of 21 with
aniline 9 provided the regioisomeric isoquinolinone ana-
log 22.

SF-1 inhibition activity of analogs of 1 and 2 is summa-
rized in Table 1, along with comparative inhibition data
versus RORa. All assays were performed as described in
Ref. 3. Briefly, luciferase-format functional assays were
used to measure inhibition of constitutively active SF-
1(LBD)-Gal4 or RORo(LBD)-Gal4 chimeric con-
structs. Compounds 1, 2, 22-35 and 40-43 were studied
as racemates, or as mixtures of diastereomers (41, 42).

Initial efforts focused on replacing the oxygenated ben-
zylic amide or anilide units of 1 and 2, but introduction
of alkyl amides as in 23 and 24 led to significant loss of
SF-1 activity. Replacement of the highly oxygenated
benzylic amide unit of 1 with potentially more metabol-
ically stable benzyl (25) or p-fluorobenzyl (26) amides
led to 5- to 50-fold loss of SF-1 activity. However, intro-
duction of a 2-phenylethyl amide (28) yielded a 300 nM
SF-1 inhibitor. Still better results were obtained by
replacing the potentially metabolically sensitive anilide
unit of 2 with other aniline amides, such as the p-meth-

100

80 o
cC> 60- O SF-1
= A RORa
Q 40 v VP16
E © Cell tox
R 20

ol &4
>

10° 10 107 10 10 10+ 10
[Compound 32] (M)

Figure 2. Titration curves for 32 versus SF-1 (), RORa (A), VP16
(V), and the cytotoxicity assays (¢). Data represent means of three
independent experiments with the calculated standard deviation.

ylphenyl (30), p-methoxyphenyl (31), p-trifluorometh-
oxyphenyl (32), and p-ethoxyethyl (33) amides. These
analogs displayed SF-1 inhibitor activity in the
100-200 nM range, a 3- to 6-fold improvement over 2.

All substitutions of the R’ unit spanning the isoquinoli-
none and amide units led to substantial or complete loss
of SF-1 activity (analogs 40-43), as did moving the alkoxy
substituent from the meta position in 1-2 to the para posi-
tion in 22. However, clear evidence of a productive SAR
for the isoquinolinone alkoxy substituent has been dem-
onstrated by analogs 14 and 36-39. The stereochemistry
of the ether substituent in 1 and 2 does not appear to be
critical as 38, with a —C(Me,)CO,Et ether at this position,
is more potent than 2. In addition, an analog of 2 with a —
CH,CO,Et aryl ether (39, not shown), was deemed to be
‘inactive’ in the original HTS campaign.? These data sug-
gest that hydrophobicity at this position is important for
SF-1 inhibitor activity.

All analogs were further assessed in another transactiva-
tion assay (Gal4-VP16)!7 to confirm that any SF-1 activ-
ity measured was specific to that receptor and not due to
transactivation assay artifacts (e.g., promiscuous inhibi-
tion of the reporter system); cellular cytotoxicity was also
determined (CellTiterGlo assay'®; see Table 1).? The titra-
tion curves for compound 32 are shown in Figure 2. This
compound showed significant activity only in the SF-1 as-
say; no activity in the RORa, Gal4-VP16 and cytotoxicity
assays were detected at concentrations up to 99 pM.

In summary, we have developed three routes for the syn-
thesis of substituted isoquinolinones that has enabled us
to explore the SAR of isoquinolinone inhibitors of the
orphan nuclear receptor steroidogenic factor-1 (SF-1).
Of those analogs described herein, 31 and 32 have im-
proved potency and selectivity versus other nuclear
receptor targets compared to the HTS leads 1 and 2.
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Abstract—Derivatives of oleanolic acid, ursolic acid and glycyrrhetinic acid substituted with electron-withdrawing groups at the 2-
position in the A-ring which also contains a 1-en-3-one structure are potent inhibitors of cancer cell growth. In this study, we have
compared the effects of several 2-substituted analogs of triterpenoid acid methyl esters derived from ursolic and glycyrrhetinic acid
on proliferation of KU7 and 253JB-V bladder and Panc-1 and Panc-28 pancreatic cancer cells. The results show that the 2-cyano
and 2-trifluoromethyl derivatives were the most active compounds. The glycyrrhetinic acid derivatives with the rearranged C-ring
containing the 9(11)-en-12-one structure were generally more active than the corresponding 12-en-11-one isomers. However, differ-
ences in growth inhibitory ICs, values were highly variable and dependent on the 2-substituent (CN vs CF3) and cancer cell context.

© 2008 Elsevier Ltd. All rights reserved.

Pentacyclic triterpenoid acids such as betulinic acid, ole-
anolic acid, ursolic acid, and glycyrrhetinic acid are phy-
tochemicals that have been extensively used in
traditional medicines for treatment of a wide variety of
human ailments.!* Most of these compounds exhibit
anti-inflammatory and anticarcinogenic activities as well
as a large number of compound-specific effects. For
example, the major bioactive component of licorice ex-
tracts is glycyrrhizic acid glycoside which is readily
hydrolyzed to glycyrrhetinic acid and these extracts/
compounds possess anti-inflammatory, antiviral and
endocrine activities.* All of these triterpenoid acids have
been used as building blocks for the synthesis of more
active analogs. Oleanolic acid has been converted into
2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid (CDDO),
the corresponding methyl ester (CDDO-Me) and other
structurally related analogs, and these compounds are
potent anticancer agents.>® These synthetic triterpe-

Keywords: Glycyrrhetinate analogs; Growth inhibition; Bladder can-

cer; Pancreatic cancer.
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noids activate the nuclear receptor peroxisome prolifer-
ator-activated receptor y (PPARY)? and also induce
several other responses including apoptosis in various
cancer cell lines. The cytotoxicity and anti-inflammatory
activity of CDDO-Me and related compounds are due
to the 2-cyano group and the 1-en-3-one and 9-en-12-
one functionalities in the A- and C-rings, respectively.”8
We also showed that the glycyrrhetinic acid analog
methyl 2-cyano-3,11-dioxo-18f-olean-1,12-dien-30-oate
(B-CDODA-Me) and the corresponding 18a derivative
(-CDODA-Me) which contain 2-cyano-1-en-3-one
and 12-en-11-one functionalities in their A- and C-rings,
respectively, activated PPARy and were also highly
cytotoxic in colon cancer cells.'? Similar results were ob-
tained for the betulinic acid derivatives containing a
2-cyano-1 en-3-one function.!! In this study, we have
further investigated the structure-dependent growth
inhibitory effects of B-CDODA-Me and analogs
containing different electronegative 2-substituents and
a selected number of the corresponding ursolic acid
2-substituted-1-ene-3-one derivatives.!? In addition, we
also show that for the glycyrrhetinic acid derivatives
growth inhibitory differences of the 9-en-12-one and
12-en-11-one isomers are lower than previously reported
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for anti-inflammatory activity of CDDO-Me and the 12-
en-11-one isomers.® Growth inhibition by the 2-substi-
tuted glycyrrhetinic acid and ursolic acid methyl ester
analogs is dependent on the nature of the 2-substituent
and cancer cell context among two bladder (KU7 and
253JB-V) and two pancreatic (Panc-1 and Panc-28) can-
cer cell lines.!?

The synthesis of a series of 2-substituted glycyrrhetinic
acid derivatives is summarized in Scheme 1. The free
acid (1) was esterified at 0 °C with ethereal diazometh-
ane to give methyl glycyrrhetinate (2) which was then
treated with 4 equiv of 2-iodoxybenzoic acid (IBX) in
DMSO at 85 °C for 21 h. The resulting methyl 3,11-di-
oxo-18p-oleana-1,12-dien-30-oate product (3) was then
converted into the 2-iodo derivative (4) by treating with
2 equiv of iodine and 3 equiv of pyridine in tetrahydro-
furan (refluxing). The methyl 2-iodo-3,11-dioxo-183-ole-
ana-1,12-dien-30-oate derivative (4) was used as the
precursor for the synthesis of the 2-cyano (5), 2-meth-
anesulfonyl (6), 2-trifluoromethyl (7) and 2-dimethyl-
phosphonyl (8) analogs (Scheme 1). The 2-cyano
derivative was prepared by treating 4 with 2 equiv of cu-
prous cyanide in N-methylpyrrolidinone (NMP) for 2 h
at 130 °C. The 2-methanesulfonyl derivative was ob-
tained by treating 4 with sodium methanesulfinate and
cuprous iodide in DMSO at 120-125 °C for 20 h. The
2-dimethylphosphonyl analog was synthesized by treat-
ing 4 with dimethylphosphite, cesium carbonate, N,N-
dimethylethylenediamine in toluene at 95-100 °C for
26 h. Finally the 2-trifluoromethyl derivative was ob-
tained by treating 4 with cuprous iodide and methyl
2,2-difluoro-2-(fluorosulfonyl) acetate in dimethylform-
amide/HMPT at 70 °C for 20 h. The synthetic scheme
used for conversion of ursolic acid (9) into the 2-iodo
derivative (12) and the corresponding 2-cyano (13) and
2-trifluoromethyl (14) derivatives (Scheme 2) involved
intermediates (10) and (11) and was identical to that car-
ried out for conversion of methyl glycyrrhetinate into
the analogous 2-substituted compound as illustrated in
Scheme 1. Previous studies with oleanolic acid deriva-
tives reported the synthesis of several analogs including
CDDO which contain the 1-en-3-one A-ring and a 9-en-
12-one C-ring,® and Scheme 3 outlines an analogous
route for conversion of methyl glycyrrhetinate into the
rearranged C-ring analogs of CDODA-Me. Methyl gly-
cyrrhetinate was reduced with H,/platinum oxide cata-
lyst in acetic acid, then acetylated with acetic
anhydride/pyridine in dimethylaminopyridine (DMAP)
to give the acetylated ester (15) in which the 9-oxo group
had been reduced. Treatment with m-chloroperbenzoic
acid (m-CPBA) in methylene chloride gave the 12,13-
epoxide which was converted into the 12-oxo derivative
by boron trifluoride etherate in methylene chloride. Bro-
mination of the 12-oxo derivative followed by dehydro-
bromination in acetic anhydride followed by basic
hydrolysis of the acetate group gave the rearranged C-
ring derivative of methyl glycyrrhetinate (16). Subse-
quent treatment with 2-iodoxybenzoic acid and iodine/
pyridine in tetrahydrofuran gave methyl 2-iodo-3,12-di-
oxo-oleana-1,9-dien-30-oate (17) which is converted into
the C-ring rearranged cyano (18) and trifluoromethyl
(19) derivatives as outlined in Schemes 1 and 2.

Previous studies with CDDO-Me and related com-
pounds showed that the 1-en-3-one structure containing
electronegative 2-substituent groups such as cyano were
highly cytotoxic® and similar results were observed for
B-CDODA-Me, the corresponding 2-cyano analog of
glycyrrhetinic acid.!® In this study, we used 253JB-V
and KU7 bladder and Panc-1 and Panc-28 pancreatic
cancer cells to investigate the growth inhibitory effects'*
of CDODA-Me analogs containing several electronega-
tive 2-substituents including iodo, cyano, trifluoro-
methyl, dimethylphosphonyl and methanesulfonyl
groups (Table 1). B-CDODA, the parent-free acid deriv-
ative of B-CDODA-Me is used as a control for this
group of compounds, and ICs, values for inhibition of
bladder and pancreatic cancer cell growth varied from
5.9 to 7.3 uM. The corresponding range of ICs, values
for B-CDODA-Me was 0.25-1.80 uM indicating that
in cell culture studies the methyl ester derivatives were
more potent than the free acid (B-CDODA) as previ-
ously reported for growth inhibition of colon cancer
cells.'® The effects of compounds unsubstituted at C-2
were >7-fold less active than the 2-cyano derivatives
(data not shown) and these results were similar to those
observed for these compounds in colon cancer cells.'”
Based on the synthetic scheme which used the 2-iodo
derivative (4) as a precursor, we synthesized the 2-tri-
fluoromethyl, dimethylphosphonyl and methanesulfonyl
derivatives and determined the effects of different elec-
tronegative substituents on their inhibition of bladder
and pancreatic cancer cell growth (Table 1). The ICs
values were lowest for 2-cyano and 2-trifluoromethyl
(B-CFsDODA-Me) derivatives; however, their relative
potencies were dependent on cell context; B-CF;DO-
DA-Me was more active than f-CDODA-Me in KU7
(ICs0p: 0.38 vs 1.59 uM), Panc-1 (ICsqy: 0.82 vs 1.22 uM)
and Panc-28 (ICsq: 1.14 vs 1.80 uM) cells, whereas f-
CDODA-Me was more active in 253JB-V cells (ICs:
0.25 vs 0.67 uM). Both the 2-dimethylphosphonyl and
2-methanesulfonyl analogs were relatively inactive with
1Csq values ranging from 3.34 to 12.0 uM over the four
cell lines.

Since the 2-cyano and 2-trifluoromethyl derivatives
were the most active of the glycyrrhetinic acid group
of 2-substituted 1-en-3-one compounds, we synthesized
a similar series of analogs from methyl ursolate and
compared their growth inhibitory ICso values to the
2-iodo analog and methyl ursolate (Table 2). ICsq val-
ues for methyl ursolate (9) and the 2-iodo-1-en-3-one
analog (12) varied from 6.13 to 11.75 and 4.90 to
13.50 uM, respectively, in the bladder and pancreatic
cancer cell lines and there was less than a 2-fold differ-
ence in their ICsy values. ICsq values for the 2-cyano
(13) and 2-trifluoromethyl (14) analogs varied from
0.17 to 0.97 and 0.17 to 1.13 uM, respectively, and
were at least an order of magnitude more potent in
the growth inhibition assay than the 2-iodo compound
or methyl ursolate. These data confirm that 2-cyano
and 2-trifluoromethyl groups coupled with introduction
of a 1-en-3-one functionality into the A-ring of methyl
ursolate resulted in enhanced growth inhibition with
comparable ICsy values in KU7, 253JB-V, Panc-1
and Panc-28 cancer cells.
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Scheme 1. Synthesis of 2-substituted-1-en-3-one derivative of methyl glycyrrhetinate.

Previous studies with CDDO-Me and related com-
pounds showed that the functionality of the C-ring
markedly influenced the activity of oleanolic acid deriv-
atives with 2-cyano-l-en-3-one functionality.” For
example, CDDO-Me which contains a 9(11)-en-12-one
C-ring structure is 200 times more potent as an inhibitor
of nitric oxide production in mouse macrophages than
the corresponding 12-en-11-one isomer.” We therefore
synthesized a series of 2-iodo, 2-cyano, and 2-trifluoro-
methyl-1-en-3-one analogs of glycyrrhetinic acid which
also contain a 9(11)-en-12-one C-ring functionality (Ta-
ble 3) and compared their growth inhibitory effects to
the 12-en-11-one isomers (Table 1). The effects of the
C-ring en-one functionality on the activity of these iso-
mers were dependent not only on the 2-substituent but
also on cell context. ICsy values were similar for both
2-iodo isomers in 253JB-V, KU7 and Panc-1 cells,
whereas 1Csgvalues for the 12-en-11-one and 9(11)-en-
12-one isomers in Panc-28 cells were 12.75 and
3.66 uM, respectively. Thus, for the 2-iodo derivative,
the C-ring structure had minimal effects on growth
inhibitory activity, except for one cell line where I1Cs
differences were <4-fold.

Differences in ICsq values for the 2-cyano methyl glycyr-
rhetinate isomers with 12-en-11-one and 9(11)-en-12-one

functionalities were more dramatic and varied from a
2.2- (253]B-V cells) to a 39.1-fold (Panc-28) lower ICs,
values for isomers containing the former C-ring struc-
ture. These differences for the 2-cyano derivatives of
methyl glycyrrhetinate were significantly lower than dif-
ferences observed for CDDO-Me and the corresponding
12-en-11-one isomer where 1Cs, values for inhibition of
nitric oxide production in mouse macrophages were 0.1
and 20 nM, respectively, a 200-fold difference.” We also
directly compared the effects of the rearranged 2-cyano
methyl glycyrrhetinate derivative (18) with CDDO-Me
in the four cell lines; the former compound (18) was
more active than CDDO-Me in Panc-1 and Panc-28
cells, whereas 1ICsy values were similar in KU7 cells
and CDDO-Me (ICs5o =0.03 pM) was more active in
253JB-V cells. Thus, a direct comparison of the 2-cyano
derivative of methyl glycyrrhetinate (18) and CDDO-Me
(derived from methyl oleanolate) on their inhibition of
cancer cell proliferation indicates that both synthetic
triterpenoids are highly potent and differences in their
I1C5, values in four cell lines were less than an order of
magnitude.

The antiproliferative activity of the trifluoromethyl
derivative (6) (Table 1) was <2-fold lower than the
9(11)-en-12-one isomer in 253JB-V and Panc-1 cells,





2636 G. Chadalapaka et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2633-2639

CH,N,

- -
- -

IBX (4 equiv)

Et,0, 0°C

DMSO, 80-85°C

CO,H
CO,CH, CO,CH,3

HO

\
e

10 11

[EREY

I, (3 equiv), pyridine | THF reflux. 3d
(5 equiv)

-
-

14

Scheme 2. Synthesis of 2-substituted-1-en-3-one derivatives of methyl ursolate.

CO,CH,

a,b,c,d

AcO

CO,CH,

(i)g, h
(i) i
(iii) j

17: X=1(i) g, h
18: X = CN (ii) i
B 19: X = CF, (iii) j

a: H,/PtO, in acetic acid, g: iodoxybenzoic acid/DMSO,
b: acetic anhydride/pyridine in DMAP, h: iodine/pyridine in tetrahydrofuran,
c: m-CBPA in methylene chloride, iz cuprous cyanide in NMP,
d: boron trifluoride etherate in methylene j: methyl 2,2-difluoro-2-

chloride (fluorosulfonyl)acetate, cuprous

iodide in dimethyl formamide/HMPT

e: bromine/HBr in acetic acid
f: potassium hydroxide in methanol

Scheme 3. Synthesis of C-ring rearranged analogs of CDODA-Me.
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Table 1. Cytotoxicity of 2-substituted compounds derived from methyl glycyrrhetinate
CO,R!
ICso (uM)
253JB-V KU7 Panc-1 Panc-28
R'=H:R*=CN 6.10 5.88 3.81 7.32
R!=CH;R>=1(4) 2.67 3.04 4.08 12.75
R!'=CH3R?=CN (5) 0.25 1.59 1.22 1.80
R! = CH:R? = CF; (6) 0.67 0.38 0.82 1.14
R! = CH;:R? = CH;S0, (7) 11.97 3.34 7.69 9.75
R! = CH;:R? = (CH;0),PO (8) 7.90 3.73 6.11 8.14
Table 2. Cytotoxicity of 2-substituted compounds derived from methyl ursolate
CO,R!
ICs (1M)
253)JB-V KU7 Panc-1 Panc-28
Methyl ursolate (a) 6.13 8.95 11.75 10.58
R!'=CH;R?>=1(12) 4.90 6.02 6.91 13.49
R! = CH;R?=CN (13) 0.17 0.30 0.53 0.97
R! = CH;:R? = CF; (14) 0.17 0.47 0.65 1.13
Table 3. Cytotoxicity of 2-substituted compounds derived from methyl glycyrrhetinate with C-ring rearrangement
CO,R'
ICs (WM)
253JB-V KU7 Panc-1 Panc-28
CDDO-Me 0.03 0.12 0.27 0.29
R!'=CH3R?>=1(17) 3.62 2.61 4.45 3.66
R!=CH3R?>=CN (17) 0.11 0.12 0.07 0.05
R!=CH3:R? = CF; (18) 0.36 1.37 0.68 1.13
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Figure 1. Effects of 2-CN- and 2-CF;-1-en-3-one analogs containing
12-en-11-one or 9(11)-en-12-one functionality in the C-ring.

whereas similar ICs, values were observed in Panc-28
cells. In contrast the 12-en-11-one (unrearranged) tri-

fluoromethyl analog was more active (ICsq = 0.38 uM)
in KU7 cells than the corresponding 9(11)-en-12-one
isomer (ICso = 1.37 uM). Figure 1 illustrates the struc-
ture-dependent differences in growth inhibitory activities
in KUT7 cells of the 2-cyano and 2-trifluoromethyl ana-
logs containing the unrearranged 12-en-11-one (5 and
7) and rearranged 9(11)-en-12-one (18 and 19) C-ring
in the methyl glycyrrhetinate series of isomers.

In summary, the results of this study show that the anti-
proliferative activities of several 2-substituted glycyrrh-
etinic acid and ursolic acid derivatives containing the
1-en-3-one functionality in their A-rings were maximal
for both the cyano and trifluoromethyl derivatives.
The corresponding 2-iodo substituted analogs were less
active (Tables 1 and 2). The 2-dimethylphosphonyl
and 2-methanesulfonyl derivatives of glycyrrhetinic acid
(Table 1) also exhibited higher ICsq values than the cor-
responding 2-cyano and 2-trifluoromethyl derivatives.
The rationale for the observed differences in the activity
of the different 2-substituted analogs containing electro-
negative substituents is unclear and is currently being
investigated using other assay systems. Compared to
previous studies with oleanolic acid derivatives,> the
effects of the C-ring functionality [9(11)-en-12-one vs
12-en-11-one] on inhibition of cancer cell growth were
minimal (Tables 1 and 3) and dependent on the 2-substi-
tuent (cyano vs trifluoromethyl) (Fig. 1) and cancer cell
context. This suggests that for the glycyrrhetinic acid
derivatives it may not be necessary to carry out the addi-
tional synthetic steps to convert the 12-en-11-one to the
9(11)-en-12-one functionality in the C-ring. This is con-
firmed, in part, by ongoing in vivo studies in mouse
xenograft experiments where significant inhibition of tu-
mor growth by B-CDODA-Me is observed at doses of
10-15 mg/kg/day (data not shown). Ongoing work in-
cludes further investigation of structure-dependent anti-
carcinogenic potencies of the cyano and trifluoromethyl
glycyrrhetinic acid analogs, and studies of their underly-
ing mechanism of action and clinical applications.
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Chemicals: The ursolic acid and glycyrrhetinic acid starting
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MO) and all chemical reagents used for synthesis were
purchased from Sigma—Aldrich. Dulbecco’s modified/Ham’s
F-12 and RPMI media and the antibiotic/antimycotic
solution were also obtained from Sigma-Aldrich.

Cell lines, chemicals and other materials: KU7 human
bladder cancer and Panc-1 pancreatic cancer cells were
obtained from the American Type Culture Collection
(Manassas, VA) and 253JB-V cells were provided by Dr.
A. Kamat, M.D Anderson Cancer Center, Houston, TX.
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The Panc-28 cell line was a generous gift from Dr. Paul
Chiao, The University of Texas M.D. Anderson Cancer
Center (Houston, TX). Both 253JB-V and KU7 cell lines
were maintained in RPMI 1640 supplemented with 10%
fetal bovine serum (FBS), 0.15% sodium bicarbonate,
0.011% sodium pyruvate, 0.24% Hepes and 10 ml/L of
antibiotic/antimycotic cocktail solution. The pancreatic
cancer cells were maintained in Dulbecco’s modified/
Ham’s F-12 with phenol red supplemented with 0.22%
sodium bicarbonate, 0.011% sodium pyruvate, 5% fetal
bovine serum and 10 ml/L 100x antibiotic/antimycotic
solution. The cells were grown in 150 cm? culture plates in
an air/CO, (95:5) atmosphere at 37 °C and passaged
approximately every 3 days.

Cell proliferation assays: All four cancer cell lines (3 x 10*
cells per well) were plated using DMEM:Ham’s F-12
medium containing 2.5% charcoal-stripped FBS in 12-well
plates and left to attach for 24 h. Cells were then treated
with either vehicle (DMSO) or the indicated concentra-
tions of different compounds. Fresh medium and test
compounds were added every 48 h and cells were then
counted at the indicated times using a Coulter Z1 particle
counter. Each experiment was done in triplicate, and
results are expressed as means * SE for each determina-
tion. The ICs, values were calculated using linear regres-
sion method and are expressed in pM.
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Abstract—2-Arylbenzoxazole 5 was identified as a hit from a fluorescence-based high-throughput screen for CETP inhibitors. The
synthesis and SAR investigation employing array synthesis of the A- and B-rings are described.

© 2008 Elsevier Ltd. All rights reserved.

Lipid modifying therapies for the treatment of coronary
heart disease (CHD) have principally focused on lower-
ing circulating levels of low-density lipoprotein choles-
terol (LDL-C).! With the recognition that there exists
an inverse relationship between high-density lipoprotein
cholesterol (HDL-C) and the risk of CHD,? drug discov-
ery efforts now also focus on investigating mechanisms
which have the potential for raising HDL-C in plasma.
Current therapies such as fibrates or niacin exert only
a modest effect on increasing HDL-C levels while dis-
playing considerable side effects.®> The need, therefore,
exists for safer and more efficacious methods of increas-
ing HDL-C levels.

Cholesteryl ester transfer protein (CETP) is a 74-kDa
plasma glycoprotein secreted principally by the liver.
CETP facilitates the transfer of cholesterol ester from
HDL to LDL and VLDL in exchange for triglycerides.*
Recent data have shown that CETP inhibition leads to
increased HDL-C in humans.> As HDL particles are
capable of accepting cholesterol from peripheral tissues
including macrophages, CETP inhibitors could promote

Keywords: CETP; HDL; Parallel synthesis; Benzoxazole; Cholesteryl

ester transfer protein; CETP inhibitor; Coronary heart disease; CHD;

SAR.
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7446; e-mail: lalgudi.harikrishnan@bms.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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reverse cholesterol transport and therefore be anti-ath-
erogenic.® Interest in this target by the pharmaceutical
community has been widespread as evidenced by the
number of clinical and/or pre-clinical lead compounds
in various stages of development (Fig. 1).” In this com-
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Figure 1. CETP inhibitors.
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munication, the identification and optimization of a no-
vel series of 2-arylbenzoxazole-based CETP inhibitors
are described.

A screening campaign was carried out on the BMS com-
pound collection using a BODIPY fluorescence assay.®
Retest positives in the fluorescence assay were directly
followed by reconfirmation in a dose-response mode
using a scintillation proximity assay (SPA).” Potent
compounds in SPA were then evaluated for activity in
a human whole plasma assay (WPA).!? The 2-arylbenz-
oxazole 5 (Fig. 1) was one of the most potent analogs
identified in the HTS (SPA ICsy = 0.28 pM) which also
possessed a reasonable level of activity in human plasma
(WPA ICs0 = 10 uM).

The 2-arylbenzoxazole hit 5 is structurally dissimilar
from published CETP inhibitors (Fig. 1). The relatively
linear core of the 2-arylbenzoxazole shows a structural
similarity to the molecular framework of cholesterol,
the esters of which are known to bind in equimolar ra-
tios with CETP.!! Molecular modeling of an energy
minimized conformation of 5 with cholesterol (Fig. 2)

, Benzoxazole 5

Alignment 1

Alignment 2

Figure 2. Energy minimized conformation of 5 (blue) and overlays
with cholesterol (green).

shows that the planar 2-arylbenzoxazole moiety (Align-
ment 1) overlays well with the tetracyclic core of choles-
terol, with the 3B-hydroxyl group in the A-ring of
cholesterol being positioned in a similar orientation as
the 5-Me substituent on the benzoxazole of 5. In the
alternative Alignment 2, the 2-aryloxyacetamide group
traverses the tetracyclic cholesterol core overlaying the
A-ring of the steroid core with the phenyl ether. Both
overlays suggest that substitution at the terminal rings
A and B of 5 might be anticipated to modulate CETP
inhibitory activity. The modular structure of this chem-
otype made it well suited for rapid exploration of the
SAR of these terminal rings by applying array synthesis.
The SAR strategy involved developing chemistry that
allowed exploration of substitutions on either the fused
phenyl of the benzoxazole (A) or the phenyl ether (B).
Initial results of these studies are presented in this
communication.

The synthetic approach employed to assess various A-
ring substitutions is outlined in Scheme 1. Aryloxyacetic
acid 6 was treated with oxalyl chloride to provide the
corresponding acid chloride 7 in quantitative yield. Cou-
pling of 7 with 4-carbomethoxy aniline, followed by
saponification of the resulting ester gave carboxylic acid
8 in 56% overall yield. Activation of 8 with oxalyl chlo-
ride provided the acid chloride 9 in quantitative yield,
which was subsequently coupled with various commer-
cially available substituted amino phenols in an array
format to afford intermediate amides of the general
structure 10. Conversion of the amides 10 to benzoxaz-
oles 11 was achieved by microwave-mediated cyclization
employing catalytic p-toluenesulfonic acid. The cycliza-
tions typically proceed within 30 min, and the isolated
yields ranged from 1% to 50% (from acid 8).!> The aver-
age purity (by HPLC-UV) of the final products was
94%.

The structure—activity relationships for a variety of A-
ring substitutions are shown in Table 1. Consistent with
Alignment 1, substitution on the A-ring significantly
modulates CETP inhibitory activity. Removal of both

o) o—§ >
0 o@ a o} o@ b,c HO D
e —_— >_< >_NH
HO>_/ 100% CI>_/ 56% [e]
6 7 8

Q O

a cl d,c
100% o; C 7 OH
OH
@ o o z7 Q O
7 NN Nt & 5 GC[O >
= O)—O—NH 1-50% 5\2" % (O
f
10 (from 9) 11

Scheme 1. General synthetic route to access A-ring variants. Reagents and conditions: (a) (COCl),, DCM, cat. DMF; (b) methyl 4-aminobenzoate,
Et;N, DCM; (¢) LiOH, THF; (d) DIPEA, DCM:; (e) cat. TsOH, toluene, 185 °C, p-wave, 30 min.
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Table 1. SAR for benzoxazole A-ring substitutions against human
CETP

7 0 O—S >
ez,\' O Do
Al >—©—NH

s
4
Compound V4 SPA ICs WPA ICsy*
(uM) (M)

4 SC 795 (Fig. 1) 0.003 0.036
12 >32 NT
13 4-Me >32 NT
14 4-NO, >32 NT
15 5-Me 1.1 31
16 5-COOMe >32 NT
17 5-COOH >32 NT
18 5-F >32 NT
19 5-OMe >32 NT
20 5-OCF; 11 71
21 5-SO,Et 9.3 NT
22 5-Ph 1.9 NT
23 5-CH,OH 1.3 27
24 5-Ac 1.2 18
25 5-tBu >32 NT
26 5-CF3 0.59 51
27 5-Cl 0.47 21
28 5-Br 0.44 28
29 5-NO, 0.12 18
30 5-CN 0.057 33
31 6-Me 13 NT
32 6-Cl >32 NT
33 6-OMe >32 NT
34 6-NO, >32 NT
35 6-COOMe >32 NT
36 6-F >32 NT
37 6-(Piperidin-1-yl) >32 NT
38 7-Me 1.7 100
39 7-COOMe 3.5 80
40 7-COOH >32 NT

5 5,7-DiMe 0.28 8.9
41 5-Me-7-Ac 0.24 27
42 5-Cl-7-Br 0.097 26
43 5,7-DiCl 0.088 11
44 5,7-BisCF3 0.092 9.1
45 5-CN-7-Cl 0.052 2.5
46 5-Cl-7-NO, 0.049 18

4NT, not tested.

A-ring methyl groups from 5 led to a loss of activity.
Reintroduction of a single methyl substitution at the 4
position also led to an inactive analog. However, the
activity was partially recovered by methyl substitution
at the 5, 6, or 7 positions. Incorporation of amino phe-
nols allowed more extensive surveying of the 5, 6, and 7
positions of the benzoxazole. The data indicate that
mono substitution at the 5 position is preferred, with
smaller nitro and cyano groups (29 and 30) exhibiting
enhanced SPA and WPA activities. Disubstitution at
the 5 and 7 positions was also examined further, and
provided a modest improvement in inhibitory potency
in the SPA assay, although no significant improvement
was seen in the physiologically more relevant WPA

which takes into consideration off-target interactions
in plasma. The 5-cyano compound 30 and the 5-cya-
no-7-chloro compound 45 exhibited the best potencies
across both SPA and WPA.

The synthetic approach utilized to examine the B-ring in
the 2-arylbenzoxazole series is detailed in Scheme 2.
Condensation of aminophenol 47 with chlorooxime 48
followed by reduction gave the aminobenzoxazole 49
in 94% yield. From intermediate 49, the B-ring was ex-
plored in an array format using one of the two proce-
dures. Acylation with a range of commercially
available aryloxyacetyl chlorides provided the product
amides 51 directly in 29-81% isolated yield.'? Alterna-
tively, to facilitate more extensive exploration of the B
aryl ring, aniline 49 was acylated with chloroacetyl chlo-
ride to obtain the a-chloro amide 50 in 89% yield. Dis-
placement of the chlorine of 50 with phenols in an
array format yielded the resulting purified phenyl ethers
51 in 10-40% isolated yield.'> The average purity (by
HPLC-UYV) of the final products was 98%.

Select results from exploration of the substitution on the
2-arylbenzoxazole B-ring are provided in Table 2.
Mono-substitution at the 2, 3, or 4 positions with a vari-
ety of substituents revealed that small alkyl groups and
halogens are generally well-tolerated, although haloge-
nation at the 2 position appears to lead to less active
analogs (55 and 64). Several disubstituted analogs (80—
85) provided further improvements in inhibitory po-
tency both in the SPA and WPA. However, disubstitu-
tion at the 2,5-, 2,6-, or 3,5-positions led to a
significant loss of activity (86-90) suggesting that substi-
tutions were permitted along only one edge of the phe-
nyl ring. A limited set of 2,3,4-trisubstituted analogs
was also examined (e.g., 91-94, 97, 99, and 100). These
proved to be well tolerated, exhibiting comparable SPA
activity to the best di-substituted compounds. Among
them, compounds 99 and 100, which contain the best
A-ring mono-substitution (5-CN) and the best B-ring
trisubstitutions, had low nM SPA ICses and were the
most potent in WPA (WPA 1Csy ca. 1 M) in the series.

In summary, high-throughput screening of the BMS
sample collection identified 2-arylbenzoxazole 5 with
submicromolar SPA and modest WPA in vitro activi-
ties. An array synthesis approach was taken to rapidly

OH : C aorb
/@NHZ * N- T /é[ >_©_

O b 89°/i
w cl
o)
Q O~Ar
f /@EO >_/
>—< — - — )—NH
/@ \d 10-40% N
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Scheme 2. Synthetic route to vary B-ring. Reagents and conditions: (a)
EtOH, rt, 1day; (b) EtOH, 100 °C, p-wave, 5 min; (¢) Zn, HOAc,
MeOH; (d) Aryloxyacetylchloride, pyridine, DCM; (e) Chloroacetyl-
chloride, Na,CO;, DCM; (f) ArXH, Na,COs;, cat. KI, acetone,
MeCN, DMSO, 75°C, 12 h.
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Table 2. SAR for benzoxazole B-ring substitutions against human CETP

2 3 2 3
O O \B 24 O \ B
>—< >—NH /‘: — >—NH
NC
A-sub Compound 2 3 4 5 6 SPA ICsy (uM) WPA 1Cs¢* (uM)
Al 52 0.70 30
Al 5 Me 0.28 8.9
Al 53 Me 0.69 18
Al 54 Me 0.24 26
Al 55 F >10 NT
Al 56 F 1.1 51
Al 57 F 7.3 31
Al 58 CN >10 NT
Al 59 CN >10 NT
Al 60 CN >10 NT
Al 61 OMe 8.3 NT
Al 62 OMe >10 NT
Al 63 OMe >10 NT
Al 64 Cl >10 NT
Al 65 Cl 1.3 11
Al 66 Cl 0.38 20
Al 67 i-Pr >10 NT
Al 68 i-Pr 0.9 67
Al 69 COOMe 0.22 NT
Al 70 COOMe >10 NT
Al 71 CF, 1.9 91
Al 72 CF; >10 32
Al 73 CF; >10 NT
Al 74 Ph 3.3 NT
Al 75 Ph 23 NT
Al 76 Ph >10 NT
Al 77 OCF, 0.20 NT
Al 78 OCF; 3.6 61
Al 79 OCF, >10 NT
Al 80 Cl Cl 0.20 13
Al 81 Me Me 0.14 4.5
Al 82 CF, Cl 0.12 49
Al 83 Me Cl 0.096 2.7
Al 84 Me Br 0.031 3.2
Al 85 Me F 0.023 4.9
Al 86 Me Me >10 NT
Al 87 Cl Cl >10 NT
Al 88 Me Cl >10 NT
Al 89 Cl Cl >10 NT
Al 90 Me Me >10 NT
Al 91 —(CH,)+ Me 0.085 3.5
Al 92 —~(CH»)5— cl 0.056 2.5
Al 93 Me COOMe Cl 0.042 2.8
Al 94 Me Me Cl 0.040 1.7
A 95 Me Cl 0.085 40
A? 96 CF; cl 0.018 43
A? 97 —(CH,)+ cl 0.015 3.2
A? 98 Me Br 0.011 43
A? 99 Me COOMe Cl 0.018 1.3
A? 100 Me Me Cl 0.010 0.91

4NT, not tested.

optimize the in vitro CETP inhibition profile for this no-
vel series of compounds. In accordance with the predic-
tions derived from molecular modeling of 5 with
cholesterol, substitutions on either the A- or B-ring

resulted in modulation of CETP inhibitory potency. In
particular, the 5-CN on the A-ring, and di- or trisubsti-
tution with small hydrophobic groups on the B-ring pro-
vided improvements in potency. Finally, combinations
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of preferred substitutions on both the A- and B-rings of
this chemotype resulted in analogs demonstrating fur-
ther improvements in SPA binding activity, with some
trisubstituted B-ring analogs showing improvement in
WPA activity. Further enhancement in WPA activity
for this chemotype may require more extensive explora-
tion of the structure—activity relationship.

Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2008.03.030.
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Abstract—The synthesis and evaluation of novel azetidine lincosamides 1 are described. Eleven new (3-trans-alkyl)azetidine-2-car-
boxylic acids were synthesized via alkylation of N-TBS-4-oxo-azetidine-2-carboxylic acid and subsequent elaboration then coupled
to 7-chloro-1-methylthio-lincosamine. The resulting lincosamides differ from the drug clindamycin in both the size of the ring and
the position/structure of the alkyl side-chain. SAR within the series was explored with attention to alkyl variants in positions 1 and 3

of the azetidine ring.
© 2008 Elsevier Ltd. All rights reserved.

Of the lincosamide class of antibacterial protein synthe-
sis inhibitors, clindamycin (CLI) is the most widely used
in human medicine. The clinical importance of clinda-
mycin has increased with the emergence of commu-
nity-associated  methicillin-resistant  Staphylococcus
aureus (CA-MRSA) infections, where it offers an effec-
tive therapeutic alternative to B-lactam antibiotics.!-?
We have chosen to explore this class further, with the
goal of discovering novel antibacterial agents with im-
proved potency, spectrum and ADME/toxicity profile.
In terms of chemical structure clindamycin consists of
two subunits: an amino acid moiety (N-methyl-4'-(R)-
propyl-L-proline, or 4-n-propylhygric acid) and an
amino sugar moiety (7-chloro-1-methylthio-lincos-
amine, 7-CI-MTL). Increasing the amino acid ring-size
from pyrrolidine (five-membered) to piperidine (six-
membered) has resulted in potent synthetic lincosamide
derivatives (e.g., the veterinary antibiotic pirlimycin?
and the recently disclosed VIC-105555).% This report de-
scribes our investigation of azetidine (four-membered
ring) lincosamides.

The unsubstituted azetidine-2-carboxamide derivative of
7-CI-MTL has previously been reported to display only

Keywords: Antibacterial; Antibiotic; Protein synthesis inhibitor; Clin-

damycin; Lincosamide; Azetidine; Unnatural amino acid.

* This work was presented in part at the 45th Interscience Conference
on Antimicrobial Agents and Chemotherapy, 2005, Washington,
DC, Poster F-2037.

* Corresponding author. E-mail: hardwin@hotmail.com
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mediocre activity (MIC vs S. aureus = 25 ug/mL).> We
have reasoned that it would be possible to improve the
activity of azetidine lincosamides by incorporating an al-
kyl side-chain on the ring. Molecular modeling of the
conformation of substituted azetidine, pyrrolidine and
piperidine amino acids indicated that the 3-trams-alkyl
azetidine amino acid structure would be a close mimic
for both the clindamycin and pirlimycin amino acid
moieties. Twelve new (3’-trans-alkyl)azetidine lincosa-
mides (1) were synthesized with variation at the 3’ and
1’ positions; 7-chloro-1-methylthio-lincosamine was
used as the sugar moiety in all cases.

The synthesis of 3-frans-alkyl-L-azetidine carboxylic
acids 2 is depicted in Scheme 1. N-TBS-4-oxo-azeti-
dine-2S-carboxylic acid was doubly deprotonated with
LDA then alkylated with either an alkyl or allyl electro-
phile with high stereoselectivity.>® Conversion of the
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Scheme 1. Reagents: (a) LDA, R"CH,Br, THF; (b) TMSCHN,,
MeOH; (c) H,, Pd/C, EtOAc; (d) Et;N-3HF, THF; (e) LiAlH4, THF;
(f) Boc,O, CH,Cly; (g) RuCl3-H,0, NalOy, aq acetone; (h) 7-CI-MTL,
HBTU, DIPEA, DMF,; (i) TFA, H,0, DCE.

acid to a methyl ester was followed by hydrogenation (if
required) to give the saturated N-TBS-3-trans-alkyl-4-
oxo-azetidine-2-methyl ester. The TBS-group was re-
moved, and then both the amide and ester were reduced
using LiAlIH4. The resulting free amine was Boc-pro-
tected, then the primary alcohol was oxidized to provide
the desired Boc-protected 3-trans-alkyl-L-azetidine car-
boxylic acids 2.%7 The Boc-protected azetidine acids 2
were coupled with 7-CI-MTL, then deprotected to fur-
nish the 3’-trans-alkyl azetidine lincosamides 1.2

An alternative approach that allowed for diversification
of the amino acid side-chain at a later stage was also
developed, as shown in Scheme 2. N-TBS-4-oxo-azeti-
dine-2S-carboxylic acid was alkylated with 3,3-dimeth-
ylallyl bromide and elaborated in a similar manner as
before to the Boc-amino alcohol. The alcohol was
TBS-protected, then the side-chain alkene was oxida-
tively cleaved to provide an aldehyde ‘handle’ for fur-
ther modification. Olefination of aldehyde 8 followed
by hydrogenation gave access to a variety of cyclo-
alkyl-alkyl side-chains, in the case of cyclopropyl ana-
logs diimide reduction was used in order to achieve
selective saturation of the alkene. TBS-deprotection
was followed by oxidation, coupling and Boc-deprotec-
tion as before.

N-Methyl azetidine amino acid 2k was synthesized via a
combined one-pot deprotection/Eschweiler—Clark reac-
tion of 2a with formic acid and coupled directly with
7-CI-MTL to give 1k (Scheme 3). 1’-(2-Hydroxy-
ethyl)azetidine lincosamide, 11, was obtained via treat-

|
O a,b,c \(

N OH o,
H
3 7
d e f
X\EY 0
|
: g;hori K
o,
(‘S—\OTBS N OTBS
Boc Boc
9 8
ik
R'<.
0 [, m
N OH
Boc
2f—j 11—

Scheme 2. Reagents: (a) LDA, THF, Me,C=CHCH,Br; (b)
Et;N-3HF, THF; (c) LiAlH,, THF; (d) Boc,O, CH,Cl,; (e) TBSCI,
imidazole, DMF; (f) O3, PPh;3, CH,Cly; (g) XYC=PPh;, THF; (h) H,,
Pd/C, EtOAc; (i) KO,CN=NCO,K, AcOH, dioxane; (j) TBAF, THF;
(k) RuCl3H,0, NalO,, aq acetone; (1) 7-CI-MTL, HBTU, DIPEA,
DMF; (m) TFA, H,0, DCE.

ment of 1a with ethylene oxide (Scheme 4). Each final
compound was purified to >95% via HPLC.

Novel azetidine lincosamides 1a-1 were assayed against
a panel of bacterial isolates, using standard broth micro-
dilution techniques,”'® and the resulting minimum
inhibitory concentration (MIC) data are summarized
in Table 1. Select compounds were also screened for
inhibition of the bacterial protein synthesis pathway in
a cell-free Escherichia coli transcription/translation
(TT) inhibition assay'! (Table 1). Five of the new
azetidine analogs were tested for in vivo efficacy against
S. aureus (Smith strain) in a murine septicemia protec-
tion model,!?13 Table 2.

L

O b
N OH
R
2a (R = Boc)
] a
2k (R = Me) 1k

Scheme 3. Reagents: (a) CH,O aq, CHO,H; (b) 7-CI-MTL, HBTU,
DIPEA, DMF.
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1a 1l
Scheme 4. Reagents: (a) ethylene oxide, MeOH.

Results: The 3-trans-substituted-2S-azetidine moiety is
well-tolerated as a mimic of the 4-n-propylhygric acid
portion of clindamycin. Cell-free transcription/transla-
tion assay data and the lack of susceptibility of S. aureus

Table 2. In vivo efficacy

CLI la 1d 1f 1h 1j

MIC (ug/mL) 0.125 025 006 0.03 025 0.125
EDso, IV (mgkg) 28 1.1 1.7 >10 30 3.1
EDs), PO (mgkg)* 199 108 280 NT NT NT

2NT, not tested.

cMLSB strain confirm that azetidine lincosamides share
the same protein synthesis inhibitory mode of action
and bacterial 50S RNA target with clindamycin.'4!>
E. coli transcription/translation inhibition data for the
novel compounds were proportional to the observed
MIC in most cases, with linear R’ side-chains affording
superior activity. Increasing the length of the side-chain

Table 1. In vitro antibacterial activity and translation/transcription inhibition activity

Compound R R’ MIC (pg/mL) TT ICso°
Streptococcus S. aureus S. aureus  Enterococcus  Enterococcus — Bacteroides fragilis (WM)
pneumoniae  (n = 3) (cMLSB)* faecium (n=2) faecalis(n=2) (n=2)

(n=1)

CLI — — 0.06 0.125-0.25 >8 0.125-4 0.25-8 0.06-1 2.70

la H S 0.06 0.125-0.25 >8 0.125-1 0.125-8 0.125-2 0.36

1b H >4 0.125 0.5 >8 0.5-4 1->8 0.5-4 11.06

1c H AN 0.125 0.5 >8 0.5-4 0.5-8 0.5-4 12.85

1d H S0 0.03 0.06-0.125 >8 0.125-0.25 0.25-4 0.125-0.5 1.13

le H >_r\,:’ 0.125 0.5 >8 0.5-4 0.5-16 0.5-4 15.53

1f H O\/\; 0.016 0.03 >4 0.06-0.25 0.06-0.5 0.25 2.44

1 H 0.125 0.25-0.5 >4 0.25-1 0.25->4 0.25 NT

& C S
1h H I>—,\;f’ 0.125 0.25 >4 0.125-1 0.25->4 0.25 7.80
F
1i H P 0.125 1-2 >4 0.5->4 24 1->4 NT
F ~

1j H A\/\fr 0.06 0.125-0.25 >4 0.125-0.5 0.25-2 0.25-2 2.75

1k Me S 0.5 1 >4 1->4 2->4 0.125-2 NT

1 HOL A~y >~ 0125 0.5 >8 0.25-4 0.5->8 0.5-8 NT

#cMLSB: constitutive macrolide, lincosamide and streptogramin B resistance phenotype.

" NT, not tested.
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was beneficial. Compound 1a displayed the best overall
activity, performing well both in vitro and in vivo, with
efficacy ca. 2-fold superior to that for clindamycin for
both IV and PO routes of administration. The high
in vitro potency of the cyclobutane-containing com-
pound 1f did not translate into in vivo efficacy, possibly
due to inferior PK. N-Alkylated azetidine lincosamides
1k, 11 showed lower activity than the parent azetidine
lincosamide 1a.

In summary, an SAR study of novel 3’-trans-substituted
azetidine lincosamides was conducted. The azetidine is a
well-tolerated replacement for the pyrrolidine of clinda-
mycin. Several examples of azetidine lincosamides with
similar in vitro potency and spectrum to that of clinda-
mycin were identified. The efficacy of compound 1la
compared favorably to that of clindamycin in a murine
septicemia model, via both IV and PO routes of admin-
istration. Azetidine lincosamides are promising antimi-
crobial agents that warrant further study.

Supplementary data

Copies of 'H NMR spectra for compounds la-l are
available. Supplementary data associated with this arti-
cle can be found, in the online version, at doi:10.1016/
J.bmcl.2008.03.032.
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Abstract—Thiocarlide (THC; N,N’-bis[p-(isoamyloxy)phenyl]-thiourea; also known as isoxyl) has been used in the past as anti-
tuberculosis agent. In an effort to improve the therapeutic value of THC several N-pentofuranosyl-N'-[p-(isoamyloxy)phenyl]-thio-
urea derivatives were synthesized by coupling of an aniline derivative and pentofuranosyl isothiocyanates. The MIC values of the
new products against M. b indicate that this new approach to the synthesis of potential anti-TB therapeutic agents was successful.

© 2008 Elsevier Ltd. All rights reserved.

The human pathogen Mycobacterium tuberculosis
(M. tb) causes tuberculosis and is responsible for the
deaths of millions of people, the most by any single
infectious agent.!

One of the therapeutic agents that were used in the clin-
ical treatment of tuberculosis in the 1960s was a deriva-
tive of thiourea known as thiocarlide (THC; N,N’-bis[p-
(isoamyloxy)phenyl]-thiourea; 1, Fig. 1; also known as
Isoxyl™). This powerful compound was first chemically
synthesized in 1951.2 The minimum inhibitory concen-
tration (MIC) value of THC against most clinical iso-
lates of M. tb, including multi-drug resistant ones, was
determined to be 2 pg/ml.? Nevertheless, the clinical
use of THC was discontinued, apparently because of
the poor bioavailability of the highly non-polar
product.*

In an effort to improve the therapeutic value of THC, we
have synthesized several N-glycosyl-N’'-[p-(isoamyl-
oxy)phenyl]-thiourea derivatives and determined their
MIC values against M.th.> The arabinfuranosyl product
(2, Fig. 2), the only pentosyl derivative in the previous
work,> turned out to be the most promising one, exhib-
iting an MIC value of 2.5 pg/ml. This encouraging result
prompted us to focus our attention on the synthesis and
testing of the remaining p-aldopentofuranosyl deriva-

Keywords: Thiocarlide; Thiourea; Isoxyl; Mycobacterium tuberculosis.
* Corresponding author. Tel.: +1 970 491 5537; e-mail: avraham.liav@
colostate.edu

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

doi:10.1016/j.bmcl.2008.03.033
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Fig. 1. The structure of THC.

tives. These compounds were obtained by the coupling
of protected pentofuranosyl isothiocyanate with p-iso-
amyloxy aniline (Scheme 1), as previously described by
us® and others.®® However, we have used acetates as
the protecting groups instead of the TBDMS groups
used previously® as resynthesis of the arabino product
showed an increase in the yield of the final product be-
cause of the milder deprotecting conditions employed.

The isothiocyanates were synthesized from the corre-
sponding tetraacetates.” All of the fully acetylated p-ald-
opentofuranoses are already described.” The general
scheme consists of conversion of the pentose into the cor-
responding methyl pentofuranoside, and subsequent
acetylation.'® We then subjected these intermediates to
acetolysis, using a mixture of glacial acetic acid, acetic
anhydride, and a 5% solution of sulfuric acid in acetic
acid. Under these conditions the tetraacetates were ob-
tained in high yields (90-95%) and no purification of
the products was necessary. The '"H NMR data of the tet-
raacetates are in agreement with the reported values,’
thus confirming that the products exist in the furanose
form. Conversion of the acetates into the bromides was
carried out by treatment with trimethylsilyl bromide in
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Fig. 2. The structures of the N-D-pentofuranosyl-N’-p-(isoamyloxy) phenyl-thiourea products.
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Scheme 1. Synthesis of N-p-lyxofuranosyl-N'-[p-(isoamyloxy)phenyl]-thiourea. Reagents and conditions: (a) AcOH, Ac,OH, 5% H,SOy; rt, 2.5H.
(bl) BITMS, CH,Cl; rt, 1 h. (b2) KSCN, tetrabutylammonium hydrogen sulfate, 4A molecular sieves, acetonitrile; rt, 2 h. (b3) The products from
(bl) and (b2), acetonitrile, 65°, 2 h; (c) isoamyloxy aniline, pyridine; rt, 70 min. (d) M NaOCH;, MeOH.

methylene chloride.!! The isothiocyanates were prepared
from the corresponding bromides by treatment with
potassium thiocyanate and tetrabutyl ammonium hydro-
gen sulfate. The pentofuranosyl isothiocyantes were
found to be unstable, and their purification by column
chromatography on silica gel could not be achieved. After
extraction of the crude isothiocyanates with a petroleum
ether—ethyl acetate 3:1 mixture, they were coupled to p-
(isoamyloxy) aniline (9, Scheme 1) as described before.>
Using this procedure (Scheme 1) we first prepared the
D-xylo and p-lyxo products (4 and 5, respectively). The
analogous D-ribo product (3) could be obtained by the
same procedure, but a cleaner product was obtained when
the commercially available 2,3,5-tri-O-benzoyl-p-ribofu-
ranose was used as the starting material. The synthesis of
the arabinose product (2) has already been described by
us.> However, in that synthesis TBDMS groups were
used, and the removal of these groups (by treatment with
ammonium fluoride in methanolic ammonium hydroxide
at 65°) in the final step was not as efficient as the O-deacet-
ylation described in this report. Accordingly, we repeated
the synthesis of 2, using tetra-O-acetyl-p-arabinofura-
nose as a starting material.

The structures of the new products were confirmed by
mass spectrometry and '"H NMR spectroscopy. In the
positive electro spray mode the products exhibited the
393 jon which corresponds to M+Na. The 'H NMR
spectra showed that the p-xylo and Dp-ribo products
were anomerically pure while the other products existed
as a mixture of the two anomers that could not be sep-

arated by chromatography. The signals of the anomeric
protons appeared at low field, as expected (6 5.88-5.45).
In all cases, these signals were broad and the determina-
tion of the coupling constants was not feasible. The ring
carbohydrate protons usually appeared as complex mul-
tiplets. The signals of the isoamyloxyphenyl moiety ap-
peared as a pair of doublets in the aromatic region
(J = 9.0 Hz; except the spectrum of the p-lyxo product
which showed two pairs of doublets, one for each of
the two anomers), a two proton-triplet at around ¢
4.0 ppm, a one-proton multiplet at 6 1.96-1.82 ppm, a
two proton-doublet of doublets at 1.7 ppm, and a pair
of three protons—singlets at 6 1.03 ppm and 6 1.01 ppm.

The new products were tested as growth inhibitors against
M. tuberculosis H37Rv, using the microplate alamar blue
dye assay.!? Re-testing of the arabino analog (2) showed it
to be more potent than THC itself (which was tested
under the same conditions) while the ribo analog (3)
displayed an MIC value in the same range as THC
(Table 1).!* The p-xylo analog (4) was somewhat less
active and the p-lyxo product (5) showed activity only
at a concentration of 50 ug/mL. The sensitivity of the
products to the stereochemical configuration suggests that
the carbohydrate group not only adds needed hydrophi-
licity to the molecule but also adds specificity.

Further testing of the best product (2) in mice, including
the bioavailability assay, is now in progress. The bio-
availability assay estimates the drug levels in mice at
specific time points post oral dosing, using the growth
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Table 1. MIC values of THC and products 2-5 against M. tuberculosis
H37

Product MIC values (ng/mL)
THC 2.5-5.0

2 1.56-3.125

3 3.125-6.25

4 6.25-12.5

5 50

The MIC values were determined by the microplate alamar blue dye
assay. INH (isoniazid) was used as a standard at a concentration of
0.35 pg/mL.

of M. tuberculosis H37Rv as an indicator for drug activ-
ity.'* Also, the cLogP (log of the octanol/water parti-
tion coefficient) value of the new products, 2 and 3, is
1.56, which is significantly lower than that of THC
(6.22), and this decrease in cLog P may result in an in-
crease in bioavailability.
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The mixture was stirred at room temperature for 2 h and
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anate (250 mg), tetrabutylammonium hydrogen sulfate
(205 mg) and molecular sieves (4A, 1g) in acetonitrile
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Abstract—The synthesis and structure—activity relationships (SAR) of p38a MAP kinase inhibitors based on a pyrazolo-pyrimidine
scaffold are described. These studies led to the identification of compound 2x as a potent and selective inhibitor of p38a MAP kinase
with excellent cellular potency toward the inhibition of TNFa production. Compound 2x was highly efficacious in vivo in inhibiting
TNFa production in an acute murine model of TNFa production. X-ray co-crystallography of a pyrazolo-pyrimidine analog 2b

bound to unphosphorylated p38a is also disclosed.
© 2008 Elsevier Ltd. All rights reserved.

The mitogen activated protein kinase p38 is a serine/
threonine kinase that exists in four isoform (o, B, v,
and 6). Expression of p38 isoforms varies among differ-
ent cell types of the immune system and p38a is believed
to be the predominant isoform involved in inflamma-
tion.! Activation of p38a leads to upregulation of proin-
flammatory cytokines such as TNFo and IL-1B.2 These
cytokines are associated with the onset of inflammatory
and autoimmune diseases such as rheumatoid arthritis
(RA), Crohn’s disease, psoriasis, and inflammatory bo-
wel disease (IBD).?

Identification of potent and selective p38a inhibitors as
clinical candidates has therefore generated considerable
interest in the pharmaceutical industry.* We recently
disclosed a series of 5-cyanopyrimidines 1 (Fig. 1) as po-
tent inhibitors of the p38a MAP kinase.*® In an attempt
to design novel chemotypes we envisioned that the
incorporation of a ring constraint through cyclization
of the 5-cyano and the 6-aminoalkyl functions of 5-
cyanopyrimidines should lead to a pyrazolo-pyrimidine
2 (Fig. 1) which may serve as a novel scaffold for design-
ing inhibitors.

Keywords: p38a inhibitors; Pyrazolo-pyrimidines.
* Corresponding author. Tel.: +1 609 252 5068; fax: +1 609 252
6804; e-mail: jagabandhu.das@bms.com

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

doi:10.1016/j.bmcl.2008.03.019

In this letter, we describe the synthesis and structure—
activity relationship (SAR) studies of the pyrazolo-
pyrimidines that led to the identification of compound
2x as a potent and selective p38a inhibitor. Analog 2x
was also highly efficacious in vivo in an acute pharmaco-
dynamic model of TNFa production in mice.

The synthesis of the pyrazolo-pyrimidine analogs fol-
lows some general routes as described in Schemes 1-3.

Preparation of analogs with a C-6 amino substituent
(2b-2j) utilized readily available 4,6-dihydroxy-1-phe-
nyl-pyrazolo-[3,4-d]pyrimidine 7° (Scheme 1) which
upon treatment with phosphorous pentachloride and
phosphorous oxychloride under reflux formed the corre-
sponding 4,6-dichloro-adduct 8. Reaction of 8 with
aniline 9 in absolute ethanol in the presence of N,N-
diisopropylethylamine formed exclusively the 4-anili-
no-adduct 10 which served as a common intermediate
for the preparation of 6-amino substituted analogs.
Accordingly, treatment of 10 with N-methyl-homopiper-
azine in isopropanol at elevated temperature formed
analog 2d in 60% yield.

The synthesis of 6-unsubstituted analogs (2k-2r) fol-
lowed a similar route (Scheme 2). Accordingly, the reac-
tion of amino-pyrazole 6 with formamide® at 190 °C
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Figure 1. Activities of cyanopyrimidine 1 and pyrazolo-pyrimidine 2x.
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Scheme 1. Reagents and conditions: (a) EtOH, 60 °C, 1 h, 60%; (b) sulfuric acid, 0 °C to rt, 7 h, 90%; (c) urea, 200 °C, 3 h, 70%; (d) POCl;, PCls, A,
3 h, 93%; (e) i-Pr,NEt, EtOH, 60 °C, 4 h, 60%; (f) N-Me-homopiperazine, i-PrOH, 100 °C,3 h, 60%.
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Scheme 2. Reagents and conditions: (a) HCONH,, 190 °C, 3 h, 75%; (b) POCls, 90 °C, 3 h, 85%; (c) ethyl-3-amino-4-methylbenzoate, EtOH, 140 °C,
1.5h, 95%; (d) 1 N aq NaOH, THF-MeOH, rt, 16 h, 85%; (¢) EDC, HOBt, THF-DMF, R,NH,, i-Pr,NEt, EtOH, 60 °C, 7 h, 55-100%.

formed 4-hydroxy-1-phenyl-pyrazolo-[3,4-d]pyrimidine
11. Reaction of 11 with phosphorous oxychloride at ele-
vated temperature afforded the 4-chloro derivative 12
which upon treatment with 2-methyl-5-carbethoxy-ani-
line formed 13. Saponification of ethyl ester 13 and sub-
sequent treatment of the corresponding acid with an
amine under standard coupling conditions afforded
analogs 2.

cl
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OHC N Y
N \
PhNHNH, 4 )N\ % NN NH,
cl H,
3 14 15

g Q

b ﬁ\

2a

Scheme 3. Reagents and conditions: (a) THF, Et;N, A, 20 min, 78%;
(b) EtOH-DMF, 146 °C, 0.5-1 h, 50%.

An alternate synthetic route was utilized for analogs
with a 6-amino substituent and is illustrated with the
synthesis of 2a (Scheme 3).” Base-catalyzed condensa-
tion of phenyl hydrazine 3 and 2-amino-4,6-dichloro-
pyrimidine-5-carboxaldehyde 14 in refluxing THF
formed 4-chloropyrimidine 15 which upon reaction with
aniline 9 afforded analog 2a in 40% overall yield in two
steps.

The preliminary structure—activity optimization studies
of pyrazolo[3,4-d]pyrimidines (2) are outlined in Tables
1-3. Compounds were evaluated for their ability to inhi-
bit phosphorylation of substrate (myelin basic protein)
by recombinant human p38a.® A peripheral blood
mononuclear cell-based assay (hPBMC) was used to
measure the ability of compounds to inhibit LPS-in-
duced TNFa production in human primary cells.®

Table 1 summarizes some of the salient SAR findings for
C-6 substitution in the pyrazolo-pyrimidine ring. The
amino analog 2a displayed excellent activity in the
p38a enzyme assay but was only moderately potent in
the cellular assay. The corresponding methylamino ana-
log 2b is roughly 5-fold less potent. Both enzyme and
cellular potencies of analog 2b could be significantly im-
proved by the attachment of a cyano ethyl side chain
(2¢) to the methylamino group. A similar boost in cellu-
lar potency was observed upon introduction of a polar
pyrrolidinoethyl side chain (2h) in primary amine analog
2a. Homopiperazine analog 2d was identified as one of
the most potent analogs in the amine series. A wide vari-
ety of substituents are tolerated at the C-6 position.
Replacement of the amino group with hydrogen (2e),





Table 1. SAR for C-6 substitution
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Me
H
N\
Me
o
N
Compound R? p38a IC5;* hPBMC TNFa
(nM) IC50° (nM)

2a NH, 3 193
2b NHMe 14 513
2¢ N(Me)CH,CH,CN 5 43
2d N/QN_Me 8 16
2e H 10 67
2f OMe 11 >2000
2g Me 18 >2000

H

N
2h >& V\D 4 36

o
2 >\ \/\I\D 6 27

12 290

2 X”Q

%pn =4, variation in individual values, <20%.

b

n = 3, variation in individual values, <25%.

alkoxy (2f), or alkyl (2g) retained most of the p38a en-
zyme activity. However, analogs 2f and 2g were found
to be significantly less potent in the cell-based assay. Fi-

Table 2. SAR for N-1 substitution

Me
H
N\
Me
(o)
N
Compound R? p38al hPBMC TNFa
IC5o* (M)  1Cx° (nM)

2k Me 253 —
21 tert-Butyl 13 >250
2e Ph 10 67
2m CH,Ph 13 292
2n 2-Pyridyl 67 801
20 2-F-phenyl 9 50
2p 2,6-Di-Cl-phenyl 6 >250
2q 2,4,6-Tri-Me-phenyl 24 50
2r 4-F-phenyl 9 220

%pn =4, variation in individual values, <20%.

b

n = 3, variation in individual values, <25%.
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Table 3. SAR for side chain carboxamide modification
Me
H
N\R‘
o
Compound  R! p38a hPBMC TNFa
ICso* MM)  ICso° (nM)
2s H 7 635
2t OMe 4 19
2e Me 10 67
2u Bn 184 —
2v 3-Pyridyl 240 1480
2w n-Bu 21 >2000
N
2x ~ 5 6
—
N
2y ~ “NH 3 64
—
N
2z ~ “N—Et 8 <8
—

#n =4, variation in individual values, <20%.
b, =3, variation in individual values, <25%.

nally, the replacement of the methoxy group with a pyrr-
olidino-ethoxy substituent (2i) resulted in significant
improvement in both biochemical and cellular potencies
and is consistent with our earlier observation with C-6
amino substituted analogs (2b and 2h). Because of its
excellent potency, the C-6 unsubstituted analog 2e was
selected for further SAR optimization.

In order to further improve the cellular potency in the
methyl carboxamide series, we turned our attention to
the effect of substitution at the N-1 position of the pyr-
azolo-pyrimidine ring. Some salient SAR findings on
analog 2e are reported in Table 2. Replacement of the
phenyl group with alkyl groups showed mixed results.
The N-1 Me analog 2k was about 25-fold less potent
than the phenyl derivative 2e, while the ferz-butyl analog
2l retained the potency in vitro. However, analog 21 is
significantly less potent than compound 2e in the cellular
assay. Similarly the phenyl ring could be replaced with a
benzyl (2m) with some attenuation in cellular potency.
However, the replacement of the phenyl ring with a pyr-
idyl ring (2n) resulted in several fold drop in both en-
zyme and cellular activities. In contrast, substitution(s)
on the phenyl ring (20-2r) was tolerated. The 2-F-phenyl
analog 20, and the 2,4,6-trimethylphenyl analog 2q were
equipotent to 2e in both the biochemical and cellular
assays.

A more pronounced improvement in potency was ob-
served during the SAR investigation of the carboxamide
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modification in the pendant aniline ring (Table 3). It
should be noted that the relative positions of the methyl,
carboxamide, and the amino group in the pendant ani-
line ring were critical for the p38a enzyme activity. Re-
moval or transposition of the methyl and the
carboxamide groups resulted in several orders of magni-
tude loss in biochemical potency (data not shown). The
primary carboxamide analog 2s was significantly less
potent in the cellular assay despite retaining the bio-
chemical activity relative to the methyl amide 2e. In con-
trast a substantial increase in both biochemical and
cellular potencies was observed upon the substitution
of the methyl amide with a methoxy amide (2t). The
replacement of the methyl amide with either a benzyl
(2u), pyridyl (2v) or long chain alkyl amide (2w) was det-
rimental for enzyme activity. A significant improvement
in biochemical potency and a more dramatic increase in
cellular potency were observed upon replacement of the
methyl amide with five-membered heterocyclic amides,
most notably iso-oxazole (2x), and N-Et pyrazole (2z).
Analogs 2x and 2z were thus identified as two of the
most potent p38a inhibitors in this series.

Based on its p38a inhibitory potency, acceptable liability
profile, and in vitro metabolic stability, analog 2x was
selected for further evaluation. Compound 2x was char-
acterized as a highly potent inhibitor of human p38a en-
zyme with a K; value of 0.2 nM, excellent metabolic
stability with microsomal metabolic rates of 0.000 and
0.005 nmol/min/mg protein, respectively, in humans
and rats. Analog 2x also displayed a clean profile
against CYP 450 inhibition with ICsy values of
>40 uM for 1A2, 2C9, 2C19, 2D6, and 3A4 isozymes.
The kinase selectivity profile of 2x was determined
against several receptor and non-receptor tyrosine ki-
nases, as well as serine/threonine kinases (Table 4).
Compound 2x was shown to be at least 1000-fold selec-
tive over 20 different kinases. Furthermore, a close ana-
log in this series, compound 2b was found to be a
selective p38a inhibitor (ICso = 14 nM) over p38y and
& (ICsps > 30 pM). No selectivity was observed in the
inhibition of p38f isoform (ICsy = 12 nM).

The pharmacokinetic profile of compound 2x was deter-
mined in mice. Upon oral dosing at 10 mg/kg, analog 2x
was determined to be highly bioavailable (F% 60) with a
low clearance rate (0.3 L/kg/h), high volume of distribu-
tion (1.3 L/kg), and acceptable terminal half-life (1, =

Table 4. Kinase selectivity profile of 2x

Kinase 1Cso (UM) Kinase I1Cso (LM)
p38a 0.005 Jak3 >50
KDR >10 Lck >50
Akt >50 FGFR1 >50
CaMKII >50 SYK >50
Cdk2 >10 MK2 >30
Itk >50 ERK >50
Raf >30 PKA 46
FGF >50 PKCa 188
GSK3 >5 PKCd 40
HERI1 >50 PKCr >40
IGF-1R >25 PKCC >40

4.1 h). The in vivo efficacy of 2x was demonstrated in
an acute pharmacodynamic model of LPS-induced
TNFa production in mice. Mice were dosed orally with
2x at 5mg/kg, 5 h prior to LPS administration and the
plasma TNFa level was measured 90 min after the
LPS challenge. In this model, compound 2x inhibited
circulating TNFa level by >70%.8

To understand the binding mode of this novel pyrazolo-
pyrimidine class of p38a inhibitors, compound 2b was
co-crystallized with purified, unphosphorylated p38o
MAP kinase and the X-ray structure of the complex
was determined.®? The key binding interactions between
compound 2b and the p38a enzyme are illustrated in
Figure 2.

The X-ray structure of 2b complexed with p38a reveals a
combination of H-bonding and hydrophobic interac-
tions. Consistent with our previous findings with related
p38a inhibitors, the pendant carboxamido-aniline ring
occupies an angular hydrophobic pocket and makes
key hydrogen-bond interactions. More specifically, the
aniline NH is in H-bonding distance with Thr106
(2.01 A) and the carboxamido NH is engaged in an H-
bond interaction with Glu71 (2.07 A). The hinge region
residue, Met109 NH forms an H-bond with 2’ position
nitrogen of the pyrazole. This 2’ pyrazole nitrogen cor-
responds to the nitrile N of the cyanopyrimidine 1.
The phenyl ring attached to the pyrazolo-pyrimidine
ring is skewed out of plane. This orientation may ex-
plain some of the SAR observed regarding substitution
at the ortho-position of the pendant phenyl ring.

In conclusion, we have identified a series of exquisitely
potent and selective p38a inhibitors using a novel pyraz-
olo-pyrimidine scaffold. SAR optimization on different
fragments of this ring system led to the identification
of analog 2x as one of the most potent p38a inhibitor
in this series with single digit nanomolar potency for
the inhibition of TNFa release in human peripheral
blood mononuclear cells (PBMCs). Oral efficacy was

Figure 2. Binding interactions between 2b and unphosphorylated p38a
based on X-ray crystallographic analysis. Hydrogen-bond distances
are given in angstroms with key protein residues labeled.
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also demonstrated with this analog in an acute murine
model of TNFa inhibition. In addition, the molecular
basis for p38a inhibition of this class of inhibitor was
established via X-ray crystal structure determination of
an enzyme-inhibitor complex.
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Abstract—A small library of 2,2'-[(a,0-alkanediylbis(oxyphenylene)]bis-1 H-benzimidazoles has been prepared and screened in vitro
against Pneumocystis carinii, Trypanosoma brucei rhodesiense, and Leishmania donovani. Among the six tested compounds two deriv-
atives emerged as promising hits characterized by ICs, values lower than that determined for pentamidine against L. donovani.

© 2008 Elsevier Ltd. All rights reserved.

Whereas the amidine group is seldom encountered in
biomolecules, it is present in a number of anticoagulant
drug candidates! and some pharmaceutical specialties
prescribed to cure antifungal and antimicrobial infec-
tions.> Among those specialties, let us mention (Fig. 1)
propamidine (1, Brolene®) used in the treatment of eyes
infections caused by Acanthamoeba keratitis, hexami-
dine (2, Hexomedine®) used as a topical antiseptic found
in many skin care compositions, and pentamidine (3,
Pentacarinat®, Pentam®, NebuPent®), the most repre-
sentative example of the series, clinically used for the
treatment of Preumocystis carinii pneumonia,> Human
African trypanosomiasis* (sleeping sickness), and leish-
maniasis.> However despite their efficiency those com-
pounds, and pentamidine more particularly, are
plagued by important drawbacks including poor bio-
availability and some unpleasant side effects.® In order
to circumvent those drawbacks, many structural varia-
tions have already been considered and they essentially
deal with modifications of the moiety linking both ben-
zamidine groups. In that sense furamidine’ (4) and 4,4'-
(piperazine-1,4-diyl)bisbenzamidine® (5) have recently

Keywords: Bisbenzamidine; Bisbenzimidazole; Pentamidine; Pneumo-
cystis  carinii  pneumonia; Human African trypanosomiasis;
Leishmaniasis.

* Corresponding author. Tel: +1 32 65 373337 e-mail: jjvde@
umbh.ac.be

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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emerged as promising drug candidates for the treatment

of trypanosomiasis and P. carinii pneumonia,
respectively
HN NH
>\—< >—o/\M/n\o—< >—/<
HzN NH,
1:n=1
2:n=4
3:n=3

Figure 1. Some pharmacologically important bisbenzamidines.
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Figure 2. Structure of the bisbenzimidazole 6.

Our approach is quite different as it consists in masking
the amidine functions by incorporation into conjugated
cyclic systems and more particularly into benzimidazole
systems. In that way, we have already observed that bis-
benzimidazole 6 (Fig. 2), structurally related to 5, was
inactive’ against Trypanosoma brucei rhodesiense and
Trypanosoma brucei brucei but active, and far more ac-
tive than 5 or even pentamidine 3, against Leishmania
donovani.'® In this report, we extend that preliminary re-
sult and we disclose our recent findings on the prepara-
tion and the evaluation of other novel
bisbenzimidazoles.

Benzimidazoles are generally prepared!! (cfr. Scheme 1)
by the reaction of 1,2-phenylenediamine with carboxylic
acid under drastic conditions. Another popular route!!
involves 1,2-phenylenediamines and aldehydes to form
transient imines that must be oxidized in a second step.
A few papers indicate that starting from the bisulfite ad-
duct of the aldehydes enables to avoid the oxidation
step!? and we decided to test the possibility of exploiting
that protocol to prepare bisbenzimidazoles 7-12 (cfr.
Scheme 2). In those substances the heterocyclic systems
are linked by oxyphenylene groups separated by a num-
ber of methylene units ranging from 3 to 7. Therefore,
they are structurally related to the bisbenzamidines 1-3.

Based on a disconnection strategy, the targeted deriva-
tives can be obtained either (i) by forming 2-(hydroxy-
phenyl)-1H-benzimidazoles and subsequently the ether
bonds by reaction with a dihaloalkane or (ii) by reacting
a dihaloalkane with an hydroxybenzaldehyde and then
only forming the heterocyclic entities. In our hands,
the first route led to mixtures of compounds (including
N-alkylated benzimidazoles) whereas the second syn-
thetic scheme afforded the expected derivatives in good
yields (75-98%) and purity. Intermediate dialdehydes
have been described in the literature'® and reaction con-
ditions have been optimized for the cyclization step
only. Indeed activation of the dialdehydes by reaction
with sodium bisulfite and coupling with the diamines
were performed by a one-pot procedure and were
advantageously conducted under microwave irradiation
within a few minutes'4.

In order to establish the pharmacological profile of com-
pounds 7-12 they have been tested in vitro against P.
carinii, Trypanosoma brucei rhodesiense, and L. donovan-
i, the three species that can be efficiently killed by the ac-
tion of pentamidine 3. Inspection of the data gathered in
Table 1 clearly indicates that inclusion of the amidine
functions in benzimidazole systems reduced the
in vitro activity against P. carinii and Trypanosoma bru-
cei rhodesiense by a tenfold factor and even more when
compared to 3. For both strains the most active deriva-
tive was compound 12 bearing the benzimidazole groups
in the meta position relative to the ether bonds. Except 7
the other derivatives were inactive against both para-
sites. The situation was quite different in the screening
against L. donovani. Indeed the ICsy determined for
pentamidine 3 was 2.2 uM and the bisbenzimidazoles

Nﬁ//f}o/\(\ﬂ\o@xr/u
o £

NH X =Cl, Br

NH, NH,

o /7\ OH o @OH
OH H
oxidant

Scheme 1. Disconnection approach to the targeted bisbenzimidazoles.
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Scheme 2. Preparation of compounds 7-12. Reaction conditions: (a)
EtOH, K,CO; (1 equiv), reflux 8 h; (b) EtOH/H,0 (3/1), Na,S,0s5 (1
equiv), 1,2-phenylenediamine (2 equiv), MW 140 °C, 15 min.

Table 1. Pharmacological activities'® for compounds 7-12 and pent-
amidine 3

Compound Pneumocystis Trypanosoma  Leishmania Vero

L . 22 3

carinii®® brucei donovani® cells?
rhodesiense®!

ICs (1M) ICsp (uM) IG5 ICop 1Csp

(M) (uM)  (uM)

7 10.2 >60 1.5 33 272
8 169.4 >60 49 129 >100
9 54.1 >60 1.4 3.1 287
10 >100 >60 11.8 538 279
11 >100 >60 13.6  56.2 46.1
12 5.2 0.85 10.3 451 123
3 0.5 0.05 2.2 9.8  >100

that we prepared were characterized by ICsy values
ranging from 1.4 pM, more active than pentamidine,
to 13.6 uM, sixfold less active than pentamidine. Among

the tested compounds, 7 and 9 emerged as promising
hits exhibiting a more efficient antiparasitic behavior
than 3, when either ICsy or 1Cq, values are considered.
Interestingly, 7 and 9 possess structural features closely
related to propamidine 1 and pentamidine 3 itself.

All compounds were subsequently tested for cytotoxic-
ity. Only compound 8 displayed no cytotoxicity in the
assay considered in this study. Hits 7 and 9, effectively
active against L. donovani, gave rise to modest selectivity
indexes expressed as ratio ICsy Vero cells/ICsq L. dono-
vani in the range of 20.

Although it is out of the scope of this preliminary com-
munication to suggest any mechanism of action of the
bisbenzimidazoles under study, it is noteworthy that,
contrary'® to bisbenzamidines, they did not exhibit sig-
nificant binding, if any, to DNA (data not shown).
Therefore, their antiparasitic properties cannot be
understood in terms of inhibition of DNA dependent
enzymes (e.g., topoisomerases'® and nucleases'’). The
lack of efficacy of the bisbenzimidazoles against the 7ry-
panosoma parasite can tentatively be linked to poor
interactions with the P2 aminopurine transporter be-
cause the substrate structural recognition motif (i.e.,
the amidine group) is masked in those compounds.'?

In conclusion we have successfully prepared a series of
novel bisbenzimidazoles structurally related to clinically
used bisbenzamidines. Although those compounds must
be carefully considered due to their potential cytotoxic-
ity, our approach led to the identification of some prom-
ising hits that were selectively active against L. donovani
at doses deserving further investigations. Other screen-
ings involving a larger library of bisbenzimidazoles are
currently in progress.
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Abstract—Drugs inhibiting the iron scarcity-induced, siderophore-mediated iron-scavenging systems of Mycobacterium tuberculosis
(Mtb) and Yersinia pestis (Yp) may provide new therapeutic lines of defense. Compounds with structural similarities to siderophores
were synthesized and evaluated as antimicrobials against Mtb and Yp under iron-limiting conditions, which mimic the iron scarcity
these pathogens encounter and must adapt to in the host, and under standard iron-rich conditions for comparison. New antimicro-
bials were identified, some of which warrant exploration as initial leads against potentially novel targets and small-molecule tools to
assist in the elucidation of targets specific to iron-scarcity adapted Mtb and Yp.

© 2008 Elsevier Ltd. All rights reserved.

Mycobacterium tuberculosis (Mtb), the etiologic agent of
tuberculosis and Yersinia pestis (Yp), the causative agent
of plague and a potential agent of biowarfare and bioter-
rorism, are pathogens with serious impacts on global
public health. Multidrug-resistant (MDR) tuberculosis
is an emerging pandemic and the surfacing of extensive
drug-resistant (XDR) tuberculosis poses a new global
threat.!:? Plague is a re-emerging disease and the occur-
rence of MDR Yp strains and self-transferable Yp plas-
mids conferring antibiotic resistance raises concerns
about future plague control.>* These scenarios under-
score the need for expanding the anti-tuberculosis and
anti-plague drug repertoires. Anti-infective drugs against
in vivo conditionally essential targets may offer novel ther-
apeutic possibilities, help the fight against MDR/XDR
strains and the prevention of their selection and dissemi-
nation, and increase biodefense preparedness.’

Keywords: Siderophore; Antimicrobial;, Drug target; Mycobacterium

tuberculosis; Yersinia pestis;, Diaryl-carbothioamide-pyrazolines.
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Anti-infective drugs inhibiting the siderophore-medi-
ated, iron-scavenging systems of Mth and Yp may pro-
vide lines of defense against tuberculosis and plague,
respectively. The M1tb siderophores (mycobactins and
carboxymycobactins) and the Yp siderophore (yersin-
iabactin) (Fig. 1) have high affinity for Fe®*

2

N~ R
OH
H H
C&N? ety
o~g O H O 3/

Mycobactins: R = H; R? = (CH,),CHj, n = 16-19;
(CH,), CH=CH(CH,),CHj, x+y = 14-17

Carboxymycobactins: R' = H, CHy; R? = (CH,),COOCH, /ICOOH, n = 1-7;
(CHZ),CH=CH(CH,),COOCH,/COOH, x+y = 1-5

H
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s NV on
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Figure 1. Structures of M. tuberculosis and Y. pestis siderophores.
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(K4 < 1072 M), their production is induced under iron
scarcity, and they are believed to be required for scav-
enging iron inside the host, where free iron is scarce
(107>-10~'5 M) and pathogens experience iron-limiting
conditions.®” The Mtb siderophore-deficient mutant is
impaired for growth in macrophages and iron-limiting
culture medium.® The Mtb mutant lacking the IrtAB fer-
ri-siderophore uptake system is impaired for multiplica-
tion in macrophages, mouse lung, and iron-limiting
medium.® Siderophore system-deficientYp strains are
avirulent in mice infected subcutaneously (a route imi-
tating the fleabite transmission of Yp) and unable to
multiply in iron-limiting medium.!%!! Siderophore sys-
tem-deficient mutants of enteropathogenic Yersinia
spp. are also attenuated in mice.!> 14

We recently developed the first antibacterial targeting
siderophore biosynthesis, a salicyl-AMP biosynthetic
intermediate analog called salicyl-AMS (Fig. 2).!> Sali-
cyl-AMS is a potent inhibitor of salicylic acid adenyla-
tion domains involved in biosynthesis of salicylate-
derived siderophores, blocks production of Mth and
Yp siderophores, and inhibits Mtbh and Yp growth with
greater potency in iron-limiting media, where sidero-
phores are crucial for uptake of essential iron.'> More
recently, others have independently reported the activity
of salicyl-AMS.'® Continuing the line of our previous
work, we hypothesized that compounds with structural
features resembling Mth and Yp siderophores may also
impair the siderophore system by, for example, inhibit-
ing biosynthetic enzymes or (ferri-)siderophore trans-
port systems, and halt bacterial growth under iron-
limiting conditions. To begin testing this hypothesis,
we synthesized a 32-member pilot library of 3,5-diaryl-
I-carbothioamide-pyrazoline derivatives (compounds
1-32, Fig. 3) with structural features resembling the
hydroxyphenyl-oxazoline/thiazoline containing half of
the siderophores and tested these compounds as Mtb
and Yp growth inhibitors in iron-limiting media, which
mimic the iron-scarcity condition that the pathogens
encounter in the host, and in standard iron-rich media
for comparison.!” We also assessed whether selected
compounds were bactericidal or bacteriostatic in iron-
limiting media.'® The ability of the compounds to inhi-
bit YbtE (the Yp salicylation enzyme that is the intended
target of salicyl-AMS'S) in vitro was also examined.!”
Lastly, cytotoxicity toward mammalian cells was evalu-
ated using a HeLa cell-based assay.?”

Compounds 1-32 were synthesized from 2’-hydroxy
chalcone derivatives®! (Scheme 1). Hydroxy chalcones
were prepared through Claisen—Schmidt condensation.
2'-Hydroxy acetophenone-derived chalcones were pre-

NH;
N =
N
/4
Hoop (AL
oS-, o N
]
H o .

HO OH

Figure 2. Reaction intermediate mimic 5'-O-[N-(salicyl)-sulfamoyl]-
adenosine (salicyl-AMS).

R R R4
R3

N-N H R2
NH ::g5
R6

Compound R R' R? R® R* R® R®
1 OH H H H H H H

2 OH H Cl H H H H

3 OH H H H Cl H H

4 OH H OMe H H S H

5 OH H H H OMe H H

6 OH H  —— 2thiophenyl — H H

7 OH H SRR X 11, — H H

8 OH H OH H H H H

9 OH H OH H H OMe H
10 OH H OH H H H OMe
1 OH H OH H H Me H
12 OH H OH H H H Me
13 OH H H H OH H H
14 OH H H H OH OMe H
15 OH H H H OH H OMe
16 OH H H H OH Me H
17 OH H H H OH H Me
18 OH H H OMe OH H H
19 OH H H OMe OH OMe H
20 OH H H OMe OH H OMe
21 OH H H OMe OH Me H
22 OH H H OMe OH H Me
23 OH OH H H OH H H
24 OH OH H H OH OMe H
25 OH OH H H OH H OMe
26 OH OH H OMe OH H H
27 OH OH H OMe OH OMe H
28 OH OH H OMe OH H OMe
29 H OH H H OH H H
30 H H OH H H H H
31 H H H H OH H H
32 OH H H H OH csasen [ meea

Figure 3. Structures of compounds 1-32. In 6 and 7, 2-thiophenyl and
2-furyl groups replace, respectively, the R'>-bearing phenyl group. In
32, H replaces the R*-bearing phenyl group.

pared by adding 60% aqueous solution of sodium
hydroxide or potassium hydroxide to the mixture of ke-
tone and aldehydes in methanol at 0 °C and stirring the
reaction mixture for 4 h. Adjusting the pH of the reac-
tion mixture to 2 using 6 N hydrochloric acid precipi-
tated hydroxy chalcones. 2'.4’-Dihydroxy
acetophenone-derived chalcones required 2 days with
occasional stirring.?> Pyrazoline derivatives were ob-
tained by condensing 2’-hydroxy chalcones with 80%
hydrazine hydrate in ethanol.?> Hydrazine hydrate was
used in excess and after 3 h of reflux, pyrazolines were
precipitated out upon cooling. 2’,4’-Dihydroxy chal-
cone-derived pyrazolines were extracted using chloro-
form from the concentrated reaction mixture. The final
products (1-31) were obtained by the reaction of pyraz-
oline derivatives with phenyl isothiocyanates.?> Most of
the thiocarboxamide derivatives precipitated out while
the reaction mixture was hot, few upon cooling, and
the rest upon concentration. Compound 32 was ob-
tained by the reaction of chalcone with thiosemicarba-
zide in alkaline medium.2* After 8h of reflux, the
reaction mixture was diluted with cooled water and
acidified to precipitate it out. All the intermediates were
characterized by IR spectroscopic analysis and elemen-
tal analysis for CHNS. In the elemental analysis, the ob-
served values were within +0.4% of the calculated
values. Final compounds were characterized by 'H
NMR and FAB-MS.?!
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Scheme 1. Synthesis of compounds 1-32. Conditions: (a) (i) R2 R3, R*—C¢H,—CHO, aq. NaOH (60%), stirring at rt 4-48 h, (ii) ice cold HCI (6N),
pH adjusted to 2; (b) NH,NH,H,O0 (80%) excess, C,HsOH, reflux 3-6 h; (c) R®, R® —C¢H;—NCS, C,HsOH or CH;OH, reflux 15-30 min.; (d) (i)
NH,NHC(S)NH,, NaOH excess, CH30H, reflux 8h, (ii) ice cold HCl (3N), pH adjusted between 2-4; (e) thiophene-2-carboxaldehyde or

furfuraldehyde followed by step (b) and (c).

Testing against Mth revealed that 15 compounds had
ICs0s and MICs (3-500 uM range; Table 1) within the
concentration series tested in the iron-limiting medium,
GAST-D. Nine of these compounds also had determin-
able ICsgs and MICs (4-500 uM range) in the iron-rich
medium, GAST-D-Fe. Interestingly, 10, 12, 16, 25, 26,
and 32 were >3-fold more potent against Mtb cultured
under iron scarcity (Table 1). Compound 32, with 16-
fold higher potency in GAST-D, stood out in this group.
This compound, along with 13 and 16, was the only bac-
tericidal compound (>99% inoculum killing) among
those examined for mode of action against Mth (10,
12, and 16, tested at 2x MICgast.p; 13 and 32, tested
at 5Xx MICgast.p). These bactericidal compounds had

Table 1. Antimicrobial activity against M. tuberculosis

CDsps against eukaryotic cells in the 21-398 uM range
and were among those with the lowest cytotoxicity in
the library, in which compounds had 10- to 3980-fold
lower cytotoxicity than the reference cytotoxic com-
pound cycloheximide?® (CDs = 0.1 uM; Table 3). Com-
pound 13, with the highest activity against M1b
(ICs0 = 34 uM, MIC = 12-13 uM; Table 1) and the sec-
ond best selectivity index relative to Mtb (Sl = 14;
Table 3), and 16 were 420- and 210-fold less cytotoxic
than cycloheximide, respectively, but 5- and 9-fold more
cytotoxic, respectively, than the reference anti-tubercu-
losis drug rifampicin used in our assay. Rifampicin
had a CDso of 190 uM (1900-fold lower cytotoxicity
than cycloheximide) and the same antimicrobial potency

Compound 1C5* (uM) Ratio MICo® (M) Ratio Mode of action
GAST-D-Fe GAST-D GAST-D-Fe GAST-D
1-3, 5,9, 14, 15, 1720, 22, 31 =500 >500 nd =500 >500 nd nd
4 >250 >250 nd >250 >250 nd nd
6 500 250 2 >500 >500 nd nd
7 72 73 1 208 250 1 nd
8 65 29 2 100 83 1 nd
10 167 28 6 >250 63 >4 BS
11 42 28 2 >500 104 >5 nd
12 208 27 8 >250 63 >4 BS
13 4 3 1 12 13 1 BC
16 83 29 3 417 63 7 BC
21 96 101 1 >500 417 >1 nd
23 >250 167 >2 >250 >250 nd nd
24 156 80 2 250 125 2 nd
25 250 63 4 >500 167 >3 nd
26 333 84 4 >500 125 >4 nd
27 55 51 1 125 125 1 nd
28 167 125 1 >250 >250 nd nd
29 105 83 1 250 125 2 nd
30 42 24 2 167 125 1 nd
32 125 8 16 333 21 16 BC
RIF nd nd nd 0.008 0.008 1 nd

All values were rounded to the nearest non-fractional number. RIF, rifampicin; nd, not determined; BS, bacteriostatic; BC, bactericidal.
#1Csos were calculated from sigmoidal curves fitted to triplicate sets of dose-response data.

® MICqps are means of triplicates.
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in GAST-D and GAST-D-Fe (MIC = 8 nM). Notably,
32, with one of the strongest antitubercular activity (Ta-
ble 1), was 2-fold and 3980-fold less cytotoxic than the
rifampicin and cycloheximide references, respectively,
and had the best selectivity index relative to Mtb
(ST = 50; Table 3).

Most compounds were more active against Yp than
against Mtb, which has a thick, waxy cell envelope that
makes penetration of many drugs difficult. Twenty-five
compounds had considerable activity against Yp in the
iron-limiting medium, PMH-D (ICsys = 0.01-17 puM
range; Table 2). Notably, 17 compounds had both
ICs5os and MICs that were at least >3-fold higher in
PMH-D-Fe (iron-rich medium) than in PMH-D (Table
2). In this group were 18, 20, and 23-26, each of which
had >30-fold more potent ICsps and MICs against Yp
cultured under iron scarcity. These compounds were
130- to 630-fold less cytotoxic than cycloheximide, but
have over 250- to 1250-fold greater cytotoxicity than
the reference anti-plague drug streptomycin. Streptomy-
cin had a CDso >500 pM (>5000-fold less cytotoxic than
cycloheximide) and the same antimicrobial activity in
PMH-D and PMH-D-Fe (MIC = 0.2 uM). Compound

Table 2. Antimicrobial activity against Y. pestis

25, along with 6 and 28, had the best selectivity indexes
relative to Yp (SIy,; Table 3). Twenty-two compounds
evaluated for mode of action against Yp were bacterio-
static when tested at up to the maximum multiple of
the MICpppy.p permitted by solubility, which ranged
from 1-38 x MICppmp.p (Table 2).

Compounds 1-32 were not specifically designed to inhi-
bit a particular enzyme in the siderophore biosynthetic
pathways. However, the compounds were tested as
inhibitors of YbtE, which is the intended target of sali-
cyl-AMS (Fig. 2).!> None of the compounds was as po-
tent as the bona fide inhibitor salicyl-AMS (Table 4).
The compounds had ICsgs in the 0.2- to >12.5-uM range
and were 29- to >1786-fold less potent than salicyl-AMS
(ICsos = 0.007 uM). Moreover, no clear structural-
activity relationships emerged from these data. Interest-
ingly, however, the three library compounds (29-31)
lacking the hydroxyl ortho to the 5-membered ring as
seen in the siderophores were among the four com-
pounds with drastically increased 1Csos (>12.5 uM; Ta-
ble 4) compared with salicyl-AMS. No meaningful
correlation trend between the ICsps in the YbtE assay
and the ICsps in the Yp growth assay was observed.

Compound I1Cso" (uM) Ratio MICyy* (UM) Ratio Mode of action
PMH-D-Fe PMH-D PMH-D-Fe PMH-D
1 >9 >9 nd >9 >9 nd nd
2 >5 >5 nd >5 >5 nd nd
3 >5 0.5 >10 >5 1 >5 BS
4 >5 0.4 >13 >5 >5 nd nd
5 >19 0.7 >27 >19 >19 nd nd
6 >9 0.01 >900 >9 >9 nd nd
7 >9 1 >9 >9 2 >5 BS
8 >19 0.7 >27 >19 2 >10 BS
9 >5 2 >3 >5 5 >1 BS
10 >2 1 >2 >2 3 >0.7 BS
11 >19 2 >10 >19 5 >4 BS
12 >9 0.8 >11 >9 2 >5 BS
13 >19 >19 nd >19 >19 nd nd
14 >19 2 >10 >19 6 >3 BS
15 >19 0.7 >27 >19 2 >10 BS
16 >19 3 >6 >19 5 >4 BS
17 >9 0.9 >10 >9 3 >3 BS
18 >150 2 >75 >150 5 >30 BS
19 >9 1 >9 >9 6 >2 BS
20 >150 0.6 >250 >150 2 >75 BS
21 >19 3 >6 >19 9 >2 BS
22 >19 1 >19 >19 2 >10 BS
23 >150 1 >150 >150 2 >75 BS
24 >150 0.7 >214 >150 3 >50 BS
25 >150 0.4 >375 >150 5 >30 BS
26 >150 0.6 >375 >150 2 >75 BS
27 >38 17 >2 >38 >38 nd BS
28 >9 0.2 >45 >9 1 >9 BS
29 >75 >75 nd >75 >75 nd nd
30 >19 >19 nd >19 >19 nd nd
31 >38 >38 nd >38 >38 nd nd
32 >38 >38 nd >38 >38 nd nd
STR nd nd nd 0.2 0.2 1 nd

All values <1 and values >1 were rounded to one significant digit and to the nearest non-fractional number, respectively.

STR, streptomycin; nd, not determined; BS, bacteriostatic.

#ICsgs were calculated from sigmoidal curves fitted to triplicate sets of dose-response data.
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Table 3. Cytotoxicity and selectivity assessment

Table 4. Inhibition of YbtE by compounds 1-32

Compound  CDs¢* Sy Sy,
(uM)  (CDsy/ICsoGast-D)  (CDso/ICs0pMH-D)
1 3 <0.006 <0.3
2 5 <0.01 <1
3 5 <0.01 10
4 6 <0.02 15
5 5 <0.01 7
6 3 0.01 300
7 3 0.04 3
8 3 0.1 4
9 15 <0.03 8
10 1 0.04 1
11 17 0.6 9
12 11 0.4 14
13 42 14 <2
14 1 0.002 0.5
15 4 <0.008 6
16 21 0.7 7
17 3 0.007 3
18 13 <0.03 7
19 11 0.02 11
20 25 <0.05 42
21 15 0.1 5
22 16 <0.03 16
23 63 0.4 63
24 23 0.3 33
25 62 1.0 155
26 30 0.4 50
27 26 0.5 2
28 31 0.2 155
29 248 3 <3
30 19 0.8 <1
31 29 0.06 <0.8
32 398 50 <10
RIF 190 nd nd
STR >500 nd nd
CHX 0.1 nd nd

SIyn, and Sly, selectivity index relative to activity against M. tuber-

culosis and Y. pestis, respectively. CDsy and SI values <1 and values >1

were rounded to one significant digit and to the nearest non-fractional

number, respectively. RIF, rifampicin; STR, streptomycin; CHX,

cycloheximide; nd, not determined.

# CDsps were calculated from sigmoidal curves fitted to triplicate sets of
dose-response data.

Considering that the compounds active against Yp had
ICsps in the high nanomolar-low micromolar range in
the cellular assay under the iron-scarcity condition (Ta-
ble 2) and that the activity of these compounds is likely
to be drastically reduced in the cellular assay (due to fac-
tors such as penetration/efflux, intracellular stability,
and off-target binding) compared with the enzymatic as-
say, it is unlikely that YbtE inhibition plays a major role
in the antimicrobial activity of these compounds.

In sum, 30 compounds of our pilot library had detect-
able antimicrobial activity. To our knowledge, these
are novel scaffolds not previously shown to have this
property. In line with our aforementioned hypothesis,
several compounds had higher potency under iron-limit-
ing conditions. Under this condition bacteria depend on
siderophores for iron scavenging and engage an adap-
tive response to tailor their physiology to iron scarcity,
thus exposing novel potential in vivo conditional

Compound 1Cso (UM) I1Cso 1-32 / IC5o SAMS
1 0.5 71

2 2 286
3 0.7 100
4 3 429
5 1 143
6 2 286
7 0.3 43

8 0.6 86

9 0.8 114
10 0.2 29
11 1 143
12 0.5 71
13 0.4 57
14 0.3 43
15 7 1000
16 0.7 100
17 0.4 57
18 0.2 29
19 0.8 114
20 0.5 71
21 1 143
22 0.5 71
23 1 143
24 0.6 86
25 >12.5 1786
26 0.7 100
27 0.2 29
28 1 143
29 >12.5 1786
30 >12.5 1786
31 >12.5 1786
32 0.5 71
SAMS 0.007 1

All values <1 and values >1 were rounded to one significant digit and
to the nearest non-fractional number, respectively. The maximum
compound concentration tested in the assay was 12.5 pM. SAMS,
salicyl-AMS.

targets.’ Some of these antimicrobials may impair sider-
ophore system functioning as discussed above, a prop-
erty that would result in bacteriostatic activity
conditional to environmental iron scarcity (e.g., as seen
with 25 against Yp). Others may inhibit functions condi-
tionally essential to the iron scarcity-associated physiol-
ogy, which is expected to be adopted by the pathogens in
the iron-limiting environments of the host, and could
have bactericidal activity (e.g., as seen with 32 against
Mtb). Compounds with antimicrobial activity that was
independent from the iron content of the media were
also identified (e.g., 13 against Mtb). These antimicrobi-
als may target essential bacterial functions required
under both low and high iron conditions.

This study provides proof-of-principle for the effective-
ness of screening compound libraries in iron-limiting
conditions to identify antimicrobials that may selectively
target iron scarcity-adapted bacteria. Our screening ap-
proach allowed us to identify compounds with antimi-
crobial activity that is conditional to iron scarcity and
would not have been revealed in conventional screens,
which are performed under iron-rich conditions. Some
of the identified antimicrobials warrant exploration as
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initial leads against potential in vivo conditionally essen-
tial targets and small-molecule tools to assist in the elu-
cidation of targets and pathways critical to iron-scarcity
adaptation in Mtb and Yp. Studies are underway to elu-
cidate the molecular mechanisms of action of selected li-
brary compounds, a process that may lead to the
discovery of novel mechanisms of antimicrobial activity
and drug target candidates.
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Abstract—Ethoxzolamide, an almost forgotten inhibitor of the metalloenzyme carbonic anhydrase (CA, EC 4.2.1.1), is the only clas-
sical inhibitor whose structure in adduct with any isoform was not reported yet. We report here the inhibition data of this molecule
with the 12 catalytically active mammalian isozymes (CA I-CA XIV) and the X-ray crystal structure with the cytosolic, ubiquitous
isoform CA II. These data are presumably useful for the design of novel CA inhibitors, targeting various CA isozymes, considering
that ethoxzolamide was already the lead molecule to obtain the second generation inhibitors, dorzolamide and brinzolamide, clin-
ically used antiglaucoma agents with topical action, as well as various other investigational agents.

© 2008 Elsevier Ltd. All rights reserved.

Carbonic anhydrases (CAs, EC 4.2.1.1) are metallo-en-
zymes that catalyze a very simple physiological reaction,
the conversion of the carbon dioxide to the bicarbonate
ion and protons.!* In humans 15 different a-CAs iso-
forms were isolated, 12 of which are catalytically active
(CAs I-VA, CAVB, CAVI, CA VII, CA IX, and CAs
XII-X1V), whereas the CA-related proteins (CARPs
VIII, X, and XI) are devoid of catalytic activity. Among
the active isozymes five are cytosolic (CA 1, CA II, CA
III, CA VII, and CAXIII), four are membrane-associ-
ated (CA 1V, CA IX, CA XII, and CA XIV), CA VA
and CA VB are mitochondrial isoforms, and CA VI is
secreted in saliva.!"'° The active site of most CAs con-
tains a Zn>" ion which is essential for catalysis. It is

Keywords:  Protein Carbonic

Ethoxzolamide.

* Coordinates and structure factors have been deposited with the
Protein Data Bank (Accession code 3CAJ).
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coordinated to three protein histidine residues, His94,
His96, and Hisl19, in a tetrahedral geometry with
H,O or OH™ as the fourth ligand. The latter is the active
species, acting as a potent nucleophile.’”’

The CA-catalyzed reaction is involved in respiration and
transport of CO,/bicarbonate between metabolizing tis-
sues and lungs, pH and CO, homeostasis, electrolyte
secretion in a variety of tissues/organs, biosynthetic
reactions (such as gluconeogenesis, lipogenesis, and ure-
agenesis), bone resorption, tumorigenicity, and many
other physiological and pathological processes.® ' As
a consequence in the last years many of the CA isozymes
have become important therapeutic targets with the po-
tential to be inhibited or activated to treat a wide range
of disorders.!"1°

Two main classes of CA inhibitors (CAls) are known:
the metal-complexing anions, and the unsubstituted sul-
fonamides and their bioisosteres (sulfamates and sulfa-
mides), which bind to the Zn®* ion of the enzyme
either by substituting the non-protein zinc ligand to



mailto:claudiu.supuran@unifi.it

mailto:gdesimon@unina.it



2670 A. Di Fiore et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2669-2674

generate a tetrahedral adduct or by addition to the metal
coordination sphere, generating trigonal-bipyramidal
species.! !9 Acetazolamide 1, methazolamide 2, ethoxzo-
lamide 3, and dichlorophenamide 4, as well as the more
recent drugs dorzolamide 5 and brinzolamide 6 (Fig. 1)
are classical sulfonamide CAIs clinically used in the
therapy of different pathologies such as glaucoma,
acid-base disequilibria, epilepsy and other minor neuro-
muscular disorders, or as diuretics.!> The inhibitory ef-
fects of these molecules against the mammalian isoforms
CA I-XIV (of human, hCA, or murine, mCA origin) are
shown in Table 1. As can be seen from these data, a seri-
ous drawback of most of these CAls is the lack of selec-
tivity for inhibiting the different isozymes with various
medicinal chemistry applications.!!-1°

X-ray crystallography is obviously a very useful tool for
the rational drug design of more selective enzyme inhib-
itors, and excellent examples for its applications to CAI
drug design targeting various isozymes are avail-
able 120681721 Thys, all sulfonamides 1-6 except
ethoxzolamide 3 have been crystallized in adducts with
various isozymes, such as CA I, II, III, IV, VA, and
XII among others.!-?>-6-817-21 The fact that ethoxzola-
mide 3 has been neglected from this point of view is
rather surprising for at least two reasons: (i) ethoxzola-
mide is a drug (indeed not widely utilized nowadays)
mainly used for the treatment of edema due to conges-
tive heart failure, and for drug-induced edema, in addi-
tion to its applications as antiglaucoma agent;">2? (ii)
ethoxzolamide was clearly the lead molecule used to de-
sign the second generation CAIs dorzolamide 5 and
brinzolamide 6. In fact, the structural similarities be-
tween the three drugs are immediately obvious. How-

ever, as seen from data of Table 1, although these
compounds present a similar chemical structure, they
have a rather different inhibition profile. In fact, while
ethoxzolamide 3 indiscriminately inhibits all CA iso-
zymes except CA II1,!! in the nanomolar or subnanom-
olar range, dorzolamide S and brinzolamide 6 present
selectivity for the inhibition of some isozymes over the
other ones. Indeed the newer agents do not inhibit
appreciably CA I, CA III, and CA IV. Thus, to identify
the molecular basis responsible for the different inhibi-
tion profile of these compounds, the crystal structure
of ethoxzolamide 3 in complex with the main CA iso-
zyme, hCA II, has been solved and compared with the
previously reported structures of the adducts hCA II-
57 and hCA 11-6.'7

The hCA II-3 complex was prepared and crystallized
using experimental conditions previously reported for
other sulfonamide CA inhibitors>® and the structure
was solved using the difference Fourier method,
using the structure of the native hCA II as starting
model.>*>~?7 Following the X-ray crystallographic refine-
ment a clear continuous feature of electron density was
present in the active site. Inhibitor 3 was perfectly
accommodated to the shape of this electron density
(Fig. 2). The binding of ethoxzolamide 3 to the enzyme
active site did not perturb the enzyme 3D structure. As a
matter of fact, the superimposition of all the Co atoms
of the hCA II protein in the investigated adduct with
those of the protein in the unbound form'® yielded a
rmsd value of 0.33 A. The main protein—inhibitor inter-
actions observed for this hCA II-sulfonamide adduct
are schematically depicted in Figure 3. It may be
observed that ethoxzolamide participates in various

M - —
e N 8 s, Ve S NH, / 2
1 2 3
.
0=S=0 NHEt NHEt
//O S | | //O /N\ | | //O
Cl SNH, Me™ 58T 87 S—NH, MeO(CH,);” 38T ST STNH,
Cl o o / o 0 /
4 5 6

Figure 1. Chemical structure of the clinically used CAls 1-6 and of the new candidate 7.
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Table 1. Inhibition data with some of the clinically used sulfonamides 1-7 against isozymes I-XIV (the isoforms CA VIII, X, and XI are devoid of
catalytic activity and probably do not bind sulfonamides as they do not contain Zn>* ions)

Isozyme* Ki® (nM)
1 2 3 4 5 6 7
hCA I¢ 250 50 25 374 50,000 45,000 7.5
hCA 1I° 12 14 8 9 9 3 7.2
hCA II1° 2x10° 7%10° 1x10° 6.3 % 10° 7.7% 10° 1.1x10° 1.4x10°
hCA 1V® 74 6200 93 95 8500 3950 9000
hCA VA® 63 65 25 81 42 50 1100
hCA VB° 54 62 19 91 33 30 1100
hCA VI° 11 10 43 134 10 0.9 2650
hCA VII® 2.5 2.1 0.8 6 3.5 2.8 89
hCA I1X¢ 25 27 34 43 52 37 102
hCA X11¢ 5.7 3.4 22 56 3.5 3.0 110
mCA XIII° 17 19 50 1450 18 10 2633
hCA XIV¢ 41 43 25 1540 27 24 48
#h, human; m, murine isozyme.
® Mean from at least three different determinations by a stopped flow CO, hydrase assay.
¢ Full-length enzyme.
d Catalytic domain.
Table 2. Crystal parameters, data collection and refinement statistics
Cell parameter ' e
Space group P2?
a, b, c A) 42.21, 41.36, 72.03 Phe131
B (A) 104.35
Data collection statistics
Resolution (A) 20.00-1.80
Temperature (K) 100
Total reflections 66,927
Unique reflections 21,636 Gin92
Completeness (%)* 95.9 (80.8)
Ryym™® 0.061 (0.134)
Mean I/sigma (I)* 14.9 (8.4)
Refinement statistics
Resolution (A) 20.00-1.80 Thr199
Rfaclorc (%) 18.0
Riree” (%) 21.4
Rmsd from ideal geometry
Bond lengths (A) 0.007
Bond angles (°) 1.4
Number of protein atoms 2088 His96 His119
Number of inhibitor atoms 16
Number of water molecules 303
Average B factor (Ab) 13.95

#Values in parentheses refer to the outermost data shell.

o Roym = Z|I, — (D)/ZL; over all reflections.

€ Riactor = Z|Fy — FJ//ZF,; Rgee calculated with 5% of data withheld
from refinement.

hydrophobic and polar interactions with residues delim-
itating the active site cavity, when bound to hCA II. In
particular, its deprotonated sulfonamide group is com-
plexed to the metal ion present within the hCA II active
site, similarly to what is observed for the same moiety in
other inhibitors whose structure has been solved in com-
plex with the enzyme (Fig. 3).>” Moreover, the 6-eth-
oxy-benzothiazolyl scaffold was found to be located in
the active site channel being involved in several van
der Waals interactions with the side chains of residues
GIn92, Vall21, Phel31, Leul98, Thr200, Pro201, and
Pro202. Finally, the endocyclic nitrogen atom of the

Figure 2. Active site region in the hCA II-3 complex. The simulated
annealing omit |2F, — F| electron density map relative to the
inhibitor molecule, computed at 1.80 A and contoured at 1.0, is
shown.

inhibitor was observed to be hydrogen bonded to
Thr2000G1 atom both directly and through a bridging
water molecule (see Fig. 3).

As the second generation CAls dorzolamide and brinzo-
lamide clearly show a close structural similarity to
ethoxzolamide, as mentioned earlier, we performed a
structural overlay of ethoxzolamide 3 and dorzolamide
5/brinzolamide 6, when complexed to hCA II (Fig. 4A
and B), in order to understand the influence of the addi-
tional substituents present in the second generation
inhibitors, on the affinity for the enzyme. Figure 4 shows
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Figure 3. Schematic representation of the active site region in the hCA
11I-3 complex, showing residues participating in recognition of the
inhibitor molecule. Hydrogen bonds and the active site Zn>* ion
coordination are also shown (dotted lines).

that the binding of these compounds to the enzyme ac-
tive site is rather similar. Particularly, the three hetero-

A

T200

cyclic rings of inhibitors 3, 5, and 6 overlap quite well,
all of them establishing both polar and hydrophobic
interactions with residues delimiting the enzyme active
site. Worth noting is that in all the three hCA Il-inhib-
itor adducts a key role in the stabilization of the inhib-
itor within the enzyme active site is played by the
protein residue Thr200, which is hydrogen bonded to
the endocyclic nitrogen atom in the case of hCA I1-3 ad-
duct and to the nitrogen of the ethylamino substituent in
the case of hCA I1-5 and hCA 11-6 adducts (see Fig. 4A
and B). The endocyclic SO, moieties of dorzolamide 5
and brinzolamide 6 participate in an additional H-bond
interaction with residue GIn92 (Fig. 4A and B), which
with ethoxzolamide makes only a van der Waals interac-
tion (Fig. 3). From this structural comparison it emerges
that although compounds 5 and 6 present two bulky
substituents on the bicyclic ring with respect to ethoxzo-
lamide 3, these moieties do not interfere negatively with
the inhibitory properties of these molecules toward hCA
II. As a consequence all three derivatives 3, 5, and 6
show comparable inhibition constants toward hCA II
(see Table 1). On the contrary the presence of the bulky
substituents may have a significant effect in the inhibi-
tion of other CA isoforms, generating the differences
in the inhibition profile observed in Table 1, as probably
they interact (positively or in clashes) with various ami-
no acid residues which are different in the diverse CA
isozymes. As an example the different inhibition behav-
ior of these three molecules toward hCA I will be ana-
lyzed. Data of Table 1 show that while ethoxzolamide
3 is a good inhibitor of this isoform (K7 of 25 nM), com-
pounds 5 and 6 do not inhibit significantly this enzyme
(Kis in the range of 45-50 pM). Several amino acid ‘sub-
stitutions’ are observed between hCA II and hCA T ac-
tive sites, namely Phel31/Leu, I1e91/Phe, Glu69/Asn,

H119

H96

Figure 4. Superposition of hCA ITI-inhibitor adducts: 3 is reported in red, 5 in green (A) and 6 in cyan (B). The Zn>* ion and its three catalytic

histidines are also shown.
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Asn67/His, Asn62/Val, Thr200/His, Vall35/Ala, and
Leu204/Tyr. Among them, the replacement of Thr200
in hCA II by His200 in hCA I could be responsible of
the very different binding of the three studied inhibitors
to the active site of these enzymes. Thus, whereas in the
case of the ethoxzolamide this substitution causes only
the loss of the hydrogen bond interaction between the
Thr2000G1 atom and the endocyclic nitrogen atom of
the inhibitor, in the case of brinzolamide and dorzola-
mide this amino acid substitution probably causes not
only the loss of a hydrogen bond but also a significant
steric hindrance between the rather bulky histidine resi-
due and the ethylamino moieties present in inhibitors 5
and 6. The presence of another moiety in position 6 of
the bicyclic rings of 5 and 6, that is, a methyl moiety
in dorzolamide and a methoxypropyl one in brinzola-
mide, probably does not allow a compact rearrangement
of these molecules within the hCA I active site, thus
hampering a productive binding and explaining their
ineffective hCA 1 inhibitory activity as compared to
ethoxzolamide 3.

In conclusion, the structural analysis reported here, for
the complex of ethoxzolamide with the ubiquitous CA
isoform II, suggests that the introduction of bulky sub-
stituents on the bicyclic ring system of CAls may repre-
sent a powerful strategy to obtain compounds with
diverse inhibition profiles and selectivity for the various
mammalian CAs. Some success in this field has been re-
cently recorded, although a lot of work still has to be
performed. An interesting example may be furnished
by sulfonamide 7, recently reported by Giizel et al.?®
This compound has also been designed considering
ethoxzolamide 3 as lead molecule. The main difference
between 3 and 7 consists in the fact that: (i) the sulfa-
moyl moiety is attached on the benzene ring in 7 and
not on the five-membered heterocyclic one, as in ethox-
zolamide 3; (ii) the two compounds possess rather isos-
teric groups in the 2 position (a sulfamoyl moiety in 3
and a carbohydrazide one in 7), but the last compound
incorporates a very bulky substituent next to it (in the
3rd position), that is, a phenyl moiety, which is absent
in ethoxzolamide. Analyzing the inhibition data of this
new molecule (Table 1), it may be observed that it is a
very effective inhibitor of isoforms CA I and II, a weaker
inhibitor of isozymes CA VII, IX, XII, and XIV (in the
range of 48-110 nM), whereas it does not inhibit all
other isoforms. Thus, the introduction of a very bulky
substituent to the bicyclic ring system makes compound
7 a much more selective CAI as compared to all deriva-
tives 1-6 discussed above (and with clinical applica-
tions).! These findings may allow important lessons
for the drug design of CAls incorporating such bicyclic
rings.
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Abstract—SAR around alkyne—quinuclidine derivatives allowed the discovery of highly potent muscarinic antagonists displaying

interesting preferential slow off-rates from the M3 receptor.
© 2008 Elsevier Ltd. All rights reserved.

Chronic obstructive pulmonary disease (COPD) is a ma-
jor cause of morbidity and mortality worldwide. This
pathology is foreseen to become the third leading cause
of death and the fifth leading cause of morbidity over
the next 10 years. Current treatments are essentially pal-
liative, focusing on relieving symptoms, preventing
acute disease exacerbations and improving quality of
life. The understanding of the molecular and cellular
mechanisms involved in COPD allowed the identifica-
tion of many potential therapeutic approaches based
on a variety of biological targets. For example, the f2-
adrenergic or the cholinergic system, several phosphodi-
esterases or the chemokines-interleukines pathways have
been extensively investigated.!™

Anticholinergics drugs alone or in combination with 2
agonists are reported to be the preferred choice for the
management of COPD, at all stages of the disease. Vag-
ally-mediated reversible bronchoconstriction is an
important component of airway obstruction in COPD
patients. Three muscarinic receptors subtypes (MIR,
M2R and M3R) have been identified in the respiratory
system with each of these having been experimentally in-
volved in specific effects and physiological responses.
The M1 receptor is thought to facilitate the cholinergic
neurotransmission in parasympathetic ganglia, the M2
receptor provides negative feedback modulation on ace-
tylcholine release on postganglionic nerves whilst the

Keywords: Muscarinic receptor(s); COPD; Quinuclidine.
* Corresponding author. Tel.: +32 2 3863217; fax: +32 2 3863669;
e-mail: laurent.provins@ucb-group.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.03.024

M3 receptor mediates the contractile response in air-
ways smooth muscles as well as secretion from submu-
cosal glands.*

The M1 and M3 receptors are the main receptor sub-
types present in the human lungs.> The M2 receptor is
also postulated to exist in bronchi® although it has not
been autoradiographically visualized in human lungs.’

Current anticholinergic drugs are non-selective musca-
rinic antagonists. Their bronchorelaxing effects are
thought to be mainly mediated by the blockade of M3
receptors on lung smooth muscles although an addi-
tional contribution of M1 receptors is not excluded.

A long duration of action is an important feature to
treat chronic illnesses such as COPD. The measurement
of kinetics of drug interaction to the target protein offers
another approach to improve the duration of action of a
drug besides pharmacokinetic factors.’

This strategy has been used to discover Tiotropium bro-
mide (Spiriva®), the current gold standard anticholiner-
gic drug for the treatment of COPD. Contrary to
Ipratropium bromide (Atrovent®), Tiotropium is
characterized by a slow dissociation rate from the M3
(t1/20ir = 3308 min) and M1 receptors (#1204 = 876 min).
Thanks to this remarkable property, this drug displays
a very long duration of action allowing a once-a-day
administration as an inhaled dry powder.%?

Interestingly, Tiotropium bromide also demonstrates a
receptor-subtype kinetic selectivity with a far shorter
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dissociation from the M2 receptor (1204 = 88 min).
Even so the clinical impact of this latest property has
not been fully demonstrated, it is nevertheless seen as
a potential advantage to avoid a putative increased re-
lease of acetylcholine in airways but also to reduce the
risk of cardiovascular adverse effects (mainly tachycar-
dia) associated to blockade of M2 receptors on the heart

(Fig. 1).

During the course of a work directed towards the iden-
tification of a potent M3 receptor antagonist as a poten-
tial new drug for the treatment of overactive bladder, we
have surprisingly discovered a new class of compounds
displaying a dissociation rate profile quite similar to
the one of tiotropium bromide.

In this article, we wish to report the structure—activity
relationships around these compounds focusing on the
modulation of R', R? and R* groups that confer either
binding equilibrium or kinetic selectivity for the M3
receptor (Fig. 2). It has to be interestingly noticed that
close scaffold elements are also found in other reported
long-acting muscarinic receptor antagonists.'°

The general method of synthesis of compounds listed in
Table 1 is outlined in Scheme 1. The majority of the
quinuclidine derivatives reported in this manuscript
were prepared according to the synthetic methodology
described in a previous paper.'!

Briefly, the alkyne derivative C is coupled with selected
ketones (Scheme 1) yielding D, obtained as a mixture of
diastereoisomers or as pure products after separation by
chiral chromatography.

The replacement of the hydroxyl group by different
chemical moieties has also been explored. Thus, com-
pounds E and F bearing a methyl or a cyano group were
prepared starting from the corresponding primary al-
kynes G!>7'* and 3-quinuclidinone A in three steps, first
involving nitrogen protection (via an amino-borane
complex), followed by methylation and finally deprotec-
tion of the quinuclidine moiety.

OH .
N
Ph/gro Q; \(Br_
o

Ipratropium

Tiotropium

Figure 1. Reference anticholinergic agents.

Figure 2. Alkyne—quinuclidine scaffold.

Compounds H and I bearing, respectively, a fluorine or
a hydrogen atom instead of the hydroxyl group, were
obtained starting from D. Introduction of fluorine was
performed using DAST as the fluorinating agent, while
introduction of the hydrogen atom was carried out un-
der reductive conditions in the presence of Et;SiH and
BF3'OEt2.15

Finally, the bis-O-methylated analogue J was obtained
by methylation of the amino-borane complex, followed
by the deprotection of the nitrogen under acidic
conditions.

All compounds were tested for their binding affinity'®
and dissociation rates (¢/20g) from the M2 and M3 mus-
carinic receptors.!”

This investigation was prompted by the observation that
compound 1 showed a markedly slower dissociation rate
from M3 receptor compared to M2 subtype. In order to
try to increase this selectivity within this series of mole-
cules, several analogues with different substituents at R/
R?/R? were prepared (Table 1).

On the basis of this initial result, we speculated that the
lipophilic moiety could contribute to modulate the dis-
sociation rate from the muscarinic receptor subtypes.
First, the introduction of small cycloalkyl groups (cyclo-
butyl 2 or cyclopentyl 3) at the R* position yielded com-
pounds displaying rather short ¢;5o values, comparable
to the one of the corresponding diphenyl derivative 1.
Nevertheless, the replacement of one of the two aro-
matic rings by a cyclohexyl ring yielded 4 exhibiting
more than 15-fold #;/5,¢ —M3/M2 selectivity.

This result prompted us to perform further modifica-
tions by introducing larger cycloalkyl and/or bulkier
substituents at the same position. The cycloheptyl deriv-
ative 7 dissociated 50 times more slowly from the M3
receptors than from the M2 receptors. An even better
profile was obtained with the cyclooctyl analogue 10.

The stereochemistry proved to have a large impact on
both the binding affinities (about 10-fold difference)
and the dissociation rates from the M3 receptor. In all
cases, compounds characterized by the (1R, 3R) stereo-
chemistry displayed the highest 7, values and, as ex-
pected, the best affinity (compare 5 and 6, 8 and 9, 11
and 12).

However, modulating the bulkiness of the R* substitu-
ent by introducing a linear (n-butyl, 14), a branched al-
kyl moiety (15) or an adamantyl group (13) resulted in a
faster dissociation from the M3 receptor while keeping a
rather good affinity. Of interest, the introduction of
a sulfur-containing cycloalkyl group (16) resulted in a
somewhat lower binding affinity and quite reduced dis-
sociation rates.

Next, we evaluated the impact of the nature of the group
at the R' position. Thus, replacement of the hydroxyl
group by a hydrogen atom (21), by a methyl (19), or
by a nitrile moiety (18) reduced the 7,4 value in all
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Table 1. Binding affinities and dissociation constant (#;,5,4) for M3 and M2 muscarinic receptors

R

MeQ ;3
3 o
%N

2

R' R
Compound Stereochemistry R! R? R? M3 M2
pKi 11720 (min) pKi 11720 (Min)
1 3R OH Ph Ph 9.9 58 9.1 6
2 Mixt. OH Ph Cyclobutyl 9.0 11 7.9 <1
3 Mixt. OH Ph Cyclopentyl 9.6 44 8.2 <1
4 Mixt. OH Ph Cyclohexyl 9.3 147 8.2 9
5 IR, 3R OH Ph Cyclohexyl 9.7 210 8.8 10
6 1S, 3R OH Ph Cyclohexyl 8.4 25 7.6 2
7 Mixt. OH Ph Cycloheptyl 9.4 404 8.4 8
8t IR, 3R OH Ph Cycloheptyl 9.5 830 8.6 5
9 1S, 3R OH Ph Cycloheptyl 8.7 12 7.7 <1
10 Mixt. OH Ph Cyclooctyl 8.8 444 7.6 10
11° IR, 3R OH Ph Cyclooctyl 9.5 1418 8.5 20
12 1S, 3R OH Ph Cyclooctyl 8.6 58 7.5 5
13 Mixt. OH Ph 1-Adamantyl 8.5 51 7.5 5
14 Mixt. OH Ph n-Butyl 8.7 10 7.3 <1
15 Mixt. OH Ph /(/ 9.4 42 8.2 3
16 Mixt. OH Ph \Cé 8.9 42 7.4 <]
17 3R OMe Ph Ph 8.0 7.4 6.8 <1
18 Racemate CN Ph Ph 8.6 21 8.2 <1
19 Racemate Me Ph Ph 7.8 10 7.4 5
20 Mixt. F Ph Cyclohexyl 8.8 147 8.2 9
21 Mixt. H Ph Cyclohexyl 7.9 32 7.6 14
22 Ipratropium 9.5 62 8.9 3.1
bromide
23 Tiotropium 9.7 3308 9.5 88
bromide
Except racemates, all compounds possess the 3R configuration. Mixt.: 1:1 mixture of 1R, 3R and 1S, 3R.
£: Compound 8: pA, M5 =8.2, pA; M, =8.3.
$: Compound 11: pA, M5 =8.2, pA, M, =7.5.
MeO
oibl — ~ et - — Ho FZ N
N & N // N R*B: )
(A) (B) (C) U R" R (D)
.
s (@)
f,b,c,d gorh b,i,j
MeQ MeOQ MeO
R _~Z N e~ N R_~= N
Ph Ph R R’ R R
R?® = Me (E) R3=H (H) R® = OMe (J)
R3=CN (F) R3=F(I)

Scheme 1. Synthesis of compounds. Reagents and conditions: (a) Li acetylide (ethylene diamine complex), THF; (b) BH; THF, THF, —10 °C; (c)
NaH, NBuyl, Mel, THF, rt; (d) 5 M HCI, acetone/Et,0, rt; (e) n-BuLi, ketone, THF, —78 °C to rt; (f) n-BuLi, alkyne, THF, —70 °C; (g) DAST,
CH,Cl,, —30°C to —10 °C; (h) Et3SiH, BF3-OEt,, CH,Cl,, —40 °C; (i) NaH, Mel, THF; (j) TFA, acetone/Et,0.
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cases. Replacement of the hydroxyl group by fluorine
(20) was however tolerated, yielding a compound with
a 110 of 147 min. Methylation of the hydroxyl group
(17) also dramatically reduced the dissociation rate for
both muscarinic receptor subtypes.

The antagonistic properties of all the compounds have
been confirmed (see Table 1, data for compounds 8
and 11) using the isolated guinea pig trachea or left at-
rium both stimulated by carbachol as functionally inte-
grated M3 and M2 assays, respectively. These
compounds also induced a very slowly reversible inhibi-
tion (recovery of 20% of the maximal effect >280 min) of
the twitch contraction induced by electrical field stimu-
lation of the isolated guinea pig trachea, possibly con-
firming the long f1,5og values.

In summary, this series of quinuclidine derivatives led to
potent muscarinic antagonists, displaying interesting
preferential slow off-rate from the muscarinic M3 recep-
tor, versus the M2 subtype. The reasons for that behav-
iour remain unclear though a link to lipophilicity of the
R? substituent may be evoked. We are working towards
the elucidation of these findings.

Compounds 8 and 11 displaying dissociation rates and
selectivity comparable to tiotropium bromide have been
selected for extensive biological and pharmacological
evaluation, as potential therapeutic candidates for the
treatment of COPD. These results will be reported in
due course.
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Abstract—A novel bifunctional maleimido CHX-A” DTPA chelator 5 was developed and conjugated to the monoclonal antibody
trastuzumab (Herceptin) and subsequently radiolabeled with ''In. The resulting '''In labeled immunoconjugate 2 was demon-
strated to bind to SKOV-3 ovarian cancer cells comparably to an isothiocyanato CHX-A” DTPA modified native trastuzumab,
1. Through efficient thiol-maleimide chemistry, antibodies, peptides or other targeting vectors can now be modified with an estab-
lished radioactive metal chelating agent CHX-A” DTPA for imaging and/or therapies of cancer.

Published by Elsevier Ltd.

The use of monoclonal antibodies (mAbs) as targeting
vectors to selectively deliver a lethal dose of radiation
to cancer cells through either a ~ or a-emitting radionu-
clide, radioimmunotherapy (RIT), has been extensively
investigated for cancer therapies.! The targeted nature
of such therapies as well as imaging with y- or B*-emit-
ters (SPECT/PET), radioimmunoimaging (RII), offers
the promise of greater efficacy and less toxicity.* This
field has attracted greater attention particularly after
the recent Food and Drug Administration approval of
two radionuclide-bearing monoclonal antibody thera-
pies (°°Y-ibritumomab and '*'I-tositumomab) for the
treatment of lymphohematopoietic malignancies.>°

The development of suitable bifunctional chelating
agents for the modification of proteins for RII and
RIT continues to receive great attention. To achieve use-
ful radiolabeled mAbs in the clinical setting, chelating
agents must form thermodynamically and Kkinetically
stable complexes to prevent loss of radionuclides
in vivo, while retaining mAb immunoreactivity.”? A
variety of DTPA and DOTA derivatives bearing isothi-
ocyanate reactive groups are well documented for this

Keywords: Monoclonal antibody; Thiol-maleimide chemistry; Imaging

and/or therapies of cancer.

* Corresponding author. Fax: +1 301 402 1923; e-mail: martinwb@
mail.nih.gov

0960-894X/$ - see front matter Published by Elsevier Ltd.
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purpose and some have been carried forward into anti-
body-targeted radiation therapy clinical trials (Fig. 1).4
The acyclic bifunctional ligand, CHX-A” DTPA (M-

NJ\ NJ\
OHQ'”N 07 OH OH YN~ 07 oH
N o
o)\/lefo o lkﬁ
Ho o OH Ho" o "
CHX-A"-DTPA 1B4M-DTPA
HOOC COOH NCS
\N/_\NJ HOOC
g, O
N N NCS ( j
__/ N N
HOOC COOH )
HOOC COOH
¢-DOTA PA-DOTA

Figure 1. Structures of CHX-A” DTPA, 1B4M-DTPA, ¢-DOTA, and
PA-DOTA.
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[(R)-2-amino-3-(p-aminophenyl)propyl]-trans-(S,S)-cyclo-
hexane-1,2-diamine-N,N,N’ N, N"-pentaacetic acid) re-
ported in 1997, has been found to be excellent at
sequestering7 radionuclides such as %60y, 212213p;
""n, and ""Lu with great in vivo stability.®'2 In par-
ticular, radiolabeling of CHX-A” DTPA modified
mAb with the therapeutic a-emitter >'?Bi was found to
be statistically comparable to protein conjugates formed
with a bifunctional DOTA derivative (2-(p-isothiocy-
anatobenzyl)-1,4,7,10-tetraazacyclododecane tetraacetic
acid) in stability, without the detraction of the slow for-
mation kinetics inherent to the DOTA macrocycle.!!

In this laboratory, the isothiocyanate form of CHX-A"
DTPA reacts with primary e-amine groups of lysine or
terminal o-amine residues of proteins and has routinely
been used for conjugation to mAb (Fig. 2). This conju-
gation method can be problematic in controlling the pre-
cise number and exact position of chelates that have
been attached. This can lead to concerns regarding po-
tential interference with antigen binding, particularly

7N\

A

S
N
—N/U\'\“ X /<OH
H o H O‘N
Lo
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so if there are lysine residues in the antigen binding
region.

An alternate conjugation strategy is available via the
selectivity of the Michael addition between a thiol and
a maleimide.'® The maleimide group reacts efficiently
and specifically with thiol-terminal biomolecules and
has been widely used to form stable protein conjugates
through thioether linkages. This conjugation method is
widely considered to give greater control over the posi-
tion of the chelating agent on a protein when the thiol
group(s), for example, engineered cysteine residues,
can be introduced at the genetic level. On the other
hand, thiol groups are less likely to be currently used
than charged groups (e.g., amino groups) for conjuga-
tion to be found at mAb’s binding sites, thereby offering
better chemistry to retain immunoreactivity of mAbs. A
small number of chelating agents that exploit this strat-
egy have been reported,'+!7 but few have seen extensive
use for in vivo studies of radiolabeled antibodies or pep-
tides for either imaging or therapy. In part, this may be
due to a lack of familiarity with this chemistry and/or

Figure 2. A schematic presentation of CHX-A"” DTPA conjugated trastuzumab 1, conjugation through an isothiocyanato CHX-A” DTPA chelator,
and 2 conjugation through the maleimido CHX-A” DTPA chelator, 5, to prepare 2.

Lo

et

(6] 7 (0]
| //[? EDCI, HOBY, EtzN ! o N ,{\
s = o\ @]
=~ _ \/W\N N
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3 4
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Figure 3. Synthesis of the bifunctional maleimido CHX-A” DTPA chelator, 5.
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more problematically, due to the lack of appropriate
derivatives of previously established chelating agents.

Herein, the synthesis of a novel maleimido CHX-A”
DTPA chelator, 5, is described as well as its successful
conjugation to the monoclonal antibody trastuzumab.
This novel maleimide CHX-A” DTPA derivative thus
offers an alternative route to modify antibodies, pep-
tides, and other targeting vectors with an established
radiometal chelate. This conjugation strategy might be
particularly useful considering the availability of engi-
neered Fab or Fab’ antibody fragments containing free
sulfhydryl groups.

For the synthesis of 5, we used the terz-butyl ester pro-
tected p-amino functionalized CHX-A"” DTPA, 3, which
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was recently developed in this laboratory (Fig. 3).'31°
This aniline derivative was reacted with N-g-maleimido-
caproic acid (EMCA) using standard peptide coupling
conditions to provide maleimide 4 (63%).2° The fert-bu-
tyl esters in 4 were quantitatively cleaved by TFA as
monitored by TLC to generate 5.2! Thereafter, the liber-
ated five carboxyl groups, along with the three tertiary
amines, became available for se(iluestering radioactive
metals, such as '''In, 30y, 2'223Bi or '""Lu. The
maleimide moiety in 5 provides a highly reactive group
toward thiol groups either extant or introduced into
proteins or peptides. To conjugate 5 to trastuzumab,
the mAb was first thiolated with 15equiv of Traut’s
agent using standard procedures with minor modifica-
tions.?> Routinely, ~2-4 thiol groups per trastuzumab
were introduced as quantified by Ellman’s reagent. Thi-

b 2004
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o .
T T 1
o 10 20 30
Minutes
d 700+
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600 - / \
500+ ( ‘
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Figure 4. SE-HPLC chromatograph of (a) 1; (b) 2; (¢) '"'In-1; (d) '''In-2; (e) trastuzumab. (a), (b), and (e) were monitored by UV at 280 nm, while

(c) and (d) were recorded by an in-line HPLC radiodetector.
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olated trastuzumab was then reacted with 10 equiv of 5
to produce conjugate 2.2* Unreacted thiolated conjugate
was capped with iodoacetamide to minimize cross-link-
ing of the mAb conjugate product and to promote a
longer shelf life of the immunoconjugate. Finally, the
reaction mixture was dialyzed into PBS buffer at 4 °C
to remove all small molecules from the protein solution.
The final average ratio of CHX-A"” DTPA moieties per
trastuzumab achieved by this process was calculated to
be ~2 based on an Arsenazo(III) assay.>* The immuno-
conjugate 2 was radiolabeled efficiently (>95%) with the
SPECT radionuclide '''In within 30 min at room tem-
perature.?’ Figure 4 shows the size-exclusion HPLC pro-
file of the isothiocyanate and maleimide-functionalized
trastuzumab as compared to their respective !''In la-
beled analogs as well as to the unmodified mAb. The
profiles of the maleimide-modified analogs were similar
to those of the previously reported isothiocyanate-mod-
ified analogs, both radiolabeled and unlabeled, as well as
to unmodified trastuzumab. Immunoreactivity of the
resulting '''In labeled immunoconjugate 2 was demon-
strated by binding to SKOV-3, a human ovarian carci-
noma cell line. There was comparable binding between
"1 labeled immunoconjugate 2 (44.9%) and the '''In
labeled isothiocyanato CHX-A" modified trastuzumab,
1 (38.6%).1-26

In conclusion, a novel bifunctional maleimido DTPA
derivative 5 was designed, synthesized and character-
ized for conjugation to thiol-containing biomolecules
such as antibodies, peptides or other targeting vectors,
which was based on a previously established chelating
agent, CHX-A". Successful conjugation of 5 to the
monoclonal antibody trastuzumab (Herceptin) was
achieved by efficient thiol-maleimide chemistry. One
should note that the direct use of 4 would also be
possible for solution or solid phase conjugation to
peptides and other vectors. Subsequent cleavage of
the esters would provide a conjugate product suitable
for radiolabeling. Therefore, this newly developed
maleimido CHX-A"” DTPA allows a new route to pro-
viding an established radioactive metal chelating agent
on biomolecules for imaging and/or therapies of
cancers.
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20. Synthesis of maleimido CHX-A" penta tert-butyl ester 4: N-
g-Maleimidocaproic acid (0.28 g, 1.32 mmol), 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochlo-
ride (EDCI) (0.50 g, 2.62 mmol), 1-hydroxybenzotriazole
(HOBt) (0.35g, 2.62mmol), and Et;N (0.18 mL,
1.32 mmol) were added to a stirred solution of 3 (1.00 g,
1.20 mmol) in DMF (50 mL). The mixture was stirred for
24 h at room temperature (rt) and then concentrated under
reduced pressure, diluted with CH,Cl, (100 mL), and
washed successively with water (2x 100 mL), 5% NaHCO;
(2x 100 mL), and water (1x 100 mL). The organic layer
was concentrated and the residue was chromatographed
on silica gel eluted with EtOAc/MeOH (9:1) to afford 4
(0.78 g, 63%). "H NMR (DMSO-dg) 6 9.70 (s, 1H), 7.45 (d,
J=28.1Hz, 2H), 7.15(d, J = 8.1 Hz, 2H), 7.00 (s, 2H), 3.5-
3.20 (m, 12H), 3.15 (br d, J=15.6 Hz, 1H), 2.8-3.0 (m,
2H), 2.75 (m, 1H), 2.55 (m, 3H), 2.39 (m, 1H), 2.24 (t,
J=17.2Hz, 2H), 1.90 (br s, 2H), 1.70-1.10 (m, 10H), 1.37
(s, 45H), 1.03 (m, 4H). ">*C NMR (CDCl;) 4 171.7, 171.3,
170.8, 136.5, 134.1, 129.6, 119.5, 80.4, 63.9, 63.2, 62.6,
53.5,53.0, 52.5, 39.0, 37.2, 36.1, 28.1, 27.2, 26.2, 25.8, 25.0;
ES-MS: Caled for CssHggNsOy3 [M+H']: 1026.63786.
Found 1026.63822.

21. Synthesis of maleimido CHX-A" DTPA 5: CHX-A"
derivative 4 (0.30 g, 0.29 mmol) was stirred with 15 mL
of TFA for 4 h. The reaction mixture was concentrated
under reduced pressure, treated with Et,O (50 mL), and
filtered to afford 5 (0.20 g, 92%). "H NMR (DMSO-d) &
9.78 (s, 1H), 7.45 (d, J=8.1 Hz, 2H), 7.18 (d, J = 8.1 Hz,
2H), 7.00 (s, 2H), 3.60-2.40 (m, 17H), 2.24 (t, J = 7.2 Hz,
2H), 2.00 (m, 2H), 1.50 (m, 8H), 1.20 (m, 6H). '*C NMR





22.

23.

24.
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(DMSO-dg) o 173.1, 172.7, 171.3, 171.2, 168.8, 137.8,
134.6, 133.4, 129.6, 119.3, 61.5, 53.2, 52.4, 37.2, 36.4, 28.0,
26.1, 24.8, 24.5, 245, 24.1; ES-MS: Calcd for
C35HygNsO 3 [M+H™]: 744.30922. Found 744.30692.
Jue, R.; Lambert, J. M.; Pierce, L. R.; Traut, R. R.
Biochemistry 1978, 17, 5399.

Thiolation of and conjugation with trastuzumab: Trast-
uzumab (~7.7 mg) was reacted with Traut’s reagent at a
1:15 molar ratio for 1 h at rt in 1 mL of PBS containing
5 mM EDTA buffer. Excess Traut’s reagent was removed
by passage of the reaction solution through a PD-10
column eluted with PBS containing S mM EDTA buffer.
Just prior to protein conjugation, 5 was dissolved in the
same buffer and then added drop wise to the mAb solution
to achieve a molar reaction ratio of 10:1 (5:trastuzumab)
and gently vortexed. The solution was then gently agitated
in the dark at 25°C for 1 h. Excess free unreacted SH
groups were capped by the addition of iodoacetamide
solution (2.0 mM). Finally, the reaction mixture was
dialyzed into PBS buffer at 4 °C with 4 buffer changes
(4x 1 L) over 48 h to afford immunoconjugate 2. Protein
concentration and the number of the CHX-A" chelate per
protein were determined by Lowry assay and Arse-
nazo(IIT) assay, respectively. The purity of immunocon-
jugate 2 was evaluated by both SE-HPLC and SDS-
PAGE (data not shown), and was found to be comparable
to native trastuzumab.

Pippin, C. G.; Parker, T. A.; McMurry, T. J.; Brechbiel,
M. W. Bioconjugate Chem. 1992, 3, 342.

25.

26.

2683

"1y Radiolabeling of immunoconjugate 2: Caution: '''In
(t1p=2.8d) is a y-emitting radionuclide. Appropriate
shielding and handling protocols should be in place when
using this radionuclide. NH4OAc buffer (0.15M, pH 7,
100 uL) was added to a solution of the maleimido CHX-A"
DTPA chelator, 5, conjugated to trastuzumab, 2, in PBS
(1 mg/mL, 50 puL). ""MInCl; in 0.05M HCI (1 mC, 3 pL)
(Perkin-Elmer) was then added to the mixture and vortexed.
The reaction mixture was incubated at room temperature
for 30 min. The reaction was quenched by the addition of a
solution of EDTA (0.1 M EDTA, 4 pL). The '''In labeled
product was purified on a PD-10 column using PBS as the
eluent. The radiolabeling efficiency was 95.2%.
Radioimmunoassay: Immunoreactivities of the radiola-
beled preparations were assessed in a radioimmunoassay
using methanol-fixed cells. Briefly, SKOV-3 cells were
trypsinized, pelleted, re-suspended in PBS (pH 7.2) and
fixed with cold methanol at a final concentration of 80%
methanol. After 1h at 4 °C, the cells were washed with
PBS (3%) and re-suspended in PBS containing 1% BSA
(PBS/BSA). Serial dilutions of radiolabeled trastuzumab
(~140-8 nCi) were added in duplicate to cells (1 x 10
50 uL) in 50 pL of PBS/BSA. The cells were washed with
3mL of 1% BSA in PBS following an 18 h incubation at
room temperature, pelleted at 1000g for 5 min and the
supernatant decanted. The radioactivity was measured in
a y-counter (WizardOne, Perkin-Elmer, Shelton, CT) and
the percent bound calculated for each dilution. The value
presented is the average percent bound.
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Abstract—We describe the medicinal chemistry approach that generated a novel indole series of EP; receptor antagonists. The SAR
of this new template was evaluated and culminated in the identification of compound 12g which demonstrated in vivo efficacy in a

preclinical model of inflammatory pain.
© 2008 Elsevier Ltd. All rights reserved.

Scaffold hopping involves transforming one pharmaco-
phoric template into another.! The rationale behind this
type of transformation is that the new template will car-
ry some form of benefit or distinguishing factors over
the starting template, for example, improved potency,
different selectivity, or improved pharmacokinetics.'
We have described several series of EP; receptor antag-
onists>* as potential analgesics.” Compounds from
these several series have shown efficacy in the Complete
Freund’s Adjuvant model of inflammatory pain.>* As
part of an ongoing medicinal chemistry programme we
were interested in identifying further novel EP; receptor
antagonists and profiling their potential for the treat-
ment of inflammatory pain.

One series of EP; receptor antagonists we have reported
is exemplified by the pyrazole derivative 1. We have
also disclosed some related work from this series where
we identified replacement heterocycles for the pyrazole,
such as the thiazole derivatives 2 and 3 and the pyridine
derivatives 5 and 6. We found that the central methylene
linker could be replaced by an amino linker when the
heterocycle on the right-hand side was thiazole but not
pyridine, compare compounds 4 and 7, Figure 1.°

Keywords: EP| antagonist; Pain; Conformational constraint; Scaffold

hopping; Lead hopping.
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We were fascinated by this disparity in SAR and intri-
gued by the potential intramolecular bond that could
be formed between the ortho-alkoxy group and the biar-
yl NH of generic structure 8, Figure 2. We hypothesized
that an intramolecular hydrogen bond could occur and
that this could be mimicked by indoles such as 9 (Fig. 2).

However, we were uncertain if the indole would provide
the bioactive conformation as the methylene-linked
compounds were active and modeling suggested that in
the lowest energy conformation thiazole derivative 3 re-
sided in a non-planar conformation (Fig. 3).”

In order to test this hypothesis we synthesized com-
pounds of general structure 9 (Fig. 2, R = Bn or i-Bu).

Compounds were tested in [PH]-PGE, binding assay.®
Selected compounds were also tested in a functional
Ca*" mobilization assay (FLIPR).?

The first compound prepared was 10a and we were
pleased to find that it was a potent EP; receptor antag-
onist with a binding pICs, of 8.2 (ICs 6.3 nM). Further-
more, 10a showed potent activity as a functional EP,
antagonist with a pKj of 9.3 £ 0.3 (K; 0.5 nM) in a func-
tional assay (FLIPR) (Table 1).

Based on this result we went on to explore initial SAR in
the 3-position of the indole and investigated some alkyl
groups which would mimic preferred groups from the
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Br

1; binding pIC,, 8.2 £ 0.2

2: R =Bn, A = CH,; binding pIC;,=8.21 0.1
3: R=i-Bu, A = CH,; binding pIC,,=8.1+0.1
4: R =Bn, A = NH; binding pIC;, = 7.6 £ 0.1

Figure 1. Selected GSK EP, receptor antagonists.

I:‘:} Clm
/

cl) R=Bnori-Bu R
R

8 9

Figure 2. Capitalizing on the potential hydrogen bond between the
NH and ortho-alkoxy group to generate a new indole series.

o
X A\ENj)LO_
\©i? = Na’
R

5: X=CI, R=Bn, A = CH,; binding pIC,, = 6.8 + 0.2
6: X = Cl, R =i-Bu, A = CH,; binding pIC;, =7.4 £ 0.2

7: X=H, R =Bn, A= NH; binding pIC,, < 6

corresponding alkoxy series, Table 1. Thus, we prepared
benzyl derivative 10b which was surprisingly found to be
30-fold lower in affinity than 10a in the binding assay,
and 100-fold weaker in the FLIPR assay (pKk;
7.2 £ 0.4). Several alternative alkyl groups were investi-
gated, 10c-10h. The SAR shows that large groups such
as CH,CH,#-Bu (10e) (FLIPR pK; 8.4 £ 0.8) are best.
Complete removal of the 3-substituent (10i) led to ero-
sion of activity. A ketone was tolerated (10j) in terms
of functionality, but the corresponding amide (10k)
was considerably less active. Placement of basic func-
tionality (101 and 10m) severely diminished affinity. Ta-

3

Figure 3. Energy minimized conformation of compound 3 (left-hand panel). Flexible alignment of compound 3a (turquoise) with indole 10a (pink)

(right-hand panel).
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Table 1. SAR for 3-substituents, compounds 10a-m

+ -

Na 0

Cl

mg\g’j}

Compound Binding pICsy*
10a i-Bu 8.2+0.0
10b CH,Ph 6.81£0.2
10c i-Pr 74%0.1
10d CH,#-Bu 7.5%0.1
10e CH,CH,-Bu 8240.1
10f Pr 7.5%£0.1
10g Et 6.9+0.1
10h CH,CF; 6.6%0.1
10i H <6

10j COi-Pr 7.0%£0.2
10k CONMe, 6.0+ 0.1
101 CHzNMez <6

10m CH,CH,NMe, <6

#See note 8, values are means of at least three experiments.

ken together these results imply the group in the 3-posi-
tion of the indole forms a lipophilic interaction with the
receptor which is in accordance with our hypothesis of
the receptor binding interaction for compounds such
as 1.

We next turned our attention to the 6-position of the in-
dole (Table 2). It was found that the chlorine atom pres-
ent in 10a was extremely important. The des-chloro
analogue 11a showed nearly 30-fold less affinity for
the EP; receptor in the binding assay and was nearly
30-fold lower in activity in the functional assay (FLIPR
pK; 7.9 £ 0.6). The fluoro analogue (11b) was approxi-
mately 10-fold less active than chloro derivative 10a,
however, the bromo (11¢, FLIPR pK; 9.7 £ 0.3), trifluo-

Table 2. SAR for 6-substituents, compounds 11a—e

'
X N

Y
Compound X Binding pICso®
10a Cl 8.2%0.0
11a H 6.8 0.1
11b F 7.4+0.1
11c Br 84+0.1
11d CF; 7.9%0.0
11e Me 8.0+0.3

romethyl (11d, FLIPR pK; 10.2 £ 0.3), and methyl (11e)
analogues were of similar activity to the parent 10a, in
terms of binding affinity (Table 2).

As the compounds in Figure 1 had shown they were
amenable to alternative heterocyclic acids we next inves-
tigated this region of the molecule, namely the 1-posi-
tion of the indole (Table 3).

The thiazole could be replaced by the analogous oxazole
(12a, FLIPR pK; 9.0 £0.5) with minimal change in
activity. The regioisomeric thiazole (12b) was consider-
ably weaker. Other 5-membered aromatic heterocycles
with a heteroatom between the acid the indole, such as

Table 3. SAR for thiazole replacement, compounds 12a-j

R
cl N
/
Compound Ring Binding pICsy*
N
10a \(/_/7/(:02"3 82400
S
N
12a \(/_/7/°°2Na 8.1+0.2
[0}
S,_-co,Na
12b \(_/7/ 2 70403
N
0L _co,Na
12¢ \@/ g 7.6+0.2
S, _-Cco,Na
12d \@/ 2 7.3£0.1
N -
\(/ o
12¢ Sﬂ 6.8%0.1
o
Na
N
12f /\(/J/COZNa 82 +0.1
S
o
N -
12g N o 72404
|
Z Na'
o]
12h \©)J\o‘ 62%0.1
Na'
0,0
12i \5 Na <6
12§ CH,CO,Na <6

#See note 8, values are means of at least three experiments.

#See note 8, values are means of at least three experiments.
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furan 12¢ and thiophene 12d displayed activity interme-
diate between 12a and 12b. A methylene linker could be
inserted between the acid and thiazole (12e), or, more
favorably, between indole and thiazole (12f).

As we had found disparate SAR between compounds 4
and 7, we were intrigued to see if the picolinic acid moi-
ety would be tolerated in the 1-position of the indole
template. Surprisingly, picolinate derivative 12g was ac-
tive, albeit with 10-fold lower activity than the parent
thiazole 10a. This result can be rationalized as an isobu-
tyl group is preferred to benzyl in the 3-position of the
indole (compare compound 10a with 10b). In the parent
thiazole series, both isobutyl and benzyl groups pro-
vided equal affinity (compare 2 to 3 and 4). However,
in the parent picolinate series, the isobutyl group was
preferred over benzyl (compare 5 to 6), thus the fact that
compound 7 was essentially inactive could be attributed
to the benzyloxy group and thus the corresponding iso-
butoxy analogue may show activity.

Interestingly, the phenyl analogue 12h showed extremely
weak activity, highlighting the importance of a hetero-
atom ortho to the carboxylic acid. The corresponding
ortho-benzoic acid derivative 12i was essentially inactive,
as was the acetic acid derivative 12j.

Finally, we investigated further substitution around the
indole ring. Moving the CI atom from the 6-position
(10a) to the 5-position (13a) led to a 100-fold decrease
in affinity (Table 4). This result, in conjunction with
the activity of the des-chloro analogue (11a) highlights
the importance of a small lipophilic group in 6-position.
Finally, addition of a methyl group to the 2-position of
the indole also resulted in approximately 100-fold de-
crease in activity. The presence of the 2-methyl group
may force the 3-isobutyl group into an unfavorable con-
formation for receptor binding. Taken together these re-
sults show low tolerance for the substitution of the
indole ring (see Table 4).

Several compounds were profiled in vitro to assess their

metabolic stability.!” Data for key compounds is shown
(Table 5) and is representative of the series.

Table4. SAR for 5-, 6-, and 2-substituted indoles, compounds 13aand b

'
X N
Y/ Z
Y
Compound X Y z Binding pICsy*
10a Cl H H 8.210.0
11a H H H 6.8 0.1
13a H Cl H 6.1£0.2
13b Cl H Me 6.0£0.0

#See note 8, values are means of at least three experiments.

Table 5. In vitro metabolic stability data (microsomes) for selected
compounds

Compound CLi*® CLi*®
10a 12.0 2.2
10d 1.9 2.7
10e 1.3 2.1
10f 11.0 1.3
12¢ 35.0 5.4
12¢ 43 3.6

#Intrinsic clearance values (mL/min/g liver), values are from one
experiment.'’

®Rat liver microsomes.

°Human liver microsomes.

Based on a combination of in vitro metabolic stability
and structural similarity to compounds which had previ-
ously shown good in vivo efficacy,* compound 12g was
profiled in the CFA model of hypersensitivity,??< data is
depicted in Figure 4. Compound 12g demonstrated a
good dose-response relationship with a calculated
EDs, of 2.17 mg/kg and efficacy equivalent to celecoxib
at doses of 3 and 10 mg/kg (po). Bioanalysis of samples
from this study revealed a dose-proportional increase in
blood exposure, blood concentrations were 0.44, 1.23,
and 6.04 uM at doses of 1, 3, and 10 mg/kg, respectively.
Further analysis from this study (top dose only) showed
low levels of the compound in the brain, Br:Bl 0.05.

This data highlights 12g as a novel EP; receptor antag-
onist with excellent in vivo efficacy.

Compounds were synthesized according to the literature
procedures or as outlined in Schemes 1-7. Full experi-
mental details and characterizing data for key com-
pounds has been described.!!

Dose response effect of compound 12g with celecoxib (10 mg/kg p.o.)
in CFA-mediated model of hypersensitivity.
Effect measured 1 hour post oral dose

100 1
ED,, - 2.17mg/kg
> 80 T il
=
2
3 @ 60 T
o=
o ®
z8 o x
SE 407
ﬁ % —|_
5
3 20 1
14 &
X 4"7‘\\
0 (s (8}
& &
& of
201 L

Dose of compound 12g (p.o.)

Figure 4. Dose-response data for compound 12g in the CFA-induced
model of hypersensitivity. Seven rats used per dose group. Efficacy
readout taken 1 h post dose of compound. Compound dosed orally.
Asterisks denote significance level, *p < 0.05, **p < 0.01, ***p < 0.001.
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Scheme 1. Reagents and conditions: (a) 3 M MeMgBr in Et,O 20 min, then 1 M ZnCl, in Et,O 30 min, then isobutyryl chloride, Et,0, 100%; (b)
LiAlH,4, THF, rt then reflux 3 h; (c) Cul (5 mol%), K3PO4 (20 mol%), rac-trans-N,N’-dimethylcyclohexyane-1,2-diamine, ethyl-2-bromothiazole-4-
carboxylate, PhMe, reflux; (d) aq NaOH, EtOH, 50-60 °C, 1 h.

m a, b CF, c,d,ef CFy
—_—
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cl N cl

O)\ 19
18 ﬁ\
Scheme 2. Reagents and conditions: (a) TFAA, Et,0, 0-4°C; (b) Boc,O, DMAP, DCM, rt, 1 h; (c) NaBH,, EtOH, rt, 1h; (d) phenyl
chlorothionoformate, DCM, pyridine, DMAP, rt, 3 days; (¢) BusSnH, AIBN, PhMe, 80 °C, 3 h; (f) TFA.
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Scheme 3. Reagents and conditions: (a) H,SO,4, NaNO,, 0 °C to rt, then KI, H,O; (b) Fe, FeCl;-6H,0, EtOH, AcOH, reflux, 1 h; (c) LDA, THF,
—78 °C to rt to —78 °C then 1-bromo-3-methylbut-2-ene, —78 °C to rt, 1 h; (d) Pd(OAc),, DMF, TEA, BuyNBr, 80 °C, 1 h.
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Scheme 4. Reagents and conditions: (a) 3 M MeMgBr in Et,O 20 min, then 1 M ZnCl, in Et,0 30 min, then dimethylcarbamoyl chloride; (b) Cul
(5 mol%), K3PO4 (20 mol%), rac-trans-N,N'-dimethylcyclohexyane-1,2-diamine, ethyl-2-bromothiazole-4-carboxylate, PhMe, reflux; (c) aq NaOH,
EtOH, 50-60 °C, 1 h; (d) 40% aq MeNH,, 40% aq HCHO, AcOH; (e) (i) (COCl),, Et,0, rt, 4 h, 36%, (ii) 40% aq Me,NH, THF, rt, 1 h, 52%; (f)
LiAlH4, THF, rt then reflux.
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cl N)\
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27
Scheme 5. Reagents and conditions: (a) EDC, HOBt, TEA, DCM, N-
methyl-O-methyl hydroxylamine hydrochloride; (b) 3 M MeMgBr,

Et,O, THF; (c) (i) sulfur, morpholine, 130 °C overnight (ii) aq KOH,
EtOH, reflux.

cl N

15

Br
N

2% \\(/J/COZE’(

S

Scheme 6. Reagents and conditions: (a) 60% NaH, THF, 26, rt; (b)
EtOH, 2M NaOH, rt; (c) 60% NaH, BrCH,CO,Et, THF, rt; (d)
EtOH, 2 M NaOH, 70 °C.

Compound 10a was prepared from 6-chloroindole (14)
(Scheme 1) by acylation, to give 15, and subsequent
reduction to give 16. The thiazole was then installed
using conditions developed by Buchwald and co-work-
ers!? to give 17. Hydrolysis of the ester 17 yielded the
thiazole acid derivative (10a). Derivatives 10i and 10j
were prepared directly from 14 and 15, respectively, as
outlined (Scheme 1). Derivatives 12a—d and 12g-i (Table
3) were prepared from intermediate 16 using similar
conditions. The requisite bromides were commercially
available, except for ethyl 2-bromo-1,3-oxazole-4-car-
boxylate which was prepared from ethyl 2-amino-1,3-
oxazole-4-carboxylate (isoamyl nitrite, CuBr,, MeCN,
60 °C).

Analogues 10b and 10d-g were prepared in analogous
manner to 10a (Scheme 1), reacting 6-chloroindole (14)
with the appropriate acylating agent.

The 3-trifluoroethyl analogue (10h) was prepared by
acylation of 6-chloroindole (14), followed by protection
to give the tert-butyloxycarbonyl derivative 18 (Scheme
2). The ketone moiety was reduced to the corresponding

alcohol which then underwent a modified Barton radical
deoxygenation'? and deprotection to give 6-chloro-3-tri-
fluorethylindole (19) (Scheme 2). Buchwald chemistry 2
was again employed, as in Scheme 1, to convert 19 to
10h.

Buchwald conditions'? were also used to prepare deriv-
ative 10c from 6-chloro-3-isopropylindole 23 (Scheme
3). The synthesis of 23 commenced from 4-chloro-2-
nitroaniline (20) which was converted to the correspond-
ing iodide by Sandmeyer reaction.'# Reduction of the ni-
tro moiety delivered 5-chloro-2-iodoaniline (21) which
was alkylated to give 22. Palladium-mediated cycliza-
tion'> of 22 delivered the aforementioned intermediate
23 (Scheme 3).

Derivatives 10k—m were prepared as outlined in Scheme
4. Reaction of 6-chloroindole (14) with dimethylcarba-
moyl chloride gave 24 which was converted to 10k using
Buchwald conditions.!? (Scheme 4). Derivative 25 was
prepared from 14 using Mannich—Eschenmoser condi-
tions'® and was converted to 10l via Buchwald cou-
pling.'? (Scheme 4). Homologated analogue 26 was
prepared in three steps from 14 by acylation with oxalyl
chloride, reaction with dimethylamine and reduction.
Again, Buchwald chemistry was employed to convert
26 to 10m (Scheme 4).

Compounds in Table 2 (11a—e) were prepared from
commercially available 6-substituted indoles, as de-
scribed in Scheme 1.

Derivative 12e was prepared from 10a (Scheme 5).
Firstly, the carboxylic acid was converted to the corre-
sponding methyl ketone (27) via the Weinreb amide.!”
Willgerodt-Kindler reaction'® and subsequent hydroly-
sis furnished 12e (Scheme 5).

Compounds 12f and 12j were prepared by alkylation of
6-chloro-3-isobutylindole (15) as outlined below
(Scheme 6).

Derivative 13b was prepared as described in Scheme 1
from 6-chloro-2-methylindole (29) which was prepared
as described below (Scheme 7).

Compounds generally showed good selectivity (100- to
10,000-fold) over the EP; receptor subtype and similar
or lower selectivity over the thromboxane (TP receptor),
for example 10a (EP; FLIPR pK; 9.3, EP; FLIPR pK;
6.5, TP FLIPR pK; 7.5), 10e (EP, FLIPR pK; 8.4, EP;
FLIPR pK; 6.4, TP FLIPR pK; 7.1), 11c (EP, FLIPR
pK; 9.7, EP; FLIPR pK; 6.4, TP FLIPR pK; 7.3), 11d

a, b c
o, T LG L0y
cl NH, cl NHBoc cl N

27

29

Scheme 7. Reagents and conditions: (a) Boc,O, THF, rt to reflux; (b) sec-BuLi cyclohexane-THF, —40 to —20 °C, then —60 °C, N-methoxy-N-

methylacetamide, then warmed to rt; (c) TFA, DCM, rt, 3 h.
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(EP, FLIPR pK; 10.2, EP; FLIPR pK; 6.3), 12¢ (EP,
FLIPR pK; 8.9, EP; FLIPR pK; 6.3, TP FLIPR pK;
6.4), 12g (EP, FLIPR pK; 7.7, EP; FLIPR pK; 6.1).

In conclusion, we have identified a novel series of indole
EP; receptor antagonists by scaffold hopping and ex-
plored the SAR in the 1-, 2-, 3-, 5-, and 6-positions.
Although there are similarities between the SAR in this
series and previous series there is some divergence, in
particular the 3-position which forms a lipophilic inter-
action. Several compounds with high in vitro affinity
were identified. From this, compound 12g was found
to combine the best balance of in vitro DMPK proper-
ties and in vitro EP| activity and was thus assessed in an
in vivo model of inflammatory pain where it showed
excellent efficacy, with an EDs, of 2.17 mg/kg, and
equivalent efficacy to celecoxib.
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Abstract—We report the discovery of the pyrimido-diazepine scaffolds as novel adenine mimics. Structure-based design led to the
discovery of analogs with potent inhibitory activity against receptor tyrosine kinases, such as KDR, Fl1t3 and c-Kit. Compound 14
exhibited low nanomolar KDR enzymatic and cellular potencies (ICsq =9 and 52 nM, respectively).

© 2008 Elsevier Ltd. All rights reserved.

Protein kinases have proven to be attractive targets for a
variety of therapeutic indications' and several kinase
inhibitors have progressed to become marketed drugs,
particularly for cancer.? All kinases possess a structur-
ally conserved catalytic domain that binds ATP? and
most kinase research programs target this ATP binding
site with structurally related adenine mimics. Conse-
quently, many patents have been filed around similar
or in many cases identical chemotypes resulting in a con-
gested intellectual property situation.

We have recently reported on our efforts to enhance the
Abbott compound collection with novel kinase inhibi-

H,N HoN R HoN R
N N
N N\>|:> le\ = )Nl\\ =
| pZ pZ
kN/ N NN H,NT N7 Ny
H 1 H 2 H

Adenine Proposed New Scaffolds

Figure 1. De-novo design of pyrimido-diazepines.

Keywords: KDR inhibitors; VEGFR; PDGFR; cKit inhibitors; FIt3

inhibitors; Adenine mimics; Structure-based drug design.
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0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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tors; an effort intended to help address the above patent
challenge.* We have placed an emphasis on the novelty
of the designed chemotypes and attempted to create
structures that have never been described in patents or
in published literature as kinase inhibitors. Specifically,
we were interested in identifying novel adenine replace-
ments that upon further functionalization would furnish
proprietary kinase inhibitors.

X
Q 0 5 X=H
a
¥z = b
R1/ 3 R1/ 4

R1
78
NH, —
N\
N7 X
)l\ I 1a-fand1o,p X=H
X N N
H

2a-d X = NH,

Scheme 1. Reagents and conditions: (a) Eschenmosher’s salt, MeCN,
80 °C, >20%; (b) EtOH, reflux, 1-14%.
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In this context we have explored the idea of replacing
the imidazole ring of adenine with a seven-membered
ring diazepine as shown in Figure 1. We hypothesized
that the new pyrimido-diazepine scaffold 1 would bind

NH
7 o 8
o]
o} o o}
[}
N — 5 HyN
o NH 2 HCI NH,
9 o)\ 10
NH, NH,
N
Nl)\/[ 02 NH2
NO.
kN/ cl N 2 R?—NCO
e ——————— l _ .
d N N o} e
H
11
R2
-
1 v R
—R2
HN X0 N\(
o]
NH, NHz
f Ne—
N et . NI A
l pZ k 7
N H 0 N H
12 1g-n

Scheme 2. Reagents and conditions: (a) 3-Chloropropanoyl chloride,
AlCl;, CS,, 64%; (b) potassium phthalimide, DMF, 125 °C, 59%; (c)
HCI/HOAC, reflux, 72%; (d) Et;N, 0-75 °C, 83%; (¢) DMF, 56%; (f)
SnCl,, EtOH, 40-70%.

to the hinge region of the target kinase in a manner sim-
ilar to that exhibited by adenine with the formation of
two key hydrogen bond donor/acceptor interactions.
We anticipated that additional functionalization of the
molecule based on molecular modeling considerations
would allow us to explore various sites with the expecta-
tion of gains in potency and selectivity depending on the
kinase targeted. To exploit the potential of a third
hydrogen bond in the hinge region, we designed scaffold
2 which possess an additional amino group in the 2-po-
sition of the pyrimidine ring.

The molecules were initially synthesized following previ-
ously described procedures.” Reactions of ketones 3
(Scheme 1) with Eschenmosher’s salt yielded intermedi-
ates 4 which were isolated and subsequently subjected to
heating with commercially available pyrimidine-4,5,6-
triamines 5 or 6 to provide the pyrimidoazepines 1 or
2, respectively, in low overall yields.

Subsequently, for the synthesis of more complex ana-
logs, a new synthetic protocol was devised as shown in
Scheme 2. Friedel-Crafts acylation of protected aniline
7 with 3-chloropropanoyl chloride provided precursor
8, which was subjected to nucleophilic substitution with
potassium phthalimide to yield compound 9 in good
yield. Acid deprotection of both amino groups of 9 pro-
vided 10 as the diacid salt in good yield. Nucleophilic
aromatic substitution of 6-chloro-5-nitropyrimidin-4-
amine with 10 in the presence of triethylamine furnished
compound 11. At this point various isocyanates were re-
acted with aniline 11 to yield exclusively ureas 12. Final
compounds 1 were obtained upon reduction of the nitro
group and spontaneous imine formation of the resulting
amine with the carbonyl group of 12.

Initially, simple analogs of 1 and 2 were tested against a
preliminary panel of five kinases of interest*° at low
concentration of ATP (10 uM) in order to detect even

Table 1. Kinase inhibitory activity of pyrimido-diazepine analogs 1 and 2 against an exploratory kinase panel

R1
7R
NH,
N\
NS
X,
X N N
H
Compound X R! KDR ICs* (uM) Plk1 ICsy* (uM) Pak4 ICsy* (UM) CK2 ICsy" (uM) Aktl ICsp* (uM)
1a H H 3° >100 >100 4° 92
1b H 3-Me 3 50 >100 12 >100
1c H 4-Me 4 >100 >100 >100 >100
1d H 3-Cl 0.6 >100 >100 64%° >100
le H 4-Cl 3 >100 >100 >100 >100
2a NH, H 35 >100 >100 >100 >100
2b NH, 3-Cl 21 >100 >100 21 >100
2c NH, 4-Cl 9 >100 >100 >100 >100

#ICsp values are based on an eleven point curve at 10 uM ATP concentration, >100 indicates less than 50% inhibition at that concentration or an

1Csp > 100 pM.
® Average of two values.

¢Indicates % inhibition at 100 pM.
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weak inhibitory activity trends. Most of the analogs
exhibited modest activity against KDR in the single digit
micromolar and high submicromolar range and some
were active against CK2 (Table 1). The presence of the
extra amino group in analogs 2 had a negative effect

" NH, . NHp NTN CF3
¢ Yy ¢ \ 0
N==, AN N==, !
HN 1a S 13

Figure 2. Model of compound 1a, green carbons, bound to KDR
kinase in ‘inactive’ conformation with Phe 1047 in the DFG-out
position [model created as in Refs. 7 and 10]. Hinge hydrogen bonds to
the backbone Glu 917 C=0 and Cys 917 N-H are shown with black
dotted lines. A model of thienopyrimidine KDR inhibitor previously
published’ is shown with pink carbons and with its urea H-bond to
Glu 885.

Table 2. Kinase inhibitory activity of para-urea analogs 1 and 2

on the KDR inhibitory activity of the compounds (1a
vs 2a, 1d vs 2b, and 1e vs 2¢).

Encouraged by these initial results we decided to further
investigate the KDR inhibitory potency of the series by
employing molecular modeling. Superimposition of
plain compound la with previously reported KDR
inhibitor 137 (Fig. 2) provided us with insights as to
how to best take advantage of the hydrophobic ‘back
pocket’ of KDR. Introduction of urea functionality such
as in 13 has been shown to have beneficial effects on
KDR inhibitory activity (KDR ICsy = 52 nM) and such
compounds have been part of a program at Abbott aim-
ing to develop PDGFR and VEGFR multitargeted ki-
nase inhibitors.” 10

Based on modeling considerations, both para- and meta-
positions of the phenyl ring provided reasonable vectors
to extend the urea functionality. We selected to prepare
a small group of key urea analogs to validate our mod-
eling hypothesis. The urea analogs were synthesized
according to Schemes 1 and 2 from the appropriate
starting materials and tested against KDR, FIt3, and
c-Kit in an HTRF assay format at 1 mM ATP.

We immediately observed an improvement in KDR po-
tency with the simple para-phenyl urea analog 1f (Table
2) in comparison to la. However, its 2-amino analog
equivalent 2d was not active under the assay conditions
and these analogs were not further pursued. Introduc-
tion of a trifluoromethyl group in the meta-position of
the urea phenyl ring (compound 1g) dramatically in-
creased the in vitro KDR potency. 1g was also very po-
tent against FIt3 and c-Kit and in the KDR cellular
assay. The presence of the same group in the para-posi-

H
H  N—R2
N
0
NH»
N\
NT X
M
X N N
H
Compound X R? KDR ICs0? (uM) KDR (cell)® ICs¢ (uM) Flt3 ICso* (uM) c-Kit ICsp* (M)
1f H Ph 0.951 ND¢ ND ND
2d NH, Ph >13 ND 2.858 >13
1g H 3-CF5-Ph 0.003 0.013 0.002 0.006
1h H 4-CF;-Ph 0.110 2.440 0.009 0.035
1i H 3-Cl-Ph 0.019 0.050 0.006 0.018
1j H 2-F-3-CF;-Ph 0.049 1.520 0.003 0.028
1k H 4-F-3-CF;-Ph 0.005 0.345 0.007 0.022
1 H 4-Cl-3-CF;-Ph 0.006 0.049 0.016 0.050
1m H 2-F-5-Me-Ph 0.065 0.311 0.013 0.037
1n H 2-F-5-CF;-Ph 0.004 0.121 0.002 0.011

#ICsq values are based on an eleven point curve at 1 mM ATP concentration.
® Activity against VEGF-induced KDR phosphorylation in 3T3-murine fibroblast cells.

¢ Average of two experiments.

4ND stands for not determined.
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Table 3. Kinase inhibitory activity of meta-urea analogs

RS (o] R*
/
Py
N H
H

NH,
N\
NT X
L
N N
H
Compound R? R* KDR ICsy* (uM) KDR (cell)® ICso (uM) Flt3 ICso* (M) c-Kit ICsp® (M)
1o H Ph 0.888 ND¢ 2.696 3.022
1p H 3-CF;-Ph 0.126 0.790 0.145 0.091
14 Me 3-CF;-Ph 0.006 0.052 0.135 0.012

#1Csq values are based on an eleven point curve at 1 mM ATP concentration.
® Activity against VEGF-induced KDR phosphorylation in 3T3-murine fibroblast cells.

¢ND stands for not determined.

tion (1h) resulted in losses in KDR potency. Di-substi-
tuted analogs containing the meta-trifluoromethyl group
and a fluoro group in various positions resulted in com-
pounds with similar in vitro KDR potency, (1k and 1I)
however, their cellular potency was inferior to that of
compound 1g.

The meta-substituted phenyl urea 1o (Table 3) exhibited
a similar drop in potency when compared to 1a. How-
ever, the meta-trifluoromethyl phenyl analog of the
meta-urea 1p was not as potent as 1g. Modeling of 1p
in the active site of KDR (Fig. 3) suggested the presence
of a small pocket that could be filled with additional
functionality. Thus compound 14 was prepared follow-
ing procedures similar to those in Scheme 1. To our de-
light compound 14 exhibited improved in vitro and
cellular KDR potency and an apparent selectivity for
KDR versus FIt3 (Table 3). This is in stark contrast to
the para-urea series (Table 2) where most of the com-
pounds were equipotent for FIt3 and to meta-urea ana-
logs such as 1p lacking the methyl group. The altered
KDR/FIt3 enzyme potency ratio for compounds 1p

Figure 3. Model of compound 1p, green carbons, bound to KDR with
the urea of 1p hydrogen-bonded to Glu 885. The arrow shows a vector
that projects into a small hydrophobic volume comprising the
sidechains of Val 848, Val 916, and the methylenes of Lys 868.

and 14 is potentially due to the different gatekeeper res-
idues for the two enzymes, Val 916 for KDR and Phe
691 for FIt3, which is in the direct vicinity of the aryl
Me group of 14.

In conclusion, we have identified pyrimido-diazepines as
novel kinase hinge binders and were able to rapidly
transform them to potent VEGFR and PDGFR inhibi-
tors using modeling and our expertise in kinase inhibi-
tion. We are in the process of finding other
applications for this unique core and our findings will
be reported in due course.
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Abstract—A new series of indole-based antagonists of the PGD, receptor subtype 1 (DP1 receptor) was identified and the progress
of the structure—activity relationship study to the identification of potent and selective antagonists is presented. Selective DP1 antag-
onists with high potency and selectivity were prepared. Of particular interest is the DP1 antagonist 26 with a K; value of 1 nM for the
DP1 receptor and an ICs, value of 4.6 nM in a DP1 functional assay for the inhibition of the PGD, induced cAMP production in

platelet rich plasma (PRP).
© 2008 Elsevier Ltd. All rights reserved.

Selective antagonists of the prostaglandin D, receptor
subtype 1 (DP1) are being considered for use in the
treatment of symptoms associated with niacin-induced
flushing'-? and also for the treatment of allergic airway
responses.>® Niacin (nicotinic acid, vitamin B;) has
shown efficacy in reducing cardiovascular events in pa-
tients with dyslipidemia. However, symptoms associated
with niacin-induced vasodilatation (e.g., flushing) have
limited its use. The flushing response is mediated in large
part by PGD» and recently the DP1 receptor antagonist
laropiprant (MK-0524) has proven to be effective in sup-
pressing both subjective and objective manifestations of
niacin-induced vasodilatation.'? In addition, it has been
demonstrated that intranasal instillation of PGD, re-
sults in upper airway obstruction with 10-fold greater
potency than histamine.”

The role of the PGD, receptor (DP1 receptor) in the reg-
ulation of mucous secretion and the efficacy of DP1
receptor blockade in allergic disease models prompted
us to identify a suitable DP1 receptor antagonist for

Keywords: DP1 antagonist; Prostanoid; PGD2 antagonist; PGD2
receptor; Tetrahydropyridoindole; Indole.
* Corresponding author. E-mail: christian_beaulieu@merck.com

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

doi:10.1016/j.bmcl.2008.03.015

clinical studies to block the inflammatory effects of
PGD, .12

Recently, we reported the identification of the potent
and selective DP1 antagonist MK-0524 (1) (Fig. 1).'3
While MK-0524 clinical trials were underway, part of
our efforts were focused on finding additional potential
development candidates. One of our main criteria was
to identify a DPI antagonist structurally distinct from
our first clinical candidate MK-0524.

Towards this end, we elected to preserve the 6-5-5 or
6-5-6 tricyclic scaffold which was a common motif to
our more potent DP1 antagonists. Thus, one of the
modification considered (Fig. 1) was to invert the indole

3 OH SN )N OH
\ "‘/&O | Y., (o]
N A
R
X
@C\

1 2

Figure 1. Structure of MK-0524 (1) and of proposed novel indole
scaffold (2).
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central core to form a new structure (2) in which the
MK-0524’s indole nitrogen atom and the carbon on
3-position of indole were exchanged. Based on the sim-
ilarities between both indole structures, we expected
some features of the structure-activity relationship
(SAR) to be common to both series. In this letter, we de-
scribe the SAR of this new series of DP1 receptor antag-
onists based on the above proposal.

Previous SAR studies from the MK-0524 (1) series
demonstrated the advantage of fluorine substitution at
the S5-position of the indole ring which corresponds to
the 6-position of our new indole series.!? The presence
of an acetic acid side chain was also found to be essential
for activity. To initiate SAR work in this new series, we
kept the same substitution pattern and initially focused
our attention on identifying an optimal substituent for
the 4-position of the indole ring. The template used
for this SAR was a dihydropyrroloindole scaffold substi-
tuted with a 4-chlorophenylthioether at the 3-position of
the indole, chosen for its ease of synthesis. In general,
compounds were screened for affinity against all nine
human prostanoid receptors and were synthesized as
racemates. However, our attention was mainly directed
at the thromboxane A2 receptor (TP) which was the
most significant ‘off-target’ activity for the compounds
in this series. In addition, antagonism of compounds
was characterized by a DP1 CRE-SEAP assay.!* As
shown in Table 1, the unsubstituted compound 3 main-
tains a modest binding affinity'> for the DP1 receptor
(K;=132nM) and is actually 8-fold more potent on
the TP receptor (K; = 17 nM). Substitution of the 4-po-
sition with a bromide atom (4) resulted in a gain of po-
tency on the DPI1 receptor and led to a modestly DP1
selective antagonist. Introduction of more polar groups

Table 1. SAR of the indole 4-position

F N OH
Y/ o}
R S
Cl
Compound R DPI? TP? DP1 PRP®
Ki(mM) K (nM)  ICso (nM)
3 H 132 17 —
4 Br 7.7 17 —
5 COMe 3.6 674 101
6 CH(OH)Me 2.5 273 56
7 CH(OH)i-Pr 7.9 484 509
8 CH(OMe)Et 1.1 200 6.7
9 CH(SMe)Me 1.6 27.5 4.1
10 SO,Et 2.3 250 34
11 SO,Me 1.3 226 10.4
12 i-Pr 2.4 46 8.6
13 CH(Et), 8.1 363 21.6
14 Cyclopropyl 5.7 136 —

#Radioligand competition binding assays using recombinant human
prostaglandin D, (DPl) and recombinant human thromboxane
receptor (TP).

® Inhibition of the accumulation of cAMP in platelet rich plasma
(PRP) challenged with PGD,.

such as methyl ketone and secondary alcohols (com-
pounds 5-7) resulted in potent compounds with im-
proved selectivity profiles. However, compounds 5-7
were only modestly potent in a DP1 functional assay
(DP1 PRP) in inhibiting the PGD, induced production
of cAMP in platelet rich plasma (PRP)'¢ with ICs, val-
ues of 101, 56 and 509 nM, respectively. Gratifyingly,
potency in this DP1 PRP assay was improved by the
introduction of a methoxyether (8) or a methylthioether
(9) with ICsq values of 6.7 and 4.1 nM, respectively.
Therefore, the DP1 selectivity profile of 8 was far supe-
rior to 9 (180-fold vs 17-fold selectivity). Interestingly,
replacement of the methoxyether by a methylsulfone
(11) resulted in an antagonist as potent and selective
as 8. The bulkier ethylsulfone 10 was 3-fold less potent
than 11 in the DPI-PRP functional assay. Further
SAR with alkyl chains and/or carbocycles as for com-
pounds 12-14 resulted in less potent and/or less selective
derivatives. Metabolic profiles of 8 and 11 were evalu-
ated (data not shown) and revealed higher rate of
metabolism in human microsomes and hepatocytes for
8 compared to 11. The overall profile of 11 being supe-
rior, the methylsulfone group was identified as optimal
at the 4-position position of the indole.

The effect of the substituent at the 3-position of the
indole was also studied and is presented in Table 2.
Modification of the substitution pattern on the 4-chloro-
phenylthioether such as for compound 15 did not
improve the potency profile of the series. Antagonists,
for which the chloride atom was replaced, were found
to be less active as observed with 16 which is 3-fold less
active than 11 in the DP1 PRP functional assay. The
replacement of the phenyl ring with a naphthyl ring
(17) had the same effect. The benzyl analog 18 exhibited
a better affinity for the DP1 receptor but the selectivity
over the TP receptor was significantly reduced (23-fold
selectivity only). The addition of an additional methy-
lene to 18 to increase the distance between the phenyl
and the indole ring (19) diminished the potency by 38-
fold. A similar loss of activity was also observed for
the a-methyl benzyl analog 20. Surprisingly, the replace-
ment of the phenylthioether with a 3-biphenyl group
was well tolerated (21). However, this biphenyl analogs
were not as potent as 11. Of particular interest, the ben-
zoyl analog 22 was somewhat less potent on DP1 than
the corresponding phenylthioether but displayed an
excellent selectivity versus TP (1000-fold). The SAR
around the 3-position of indole did not result in signifi-
cant gain in potency and the thioether analogs appeared
as the most attractive for further studies. Nonetheless,
due to the high selectivity profile of benzoyl 22, we
decided to evaluate the metabolic profile of both of these
DP1 antagonists. Unfortunately for compound 11 and
close analogs, high levels of covalent protein labeling
were identified as a major issue with these antagonists.
Indeed, all compounds tested from the thioether series
exhibited in vitro covalent protein binding levels higher
than 50 pmol equiv/mg of protein, which is considered
as the upper limit for covalent binding modification.!”
Since high propensity of a compound for covalent pro-
tein labeling is potentially associated with liabilities
in vivo such as organ toxicity and unwanted immune
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Table 2. SAR of the indole 3-position

E N OH
p 0
O:?:O R
Compound R DP1 K; TP K; DPI PRP
M)  (@M)  ICs (nM)
by
1 \Q 1.3 26 104
cl
e F
15 S@ 35 198 32.1
cl
-
s
16 \©\ 18 286 292
CF,
N
17 S >~ 12 583 40
o
18 -[©\ 0.5 117 47
cl
cl
19 w 18.9 29—
20 I@\ 14.7 L —
cl
21 17 310 316
2 6.9 60972 —

2

response,'” we decided to focus the SAR studies around
the benzoyl series which had acceptable levels of cova-
lent protein labeling (<50 pmol equiv/mg of protein).

We next examined the importance of the size of the car-
bocycle fused to the indole. The expansion of the carbo-
cycle from a cyclopentyl (22) to a cyclohexyl (23)
improved the potency of the DP1 antagonist by 2-fold
in the binding assay as shown in Table 3. Moreover,
23 was found to be highly potent in the DP1 PRP assay
(4.6 nM) and also exhibited a satisfactory selectivity ver-
sus TP (>100-fold). Further expansion of the carbocycle
to a cycloheptyl ring (24) had a minimal effect on the

Table 3. SAR for the size of the carbocycle ring fused to the indole
ring

Compound n DP1 TP DP1 PRP
K; (nM) K; (nM) 1Csy (nM)

22 1 6.9 6972 —

23 2 3 513 4.6

24 3 1.4 675 5.2

activity and resulted in a compound more shifted than
the cyclohexyl analog 23 in the PRP functional assay.
At this point, 23 was identified as the optimal DP1
antagonist based on its excellent in vitro profile and its
good pharmacokinetics profile in rats (100% bioavail-
ability, 4.4 h half-life). Since indole 23 was a mixture
of enantiomers, it was resolved by chiral HPLC separa-
tion into its individual isomers, namely 25 and 26. As
illustrated in Table 4, the orientation of the acetic acid
side chain was important to maintain the activity on
the DPI1 receptor, 26 being 36-fold more potent than
25 in the DP1 binding assay. Not surprisingly, the abso-
lute stereochemistry of the acetic acid side chain of 26
was found to be the same as in 1.!® The antagonist 26
exhibits a similar activity on the DP receptor to 1,'3
and is at least 100-fold selective for the DP receptor over
all the other prostanoids receptors.

The general synthetic route used to prepare compounds
of the dihydropyrroloindole, the tetrahydropyridoindole
and the tetrahydroazepinoindole series is outlined in
Scheme 1. The indole ring formation involved the ther-
molysis of azidocinnamate'® 28 which affords the methyl
indole-2-carboxylate 29. Indole 29 is then alkylated with
a halo alkyl alkanoate to afford a 5, 6 or 7 membered
ring carbocycle fused to the indole?® and the resulting
ketoester is decarboxylated under acidic conditions to
afford ketone 30. Introduction of the acetic acid side
chain is then accomplished by a Reformatsky type addi-
tion on ketone 30 followed by deoxygenation?! of hy-
droxyl ester 31. The reaction proceeds using in situ
generated TMSI to provide the important intermediate
32 which was used as a common building block for
the thioester series as well as for the benzoyl series of
DP1 antagonist. Thus, the sulfenylation®? of 32 allowed
the preparation of thioester 33 while Friedel-Crafts
acylation permitted the preparation of the benzoyl ana-
log 34. The presence of a bromide atom on 4-position of
indoles 33 and 34 allowed the introduction of a variety
of substituents on the indole ring such as methylsulfone,
introduced by Ullmann type coupling?® to afford the de-
sired DPI antagonists 35 and 36 after ester hydrolysis.?*

In conclusion, a new series of potent and selective DP1
receptor antagonists was identified by modification of
the tetrahydrocarbazole core of MK-0524 (1). Tetrahyd-
ropyridoindole 26 displayed the best overall profile
among the compounds studied and fulfills the criteria of
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Table 4. DP1 and prostanoids binding affinities for enantiomers 25 and 26

Compound K; (nM) 1Cso (nM) DP1 PRP
DP1 CRTH2 TP EP1 EP2 EP3 EP4 FP 1P
25 36 — 7154 2174 >29,188 >21,360 >16,061 >24.826 >22.498 —
26 1 19,200 168 142 3404 5063 >16,500 21,057 >21,200 4.6
Br
—_—
F
27
Br Br
(0]
g OH h
EIWO/ > O~
N N
F n F mn 0O
32
O: =0 R
ior k.l
J s A
N

33R=§ —@u 35R= §

o)
34R= }—Qm 36 R—
",

Scheme 1. General synthesis of compounds 11 and 22-24. Reagents and conditions: (a) NBS, BzZOOH, CCly, reflux; (b) N-methylmorpholine N-
oxide, dioxane, 70 °C; (c¢) N3CH,CO,Me, MeONa, MeOH, 70 °C; (d) xylene, reflux; (¢) n = 1: methyl acrylate, KOtBu, THF, reflux; n =2: i—
Br(CH,);CO,Et, NaH, BuyNI, DMF, 0 °C; ii—KOtBu, THF, 0 °C; n = 3: i—Br(CH,)4CO,Et, NaH, BuyNI, DMF, 0 °C; ii—KOtBu, THF, 0 °C; (f)
HCI concd, EtOH, reflux; (g) BrCH,CO,Me, Zn—Cu couple, HMPA, THF; (h)TMSCI, Nal, CH;CN, Et,O; (i) bis(4-chlorophenyl)disulphide,
SO,Cl,, 1,2-DCE, DMF,; (j) 4-CIPhCOCI, AICl;, 1,2-DCE; (k) Cul, NaSO,Me, DMSO, 100 °C; (1) LiOH, H,O, MeOH, THF.
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Abstract—Molecular dynamics simulations and free energy calculations are presented, exploring previously described experimen-
tally studied interactions of a series of 2’-fluoro-substituted dUMP/FAUMP analogues with thymidylate synthase (TS). The results
show the inhibitory behaviors of 2’-F-ara-UMP, 2',2"-diF-dUMP and 2',5-diF-ara-UMP to be dependent upon the binding posi-
tions and orientations adopted by the molecules of these compounds in the active site of TS. The binding mode of 2’,5-diF-ara-UMP
suggests a novel role of the active site residue Trp 80, stabilizing through hydrophobic stacking the binding position of the pyrim-

idine ring in 2’,5-diF-ara-UMP.
© 2008 Elsevier Ltd. All rights reserved.

Thymidylate synthase (TS) (EC 2.1.1.45) plays a central
role in DNA synthesis. TS catalyzes the dUMP (2'-
deoxyuridine-5’-monophosphate) methylation reaction
involving a concerted transfer and the reduction of a sin-
gle carbon (methylene) group of N°, N'°-methylenetetra-
hydrofolate (mTHF), with concomitant production of
dTMP (thymidylate monophosphate) and dihydrofolate
(DHF).!3 The reaction has an ordered binding se-
quence, with dUMP binding at the active site before
mTHF. The reaction is initiated by the nucleophilic
addition of the active site Cys 146 (numbering of amino
acid residues used in this paper is according to the se-
quence of Escherichia coli TS) to the pyrimidine C(6)
atom of dUMP. Of special importance, at the start of
catalysis, are the binding position and orientation of
the substrate, which, if correctly adopted, support an
efficient binding of the cofactor, thus allowing the for-
mation of the ternary TS-dUMP-mTHF complex, and
the subsequent reaction. TS accomplishes the correct
positioning and orienting of its substrate by coordinat-
ing the molecule of dUMP via several hydrogen
contacts. Among the most important are numerous H-
bonds connecting certain arginine and serine residues

Keywords: 2'-Fluoro-substituted dUMP/FAUMP analogues; Sub-

strate-based inhibitors of thymidylate synthase; Thymidylate synthase;

Molecular dynamics simulations; MM-GBSA approach.
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of TS (Arg 21, Arg 166 and Ser 167 from one subunit,
Arg 126’ and Arg 127’ from the other subunit of TS di-
mer) with the dUMP phosphate moiety, the latter acting
as an anchor positioning the molecule of the substrate in
the active site.* The hydrogen bonds between the O(4)
atom and N(3)-H group of the uracil moiety of dUMP
and Asn 177 are foremost essential in recognizing and
orienting the substrate.>® Other H-bonds connecting
dUMP with TS, including that between the uracil O(2)
atom and the amide nitrogen of Asp 169, as well as
those between the deoxyribose 3’-hydroxyl group and
the residues of His 207 and Tyr 209, are less important
in positioning and/or orienting the substrate. However,
the H-bond to uracil O(2) stabilizes the residue of
Aspl69 in an orientation from which its side chain
hydrogen bonds directly to the pterin ring of the mole-
cule of mTHF, thereby being supportive of a correct ori-
entation of the cofactor upon the formation of the
ternary complex.” On the other hand, the H-bonds to
the 3’-hydroxyl group are not regarded as important
for the binding process, as they are not sufficient to po-
sition the sugar moiety in the dUMP binding site in the
absence of the pyrimidine ring.>*

The reaction of TS is the sole intracellular source of de
novo synthesized dTMP (one of the four building blocks
of DNA). Inhibition of TS blocks DNA synthesis and
prevents cellular proliferation. Therefore, targeting of
TS for inactivation in TS-expressing tumor cells is an
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important strategy in developing drugs for cancer che-
motherapy.®® One of the potent TS inhibitors, a dUMP
analogue 5-fluoro-dUMP (FdUMP) (Fig. 1),' is an ac-
tive metabolite of a broadly used anticancer drug, 5-flu-
orouracil (5-FU).!! The mechanism-based inhibition of
TS by FAUMP involves a time-dependent formation
of the ternary TS-FAUMP-mTHF complex, upon
which the reaction stops as the fluorine substituent fails
to dissociate from the pyrimidine ring, resulting in a
slowly reversible inactivation of the enzyme.!? 5-FU is
not an optimal TS-inhibitory drug because it is ineffi-
ciently converted to FAUMP, with part of it catabolized
to toxic metabolites. Moreover, tumors may exhibit
acquired or intrinsic resistance to 5-FU.!3!# Studies on
the discovery of new effective and specific TS inhibitors
or inhibitory strategies pertaining to the class of dUMP
derivatives are in progress, with some of recent
approaches focused on the substitutions at the C(5)
and/or C(4) positions in the base of dUMP,!>"!7 or on
developing miscellaneous FAUMP or 5-FU pro-drugs
or pro-drug strategies (ECTA) to overcome 5-FU
resistance.!820

Most recently, interaction with human recombinant thy-
midylate synthase of 2’-fluoro-substituted dUMP/
FAdUMP analogues was investigated.?! Of the four ana-
logues studied (Fig. 1), only 2’-F-dUMP (fluorine in the
‘down’ configuration) showed substrate activity, charac-
terized by a K, value of 12.2 uM, higher than that ob-
served with dUMP (5.25 uM). Of the rest of analogues
in the examined series, all three appeared to be compet-
itive inhibitors versus dUMP. The apparent K;*" values
pointed to large differences between the affinities toward
TS among the trio: from a strong interaction in the case
of 2’,5-diF-ara-UMP (fluorine on C(2’) in the ‘up’ con-
figuration; K" = 1.37 uM) to a moderate one in the
case of 2'-F-ara-UMP (fluorine ‘up’; K{™ = 10.3 uM)
to an exceptionally weak one in the case of 2’,2"-diF-
dUMP (fluorine both ‘up’ and ‘down’; K™ =432.8
uM). 2'-F-ara-UMP and 2',2"-diF-dUMP were both
classic inhibitors (no time dependence of inhibition ob-
served), whereas 2',5-diF-ara-UMP behaved as a slow-
binding (time-dependent) inhibitor (K;=4.77 nM),
apparently interacting with the enzyme in a way based
on the mechanism of the reaction catalyzed by TS. Ta-
ken together, these results suggested the 2'-F substituent
in the “up’ position to interfere with an initial attack of
the TS Cys 146 on the pyrimidine C(6) atom of the
nucleotide and the 5-F substituent to prevent this
interference.

In order to explore and compare the binding behaviors
of the 2'-fluoro-substituted dUMP/FAUMP analogues
to TS and learn more about molecular aspects underly-
ing the inhibitory actions of those analogues we under-
took a series of molecular dynamics simulations
(MDS). Owing to the lack of the crystal structure of hu-
man TS in binary complex with dUMP, the simulations
were initiated from the crystal structure of the corre-
sponding complex of E. coli TS with dUMP (PDB
Accession Code 1bid).* Of note is that TS has a highly
conservative sequence over most species. In particular,
the active site composition, especially that in the dUMP

binding site, is strongly preserved between human and
E. coli thymidylate synthases.>’> Besides, the binding
affinities of numerous individual dUMP analogues have
been shown in the literature to exhibit a good qualitative
correlation when measured against thymidylate syn-
thases from different species, from bacterial to mamma-
lian cells.?® Therefore, it is justified to use the structure
of E. coli TS in interpreting qualitatively the activity
data measured in human TS.

Crystallographically refined water molecules were dis-
carded. Hydrogen atom positions were built using the
LEAP module of the AMBER 8 molecular modeling
package.”* The phosphate group in the nucleotides
was kept deprotonated. Its charge of —2 was counterbal-
anced by the +1 charges on the two arginine residues
(Arg 21 and Arg 166) hydrogen bonded to the phos-
phate. Substitutions in the dUMP molecule with the
fluorine atom(s) resulted in the structures of the follow-
ing complexes: TS-2'-F-ara-UMP, TS-2',2"-diF-dUMP
and TS-2',5-diF-ara-UMP. Each structure was solvated
in a truncated octahedron box of TIP3P water mole-
cules,” with periodic boundary conditions. Sodium
counterions were added to neutralize the net charge of
the protein, bringing the total number of atoms in each
system to 22157.

The partial atomic charges in the dUMP analogues were
generated with the RESP method by fitting the electro-
static potentials calculated at the RHF/6-31G™ level of
theory.?® MDS were performed using the SANDER
module of AMBER 8. Energy minimizations using the
steepest-descent and conjugate-gradient algorithms, fol-
lowed by gradual heating to 300 K in three 7 ps intervals
(0 K — 100 K, 100 K — 200 K, 200 K — 300 K), equili-
brations at 300 K for 99 ps, and data production runs
for 1000 ps, were carried out. The potential and kinetic
energies of the modeled systems stabilized and started to
oscillate about stable mean values around 50-60 ps.
Therefore, neither equilibration phases longer than
99 ps nor data production runs longer than 1000 ps were
arbitrated necessary to enhance the credibility and the
accuracy of data. This was further confirmed by overall
stable trajectories in the production phases of MDS (see
Supplementary Data, Fig. 1S). The Duan et al. (ff03)
force field was used.?’ Simulations were performed in
the NpT ensemble with a constant temperature of
300 K and constant pressure of 1 atm. Temperature
and pressure coupling parameters were both 1 ps. A
1 fs time step and the SHAKE algorithm to constrain
hydrogen-heteroatom bonds were used.”® An 8 A
atom-based cutoff for the summation of van der Waals
interactions and the particle-mesh Ewald (PME) proce-
dure to calculate long-range electrostatics were ap-
plied.> In AMBER 8, the reciprocal space Ewald
sums are B-spline interpolated on a grid and the convo-
lutions necessary to evaluate the sums are calculated via
fast Fourier transforms. The density of the charge grid
spacing used throughout the simulations was approxi-
mately 0.91 A, and the charge grid was interpolated
using a cubic B-spline of the order of 4 with the direct
sum tolerance of 0.00001. Trajectory snapshots were
saved every 1 ps, summing to a total of 1000 for each
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Figure 1. Schematic presentation of the structures of dUMP, FAUMP and their 2’-fluoro-substituted analogues. The atomic numbering is indicated

in the structure of dUMP.

data production run. Average structures from the simu-
lations, which are analyzed further in the article, were
calculated by first stripping water and counterions and
time-averaging the positions of the protein and ligand
in the snapshots, and then briefly minimizing the aver-
age coordinates to ensure reasonable local geometry.
To ascertain the statistical relevance of the average
structures, detailed analysis of the trajectory snapshots
was made. The RMSD of individual snapshots relative
to the average structures were calculated (not shown),
yielding moderate values in the range up to about
1.1 A, on average about 0.65 A. We verified that the
conformational classes wherein the average structures
belong were broadly populated in each phase of each
corresponding molecular dynamics productive run, war-
ranting that the conformational and structural informa-
tion provided in the average structures was of relevance.

Based on the snapshots from the trajectories, relative
free energies of binding of the 2’-fluoro-substituted
dUMP/FAUMP analogues to TS were calculated using
the MM-GBSA approach.’® The binding free energy
can be calculated according to the equation
AGbind = AE'mm + A(;solv - TASsolutea where AE‘mm is
the molecular mechanics (MM) contribution to binding
expressed as the sum of changes in the internal, electro-
static and van der Waals energies in the gas phase
(AEqm = AEy + AE, . + AE qw, respectively), AGy, is
the solvation free energy contribution to binding ex-
pressed as the sum of changes in the polar and non-polar
solvation free energies (AGsor = AGgp + AGyy, respec-
tively), and TASgo1ute 18 the contribution to binding from
the change in the solute entropy. After discarding water
and ion molecules, MM energies for the complex, recep-

tor and ligand were calculated with SANDER using the
infinite cutoff for all interactions and a dielectric con-
stant of 1. Solvation free energies for the complex,
receptor and ligand were calculated by applying a con-
tinuum representation of the solvent using the pairwise
generalized Born (GB) model with the Tsui and Case
parameters,*' 33 as implemented in SANDER. Dielec-
tric constants of 1 and 80 were assigned to the solute
and solvent, respectively. Atomic radii and charges were
the same as used in explicit simulations. Non-polar sol-
vation free energies for the complex, receptor and ligand
were calculated based on solvent accessible surface area
(SASA) with the LCPO method implemented in SAN-
DER, 3 using the following gguation: Gnp = 7SASA + b,
where y = 0.0072 kcal/(mol A°) and b = 0 kcal/mol. The
solute entropies were not calculated in this work assum-
ing that the entropy changes would not contribute sig-
nificantly to the relative binding free energies of
structurally similar ligands to the same protein. More-
over, entropy calculation is very time-consuming for
large systems and the normal mode analysis, which is of-
ten used to this task, usually offers only rough estimates
with large margins of error.?’

The root-mean-square deviations (RMSD) of the back-
bone atoms (N, C, CA, O) of the protein, relative to the
coordinates of the crystal structure of the TS-dUMP
complex, were calculated to assess the conformational
stability of TS during the MDS courses. The values of
1.54, 1.67 and 1.78 A, obtained for the complexes of
TS with 2',5-diF-ara-UMP, 2'-F-ara-UMP and 2',2"-
diF-dUMP, respectively, indicate a gradual change in
the global conformation of the enzyme from the least
(complex with 2',5-diF-ara-UMP) to most (complex
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with 2/,2"-diF-dUMP) different from the conformation
present in the native TS—-dUMP complex. Of note is that
a negative correlation is apparent between the RMSD
values and affinities toward TS exhibited by the com-
pounds in the series (2',5-diF-ara-UMP > 2'-F-ara-
UMP > 2/,2"-diF-dUMP),?! in accord with our earlier
observation of departures from the structure of the na-
tive complex being associated with a reduced dUMP
analogue-TS affinity.3®

The molecules of 2’,5-diF-ara-UMP, 2’'-F-ara-UMP and
2',2"-diF-dUMP are in the anti sugar-base orientation in
the average structures from MDS, with the glycosidic
torsion angle belonging to the +ap (2',5-diF-ara-UMP)
or —ac (2'-F-ara-UMP and 2’,2"-diF-dUMP) range.
The sugar puckering is C(2')-endo in 2’ 5-diF-ara-
UMP, C(1')-ex0-O(4')-endo in 2'-F-ara-UMP and
C(1")-ex0-C(2')-endo in 2'2"-diF-dUMP. The average
structures are shown superimposed on the crystal struc-
ture of the TS—dUMP complex (Fig. 2). The superimpo-
sition plots show significant differences between the
positions of the molecules of 2’,5-diF-ara-UMP, 2’-F-
ara-UMP and 2',2"-diF-dUMP, relative to the position
of the molecule of dUMP. The most conformity to the
position of dUMP was found for the molecule of 2’,5-
diF-ara-UMP, the pyrimidine ring of which is placed
parallel to and oriented exactly the same as that of
dUMP, maintaining important hydrogen contacts with
surrounding TS residues (Table 1) and forming a solid
binding surface for the mTHF cofactor molecule
(Fig. 2a). Its position is stabilized, apart from the hydro-
gen bonds with Asn 177, and to a lesser extent Asp 169,
via extensive stacking interactions with the indole ring
of Trp 80, the latter residue being shifted from the posi-
tion maintained in the TS-dUMP complex and placed
parallel to the 2',5-diF-ara-UMP pyrimidine ring, at a
distance of about 3.5-4.0 A. This stabilizing role of
Trp 80 in the binding of 2’,5-diF-ara-UMP is a novel
observation, as no specific role of Trp 80 in the binding
of the substrate or its analogues has been so far re-
ported. Of note is that holding its position as in the bin-
ary complex, Trp 80 would block the access, and thus
prevent correct binding and alignment, of the cofactor
molecule. However, superimposition of the structure of
the TS-2',5-diF-ara-UMP complex with the crystal
structure of the ternary complex between E. coli TS,
dUMP and tetrahydrofolate (THF) (PDB Accession
Code 1kzi),?” followed by a quick minimization, resulted
in the THF molecule being placed close to parallel rela-
tive to the pyrimidine ring of 2’,5-diF-ara-UMP and
well aligned for the catalysis (Fig. 3). This was possible,
as Trp 80 slightly relocated, making room for the THF
molecule. Moreover, having arrived at its new position,
Trp 80 could stack with the pterin ring of THF, stabiliz-
ing the binding position of the cofactor. These results
explain the behavior of 2’,5-diF-ara-UMP as a strong,
mechanism-based inhibitor of TS.?!

Each of the 2'-F-ara-UMP and dUMP molecules occu-
pies the same binding site at the active site of TS, but
orientations of the pyrimidine rings of both nucleotides
differ by an angle of about 60° (Fig. 2b). It costs the 2’'-
F-ara-UMP uracil the loss of hydrogen bonds with Asn

177 (concerns only the O(4) atom, but not the N(3)-H
group which is ‘traced’ by the amide carbonyl oxygen
of Asn 177) and Asp 169, and of correct orientation of
the C(6) atom with respect to the yS atom of the cata-
lytic Cys 146, as well as some 0.6 A increase in the
C(6)—S distance, from 3.16 A in the TS-dUMP to
3.75A in the TS-2'-F-ara-UMP complex (Table 1).
Trp 80 is shifted toward the pyrimidine ring of 2’-F-
ara-UMP but, in contrast to the TS-2',5-diF-ara-UMP
complex, the overlapping between the indole ring of
Trp 80 and the pyrimidine ring of 2'-F-ara-UMP is par-
tial and the alignment quite far from parallel, so the
stacking between the rings and the resulting stabilization
effect are nearly absent. At last, the misalignment of the
pyrimidine ring disturbs its ability to build the binding
surface for and enable proper binding of the cofactor
molecule (as concluded from the superimposition with
the TS—-dUMP-THF complex structure, not shown
here). Together, these findings are in accord with 2’-F-
ara-UMP lacking activity of a mechanism-based inhibi-
tor of TS,?! yet behaving as a classic inhibitor of moder-
ate activity, competitive versus dUMP.

The 2’,2"-diF-dUMP molecule position shows by large
the least conformity in the series with the position occu-
pied by the molecule of dUMP. The pyrimidine rings in
both molecules are not only separated from each other
by a distance (measured between the centers of rings)
of about 4.2 A, but also show different orientations cor-
responding to about 60° angle rotation (Fig. 2c). The
position of the pyrimidine ring of 2’,2"-diF-dUMP ap-
pears to result from its shift toward Trp 83. However,
little stabilization is gained this way, as the overlapping
between the 2’,2"-diF-dUMP pyrimidine and the Trp 83
indole ring is weak and the alignment significantly devi-
ated from parallel, precluding the stacking plane-to-
plane interactions, and allowing only a few hydrophobic
contacts. Due to its altered position, the uracil moiety of
2',2"-diF-dUMP loses the hydrogen contacts with Asn
177 and Asp 169 and the distance from C(6) to yS of
Cys 146 distinctly increases, reaching 4.36 A (Table 1).
Coupled with yS facing away from the pyrimidine ring,
the elongation of the C(6)—yS distance renders the
approaching of yS to C(6) practically impossible, elimi-
nating the possibility of a mechanism-based inhibition.
Although dUMP and 2’,2"-diF-dUMP phosphate group
positions essentially do not differ (even though the phos-
phate group of 2’,2”-diF-dUMP is lacking the H-bond
with Arg 21, the loop of which has moved away from
the active site), their deoxyribose moieties are in a dis-
tinct positional separation. Considering these positional
differences and a low stabilization provided by the pro-
tein to the 2’,2"-diF-dUMP molecule at its binding site
(most of the H-bonds mentioned in Table 1 are absent,
with only a single compensating H-bond between O(4)
and the hydroxyl of Tyr 94 present), it clearly appears
why 2',2”-diF-dUMP shows no real competition toward
dUMP, with its low affinity to TS reflected by the K"
value, describing the inhibition of the TS reaction by
this analogue, being exceptionally high (>0.4 mM).?!

The present results show the 5-fluoro substitution in
dUMP to counteract the effect of 2’-fluoro substitu-
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Asn 177

Asn 177

Arg 21

Figure 2. Superimposition plots of the average structures of the TS-2',5-diF-ara-UMP [2a], TS-2'-F-ara-UMP [2b] and TS-2’,2"-diF-dUMP [2¢]
complexes (green) with the crystal structure of the TS-dUMP complex (red). Shown are amino acid residues that directly influence the binding of
2',5-diF-ara-UMP, 2'-F-ara-UMP, 2'.2"-diF-dUMP and/or dUMP, and the catalytic Cys 146. The ligands (labeled as UMP) are shown in a ball-and-
stick representation. H-bonds to the uracil ring in the ligands are indicated by dashed lines. Hydrogen atoms are omitted for clarity. This figure was
prepared with PyMOL.*

tion by adjusting the sugar-base orientation from the diF-ara-UMP). The latter adjustment supports proper
ac (2'-F-ara-UMP and 2')2"-diF-dUMP) to usual, orientation of the base of the 2',5-diF-ara-UMP mol-
highly populated among crystal structures of TS com- ecule, facilitating the nucleophilic addition of the cat-
plexes with dUMP/dUMP analogues, ap range (2',5- alytic Cys 146 to the pyrimidine ring, with the
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Table 1. Distances [A] between pyrimidine C(6) and yS of Cys 146 and the state of presence (+) or absence (—) of hydrogen bonds between dUMP (or

its analogue) and TS

Complex C(6)—yS distance Hydrogen contacts with
Asn 177 Asp 169 His 207 Tyr 209 Arg 21° Arg 166° Ser 167

TS-dUMP (crystal) 3.16 + + + + + + +
TS-dUMP?* 3.28 + + + + + + +
TS-FAUMP* 3.29 + + + + + + +
TS-2',5-diF-ara-UMP 3.39 + + — _ + + +
TS-2'-F-ara-UMP 3.75 +, =° — — — + + +
TS-2',2"-diF-dUMP 4.36 — - _ _ _ + +

#Data from Ref. 36.

® MDS were carried out in a single TS unit. Arg 126’ and Arg 127’ contributing to the phosphate-binding site from the other unit were not included.

“H-bond with uracil N(3)-H present, with O(4) absent.

Figure 3. Superimposition plot of the average structure of the TS-2',5-diF-ara-UMP complex with the crystal structure of the TS-dUMP-THF
complex. Shown are the 2’,5-diF-ara-UMP (labeled as UMP) and THF molecules and important surrounding amino acid residues from the TS-2',5-
diF-ara-UMP complex. Carbon atoms are green, oxygen atoms are red, nitrogen atoms are dark blue, sulfur atom is yellow and phosphorus atom is
orange. Hydrogen bonds to the uracil of 2’,5-diF-ara-UMP are marked as dashed lines. Hydrogen atoms are omitted for clarity. This figure was

prepared with PyMOL.*

subsequent reaction of the mechanism-based inhibi-
tion. In the lack of the fluorine at C(5), the base of
the 2'-F-ara-UMP molecule adopts wrong orientation,
preventing the analogue from a mechanism-based
reaction with TS.

Free energies of binding (AGy;,g (calc)) were calculated
both for the average structures analyzed in this paper
and for the entire trajectories (Table 2). The values in

Table 2 do not represent the absolute free energies since
the entropy contribution to binding was not calculated.
The AGying (calc) of the minimized average structures
tend to be distinctly lower than the AGy;,q (calc) calcu-
lated using the ensemble of fluctuating conformations
collected in the trajectories, with both energies following
the same rank order as the experimental free energies,
estimated according to AGying (expt) = —RT In(1/K™).
The average structure AGy;,q (calc) reflects very well
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Table 2. Free energy results for the binding to TS of 2’,5-diF-ara-UMP, 2'-F-ara-UMP and 2',2"-diF-dUMP

Complex AGying (expt)  AEg; AE.qw AGgy AG,, AGGg eie AGying (calc)
Average structure calculation®

TS-2',5-diF-ara-UMP  —8.04 34.57 —25.71 —21.14 —4.70 13.43 —17.04
TS-2'-F-ara-UMP —6.84 28.34 —-19.77 —19.86 —4.49 8.48 —15.78
TS-2',2"-diF-dUMP —4.61 107.61 —20.12 —80.44 -3.97 27.17 3.08
Trajectory calculation™®

TS-2',5-diF-ara-UMP  —8.04 137.24 (20.38)  —31.17 (3.68) —-96.69 (17.04) —4.76 (0.13)  40.55 (5.46) 4.62 (4.71)
TS-2'-F-ara-UMP —6.84 175.60 (21.95)  —27.05 (3.71) —131.02 (18.18)  —4.89 (0.12)  44.58 (5.69) 12.64 (4.34)
TS-2',2"-diF-dUMP —4.61 228.81 (31.34) —22.97 (3.22) —180.74 (30.16)  —4.29 (0.20)  48.07 (4.98) 20.81 (4.33)

All energies are in kcal/mol.

& AE;, are not included as they amount to zero in the single trajectory approach.
® Averaged energies from 1000 snapshots from the trajectories (standard deviations in parentheses).
°AGgg.ele is the sum of changes in the gas phase electrostatic energy and the polar solvation free energy, AEg. + AGgg.

the difference in AGy;,q (expt) between the TS-2',5-diF-
ara-UMP and TS-2'-F-ara-UMP complexes (—1.26 vs
—1.20 kcal/mol, respectively) while largely overestimat-
ing the AGy;,q (expt) differences between the latter two
and the TS-2',2"-diF-dUMP complex (—20.12 and
—18.86 vs —3.43 and —2.23 kcal/mol, respectively).
The trajectory AGy;,g (calc) occur at almost equal inter-
vals of about 8 kcal/mol, noticeably overestimating the
AGyping (expt) differences between each two complexes.
According to the contributions to the average structure
AGy;ng (calc), the most favorable AE,qw is the main rea-
son for the highest affinity to TS of 2',5-diF-ara-UMP,
while the strongly unfavorable AGggpee disfavors the
association with TS of 2’,2”-diF-dUMP. Components
of the trajectory AGy;ng (calc) show that the least unfa-
vorable AGgg e and the most favorable AE, 4w are pri-
marily responsible for the highest affinity to TS of 2’,5-
diF-ara-UMP, while the most unfavorable AGgg ¢l and
the least favorable AE,qw—for the lowest affinity of
2',2"-diF-dUMP.

Together, the free energy results are in accord with the
conclusions drawn from the analysis of the average
structures from MDS. However, an unrealistically large
difference in the AGy;,q (calc) between the average
structures of the TS-2',5-diF-ara-UMP and TS-2'-F-
ara-UMP complexes and the average structure of the
TS-2',2"-diF-dUMP complex suggests the latter struc-
ture may not represent quite well the real conformation
of this complex. It seems possible that a true binding
mode of a weakly binding 2’,2"”-diF-dUMP may consist
of several conformations, some of them being more
favorable in terms of free energy than the conforma-
tion present in the average structure of the TS-2',2"-
diF-dUMP complex. While our MDS did not reveal
any other major conformation than the latter one, it
is possible that the hypothesized other conformations
may populate different regions of the conformational
space, that is, the ones inaccessible (in a reasonable
time scale) to the simulations starting from the crystal
structure of the TS-AUMP complex. Even if so, the
main conclusion, linking a strongly reduced affinity
for TS with a proposed shift in the binding position
of 2/,2"-diF-dUMP, remains valid.

Our MDS results provide the molecular basis for under-
standing the competitive inhibitory behaviors of the 2'-
fluoro-substituted dUMP/FAUMP analogues toward
TS. Sharing the same binding position and orientation
as dUMP was a prerequisite to a strong mechanism-
based inhibition of TS by 2',5-diF-ara-UMP. While dif-
fering in orientation, but preserving the binding site, was
a condition for a modestly strong classic inhibition
exhibited by 2'-F-ara-UMP, accommodating at a differ-
ent binding site, weakly stabilized by TS, was a cause of
a drastically lowered affinity for the enzyme shown by
2/,2"-diF-dUMP. We propose that beside its known
roles in sequestering the reactants and stabilizing the
cofactor cationic intermediate or transition state in the
hydride transfer step of the TS catalytic mechanism,37-3%
the active site Trp 80 may also play a role in stabilizing,
via favorable stacking interactions, the binding position
of the pyrimidine ring in substrate analogues, as ob-
served in the binding of 2’,5-diF-ara-UMP. Elucidating
the roles of the active site residues may aid in developing
rational approaches for inhibiting the TS reaction.
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Abstract—A series of novel 2-'butyl-N-methyl pyrimidone HIV-1 integrase inhibitors have been identified. Optimization of the ini-
tial lead resulted in compounds such as 9d and 14a, which showed high levels of activity in cell culture inhibiting viral replication

with CICys of 10 nM in the presence of 50% normal human serum.

© 2008 Elsevier Ltd. All rights reserved.

Together with protease and reverse transcriptase, integr-
ase is one of the three virally encoded enzymes required
for the replication of the human immunodeficiency virus
(HIV-1)." HIV integrase catalyses the insertion of the re-
verse-transcribed viral genome into the host DNA in a
multistep process. After assembling onto viral DNA,
HIV integrase cleaves the two terminal nucleotides from
each 3’-end. Following nuclear entry, the viral 3’-ends
are ligated into the host genome (strand transfer).? Inhi-
bition of HIV integrase results in arrest of HIV life cycle,
and represents therefore an attractive target for the
treatment of HIV infection.?

Previous studies in our group had established that 5,6-
dihydroxypyrimidine-4-carboxamides are potent inhibi-
tors of HIV integrase and efficiently suppress virus
spread in HIV-infected cells.*¢ Initial structure-activity
relationship studies in the 2-thienyl series identified 4-
fluorobenzylamide 1 as the optimal residue for enzyme
inhibition (Table 1).°> It was also established that,
although in terms of intrinsic potency a variety of resi-
dues were well tolerated as replacements of the 2-thio-
phene ring, the introduction of a basic amine within
the C-2 substituent was required to enhance activity in
cell culture by improving cell permeability and reducing

Keywords: HIV integrase; N-methyl pyrimidones; Dihydroxypyr-

imidines.

* Corresponding author. Tel.: +39 06 910 93 563; fax: +39 06 910 93
654; e-mail: mariaemilia_difrancesco@merck.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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binding to cell medium plasma proteins (analogue 2
CICys=1.0 uM in 10% fetal bovine serum, FBS).°
Interestingly, further studies within this and other series
of amine analogues showed a good correlation between
an increase in the degree of substitution at the C-atom
directly attached to the pyrimidine scaffold and the
boost in potency observed in the enzyme and cellular as-
says.®” Indeed, the gem-dimethyl analogue 4 was
amongst the most potent compounds in the series, with
CICys value of 0.06 uM (10% FBS) and no shift in the
more physiological high serum conditions (CICgys=
0.08 puM, 50% normal human serum, NHS).°

These findings prompted us to further investigate the
importance of a tetrasubstituted sp® carbon at the C-2
position of the pyrimidine scaffold, and the ‘butyl group
seemed an ideal starting point. We were pleased to find
that, despite the absence of any basic substituent,
carboxamide 5a was a potent enzyme inhibitor (ICsy =
0.01 uM) and maintained good levels of cellular activity
with a CICys value of 0.25 uM in 10% FBS. Despite this
encouraging result, the high shift in potency observed
for 5a in high serum conditions (CICys=2.5uM)
prompted us to evaluate a series of structurally related
benzylamides on the right-hand side of the scaffold, with
the primary goal of improving cellular activity while
reducing the serum shift.

The analogues 5a—f were prepared by the displacement
of ester 7 with a variety of benzylamines, as described
in Scheme 1. The synthesis of 5,6-dihydroxypyrimidine-
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Table 1. Development of the 2-‘butyl-dihydroxypyrimidine scaffold

OH OH OH
OH F OH F OH F
- N — > N — - N
T g e
\ o R R o} 0

1 2 3 4 5a
R,R’=H,H Me, Me
Inhibition of strand transfer ICso* 0.01 0.2 0.01 0.005 0.01
Antiviral activity in cell culture CICys?
10% FBS >10 1.0 0.12 0.06 0.25
50% NHS nd® >1.0 0.50 0.08 2.5

# Assays were performed with recombinant HIV-1 integrase preassembled on immobilized oligonucleotides. Inhibitors were added after assembly and
washings, and ICs is the concentration of inhibitor that reduces HIV integrase activity by 50%. Results are the mean of at least three independent
experiments. SD was always £8% of the value. For details see Ref. 9 (uM).

®Spread assay: 95% cell culture inhibitory concentrations for inhibition of the spread of HIV-1 infection in cell culture, using HIV-11IIb and MT-4 T-
lymphoid cells, in a medium containing 10% heat-inactivated fetal bovine serum. Results are the mean of at least 3 independent experiments, SD

was always < £ 10% of the value. For details see Ref. 10 (uM).
“Not determined.

OH OH
ab OH c . -OH
>r N '):[ OMe Ll NH
N )
0]
6 7 5a-f
de
fo) O
\N CBz c Sy | OH
| —
‘)H\\N _OMe >‘)\\N NH.
0O O
8 9a-f

Scheme 1. Preparation of compounds 5a—f and 9a—f. Reagents and
conditions: (a)NH,OH, MeOH, 55 °C (60%); (b) Dimethylacetylen-
edicarboxylate, CHCl;, 60 °C; then xylene, reflux (27%); (c) RNH,,
MeOH, 70°C (43-76% after preparative HPLC purification); (d)
Bz,0, Pyr, DCM (81%); (e) LiH, Me,SO,, dioxane, 60 °C (77%).

4-carboxylate core has been previously reported>¢ and
features the conversion of nitrile 6 into the correspond-
ing amidoxime, followed by reaction with dimethyl-
acetylenedicarboxylate and cyclisation to the desired
pyrimidine methyl ester 7. Amongst the various ana-
logues synthesised both N-methyl amide 5d and sulfon-
amide 5f (Table 2) retained high levels of inhibition of
viral spread in infected cells, with low shift between
10% FBS and 50% NHS (CICys =0.06/0.12 uM for
5d and CICys = 0.06/0.06 uM for 5f).8

Contemporarily, a similar approach was undertaken
with a series of analogues based on the structurally re-
lated N-methyl pyrimidone scaffold, the previous work
of which in our group showed to have similar or im-
proved activity profile to the dihydroxypyrimidine one
(Scheme 1, 9a—f).” The required ester 8 was prepared
from 7 via regioselective 5-benzoylation followed by
LiH-promoted N-alkylation (N- vs O-alkylation 4:1

after chromatographic purification). Treatment of 8
with a choice of amines gave the desired N-methyl pyr-
imidone benzylamides 9a—f.

Interestingly, 4-fluorobenzylamide 9a (Table 2) showed
a comparable level of potency in low serum conditions
with the corresponding dihydroxypyrimidine analogue
5a (CICys = 0.12 uM vs CICys = 0.25 uM, respectively)
but 9a had only a 3-fold shift in 50% NHS instead of
the 10-fold shift previously observed for 5Sa
(CICys5 = 0.37 uM vs CICys = 2.5 uM, respectively).

This first result was further supported by other N-
methyl pyrimidone derivatives, which were found to be
consistently more potent than their corresponding dihy-
droxypyrimidine analogues and with lower serum shift
(Table 2, analogues 9b, 9d-f). In particular N-methyl
amide 9d and sulfone 9f showed potency in the low
nanomolar range and virtually no shift between the en-
zyme and cellular assays, even in high serum conditions
(9d CICys =0.01/0.01 uM; 9f CICqs=0.01/0.02 uM in
10% FBS/50% NHS).

Prompted by these findings, further evaluation of the
two most promising N-methyl pyrimidone analogues
9d and 9f was continued in vitro. Metabolic stability
studies of the two analogues in rat, dog and human li-
ver microsomes showed minimal turnover in the pres-
ence of NADPH, suggesting a marginal involvement
of oxidative metabolism in the clearance of both com-
pounds. In contrast, high turnover was observed in the
presence of UDPGA, with sulfone 9f having a higher
glucuronidation rate than 9d in all species (ranking or-
der: rat > human > dog; rat intrinsic clearance 63 pL/
min/mg for 9f vs 16 uL/min/mg for 9d).!' The pharma-
cokinetic profile of both analogues was then evaluated
in Sprague-Dawley rat (3 mpk iv and po, Table 4),
where 9f showed a higher level of plasma clearance
than 9d (37 ml/min/Kg vs 24 ml/min/Kg, respectively),
thus substantiating the findings from the in vitro met-
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Table 2. Benzylamide SAR in the dihydroxypyrimidone and N-methylpyrimidone series

OH O
OH ~ OH
-~
T LT
%Q\N N._R >‘)<\N N_R
(0] (0]

R Compound ICso" (UM) CICys* (uM) Compound ICso" (UM) CICys* (uM)
10% FBS 50% NHS 10%FBS 50% NHS
F
@’ 5a 0.01 0.25 2.5 9a 0.01 0.12 0.37
%
y@ 5b 0.01 1.0 >1.0 9 0.02 0.12 0.5
OFEt
«Q/E% 5c 0.01 >1.0 >1.0 9 0.02 1.0 >1.0
HN-/
F
%/(E( 5d 0.02 0.06 0.12 9d 0.02 0.01 0.01
0% NHMe
F
K [ 5e 0.02 0.12 >1.0 9e 0.02 0.02 0.12
O™N
N=4
F
%’Q sf 0.06 0.06 0.06 of 0.02 0.01 0.02

S0,Me

% For footnote details see Table 1.

abolic stability experiments. Moreover, while both
compounds had a comparable behaviour in terms of
terminal plasma half lives and acceptable bioavailabil-
ity (T1/2iv =1.6 h, F=18% for 9d; T1ipiv = 1.8 h, F=
17% for 9f), exposure after oral administration for sul-
fone 9f was less than half the exposure of amide 9d
(AUC 0.6 uM h vs 1.4 uM h, respectively).

Given the overall more favourable profile of 9d over 9f,
we set out to explore if possible replacements of the 2-/V-
methyl carboxamide could offer an improvement to the
pharmacokinetic behaviour of inhibitors in this series
while retaining the same levels of cellular activity ob-
served in high serum conditions for 9d.

To allow maximum flexibility in the preparation of the
2-carboxamide analogues, we settled on the synthesis
of 2-carboxy methyl ester 12, a stable intermediate
which, upon conversion to the corresponding carboxylic
acid 13, could give a variety of 2-amides analogues
(Scheme 2). Thus, acid 11 was pre-activated with
EDCI/HOBt and treated with benzylamine 10! and a
base to give ester 12. Hydrolysis in standard conditions
afforded the required acid 13 (89% yield over three steps)
which could then be progressed to amides 14a-i either
via conversion to the corresponding acid chloride or
pre-activation with EDCI/HOBL.

The results for analogues 14a-i are reported in Table 3.

The unsubstituted amide 14a retained both the intrinsic
potency against integrase (strand transfer ICso=
0.02 uM) and the antiviral activity in cell culture
(CICy5=0.01 pM in 50% NHS) in the same range of
N-methyl amide analogue 9d. Increasing the length of
the amide substituent, branching at the «-position and
introducing a tertiary amide all proved to be detrimen-
tal in terms of intrinsic potency. Simple replacement of
the N-methyl residue of 9d with the N-ethyl or N-"pro-
pyl as in 14¢ and 14e resulted in a 3- and 4-fold loss
in potency respectively (strand transfer ICsy = 0.07 pM
for 14¢ and ICsy = 0.09 pM for 14e vs ICs5y = 0.02 pM
for 9d), while with the N-dimethyl amino group of
14g a more dramatic 9-fold loss was observed (strand
transfer ICsq = 0.18 uM). Diminished activity in cell
culture in the presence of 50% NHS was observed for
the most lipophilic analogues (14f: CICys=0.12 uM
and 14e: CICys5=0.06 uM, 1% and 2% fraction un-
bound, respectively). Conversely, a lower protein bind-
ing can explain the re-established cellular activity for
compounds such as 14g, only moderately active in the
strand assay but amongst the most potent of the series
in high serum conditions (14g: 18% fraction unbound,
ICs50 = 0.18 uM; CICys5=0.03 uM 10% FBS and 50%
NHYS).
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BocNH
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Scheme 2. Preparation of compounds 14a-i. Reagents and conditions: (a) NaOH, THF/H,O; (b) EDCI-HCI, HOB, Pr,EtN, DCM; (c) NaOH,
THF/H,0 (89% from 8); (d) EDCI-HCI, HOBt, ‘Pr,EtN, DCM, R'R”"NH or (COCI),, cat. DMF, DCM, 0 °C 1 h then R’'R"NH, DCM 0 °C to rt

(24-36% after preparative HPLC purification); (¢) CF;CO,H, DCM.

Table 3. SAR of 2-carboxamide analogues 14a—i

NR'R" 14a-i

Compound NR'R” Inhibition of strand Antiviral activity in cell Protein Binding f, (%)°
transfer ICso* (LM) culture CICys" (M)
10% FBS 50% NHS
14a NH, 0.02 0.01 0.01 6
9d NHCH; 0.02 0.01 0.01 7
14¢ NHCH,CH; 0.07 0.02 0.02 3
14d NH(CH,),CHj3 0.07 0.03 0.06 2
14e NHCH(CH3), 0.09 0.06 0.06 1
14f NHCH,CF; 0.09 0.03 0.12 1
14g N(CHj3), 0.18 0.03 0.03 18
14n N ] 0.23 0.12 0.12 nd?
AN
14i N N— 0.49 0.12 0.12 34
n/

2 For footnote details see Table 1.
® For footnote details see Table 1.

¢ Fraction unbound to human plasma proteins as determined by ultrafiltration method. For details see Ref. 12.

4 Not determined.

The pharmacokinetic profile of the most promising
amide analogues was determined in Sprague-Dawley
rat (Table 4). Carboxamide 14a showed a marginal
improvement in bioavailability but suffered from a sub-
stantial increase in plasma clearance and reduction in
exposure over N-methyl amide 9d (F% 23 vs 18; C1 55 vs
24 ml/min/kg for 9d; AUC 0.6 uM'hr for 14a vs
1.4 uM h for 9d). On the other hand the mono-substituted
amides 14¢ and 14e had comparable levels of clearance to
9d, and showed a promising increase in bioavailability
(F = 30% and 40% for 14c and 14e, respectively).

In summary, optimization of 5a resulted in the identifi-
cation of a series of potent HIV integrase inhibitors such

Table 4. Pharmacokinetic profile of 9f, 9d and further 2-carboxamide
analogues in rat®

Compound F° (%) Ty,° (h) CI¢ (mL/min/kg) AUC® (uM h)

of 17 1.8 37 0.6
9d 18 1.6 24 1.4
14a 23 3.6 55 0.6
14c 30 2.6 21 1.8
14e 44 1.6 35 3.5

43 mg/Kg (n = 3); vehicle iv 20% DMSO/60% PEG400/20% Water, po
1%methylcellulose (suspension).

®Oral bioavailability.

¢ Terminal phase plasma half life following iv administration.

4 Plasma clearance.

¢ Area under the curve following po administration.
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as sulfone 9f and carboxamides 14a and 9d characterized
by a minimal scaffold and excellent cellular activity in
the presence of 50% NHS (CICys=0.01 uM for 9d
and 14a). Studies in this series are ongoing to identify
the optimal combination of potency, activity in cell cul-
ture and pharmacokinetic properties.
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Abstract—The design and synthesis of a series of highly functionalized pyrano-[2,3b]-pyridines is described. These compounds were
assayed for their ability to block the Ik, channel encoded by the gene hKV1.5 in patch-clamped L-929 cells. Six of the compounds
in this series showed sub-micromolar activity, the most potent being 4-(4-ethyl-benzenesulfonylamino)-3-hydroxy-2,2-dimethyl-3,4-
dihydro-2H-pyrano[2,3b]-pyridine-6-carboxylic acid ethyl-phenyl-amide with an ICs, of 378 nM.

© 2008 Elsevier Ltd. All rights reserved.

Ventricular and atrial cardiac arrhythmias'? affect a
significant proportion of the general population. The
most common form of sustained cardiac arrhythmia
is atrial fibrillation (AF) which affects approximately
2.2 million adults in the US.? The incidence of AF in-
creases significantly with age; <1% of 50-59 years old
were diagnosed with AF compared with 7-13% of the
octogenarian population.* Concomitant with an aging
population, the prevalence of AF is increasing.’ Atrial
fibrillation is characterized by the rapid and irregular
contraction of the atria, which can lead to a higher inci-
dence of stroke®’ via blood stasis and higher mortality
in patients with congestive heart failure.® Conversion to
normal sinus rhythm may be achieved through invasive
AV node ablation and pacemaker insertion,’ catheter
based ablation!® or administration of antiarrhythmic
drugs.!12

Potassium channels are transmembrane protein chan-
nels which selectively allow potassium ions across the
plasma membrane.!®> The movement of ions across cell
membranes mediates many biological processes includ-
ing regulation of action potential duration in cardiac
cells.!* Potassium currents are essential for cardiac cell
repolarization and blocking of these outward currents

Keywords: Atrial fibrillation; Potassium channel; KV1.5; Pyrano-[2,3-

b]-pyridine.
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results in an increase in action potential duration.'®
Three of the most important outward potassium cur-
rents are Ig'® (slowly activating) Ix,!” (rapidly activat-
ing) and Ix,,'” (ultra rapidly activating). Ixs and Ig, are
present in the human atrium and ventricle, but Ik, is at-
rial-specific.'®

Currently approved class III agents, for example, D,L-
sotalol, amiodarone, dofetilide and ibutilide inhibit Iy,
and have the potential liability of being proarrhythmic
in the ventricle.'”2° Ventricular arrhythmias, such as
torsades de pointe, are potentially fatal and limit initial
administration of several of these drugs to an in-patient
environment.?! Drugs which selectively target inhibition
of Ik, may be safer since they prolong action potential
duration in the atrium, without delaying ventricular
repolarization and, therefore, should be without the sub-
sequent risk of ventricular arrhythmia.?>23

Early efforts in our program had identified a series of
potent and selective indane and tetraline’* based Iy,
inhibitors. These series had low oral bioavailability
and lacked metabolic stability (e.g., 1, 2, Fig. 1). Our
goal was to investigate alternate related chemotypes
and determine the viability of those series showing po-
tency for Ig,. A series of benzopyrans® (e.g., 3,
Fig. 1) were investigated which led to synthesis and eval-
uation of a series of pyrano-[2,3b]-pyridine’® based
inhibitors which are described in this letter.

The substitution at position 4 on the benzopyran moiety
had been optimized as the 4-ethyl-phenyl-sulfonamide.?’
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Figure 1. Examples of early chemotypes.

Thus, this moiety was initially incorporated into the
pyrano-[2,3b]-pyridine series. The 2H-pyrano-[2,35]-
pyridine core was synthesized as described previously.?’
The resulting 6-bromo-2,2-dimethyl-2 H-pyrano-[2,35]-
pyridine (7) was converted to the corresponding ethyl
ester (8) by halogen metal exchange and quench with
ethylchloroformate (Scheme 1).2®8 Epoxidation was
accomplished via the bromohydrin.?®-3* Closure of the
bromohydrin to the epoxide was unsuccessful using
the standard NaH/DMF conditions, due to difficulty
in extracting the epoxide from the DMF solution.
Alternatively, the epoxide (9) was formed in quantita-
tive yield by treatment of the bromohydrin with
KOH in THF and subsequently converted to the race-
mic trans amino alcohol using ammonium hydroxide in
ethanol (Scheme 1).?° We had demonstrated previously
that the absolute stereochemistry at positions 3 and 4
was not critical for potency in the benzopyran ana-
logs? and thus, racemic trans amino alcohol was used
throughout this study. Standard sulfonylation condi-
tions, followed by hydrolysis yielded the 6-carboxylic
acid (10).3! For the benzopyran series, we were able
to utilize fluoro-N,tetramethylformamidinium hexa-
fluorophosphate3? for coupling example amines to the
6-carboxylic acid, (10) but this reagent was not success-
ful for coupling in the pyrano-[2,3b]-pyridine series.
Individual compounds were coupled using standard
EDCI/HOAt conditions®® (e.g., 11,>* Scheme 1) in
yields from 30% to 93%. Product amides with addi-
tional basic amines (e.g., 19) were purified by retention

N a,b,c Br:

I — I

7
EtO N - EtO A
| ®
N
8

Scheme 1. Reagents and conditions: (a) Br,, acetic acid, 80 °C, 50%
yield; (b) n-BuLi, —78°C, 2-butenal, 52% yield; (¢) HBr (48%
aqueous), acetic acid, 100 °C, 53% yield; (d) #-BuLi, —78 °C, ethyl-
chloroformate, 54% yield; (e) NBS, DMSO aqueous, 100% yield; (f)
KOH, THF, 100% yield; (g) NH4OH, EtOH, 80 °C, 75% yield; (h) 4-
ethyl-phenylsulfonyl chloride, TEA, DCM, 73% yield; (i) LiOH,
aqueous acetone, 65°C, 59% yield; (j) EDCI, HOAt, 2-fluoro
benzylamine, 43% yield.

on an SCX cartridge followed by elution with ammo-
nia/MeOH solution. Non-basic products were purified
by reverse phase preparative HPLC.

To flush out SAR at the 6-position, synthesis of a par-
allel solution phase amidation library furnished 42 di-
verse amides, examples of which are shown in Table 1.
From this first library, it was clear that initial SAR for
this series was divergent to that observed for the benz-
opyran series. Compound 21 was identified as a weak
inhibitor from this library and a second 2-step solu-
tion phase library was prepared to determine SAR
around the N-ethylated benzylamine and aniline
amides. N-Ethylated benzylamines and anilines were
synthesized in parallel by acylation of the correspond-
ing amine with acetyl chloride and subsequent
reduction with LAH at 70 °C (Scheme 2). The crude
N-ethylamines were cautiously quenched with MeOH
and purified using automated C18 chromatography.
N-Ethyl benzylamines were coupled to acid (10) using
standard EDCI/HOAt conditions®? and N-ethyl ani-
lines were coupled to acid (10) using PyBrOP, triethyl-
amine in acetonitrile at 80 °C.3>

Product amides were purified by reverse-phase prepara-
tive HPLC. Additional 34 N-ethyl amide analogs were
synthesized in parallel via this route and examples are
included in Table 1.
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Table 1. Examples of amides from parallel solution phase coupling F F

N-NH

/Hé”vk

12

13

14

15

16

17

18

19

20

21

22

Cl

=

26

27

28

29

30

31

32

O 2
F

Scheme 2. Reagents and conditions: (a) acetyl chloride, TEA, rt, 100%
yield; (b) LAH, THF, 70 °C, 52% yield.

All compounds synthesized were characterized in L-929
cells that stably expressed human Ky1.5. Compounds
were initially tested at 1 uM concentration using volt-
age clamp techniques.?®3” The % inhibition was mea-
sured and is reported as an average value from
testing in triplicate. For those compounds with >50%
inhibition at 1 pM, the ICsy for block of Ky1.5 current
was subsequently measured. Compounds with % inhibi-
tion at 1 uM and subsequent ICs, determinants are
shown in Table 2.

In the benzopyran series, amides 3-6 were among the
most potent compounds. However, in the pyrano-
[2,3b]-pyridines series, the corresponding analogs 12,
21, 17, and 18, respectively, were significantly less po-
tent. Overall, the most potent pyrano-[2,3b]-pyridine
identified in this study was N-ethyl amide 28 with an
1Cso value of 378 nM.

In continued efforts to improve the aqueous solubility of
this series, basic amines, hydroxyl groups and heterocy-
cles were incorporated into the amide functionality (e.g.,
14, 19, and 20), but polar groups and heterocycles were
not tolerated at the amide position.

The most potent compound identified from the first li-
brary synthesis was benzylamide 21. The des-fluoro ben-
zylamide direct analog, 22 and the corresponding N-
methyl benzylamide 16 were less potent. Direct N-ethyl
benzylamide analogs of 21 showed some improvement
in potency (e.g., 23 and 24), with incorporation of aryl
group substituents. However, the SAR at this position
was narrow, for example, methoxy substitution was tol-
erated at the para position, but not at the ortho or meta
positions (23 vs 26 and 27). Additionally, para methoxy
substitution was tolerated, but not para methyl substitu-
tion (23 vs 25). In the aniline series, N-ethyl substitution
was also required for potency (28 vs 17 and 13). Addi-
tional efforts to explore the substitution on the aryl moi-
ety did not result in improved potency and SAR proved
to be divergent from that observed with the benzyla-
mides (e.g., 29 vs 23). The most potent aryl substituted
anilines had meta substituents (30 and 31) but these ana-
logs were 2-fold less potent than unsubstituted N-ethyl
aniline lead compound 28.

Some compounds in this series demonstrated signifi-
cantly improved equilibrium solubility in aqueous buffer
over the corresponding benzopyran amide direct ana-
logs (e.g., 4 had aqueous solubility in pH 6.5 buffer of
0.010 mg/mL compared to 21 with solubility 0.067 mg/
mL).3® The most potent pyrano-[2,3b]-pyridine, 28 had
an aqueous solubility of 0.108 mg/mL. However, due
to the generally reduced potency compared to the benz-
opyran series, the potential metabolic liabilities of the
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Table 2. ICs, inhibition results for compounds

2717

Compound Inhibition of current Inhibition of current Compound Inhibition of current Inhibition of current
in L-929 cells % in L-929 cells in L-929 cells % in L-929 cells ICsy* (uM)
inhibition at 1 uM I1Cso* (uM) inhibition at 1 uM

1 — 0.050 19 31 —
2 — 0.046 20 3 —
3 — 0.060 21 38 —
4 — 0.172 22 20 —
5 87 0.281 23 70 0.605
6 73 0.316 24 54 0.615

11 4 — 25 15 1.56

12 15 — 26 35 2.09

13 30 — 27 23 —

14 2 — 28 89 0.378

15 17 — 29 22 —

16 12 — 30 64 0.649

17 12 — 31 58 0.776

18 8 — 32 52 0.912

# Inhibition is measured in duplicate at 9 concentrations and the mean values were used to calculate ICsy values.

aniline functionality?® and the lack of clear SAR, further

efforts were focused on investigation of alternate
chemotypes.

20.
21.
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7.62 (1H, brs), 7.29 (2H, d, J = 8.1 Hz), 7.23 (2H, m), 7.06
(1H, dd, J = 7.6 Hz), 7.03 (1H, dd, J = 7.6 Hz), 4.56 (2H,
d, J=52Hz), 429 (1H, d, J=9.1Hz), 3.71 (IH, d,
J=9.7Hz), 2.68 (2H, q, J=7.6 Hz), 1.48 (3H, s), 1.25
(3H, s), 1.23 3H, t, J= 7.6 Hz). 19F NMR (376 MHz,

CDCl3) —76.25 (s). LC-MS retention time: 3.58 min
(100%) YMC ODS S5 4.6 x 50 mm, 4 min gradient 10%
MeOH/90% H,O —0.1% TFA to 90% MeOH/10% H,O
—0.1% TFA. 4 mL/min flow rate, 1=220nM. [M+1]
514.20.
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Abstract—We have synthesized and evaluated a series of triaryl sulfonamide-based PTP1B inhibitors in which a difluoro-meth-
ylenephosphonate group of a potent lead has been replaced by potential bioisosteric replacements. Several mono- or di-charged
compounds (8a, 8b, and 15a) were shown exhibit inhibitory activity in the low micromolar range, demonstrating the feasibility
of using this approach in identifying non-phosphonate pTyr mimetics in a small molecular scaffold. These results also provide a
useful indication of the relative effectiveness of these pTyr mimetics.

© 2008 Elsevier Ltd. All rights reserved.

Recently, there has been tremendous interest in the
development of inhibitors of protein tyrosine phospha-
tase 1B (PTP1B) as therapeutic agents in treating Type
II diabetes and obesity.! Much of the effort in designing
active site directed PTP1B inhibitors has focused on the
synthesis of phosphotyrosine (pTyr) mimetics, which
serve as non-hydrolyzable replacements for the critical
pTyr residue.? One of the most effective pTyr mimetics
that has been developed is a,a-difluoro-methylenephos-
phonic acid (DFMP).>* The high affinity has been
attributed to the direct hydrogen bonding of fluorines
with enzyme active site residues.’ One limitation of these
inhibitors, however, is their poor cell permeability due
to the dianionic nature of the phosphonate group at
physiological pH, although recent strides have been
made in predicting the activity of PTP1B inhibitors.°
The discovery of effective non-phosphonate pTyr mimet-
ics will facilitate the development of more drug-like
PTP1B inhibitors as therapeutic agents.

Because of the electrostatic properties of the enzyme
active site,” it has proven difficult to develop effective un-

Keywords: PTP1B; Phosphatase; Bioisostere; Sulfonamide.
* Corresponding author. Tel.: +1 650 812 8737; fax: +1 650 424
0832; e-mail: chris_holmes@affymax.com

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

doi:10.1016/j.bmcl.2008.03.007

charged or monoanionic pTyr mimetics. The replace-
ment of a DFMP moiety in a PTPIB inhibitor by
potential bioisosteric replacements generally leads to
dramatic decreases in binding ability. Previous efforts
have focused on utilizing DFMP-containing high-affin-
ity peptides as display platforms to discover non-phos-
phonate pTyr mimics, which provide starting points
for developing small molecule inhibitors.81°

We have identified previously a series of triaryl sulfon-
amide based PTP1B inhibitors containing only one sin-
gle DFMP group.!' For example, 1a and 1b are potent
inhibitors of PTPIB with ICs, value of 0.074 uM and
0.20 uM, respectively (Fig. 1). It has been shown that
these bind to the active site in a competitive manner
and also contain optimized substitutions to provide sig-
nificant interactions beyond the pTyr pocket. Therefore,
we sought to use the triaryl sulfonamide as suitable
scaffold to investigate non-phosphonate bioisosteric
replacements while maintaining reasonable PTPIB
inhibitory activity. This paper describes the synthesis
and inhibition activities of a series of sulfonamide ana-
logues, where the DFMP group has been replaced with
potential pTyr mimics with the focus on identifying min-
imally charged compounds that retain potency for the
PTP1B enzyme.
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1a, X = OCH,COOH, ICsq = 0.074 pM
1b, X = H, ICs = 0.20 uM

Figure 1. Structures of DFMP sulfonamide leads.

True to the definition of a versatile scaffold, the triaryl
sulfonamides (see Table 1) could be made by a variety
of techniques, as shown in Schemes 1 and 2, depending
on the availability of the appropriate reagents. Method
A (Scheme 1) involved joining the A-B rings first, fol-
lowed by a reaction with an electrophilic bromoben-
zyl-C ring protected pTyr mimetic to form the ABC
triaryl sulfonamide. Typically, the pTyr mimetic is liber-
ated through either methyl/ethyl ester saponification
with base or fert-butyl ester cleavage with TFA. In
Method B, the B-C rings are first joined by the reaction
of a sulfonylchloride A ring with an aminobenzyl C ring
protected pTyr mimetic, followed by the reaction with
thiadiazolylbenzylbromide and subsequent pTyr mi-
metic generation with again either base or acid-induced
ester cleavage. Method C (Scheme 2) involved forming
the B—C ring bonds first through a reduction amination
of the C-ring protected pTyr mimetic benzaldehyde with
thiadiazolylbenzylamine, followed by the reaction with
the A-ring sulfonylchloride to form the triaryl scaffold.
The substituted benzylamines, benzylaldehydes, and sul-
fonylchlorides were either commercially available or
formed from straightforward literature procedures.
The desired products were isolated as acids by prepara-
tive RP-HPLC, their purity assessed by RP-HPLC, and
their molecular composition was confirmed by ESI-MS.

The inhibitory activity against PTP1B was evaluated by
our previous described method using O-methyl fluores-
cein monophosphate (OMFP) as a substrate.'? ICs, val-
ues are shown in Table 1. The compounds are divided
into two series. Series I includes analogues which are
based on the parent compound 1a, where X represents
oxoacetic acid. In Series 11, the compounds are the cor-
responding analogues based on 1b lacking the acid
(X = H). Of the various DFMP replacements examined,
4 were dianionic at physiologic pH as is DFMP, while
20 contained a single acidic group.

Of the dianionic replacements evaluated, non-fluorinated
methylenephosphonate group of 2a and 2b are the most
similar to DFMP, however, only weak inhibition was ob-
tained (ICso ~ 110 uM), indicating the significant role
that the fluorine atoms play in DFMP). The observation
is consistent with previous reports that the DFMP ana-
logues are 1000-times more potent inhibitors than non-

fluorinated analogues®? since fluorine atoms are directly
involved in hydrogen bonding with the amide bond of
the active site residue Phe-182.5 O-Carboxymethyl sali-
cylic acid'? and 2-(oxalyamino)-benzoic acid'* represent
two types of dianionic pTyr mimetics that have been used
in the development of PTP1B inhibitors. Both of these
were found to be acceptable when appended to the triaryl
sulfonamide scaffold, resulting in low micromolar ICs,
values for 10a, 10b, 15a, and 15b. The final dianionic ana-
logue 23a turned out to be a very weak inhibitor of the en-
zyme (ICs5o = 74 pM).

Replacement of the DFMP group with a simple mono-
charged oxo-acetic acid gave 3a and 3b, which showed
1Csy values of 59.6 and 54.1 uM, respectively. These re-
sults were encouraging considering that the oxo-acetic
acid contains only one charge and can be used as a
starting point to make additional modification to
improve the binding ability. Subsequently, fluorine
atoms were introduced in the methylene group to gen-
erate 4a and 4b, which showed improved affinity, and
not surprisingly, the para position of the aromatic
group was better than the meta position (5a andSh
are roughly 5-fold worse than 4a and 4b). Introduction
of substituents into the one or more of the ortho posi-
tions of the aryl ring can significantly influence the
binding to PTP1B. Thus, the bromo derivatives 8a
and 8b are remarkably potent relative to the parent
ring found in 3a and 3b, as we!' and others have
observed.!'* Tt is likely that bromo substitution in the
ortho position of a pTyr mimetic provides a hydropho-
bic interaction with the enzyme active site. It has been
shown from X-ray studies of co-crystal complexes that
a hydrophobic pocket exists at the vicinity of the cata-
Iytic site.!> Other substituents such as difluoro (6a and
6b), chloro (7a and 7b), and methyl (9a and 9b) were
tolerated, but do not seem to offer any advantage,
which is in clear contrast to trends observed by others
in the thiophene series of PTP1B inhibitors.'® We had
hoped that the fluorine atoms of 6 would be close en-
ough to interact with PTP1B and compensate for the
single charge of the mimetic, but this turned out not
to be true. Attempting to capitalize on this “bromo ef-
fect”, we combined the fluorines of 4 with the bromine
of 8 to prepare hybrid compounds 21a and 21b, but
were unable to achieve any synergistic potency; in fact
the addition of fluorines to compounds 8a and 8b
resulted in significantly worse binding to the enzyme.

When situated in these triaryl sulfonamide scaffolds, a
bromine and carboxylic acid appear equally tolerated
by PTPIB. Thus, in both the oxoacetic acid series repre-
sented by compounds 8 and 10, and the 2-(oxalyamino)-
benzoic acid series represented by compounds 15 and
16b, the activities across the same A-ring series are
almost identical. The use of mono-charged pTyr mimet-
ics (i.e., bromo analogues) would presumably have
greater beneficial effect on their cell permeability and
perhaps make up for the large increase in molecular
weight associated with the bromine atom.

Substituting sulfur for oxygen of the oxoacetic acid
resulted in decreased PTP1B activity (ICsos for 1la
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Table 1. In vitro activity of pTyr mimics against PTP1B* X
O
O//S\NN
S X
\
N:
Compound pTyr mimetics Synthesis method X I1Cso (uM)
(o]
1 I _OH
a P<on A OCH,CO,H 0.074
1b H 0.20
FF
(o}
2a fK@y O on c OCH,CO,H 96.8
2 PoH H 123
3a {\Q\ OH A OCH,CO,H 59.6
3b Oﬁo( H 54.1
f\@\ i
4a OH A OCH,CO,H 29.1
4b O/T H 97.1
(o)
5a O%kon A OCH,CO,H 230
5h FF H 198
F
6a OH A OCH,CO,H 19.9
6b O/T H 137
Ta OH A OCH,CO,H 57.7
b Oﬁ( H 53.8
Cl [0}
8b Oﬁ( H 7.9
Br o
9a OH A OCH,CO,H 76.2
9b oﬁoﬁ H 80.7
10a OWOH A OCH,CO,H 4.4
10b o) H 12.2
(o] OH
11a ;\©\ OH A OCH,CO,H 114
11b sﬁo( H 115

(continued on next page)
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Table 1 (continued)
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Compound pTyr mimetics Synthesis method X 1Cso (UM)
12a /\Q\ OH A° OCH,CO,H >250
12b ?ﬁ( H o 173
o O
13a &Q\ OH AP OCH,CO,H >250
13b //SW H 232
00 o
OH
14a A\ A OCH,CO,H 29.1
14b 0 o H 63.6
o
15 N)H/OH A OCH,COH 1.4
15b Ho H 10.1
0~ “oH
o
16b \ )H/OH A H 13.8
Br H 0
o
17a N )H/OH B OCH,CO,H >250
17b ) H 235
Ph O
o
18a A OCH,CO,H 17.7
18b OH H 51.8
FF
o
19a o A OCH,CO,H 27.6
19b H 60.3
o
o
20a on AC OCH,CO,H 224
20b H >250
OH
FF
21a o >ﬂ/ou A OCH,CO,H 779
21b H 52.1
Br o
FF
2a o >H/OH A OCH,CO,H >250
22b H 237
o o
o
o” “SOoH
24a B¢ OCH,CO,H 153
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Table 1 (continued)

Compound pTyr mimetics Synthesis method X I1Cso (uM)
25a OCH,CO,H >250
25h o OH H 38

(o)

#PTP1B binding assays were conducted as previously reported in Ref. 12. Values are means of duplicate experiments, errors are usually within 10%.

® Oxidized from 11a and 11b by MCPBA.
¢ Mixture of two isomers.
9 Formed as byproduct during the synthesis of 23a.

and 11b are double those of 3a and 3b), presumably
because sulfur is a weaker hydrogen binding acceptor
compared to an oxygen atom. Further oxidation of
sulfur to sulfoxide (12a and 12b) or sulfone (13a
and 13b) resulted in the loss of the activity, indicat-
ing unfavorable interactions from the sulfoxide or
sulfone. It is also worthwhile to note that 14a and
14b with the 2-benzofurancarboxylic acid group exhi-
bit similar activity as 3a and 3b, indicating that con-

Four pTyr mimetics, difluoroacetic acids 18a and 18b, a-
keto acids 19a and 19b, o-hydroxy acid groups 20a and
20b, and propionic acid 24a, were made with one atom
spacing shorter acidic group compared to 3a and 3a,
and most closely mimic the spacing found in the parent
DFMP group of 1a and 1b. In the oxoacetic acid Series
I, these substitutions resulted in better inhibitors (18a,
19a, and 20a) than 3a, but incorporation in Series II
led to compounds with similar or poorer activity (18b,

formational constraint of the acid offers little
advantage.

19b, and 20b worse than 3b). It has been shown previ-
ously that simple biphenyl or naphthalenyl difluoro-car-

X
0
o X
X Method A /\//Q) \
0.
O%\Nﬁ
0.
0>:S\C| / R
ethod B
=N

H
R

Scheme 1. Methods A and B for preparing triaryl sulfonamides. Reagents and conditions: (a) thiadiazolyl-C¢H4-CH,NH,, A-ring sulfonylchloride,
CH,Cl,, DIEA; (b) BrCH,-C-ring pTyr mimetic, K,CO3;, CH;CN, 70 °C; (c) CF;CO,H, CH,Cl, or KOH, MeOH, H,0; (d) H,NCH,-C-ring pTyr
mimetic, DIEA, CH,Cl,; (e) thiadiazolyl-C¢H4CH,Br, K,CO3, CH3;CN, 70 °C.

X
CHO  Method (;
b C %
0 e I CL
R

\N:N
Scheme 2. Method C for the synthesis of triaryl sulfonamides. Reagents and conditions: (a) thiadiazolyl-C¢H4-CH,NH,, MeOH, Na(OAc);BH; (b)
XC6H4SO_2C1, D[EA, CHzclz, (C) CF3C02H in CH2C12 or KOH, MeOH, Hzo
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boxylates are weak inhibitors of PTP1B,!% while the o-
keto acid and a-hydroxy acid groups had been reported
as pTyr mimitics.!”

The use of the benzyl substituted acid head group found
in Ertiprotafib '® afforded compounds 25a and 25b,
which displayed an unusual selectivity relationship be-
tween Series I and II where Series II species 25b dis-
played better activity than 25a. Compound 25b binds
stronger to the enzyme than does 25a, perhaps indicat-
ing a different mode of binding than the other molecules
described in this paper.

In conclusion, we have synthesized and evaluated a ser-
ies of triaryl sulfonamide-based PTP1B inhibitors in
which the DFMP group of two lead series has been re-
placed by potential bioisosteric replacements. Although
most of monocharged bioisosteres are not as active as
those dianionic pTyr mimetics, O-bromophenoxyacetic
acid appears to compare favorably with dianionic o-car-
boxymethyl salicylic acid and 2-(oxalyamino)-benzoic
acid. Several mono- or di-charged compounds (8a, 8b,
and 15a) were shown to inhibit PTP1B in the low micro-
molar range, demonstrating the feasibility of using this
systematic approach in identifying non-phosphonate
pTyr mimetics in a small molecular scaffold. The next
step in the optimization of these compounds will be to
address their ability to cross a cell wall to where PTP1B
resides. In addition, the results from this study might
provide an indication of the relative effectiveness of
these pTyr mimetics that would be useful in the further
design and development of PTP1B and perhaps other!®
protein—-tyrosine phosphatase inhibitors.

References and notes

1. For recent reviews see: (a) Kasibhatla, B.; Wos, J.; Peters,
K. G. Curr. Opin. Investig. Drugs 2007, 8, 805; (b) Lee, S.;
Wang, Q. Med. Res. Rev. 2007, 27, 553; (c) Zhang, S.;
Zhang, Z.-Y. Drug Discov. Today 2007, 12, 373; (d) Pei,
Z.; Liu, G.; Lubben, T. H.; Szczepankiewicz, B. G. Curr.
Pharm. Des. 2004, 10, 348]1.

2. (a) Rye, C. S.; Baell, J. B. Curr. Med. Chem. 2005, 12,
3127; (b) Burke, T. R., Jr.; Yao, Z.-J.; Liu, D.-G.; Voigt,
J.; Gao, Y. Biopolymers 2001, 60, 32.

3. (a) Burke, T. R., Jr.; Kole, H. K.; Roller, P. P.
Biochem. Biophys. Res. Commun. 1994, 204, 129; (b)
Yao, Z.-J.; Ye, B.; Wu, X.-W.; Wang, S.; Wu, L;
Zhang, Z.-Y.; Burke, T. R., Jr. Bioorg. Med. Chem.
1998, 6, 1799; (c) Taylor, S. D.; Kotoris, C. C,;
Dinaut, A. N.; Wang, Q.; Ramachandran, C.; Huang,
Z. Bioorg. Med. Chem. 1998, 6, 1457; (d) Shen, K.
Keng, Y.-F.; Wu, L.; Guo, X.-L.; Lawrence, D. S
Zhang, Z.-Y. J. Biol. Chem. 2001, 276, 47311.

4. (a) Dufresne, C.; Roy, P.; Wang, Z.; Asante-Appiah, E.;
Cromlish, W.; Boie, Y.; Forghani, F.; Desmarais, S.;
Wang, Q.; Skorey, K.; Waddleton, D.; Ramachandran,
C.; Kennedy, B. P.; Xu, L.; Gordon, R.; Chan, C. C;
Leblanc, Y. Bioorg. Med. Chem. Lett. 2004, 14, 1039; (b)
Lau, C. K.; Bayly, C. I.; Gauthier, J. Y.; Li, C. S.; Therien,
M.; Asante-Appiah, E.; Cromlish, W.; Boie, Y.; Forghani,
F.; Desmarais, S.; Wang, Q.; Skorey, K.; Waddleton, D.;
Payette, P.; Ramachandran, C.; Kennedy, B. P.; Scapin,
G. Bioorg. Med. Chem. Lett. 2004, 14, 1043.

C. P. Holmes et al. | Bioorg. Med. Chem.

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

Lett. 18 (2008) 2719-2724

Burke, T. R., Jr.; Ye, B.; Yan, X.; Wang, S.; Jia, Z.; Chen,
L.; Zhang, Z. Y.; Barford, D. Biochemistry 1996, 35,
15989.

. (a) Hu, X. Bioorg. Med. Chem. Lett. 2006, 16, 6321; (b)

Yang, C.; Cross, K.; Myatt, G. J.; Blower, P. E;
Rathman, J. F. J. Med. Chem. 2004, 47, 5984.

. (a) Barford, D.; Flint, A. J.; Tonks, N. K. Science 1994,

263, 1397; (b) Sarmiento, M.; Puius, Y. A.; Vetter, S. W.;
Keng, Y. F.; Wu, L.; Zhao, Y.; Lawrence, D. S.; Almo, S.
C.; Zhang, Z. Y. Biochemistry 2000, 39, 8171.

. Burke, T. R., Jr.; Ye, B.; Akamatsu, M.; Ford, H., Jr.;

Yan, X.; Kole, H. K.; Wolf, G.; Shoelson, S. E.; Roller, P.
P. J. Med. Chem. 1996, 39, 1021.

. Gao, Y.; Wu, L.; Luo, J. H;; Guo, R.; Yang, D.; Zhang, Z.

Y., ; Burke, T. R., Jr. Bioorg. Med. Chem. Lett. 2000, 10,
923.

(a) Kotoris, C. C.; Chen, M. J.; Taylor, S. D. Bioorg. Med.
Chem. Lett. 1998, 8, 3275; (b) Leung, C.; Grzyb, J.; Lee, J.;
Meyer, N.; Hum, G.; Jia, C.; Liu, S.; Taylor, S. D. Bioorg.
Med. Chem. 2002, 10, 2309.

Holmes, C. P.; Li, X.; Pan, Y.; Xu, C.; Bhandari, A.;
Moody, C. M.; Miguel, J. A.; Ferla, S. W.; De Francisco,
N.; Frederick, B. T.; Zhou, S.; Macher, N.; Jang, L.
Irvine, J. D.; Grove, J. R. Bioorg. Med. Chem. Lett. 2005,
15, 4336.

Li, X.; Bhandari, A.; Holmes, C. P.; Szardenings, A. K.
Bioorg. Med. Chem. Lett. 2004, 14, 4301.

(a) Larsen, S. D.; Barf, T.; Liljebris, C.; May, P. D.; Ogg,
D.; O’Sullivan, T. J.; Palazuk, B. J.; Schostarez, H. J.;
Stevens, F. C.; Bleasdale, J. E. J. Med. Chem. 2002, 45,
598; (b) Bleasdale, J. E.; Ogg, D.; Palazuk, B. J.; Jacob, C.
S.; Swanson, M. L.; Wang, X. Y.; Thompson, D. P.;
Conradi, R. A.; Mathews, W. R.; Laborde, A. L.; Stuchly,
C. W.; Heijbel, A.; Bergdahl, K.; Bannow, C. A.; Smith,
C. W.; Svensson, C.; Liljebris, C.; Schostarez, H. J.; May,
P. D.; Stevens, F. C.; Larsen, S. D. Biochemistry 2001, 40,
5642.

(a) Andersen, H. S.; Iversen, L. F.; Jeppesen, C. B.;
Branner, S.; Norris, K.; Rasmussen, H. B.; Moller, K. B.
J. Biol. Chem. 2000, 275, 7101; (b) Dufresne, C.; Roy, P.;
Wang, Z.; Asante-Appiah, E.; Cromlish, W.; Boie, Y.;
Forghani, F.; Desmarais, S.; Wang, Q.; Skorey, K.
Waddleton, D.; Ramachandran, C.; Kennedy, B. P.; Xu,
L.; Gordon, R.; Chan, C. C.; Leblanc, Y. Bioorg. Med.
Chem. Lett. 2004, 14, 1039; (c) Lau, C. K.; Bayly, C. L;
Gauthier, J. Y.; Li, C. S.; Therien, M.; Asante-Appiah, E.;
Cromlish, W.; Boie, Y.; Forghanni, F.; Desmarais, S.;
Wang, Q.; Skorey, K.; Waddleton, D.; Payette, P.;
Ramachandran, C.; Kennedy, B. P.; Scapin, G. Bioorg.
Med. Chem. Lett. 2004, 14, 1043.

Malamas, M. S.; Sredy, J.; Moxham, C.; Katz, A.; Xu,
W.; McDevitt, R.; Adebayo, F. O.; Sawicki, D. R,
Seestaller, L.; Sullivan, D.; Taylor, J. R. J. Med. Chem.
2000, 43, 1293.

Wilson, D. P.; Wan, Z.-K.; Xu, W.-X_; Kirincich, S. J.;
Follows, B. C.; Joseph-McCarthy, D.; Foreman, K.;
Moretto, A.; Wu, J.; Zhu, M.; Binnun, E.; Zhang, Y.-L.;
Tam, M.; Erbe, D. V.; Tobin, J.; Xu, X.; Leung, L.;
Shilling, A.; Tam, S. Y.; Mansour, T. S.; Lee, J. J. Med.
Chem. 2007, 50, 4681.

(a) Chen, Y. T.; Onaran, M. B.; Doss, C. J.; Seto, C. T.
Bioorg. Med. Chem. Lett. 2001, 11, 1935; (b) Chen, Y. T.;
Seto, C. T. J. Med. Chem. 2002, 45, 3946.

Zhang, Z.-Y.; Lee, S.-Y. Expert Opin. Investig. Drugs
2003, 12, 223.

For an example of applying PTP1B inhibitor design to
others phosphatases, see: Lee, K.; Gao, Z.-J.; Phan, J;
Whu, L.; Liang, J.; Waugh, D. S.; Zhang, Z.-Y.; Burke, T.
R. Bioorg. Med. Chem. Lett. 2003, 13, 2577.





		PTP1B inhibitors: Synthesis and evaluation of difluoro-methylenephosphonate bioisosteres on a sulfonamide scaffold

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2725-2729

Synthesis and characterization of
1,3-dihydro-benzo|b][1,4]diazepin-2-one derivatives: Part 3.
New potent non-competitive metabotropic glutamate
receptor 2/3 antagonists

Thomas J. Woltering,™* Jiirgen Wichmann,® Erwin Goetschi,” Geo Adam,”
James N. C. Kew,?> Frédéric Knoflach,® Theresa M. Ballard,?
Jorg Huwyler,* Vincent Mutel™ and Silvia Gatti®
4F. Hoffmann-La Roche Ltd., Pharma Discovery Chemistry CNS, CH-4070 Basel, Switzerland

°F. Hoffmann-La Roche Ltd., Pharma Research CNS, CH-4070 Basel, Switzerland
°F. Hoffmann-La Roche Ltd., Pharma Research DMPK, CH-4070 Basel, Switzerland

Received 1 February 2008; revised 28 February 2008; accepted 29 February 2008
Auvailable online 5 March 2008

Abstract—A series of 1,3-dihydro-benzo[b][1,4]diazepin-2-one derivatives was evaluated as non-competitive mGIluR2/3 antagonists.
Replacement of the (2-aryl)-ethynyl-moiety in 8-position with smaller less lipophilic substituents produced compounds inhibiting the
binding of [3H]-LY354740 to rat mGluR2 with low nanomolar affinity and consistent functional effect at both mGluR2 and
mGluR3. These compounds were able to reverse LY354740-mediated inhibition of field excitatory postsynaptic potentials in the
rat dentate gyrus and in vivo activity could be demonstrated by reversal of the LY354740-induced hypoactivity in mice after oral

administration.
© 2008 Elsevier Ltd. All rights reserved.

The family of metabotropic glutamate receptors consists
of eight subtypes, classified into three groups according
to their sequence homology, pharmacology, and second
messenger coupling.! Group I receptors (mGluR 1 and
5) are positively coupled to phospholipase C, whereas
group II (mGluR2 and 3) and group III (mGluR4, 6,
7 and 8) receptors are negatively coupled to the activity
of adenyl cyclase. Ligands for the different mGIluR’s are
under development for the treatment of different CNS
disorders, such as Parkinson’s disease, anxiety and
schizophrenia.? It was recently shown that while
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mGIluR2/3 agonists exhibit anxiolytic and antipsychotic
properties, mGIluR2/3 antagonists may be useful as anti-
depressants, cognitive enhancers and to inhibit the
growth of malignant gliomas.?*

We recently reported the discovery of the random screen-
ing hit (8-methyl-4-phenyl-1,3-dihydro-benzo[b][1,4]dia-
zepin-2-one), its characterization as a non-competitive
antagonist at both mGluR2 and mGlIuR3 and the lead
optimization program to obtain compounds like 3, with
low nanomolar affinity assessed by displacement of
[*H]-LY354740 binding to rat mGluR2 and ability to
reverse LY354740-mediated inhibition of field excitatory
postsynaptic potentials in the rat dentate gyrus in vitro
(Fig. 1).°> The present study describes the optimization
of orally active, brain penetrating, in vivo active com-
pounds, and their pharmacological profiling.

The regioselective synthesis of unsymmetrically 7,8-
substituted 1,3-dihydro-benzo[b][1,4]diazepin-2-ones
has already been described.®’ Simple condensation of
mono Boc protected 1,2-phenylenediamines 4 and tert-
butyl B-ketoesters S in refluxing toluene led to the corre-
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H O Ph H O ‘
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N= —> N= —> O

HO N=
CN /=N
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IC;,=6.4 UM

IC,, =34 nM IC4, = 26 NM

Figure 1. Development of the random screening hit 1 into compounds, like, for example, 2 and 3, with low nanomolar affinity in inhibition of [*H]-

LY354740 binding to rat mGluR2.?
H O
R7 N_.—
R®
7

Scheme 1. Regioselective synthesis of unsymmetrically 7,8-substituted 1,3-dihydro-benzo[b][1,4]diazepin-2-ones 7. Reagents and conditions: (a)
toluene, reflux; (b) TFA [optional anisole], DCM, rt.

8

a NH 0O O . H
2 >|\ R3 a R N R3 b
+ (0] —_— O o —_—
R’ NHBoc R’

NHBoc

4 5 6

Table 1. Structure-activity-relationship of the new 1,3-dihydro-benzo[b][1,4]diazepin-2-ones 7 reported in this study

Compound R* RS R’ clogP Rat mGluR2 Rat mGluR2 (1S,3R)-ACPD
[PH]-LY354740 inhibition of Forskolin stimulated
binding?, ICso (WM)  cAMP®, ICs; (UM)

3 1-Imidazolyl 4-F—C¢H,—C=C— HO 3.85 0.026 0.011

7a 1-Imidazolyl Ph H 443 0.039 0.047

7b 1-Imidazolyl 4-F—Ce¢Hy— H 4.62 0.017 0.024

Tc 1-Imidazolyl 2-F—C¢Hy— H 4.62 0.012 0.027

7d 1-Imidazolyl 3-F—C¢Hy— H 4.62 0.025 nt

Te 1-Imidazolyl 2,5-di-F—C¢Hs— H 4.78 0.007 0.017

7t 1-Imidazolyl 2-F—C¢Hy— HO 3.48 0.022 nt

7g 1-Imidazolyl cyclo-Propyl H 3.48 0.210 nt

7h 1-Imidazolyl Br H 3.66 0.072 nt

7i 1-Imidazolyl F;C— H 3.87 0.043 nt

7§ 1-Imidazolyl F;C— Me,N 4.13 0.009 0.052

7k 1-Imidazolyl F;C— iso-ButyINH 5.04 0.019 0.073

7 1-Imidazolyl F;C— Cl 4.48 0.017 0.015

7m 1-Imidazolyl F;C— Me 4.37 0.012 0.019

Tn 1-Imidazolyl F;C— Et 4.90 0.004 0.010

70 1,2,3-Triazolyl  4-F—C¢Hy— H 4.61 0.031 0.036

Tp 1,2,3-Triazolyl ~2-F—C¢H,— H 4.61 0.016 0.037

Tq 1,2,3-Triazolyl  2,5-di-F—C¢Hz— H 4.77 0.017 0.018

Tr 1,2,3-Triazolyl  iso-Propyl H 3.96 0.466 nt

Ts 1,2,3-Triazolyl ~ Br H 3.65 0.130 nt

Tt 1,2,3-Triazolyl Cl H 3.50 0.060 nt

Tu 1,2,3-Triazolyl F;C— H 3.86 0.092 nt

Tv 1,2,3-Triazolyl F,CH— H 2.73 0.608 nt

Tw 1,2,3-Triazolyl F3CCH,O— H 3.89 0.070 nt

7x 1,2,3-Triazolyl F;C— Me,N 4.12 0.038 0.184

Ty 1,2,3-Triazolyl F;C— iso-ButyINH 5.03 0.042 0.268

7z 1,2,3-Triazolyl F;C— iso-ButyIN(Me)  5.58 0.011 0.014

Taa 1,2,3-Triazolyl F;C— Cl 4.47 0.027 0.116

Tab 1,2,3-Triazolyl F;C— Me 4.36 0.009 0.039

Tac 1,2,3-Triazolyl F;C— MeO 391 0.029 0.074

Tad 1,2,3-Triazolyl F;C— EtO 4.44 0.007 0.034

Ry, R7 and R® refer to the positions of R’s in Scheme 1.

nt, not tested.

#Values are means of at least 2 independent experiments.

®Values are means of 3 independent experiments.
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sponding B-ketoamides 6. We found that the fert-butyl
B-ketoester was superior to the corresponding ethyl ester
in this condensation reaction, probably due to its ability
of reacting through a ketene mechanism. Deprotection
and concomitant cyclization were achieved by treatment
with TFA yielding the unsymmetrically 7,8-substituted
1,3-dihydro-benzo[b][1,4]diazepin-2-ones 7 (Scheme 1).

We reported that S-membered heterocycles were suitable
replacements for the cyano group, especially the
employment of 1-imidazoles and 1,2,3-triazoles lead to
very potent mGIluR2/3 antagonists.’® Although these
modifications improved the physico-chemical properties
of the compounds they remained quite lipophilic (2:
clogP 4.44; calculated log(coctanol/Cwater); 3: clogP
3.85). Therefore we sought for further alteration of the
substituents enabling the in vivo evaluation of com-
pounds from this class in an mGlu2 receptor-mediated
behavioral test. Our main focus was the search for a
suitable—preferably smaller—replacement for the (2-
aryl)-ethynyl-moiety in 8-position.

Omitting the acetylene linker and using fluorinated phe-
nyl groups produced compounds 7a—f, which proved to
be equipotent to 3 (Table 1). In the cases of simple
halides, Br (7h and 7s) appeared to be less effective than
Cl (7t). Employing alkyl groups like cyclopropyl (7g)
and isopropyl (7r) resulted in ~10- to 20-fold loss of
affinity. Interestingly, introducing fluorinated alkyl
groups a remarkable ~7-fold advantage of trifluoro-
methyl over difluoromethyl was observed (7u versus
7v). The 2,2,2-trifluoroethoxy group was also tolerated
(7w). In order to increase the potency of the compounds

Table 2. ICsy values for GIRK current inhibition by selected
compounds in CHO cells expressing mGluR2 and mGluR3 receptors

Compound Rat mGIluR2 Rat mGluR3
GIRK inhibition ¥, GIRK inhibition®,
ICso (M) ICso (1M)

3 0.024 nt

7b 0.299 0.017

Tc 0.011 0.033

7t 0.035 0.122

Tp 0.022 0.042

#Values are means of 3-5 independent experiments, (nt = not tested).
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while maintaining a small molecule size we kept the 8-
(trifluoromethyl) group and attached additional small
alkyl, alkoxy, and alkylamino groups as well as Cl in
the adjacent 7-position. Overall, a significant enhance-
ment in activity was observed (~2- to 9-fold for 7j-n ver-
sus 7i and ~2- to 13-fold for 7x-ad versus 7u).

In conclusion the (2-aryl)-ethynyl-moiety in the 8-posi-
tion could most effectively be replaced by a 2-fluoro-
phenyl group or the combination of a trifluoromethyl
group in 8-position together with a small alkyl or alkoxy
group in 7-position.

The closest derivative to 3 and most polar compound 7f
(clog P 3.48) was not suitable for in vivo evaluation,
since it revealed high clearance in rat microsomes
(~100 mL/min/kg, MAB ~20%), whereas 7¢ and 7p
are metabolically stable compounds (MAB 93% and
100%). Therefore only the reduction in size could be
achieved but not in lipophilicity (7c: clogP 4.62; Tp:
clogP 4.61; Tn: clog P 4.90; 7ab: clog P 4.36; 7ad: clog P
4.44).

The pharmacological properties of these compounds
were consistent with a mechanism of non-competitive
antagonism at both mGIluR2 and mGluR3 as previously
described demonstrated by partial inhibition of the
binding of the selective agonist [*H]-LY354740 to rat
mGIluR2, full blockade of the effect of LY354740,
(1S,3R)-ACPD and L-glutamate in both GTPyS and
cAMP assays and inhibition of the glutamate-induced
GIRK current. Table 1 summarizes the ICs, values cal-
culated for each compound in affinity studies (partial
displacement of 10 nM [°PH]-LY354740) and concentra-
tion dependent blockade of (1S,3R)-ACPD (10 pM-
ECyg) induced inhibition on intracellular cAMP levels
(Forskolin 10 uM, n:3 for each value) in the experimen-
tal conditions described earlier.® In this chemical series
the effect of all the tested compounds does not seem to
vary depending on the mGluR2 agonist under study.

For representative compounds we have determined the
IC5ps for the GIRK inhibition at both rat mGluR2
and mGIluR3 (Table 2). The concentration response
curves of the antagonistic properties of 7¢ (a) and 7p
(b) are shown in Figure 2. All compounds were potent

®
<

@
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N
<

n
i

10 100 1000
[compound 7p] (nM)

Figure 2. Concentration-response curves for the inhibition of GIRK currents by 7¢ and 7p in CHO cells stably expressing GIRKs and transiently
transfected with rat mGluR2 (O) and rat mGIluR3 (@) and stimulated with L-glutamate (10 pM). (a) 7¢: mGluR2 ICsy = 11 nM, mGluR3

IC50 = 33 nM. (b) 7p: mGluR2 IC5y = 22 nM, mGIuR3 ICsy = 42 nM.
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Figure 3. Reversal of mGluR2-mediated inhibition of synaptic trans-
mission (fEPSP) evoked by stimulation of the medial perforant path
input to the dentate gyrus mid-moleculare by 7¢ (0.1 uM) and by 7p
(0.1 pM) in presence of the mGluR2/3 agonist LY354740 (1 uM). (a)

.., Tc¢ (0.1 pM), — LY354740 (1 uM), — — wash-out period;
mean+ SE, n=6. (b) .... 7p (0.1 uM), LY354740 (1 M), — —
wash-out period; mean * SE, n = 3.
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group Il mGluR antagonists, with a slight preference for
the mGluR2.

We also assessed in vitro the selectivity of 7p on group I
and group III mGluRs, respectively: rat mGluRla,
mGluR 5a (using a Ca>" mobilization functional assay)
and rat mGluR8a (displacement studies with [*H]-L-
AP4) (with 7p tested at 30 pM final concentration). In
addition 7p was devoid of any affinity at ionotropic glu-
tamate receptors and GABA, receptors (data not
shown).

Using compounds 7¢ and 7p we could also demonstrate
antagonism at native group Il metabotropic glutamate
receptors by reversal of LY354740-mediated inhibition
of fEPSPs in the dentate gyrus in vitro (Fig. 3).% Com-
plete reversal was observed in the case of 7c¢ while only
partial reversal could be measured in the case of 7p. This
is possibly related to the poor solubility of 7p in the
experimental conditions used for this study and it does
not correspond to the observations in other functional
assays where it always exhibited complete blockade of
the effects of the mGluR2/3 agonists.

To evaluate the drug-drug-interaction (DDI) potential
we measured the binding to cytochrome P450 3A4 iso-
enzyme. Not surprisingly 7¢ and 7f—bearing the well-
known 1-imidazolyl pharmacophore for CYP450
3A4—were strong inhibitors with an ICsy~ 1 nM,
whereas 7p showed only weak activity (ICsg = 4.3 uM).

For compounds 7c¢ and 7p a single dose pharmacoki-
netic (SDPK) assessment in rats at 10 mg/kg p.o. was
performed and plasma and brain concentration mea-
surements after 1.5 h revealed for 7¢ 2656 ng/mL and
1344 ng/mL (brain/plasma 0.5) and for 7p 1423 and
1060 ng/mL, respectively (brain/plasma 0.9, CSF/plasma
0.5%) (4 animals/group).’
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Figure 4. Spontaneous locomotor activity in C57BL/6J mice (total horizontal activity counts in 30 min): reversal of LY?354740-induced hypoactivity
by compounds 7¢ and 7p. Dose-response measurements of 7¢ (a) and 7p (b) suspension prepared in 0.3% Tween 80 v/v saline (at 3, 10 and 30 mg/kg
p.o.) revealed for 7c¢ (a) an EDsy = 12.5 mg/kg p.o. (n = 8 mice/group; ANOVA p < 0.0001; *p < 0.05, ***p < 0.001 versus veh. + veh.; #p < 0.01
versus veh. + LY354740) and for 7p (b) an EDs, = 3.3 mg/kg p.o. (n = 8 mice/group; ANOVA p < 0.01; *p < 0.05 versus veh. + veh.; #p < 0.05 versus

veh. + LY354740).
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Consistent with the in vivo exposure and the brain pene-
tration data are the in vivo antagonistic properties of
both 7c¢ and 7p when administered per os by gavage in
mice (Fig. 4).” The mGIuR2/3 agonist LY354740 pro-
duces a dose-dependent decrease of the horizontal activ-
ity after intraperitoneal administration (1-30 mg/kg,
30 min prior to testing) in mice. The experimental condi-
tions of this test have been validated for the contribution
of mGIuR2 using mGIuR2 null mutant mice.>'® The
p.o. administration of either 7c¢ or 7p 1 h prior to the
mGIuR2/3 agonist (15 mg/kg i.p.) was able to block
completely the hypoactivity caused by the administra-
tion of LY354740. It should be noted that neither 7c¢
nor 7p caused a significant increase in locomotor activity
when administered alone.

In summary, by replacement of the (2-aryl)-ethynyl-moi-
ety in 8-position with smaller less lipophilic substituents
we were able to develop a series of in vivo active 1,3-
dihydro-benzo[b][1,4]diazepin-2-one derivatives. These
compounds are selective, non-competitive antagonists
at recombinant (inhibiting the binding of [*H]-
LY354740 to rat mGluR2 with low nanomolar affinity)
and native (reversal of LY354740-mediated inhibition of
fEPSPs in the dentate gyrus) group II metabotropic glu-
tamate receptors, they are orally active and brain pene-
trating and also exhibit in vivo activity by reversal of the
LY354740-induced hypolocomotion in mice.
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Abstract—High throughput screening of our compound library revealed a series of N-pyridyl-3-benzamides as low micromolar ago-
nists of the human TRPV1 receptor. Synthesis of analogs in this series led to the discovery of a series of N-quinolin-3-yl-benzamides

as low nanomolar antagonists of human TRPVI.
© 2008 Elsevier Ltd. All rights reserved.

Research toward the discovery of new analgesics agents
has focused on identifying ion channels specific to noci-
ceptors and developing agents that modulate the flow of
ions through these channels. Several years ago, the hu-
man vanilloid receptor type 1 (TRPV1) channel was
identified isolated and cloned from afferent nociceptors.!
TRPVI1 is activated by capsaicin, the hot component of
chili peppers, as well as other naturally occurring ago-
nists, such as resiniferatoxin (RTX). The channel is also
activated by painful stimuli, such as noxious heat, pro-
tons and certain endogenous lipophilic agonists, such
as anadamide.> Since the discovery of this channel,
much effort has been put forth in the identification of
TRPV1 modulators as potential therapeutics.> Our
group has reported several distinct series of novel
TRPVI antagonists* (see Fig. 1).

One of the more active leads identified by screening our
internal compound library was 4-pentyl-N-pyridin-3-yl-
benzamide, le, a submicromolar agonist of TRPVI.

We observed several structural similarities between cap-
saicin and the initial hit including an alkyl chain, a cen-
tral amide bond, and an aromatic group. Thus we

Keywords: TRPV1; Antagonists; Quinolinyl benzamide.
* Corresponding author. Tel.: +1 610 584 8019; e-mail: michelel37@
comcast.net

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

doi:10.1016/j.bmcl.2008.02.075

undertook a study to investigate the structure-activity
relationships (SAR) in this series.

3-Aminopyridine was coupled to 4-alkylsubstituted ben-
zoic acids, using standard coupling conditions (HBTU
and diisopropylethylamine in DMF) yielding a series
of pyridylbenzamides that were evaluated in a cell-based
fluorescent TRPV1 functional assay.’ Binding affinity
(K;) was determined using an assay that measures the
displacement of radiolabeled resiniferatoxin ([PHJ-
RTX) from the human TRPV1 receptor® (see Table 1).

Varying the length of the alkyl chain had a modest effect
on the potency of these compounds in the functional as-
say, the most potent agonist being the n-butyl derivative,
1d. The compound that showed the best binding affinity
in this series was the n-pentyl derivative, le. The N-
methylamide 1i was inactive in both receptor binding
and functional assays suggesting that the NH proton
is involved in the interaction with the TRPV1 receptor.

In most cases, varying the group that linked the pyridine
to the alkylbenzene resulted in a loss of both functional
activity as well as binding affinity (Table 2). Changing
the amide to an aminomethylene (1k) or to the reverse
amide (1) preserved the 2-atom linkage but resulted in
a loss of binding and functional activity. Insertion of a
I-carbon linking group on either side of amide (1m, 1n)
also resulted in analogs with poor activity.
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Figure 1. Effect of compound 6i on CFA-induced hyperalgesia in the rat.

Table 1. Human TRPV1 binding affinities and functional activity of 4-
alkyl-N-pyridin-3-yl-benzamides

(CHz)4Me

Table 3. Human TRPV1 binding affinities and functional activity of
benzamide compounds

R (CHg)n/CH3 n-Bu
I
N HN
| A Ar”
= 0 0]
N
Compound  Ar Binding affinity  Functional
Compound n R Binding affinity =~ Functional activity K; (nM) activity
Ki (nM) ECso (uM) 1Cso (uM)
la 0 H NT >10.0 1d 3-Pyr 626 ECs0=0.3
1b 1 H NT 2.7 2 Ph 6272 >30
1c 2 H NT 0.7 3 7-OH-1 Naphthyl 29 0.042
1d 3 H 626 0.3 4 S-Isoquinoline 72 24
le 5 H 421 1.7 5 3-Quinoline 53 0.23
1f 6 H 1740 3.7
1g 7 H 546 2.9
1h 9 H 607 >30 : : e : o
" 4 CH, 15000 230 series, the explanation for the shift in functional activity

NT, not tested.

Table 2. Human TRPV1 binding affinities and functional activity of
derivatives with various linking groups

| = L@(CH2)4Me

=
N
Compound L Binding affinity Functional activity
Ki (nM) ECs (uM)

le -NHCO- 421 1.7

1k -NHCH,— >3000 >5.0

11 —CONH- >3000 >5.0

1m —CH,NHCO- >3000 42

1n -NHCOCH,—- 7260 >5.0

Replacement of the pyridine of compound 1d with other
aromatic groups had a profound effect on both binding
and function (Table 3). A simple benzene replacement
resulted in a compound, 2, with little binding or func-
tional activity. The naphthol, 3, isoquinoline, 4 and
quinoline, 5, amide analogs showed improved binding
potency 8- to 20-fold over 1d. Significantly, these ana-
logs were the first to exhibit antagonist activity. This
attenuation of functional activity prompted our group
to further investigate these series. Appendino et al. re-
ported that insertion of an iodine atom in the 6’ position
in the vanillyl moiety of TRPV1 agonists caused a sim-
ilar shift in functional activity from agonist to antago-
nist.” The authors suggest the change in functional
activity may be due to a difference in the way the 6’-iodo
derivatives bind to the TRPV1 receptor. Within our own

1s not clear.

While the naphthol compound 3 showed excellent
antagonist activity, the series suffered from metabolic
liability due to the phenolic group and was not further
developed. Modification of the terminal alkyl group in
the amidoquinoline series, 5, had a profound effect on
the binding affinity and the potency in the calcium flux
assay (Table 4). Increasing the chain length of the alkyl
group from propyl, Sa, to heptyl, 5d, resulted in de-
creased functional potency and binding affinity. Further
increases in chain length resulted in significant reduction
in binding and functional activity. The bulky tert-butyl
group imparted good binding affinity as well as good

Table 4. Human TRPV1 binding affinities and functional activity of 3-
quinolinyl benzamides

X
R
Yy
Z o]
N
Compound R X Binding affinity ~ Functional
K; (nM) activity
ICso (M)
Sa H n-Propyl 60 0.13
5b H n-Hexyl 190 0.15
Sc H n-Heptyl 3520 >30
5d H n-Octyl 2080 >30
Se H n-Nonyl 980 >30
5f H tert-Butyl 24 0.041
5¢g Me  n-Propyl NT >30

NT, not tested.





2732 M. C. Jetter et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2730-2734

C@/NHZ -
L
N

Y =NHBoc |c

H
N._ M d
SPRAS!
N” NH,

H b N_ ™
N _M g
T T, o AT
NT vy Y=F N N
R2

\d
N M
JT
1

Scheme 1. Reagents and conditions: (a) HBTU, DIEA, BOC-NHPhCO,H, CH;CN, heat; (b) HNR'R?, DMSO, 100 °C; (c) TFA, DCM; (d)

aldehyde, ketone, or paraformaldehyde, Me,NBH(OAc);, DCE, heat.

antagonist potency (5f). As was seen previously in the
pyridyl series, N-methylation of the amide, 5g, resulted
in the loss of both functional and binding activity.

In the course of this study, we determined that tertiary
amines were suitable replacements for the terminal alkyl
group. The quinoline p-benzamides were readily pre-
pared® by coupling 3-aminoquinoline with Boc-pro-
tected p-amino benzoic acid, using HBTU coupling
conditions, followed by deprotection to yield the free
amine. The N-alkyl groups were then installed sequen-
tially by reductive amination with a suitable carbonyl
component. Alternatively, 3-aminoquinoline was cou-
pled to p-fluorobenzoic acid followed by the reaction
with an appropriate amine at high temperature in
DMSO (Scheme 1).

As shown in Table 5, there was a significant effect of the
chain length of R' on the binding affinity. The n-propyl
compound 6a, exhibited only modest binding affinity for
the human TRPVI1 receptor, while the longer n-octyl
analog 6f exhibited a 10-fold increase in binding affinity.
Interestingly, this trend seems to be opposite to that seen

Table 5. Human TRPV1 binding affinities and functional activity of 3-
quinolinyl p-amino benzamides

R1
\
N.
H R?
N
‘ Z o]
N

Compound R! R? Binding  Functional

affinity  activity

Ki (aM) IG5 (LM)
6a n-Propyl Me 267 0.39
6b n-Butyl Me 83 0.066
6c n-Pentyl Me 38 0.054
6d n-Hexyl Me 70 0.086
6e n-Heptyl Me 24 0.12
6f n-Octyl Me 15 0.19
6g n-Nonyl Me 23 0.15
6h (CHy);3Me  Me 1471 >30
6i c-Hexyl Me 8 0.022
6j c-Hexyl H 156 10
6k c-Hexyl p-n-Propyl 85 10
ol CH,-c-hexyl Me 16 0.17

in the simpler alkyl series (see Table 4). However, the 14-
carbon chain derivative, 6h, showed a lack of binding or
functional activity. The N-methyl-N-cyclohexyl analog
6i exhibited excellent binding and antagonist potency
at the human TRPV1 receptor. Replacement of the N-
methyl with NH (6j) reduced both binding and func-
tional activity, as did the replacement of the N-methyl
substituent with the larger N-propyl group (6k). Inser-
tion of a methylene between the N and the cyclohexyl
group gave a compound (6]) with a similar binding affin-
ity but with somewhat reduced antagonist potency. Dur-
ing the course of this SAR study, discrepancies were
sometimes seen between the functional and binding
activities of the compounds. These slight differences
could be attributed to the nature of the cellular-based
functional assay as compared to the radioligand binding
assay.>°

Compound 6i was further examined for its in vitro prop-
erties and pharmacokinetic profile. Against other activa-
tors of the human TRPVI receptor such as low pH,
anandamide, and the phorbol ester PMA, 6i was a func-
tional antagonist with 1Csq values of 0.16 uM, 0.033 uM
and 0.035 uM, respectively. Selectivity of compound 6i
was demonstrated when assayed at 10 pM against a pa-
nel of >50 different receptors, ion channels, and trans-
porters (Cerep; Paris, France), exhibiting <50%
inhibition at all targets tested. In the presence of rat or
human liver microsomes, 6i showed modest in vitro
rat and human metabolic stability (45% and 25%
remaining after 15 min, respectively). The pharmacoki-
netic profile of compound 6i was studied following
intravenous (iv) and oral (po) dosing in male Sprague—
Dawley rats. The in vivo clearance of 6i was moderate
(20 mL/min/kg), the elimination half-life (¢,,,) was equal
to 100 min and the compound had good oral bioavail-
ability (F = 70%). Subsequently, compound 6i was eval-
uated for in vivo efficacy in an established rodent model
of hyperalgesia.® In the rat, at an oral dose of 30 mg/kg,
compound 6i produced a significant (>80%) reversal of
thermal hyperalgesia induced by complete Freund’s
adjuvant (CFA) (Fig. 2).

In addition, 6i was orally efficacious in a rodent model
of experimental colitis.'” These initial in vivo efficacy
data gathered for compound 6i support the continued
study of the 3-quinolinyl p-aminobenzamide series of
TRPVI1 antagonists.
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Figure 2.

In summary, a series of 3-pyridyl benzamide agonists of
human TRPVI1 receptor was identified through broad
screening of our internal compound library. Modifica-
tion of the initial HTS hit, compound 1e, led to the dis-
covery of novel 3-quinolinyl p-aminobenzamides that
act as functional antagonists at the TRPV1 receptor.
In particular, compound 6i was extensively profiled in
several in vitro and in vivo assays. Compound 6i exhib-
ited relatively high functional antagonist activity at the
human TRPV1 receptor whether activated by capsaicin,
low pH or phorbol ester PMA. Oral in vivo efficacy was
demonstrated by 6i in rodent models of inflammatory
pain and colitis. These results suggest that further opti-
mization of the 3-quinolinyl p-amino benzamide core to
improve solubility, metabolic stability, and pharmacoki-
netic properties may lead to TRPV1 antagonists that
have potential therapeutic utility for the treatment of
inflammatory pain and gastrointestinal disorders.
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. hTRPVI/HEK cells were seeded on poly-p-lysine coated

96-well, black-walled plates (BD 354640) and 2 days later
loaded with Fluo-3/AM for 1 h and subsequentlzy tested
for agonist-induced increases in intracellular Ca** levels
using FLIPR™ technology. Cells were challenged with
single concentrations of compound and intracellular Ca™*
was measured for 3 min prior to the addition of CAP to all
wells to achieve a final CAP concentration of 15nM to
fully activate TRPV1. Antagonist potency was determined
using the protocol described by McDonnell et al. Bioorg.
Med. Chem. 2002, 12, 1189 (data were analyzed using
Prism software to calculate 1Csq values).

. PHJ-RTX binding assay using hVRI/HEK293 cell mem-

branes. Cloning and generation of stable cell lines
expressing human TRPV1. Human TRPVI was cloned
and stably expressed in HEK293 cells (WWR1/HEK?293) as
described by Grant et al. in J. Pharm. Exptl Ther. 2002,
300, 9. Preparation of membranes. Human TRPV1/
HEK293 were homogenized with a Polytron twice and
centrifuged at 3000 rpm for 10 min in Hepes buffer
containing 20 mM Hepes, pH 7.4, NaCl 5.8 mM, sucrose
320 mM, MgCl, 2 mM, CaCl, 0.75 mM, and KCl 5 mM.
The supernatant was centrifuged at 18,000 rpm for 20 min.
The pellet was saved in a tube and 10 mL assay buffer was
added into the tube. The pellet and buffer were mixed with
a Polytron. Incubation procedure. Incubations for 60 min
at 37 °C were performed in a total volume of 0.5 mL that
contained 120 pg/mL membrane protein and 0.3-0.6 nM
PH]-RTX (NEN, Boston) in the Hepes buffer. After
incubation, the samples were cooled on ice and 100 pg of
a-acid glycoprotein was added followed by centrifugation
at 13,000 rpm for 15 min. The supernatant was aspirated
and the tips of tubes were cut off into 6 mL vials. Non-
specific binding was measured in the presence of 200 nM
unlabeled RTX in 4 mL scintillation liquid using a
Packard scintillation counter. Data analysis. Percent (%)
inhibition = (total binding — total binding in presence of
compound) * 100/(total binding — non-specific binding).
K; values were obtained from Prism (GraphPad, San
Diego, CA) calculated using equation of Cheng—Prusoff
(K; = ICs0/(1 + [LIGAND)/Ky)).

. Appendino, G.; Daddario, N.; Minassi, A.; Moriello, A.

S.; De Petrocellis, L.; Di Marzo, V. J. Med. Chem. 2005,
48, 4663.

. 4-( Cyclohexyl-methyl-amino )- N-quinolin-3-yl-benzamide.

Tetramethylammonium triacetoxyborohydride (2.64 g,
0.010 mol) was added to a mixture of 4-cyclohexylamino-
N-quinolin-3-yl-benzamide (1.58 g, 0.0046 mol) and para-
formaldehyde (0.928 g, 0.032 mol) in 1,2-dichloroethane
(50 mL). The resultant mixture was heated at reflux for 6 h.
The solvent was evaporated in vacuo. The crude product
was purified by flash chromatography eluting with a
gradient of methanol (3-5%) in dichloromethane. The
product was triturated with diethyl ether to give a colorless
solid (1.21 g). MS (MH™): 360; 'H NMR (DMSO-d): 6
1.07-1.22 (m, 1H), 1.36-1.72 (m, 7H), 1.76-1.85 (m, 2H),
2.83(s,3H), 3.70-3.81 (m, 1H), 6.86 (d, J = 9 Hz, 2H), 7.55-
7.69 (m, 2H), 7.91-7.98 (m, 4H), 8.81 (d, J = 2.2 Hz, 1H),
9.15(d, J=2.4 Hz, 1H) and 10.29 (s, 1H).

. Complete Fruend’s adjuvant (CFA; 100 pL emulsion of

saline and heat-killed Mycobacterium tuberculosis in min-
eral oil) was injected into a single hind paw of male
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Sprague-Dawley rats. Each rat was placed in a test
chamber on a warm glass surface and allowed to acclimate
for approximately 10 min. Response latencies to the
radiant thermal stimulus were recorded for each animal
prior to and 24h following the injection of CFA.
Immediately following the post-CFA latency assessment,
test compound or vehicle was administered orally to the

10.

rats. Post-treatment withdrawal latencies were assessed at
100 min post-dose. Treatment effects on latencies were
compared using a two-way ANOVA followed by Bonfer-
roni post hoc test with significance set at p < 0.05.
Kimball, E. S.; Wallace, N. H.; Schneider, C. R.;
D’Andrea, M. R.; Hornby, P. J. Neurogastroenterol.
Motil. 2004, 16, 811.





		N-Pyridin-3-yl- and N-quinolin-3-yl-benzamides: Modulators of Human Vanilloid Receptor 1 (TRPV1)

		References and notes






Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

ELSEVIER Bioorganic & Medicinal Chemistry Letters 18 (2008) 2735-2738

Des-A-ring benzothiadiazines: Inhibitors of HCV genotype 1
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Abstract—In our program to discover non-nucleoside, small molecule inhibitors of genotype 1 HCV polymerase, we investigated a
series of promising analogs based on a benzothiadiazine screening hit that contains an ABCD ring system. After demonstrating that
a methylsulfonylamino D-ring substituent increased the enzyme potency into the low nanomolar range, we explored a minimum
core required for activity by truncating to a three-ring system. Described herein are the syntheses and structure—activity relationship
of a set of inhibitors lacking the A-ring of an ABCD ring system. We observed that small aromatic rings and alkenyl groups

appended to the 5-position of the B-ring were optimal, resulting in inhibitors with low nanomolar potencies.

© 2008 Elsevier Ltd. All rights reserved.

Hepatitis C virus infects over 3% of the world popula-
tion.! HCV infection is a leading cause of chronic liver
disease and the leading cause of death from liver dis-
ease in the United States.> Despite the fact that new
infections are decreasing due to better blood screening
and education in the United States and Europe, the
death rate from HCV is expected to continue to rise
through 2015.3 Hepatitis C virus (HCV) is a (+)-strand
RNA virus of the Flaviviridae family and was first iden-
tified in 1989.* HCV has six major genotype classes,’
with genotypes 1 and 2 being the most prevalent in
the US, Europe and Japan. The goal in treating pa-
tients infected with HCV is eradication of the infection.
The current standard of care for treating HCV is a
combination therapy of pegylated interferon-oo (PEG-
IFN-)/ribavirin. Sustained virologic response (SVR)
rates for HCV patients having genotypes 2 or 3 ap-
proach 80%. However, patients infected with genotype
1 HCV do not respond well to this combination ther-
apy, demonstrating SVR rates of <50% even after pro-
longed treatment.

Keywords: HCV polymerase; Benzothiadiazines; HCV genotype 1;

Antivirals.

* Corresponding author. Tel.: +1 847 937 3245; fax: +1 847 938
2756; e-mail: Pamela.l.donner@abbott.com

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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Additionally, nearly 3 out of 4 people treated with PEG-
IFN-/ribavirin experience systemic side effects including
neutropenia, depression, irritability, headaches, nausea
and anemia.® These factors result in a therapeutic need
for new HCV therapies, particularly those directed at
genotype 1 HCV.

Due to its necessary role in viral replication, NS5B
RNA-dependent RNA polymerase (RdRp) has been
one of the most studied viral protein targets for small
molecule HCV therapy.

®_ © i
RGOSR er:
N %
lalC,, 2nM 8 nM
IbIC,, 7 nM 23 nM
la Replicon EC,, 16 nM 14 nM
1b Replicon EC,, 2 nM 3nM

Figure 1. A comparison of enzyme potencies of the 4-ring benzothi-
adiazine system and the truncated 3-ring core.
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Scheme 1. Reagents and conditions: (a) (NH4),CO3, CuSO,4, NH,OH,
120 °C, 4 h, sealed tube; (b) Na,S,04, 1N NaOH; (c) CH;SO,Cl,
pyridine, rt, 24 h.
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Scheme 2. Reagents and conditions: (a) NaH, benzyl bromide, DMF,
rt, 20h; (b) HCO,NH,, PdOH/C, MeOH/THF, 70 °C 2-8h; (c)
(MeS)3C+MeSOZ, pyridine, dioxane, 90 °C 1 h; (d) 13, dioxane, 90 °C
1 h; (e) N-bromohydantoin, THF, rt.

We have investigated N-1-alkyl-4-hydroxyquinolon-3-yl
benzothiadiazines as inhibitors of HCV NS5B polymer-
ase.” This class of compounds binds near the active site
of the enzyme in the palm domain.® Optimization of this
series led to an analog, 1, containing a methylsulfonyla-

Qo H 00 H
Br | XN 00 aorb Ar\f\/('\N 0

H

N oH6 N0

>\ 2,7-8
aorb @
00 H OSO H
N

Scheme 3. Reagents and conditions: (a) cat. Pd(PPh;),Cl,, appropriate
tributyltin reagent, THF, 75 °C, 20 h; (b) cat. Pd(PPh;),Cl,, appro-
priate boronic acid reagent, 4:1.5:1 DME/H,0O/EtOH, potassium
carbonate, 110 °C, 25 min, microwave.

Table 1. Biochemical potencies

Compound R la IC5y (nM)  1b ICsy (nM)
5 H 274 231
6 Br 55 150
7 Phenyl 425 334
2 2-Furyl 8 23
8 2-Thiophene 11 36
9 RN 24 95

10 \/\ 6 35

11 M 406 483

12 NN 67 105

_0O

13 \©\/A 480 12622

acetyl

14 Acetyl 280 799
1 See Figure 1 2 7

mino D-ring substituent that increased enzyme potency
into the low nanomolar range.’

We then investigated the possibility of truncating this
four-ring system to the minimum core required for activ-
ity. Our models and published X-ray crystal structures'!
indicated that the A-ring of benzothiadiazine com-
pounds fit snugly into a small hydrophobic surface of
the binding site. When the A-ring was eliminated, the
potency fell off considerably. Substitutions from the

Figure 2. A/B ring potion of benzothiadiazine 1 modeled into the
binding site of the enzyme based on reported binding orientation of
analog."!
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B-ring into the space previously occupied by the A-ring
produced analogs that maintained nanomolar enzyme
inhibitory potency in both isolated enzyme and cell cul-
ture systems (HCV subgenomic replicon). Figure 1
shows one of the most potent des-A-ring analogs 2 with
an ICs value of less than 10 nM against genotype la.

Chemistry used to prepare the D-ring is shown in
Scheme 1. 2-Chloro-5-nitrobenzenesulfonamide was
converted to the amino benzenesulfonamide. Reduction
of the nitro moiety followed by a chemoselective sulf-
onylation provided benzothiadiazine ring precursor 3.
The B-ring portion of the molecule was constructed, as

Table 2. Replicon potencies in 40% human serum

shown in Scheme 2. 4-Benzyloxy-pyridin-2-ol was alkyl-
ated with 1-bromo-3-methyl butane, followed by depro-
tection to give compound 4. Construction of the
benzothiadiazine ring system was achieved by convert-
ing 4 to the dithioketene acetal'? followed by reaction
with 3 to provide 5. Bromination of 5 produced 6, which
could be coupled with a variety of boronic acids and tin
reagents using Suzuki or Stille conditions as shown in
Scheme 3 to provide analogs 2, 7-14.

Table 1 shows the activities of these inhibitors in the
HCV polymerase enzymatic assays. The unsubstituted
analog, where R = H, is 100-fold less active compared

Compound ECsq 1b replicon 5% FCS (nM) ECsq 1b replicon 40% HS (nM) Fold Incr.
SN O
‘ 7\
o
XN
5 \ H 163 911 5.6
Nio
OH N~ - ¢
‘ oo
= X N
9 \ H 8.8 62.5 7.1
Nio
OH N’ s
‘ o]
= X N
10 \ H 5.6 38.2 6.8
Nio
P ~a”
/. A j@( P
(0] A N
2 \ H 25 59.9 24
Nio
OH N~ ]@/ -
‘ / \
oo
= X N
1 \ H 2 736 368

ICsy and ECs, values are means of at least two independent determinations, standard deviation +10%. HCV 1b replicon ECs, values are mea-

surements of RNA production by real-time RT-PCR. HCV 1a replicon ECs values are measurements using a SEAP reporter gene construct.

7,10
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to the original four-ring system, 1. Presumably, this is
due to the loss of a hydrophobic contact in the binding
site of the enzyme that the A-ring provides in the 4-ring
system. Figure 2 shows this model of the A/B ring region
of the benzothiadiazine, 1, demonstating a tight hydro-
phobic fit with the surface of the enzyme in this portion
of the molecule. As hydrophobicity in that region is
added back to the molecule, potency increases. Analogs
with vinyl, methylvinyl, thiophene, and furyl substitu-
ents all have ICsy values less than 25 nM against geno-
type la. The remaining examples, with larger
substituents, show poorer activity. The size of the
hydrophobic binding site appears to be limited, and is
demonstrated by the fact that the thiophene and furyl
S5-membered ring aromatics are in the 10 nM range,
but the analog with a phenyl substituent is 40-fold less
active. Although all of these inhibitors are slightly less
active against the genotype 1b enzyme, the trend is sim-
ilar (see Table 2).

We also determined the potency in the replicon assays
for these inhibitors. One of the major drawbacks of
the tetracyclic benzothiadiazine system is a high degree
of protein binding. This can be illustrated by comparing
the fold difference in activity in 0% versus 40% human
serum. In Table 2, the difference between the replicon
potency in the presence of 5% FCS with no human ser-
um and the replicon potency in the presence of 40% hu-
man serum is shown for a representative set of inhibitors
in this class. We observed that the truncated des-A-ring
series exhibited a lower protein-binding effect. Thus, the
potencies of these Des-A analogs are typically attenu-
ated by 6- to 24-fold compared to 60- to 360-fold for
the benzothiadiazine four-ring system. Notably, analogs
2,9, and 10 are 10- to 20-fold more active in 1b replicon
than the tetracyclic analog, 1, in the presence of human
serum.

In our investigation of a set of HCV polymerase inhib-
itors with a benzothiadiazine core, we have discovered
that a three-ring system with small substituents attached
to the 5-position of the B-ring can, indeed, retain much

of the antiviral potency of the original 4-ring system, in
both the biochemical and replicon assays, as our models
predicted. This new class of inhibitors can be readily
synthesized from a commercially available 4-benzyl-
oxy-pyridin-2-ol using known chemistry via a dithioke-
tene acetal intermediate followed by coupling with tin
or boronic acid reagents to provide the desired products.
Importantly, these inhibitors are less protein with rela-
tively high potencies in the HCV replicon in the presence
of human serum, and therefore address one of the key
liabilities associated with the benzothiadiazine class with
a 4-ring system of HCV polymerase inhibitors.
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Abstract—A novel series of compounds based on the pyrrolo[2,1-f][1,2,4]triazine ring system have been identified as potent p38a
MAP kinase inhibitors. The synthesis, structure—activity relationships (SAR), and in vivo activity of selected analogs from this class
of inhibitors are reported. Additional studies based on X-ray co-crystallography have revealed that one of the potent inhibitors from

this series binds to the DFG-out conformation of the p38a enzyme.

© 2008 Elsevier Ltd. All rights reserved.

The lack of convenient and effective treatments for
chronic debilitating inflammatory diseases such as rheu-
matoid arthritis, Crohn’s disease, and psoriasis represents
asignificant unmet medical need. The recent success of the
anti-cytokine biological agents anakinra (Kineret),! an
IL-1 receptor antagonist, etanercept (Enbrel),” a soluble
TNF receptor fusion protein, and infliximab (Remicade)?
and adalimumab (Humira), both TNF-o0 monoclonal
antibodies, has demonstrated clinical benefit in the treat-
ment of inflammatory diseases.* However, due to the well
known disadvantages common to these protein-based
therapies such as high cost and subcutaneous or intrave-
nous administration, orally active small molecules that
can effectively act as anti-cytokine agents would clearly
be of added benefit to patients.’

The p38 mitogen-activated protein kinase (MAPK)
pathway has been proven to play a central role in
the regulation of the proinflammatory cytokines
TNF-o and IL-1B.° The p38 MAPK family consists

Keywords: p38; Kinase; Inflammation; Pyrrolotriazines; TNF-o; IL-1.
* Corresponding author. Tel.: +1 609 252 4873; fax: +1 609 252
6601; e-mail: stephen.wrobleski@bms.com

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

doi:10.1016/j.bmcl.2008.02.067

of four isoforms (a, B, v, and &) whereby p38a is be-
lieved to be the predominant isoform involved in the
inflammatory response.” As a result, the development
of orally active small molecule p38a inhibitors has been
actively pursued by many researchers.® In collaboration
with others, we previously identified and reported
substituted triaminotriazines® and 5-cyanopyrimidines'”
as novel and potent p38a inhibitors. In an ongoing
effort to identify structurally diverse analogs, we have
recently discovered a series of substituted pyrrolo[2,
1-f][1,2,4]triazines as novel inhibitors of the p38a
MAP kinase.!! This paper describes the synthesis and
preliminary structure—activity relationships (SAR) of
compounds based on the general structure degicted in
Figure 1 where modifications of the R! and R? substit-
uents have recently been evaluated. In addition, results
from X-ray co-crystallographic studies of an analog
bound to unphosphorylated p38a and in vivo evalua-
tion of select compounds in a murine model of acute
inflammation will be discussed.

Exploration of the C-6 SAR used analog 1 as a starting
point based on published work from our own laborato-
ries and those of others.'>!3 Using the route previously
reported,'? the synthesis began with the known pyrrole
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Figure 1. General structure of new pyrrolo[2,1-f][1,2,4]triazine based
p38a inhibitors.

2'4 (Scheme 1). Deprotonation with NaH and reaction
with either O-(2,4-dinitrophenyl)hydroxylamine or
monochloramine!® followed by cyclization with form-
amide provided intermediate 3. Subsequent chlorination
using POClI; afforded 4 which was coupled with various
functionalized anilines 5 to yield intermediate 6. Finally,
hydrolysis of the C-6 ester and amide formation under
standard conditions provided the desired analogs 7 for
initial evaluation using in vitro assays.'®
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The C-6 SAR showed that the most active compounds
at inhibiting the enzyme contained either a primary or
secondary amide (11-17, 20), an ester (9), or a carbox-
ylic acid (10) (Table 1). The tertiary amide 19 and the
C-6 unsubstituted pyrrolotriazine 8 had decreased po-
tency relative to these analogs. In addition, the (S)-enan-
tiomer of the o-methylbenzyl amide (17) was nearly
50-fold more potent against p38a than the corresponding
(R)-enantiomer (18). At the time, this finding suggested
to us that the a-methylbenzyl group might be occupying
a lipophilic pocket in the p38a active site that had been
utilized by other reported p38 inhibitors containing a
similar preference for the (S)-a-methylbenzyl group over
its enantiomeric counterpart.!” This hypothesis was later
validated by X-ray co-crystallographic studies of a clo-
sely related analog to 17 (vide infra).

Having identified a series of analogs with potent inhibi-
tory activity against the enzyme, the compounds were
subsequently evaluated for inhibition of TNF-a release
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in human peripheral blood mononuclear cells
(PBMCs).'® With the exception of the carboxylic acid
10, the cellular potency correlated well with the enzyme
inhibition potency. The most active compounds in cells
included the ethyl amide 13 and the (S)-a-methylbenzyl-
amide 17 which were equipotent at TNF-o inhibition
(ICso = 2 nM). Lack of cellular activity for the acid 10
was likely due to poor cell permeability.

To evaluate the aryl amide SAR, the C-6 position was
fixed using the (S)-a-methylbenzyl amide (Table 2). Sub-
stitution at the meta or para positions of the aryl ring
generally provided the most potent compound.

The optimal substituents were found to be the 4-cyano
(27) and the 3-morpholino (28, 30) groups along with
the previously identified 3-fluoro, 5-morpholino disub-
stitution pattern (17). The unsubstituted analogs 21
and 29 and the 3-methyl substituted compound 22 had
slightly decreased potency whereas the 3,5-disubstituted
CF; analog 25 and 2,6-dichloro analog 26 did not show
significant activity when tested up to 1 pM. In addition,
replacement of the phenyl ring with a 4-pyridyl group
provided equipotent analogs against the enzyme, albeit,
with a slightly decreased cellular activity relative to their
phenyl ring counterparts (21 vs 29 and 28 vs 30).

Replacement of the morpholine group with other het-
erocycles was also investigated in the C-6 ethyl amide
series (Table 3). Incorporation of an N-methyl pipera-
zine ring (32) or five-membered heteroaromatic groups
(33, 34) resulted in reduced enzymatic potency relative
to the morpholine substitution (31). Although the imid-
azole analog 34 and the y-lactam 27 did have respect-
able enzymatic potency in the nanomolar range, the
cellular potency for both compounds was >100 nM.
As a result, these compounds were not further inves-
tigated.

Combination of the optimal pyrrolotriazine C-6 substit-
uents and aryl amide side chain substituents provided
the most potent compounds as summarized in Table 4.
In addition, the (S)-1-methoxy-2-propan-2-yl C-6
amides 38-40 were also prepared. Although these deriv-
atives were slightly less potent than the ethyl and
a-methylbenzyl amides in most cases, they did show

Cl

=T N c eo,c— 1 N\
EtO.C \ N\N/) —_— > \ N\N/)

4
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Scheme 1. Synthesis of pyrrolo[2,1-f][1,2.4]triazine based p38 inhibitors. Reagents and conditions: (a) NaH, DMF then DnpONH, or NH,Cl in
Et,0; (b) formamide, 165 °C; (c) POCls, 110 °C; (d) DMF, 55 °C; () 1 N aq NaOH, THF, 50 °C; (f) R*R*NH, EDCI, HOBt, DMF.
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Table 1. Pyrrolotriazine C-6 SAR

Table 3. Heterocycle modifications

DO

HN N Het
H

O )Ny

N
H
S N N
R’ 6\ N. /) F NH \ N‘N/)
N
Compound R! p38a TNFa ICs Compound  Het p38a ICso (nM)  TNFa ICso (nM)
ICso (nM) (nM) (\
8 H 27 98 %
9 —~CO,Et 2 4 A \/N\) 0.98 45

10 ~-CO,H 1 >1000 P
11 —C(O)NH, 3 19 N
12 ~C(O)NHMe 4 14 32 /r\(\) 924 —
13 —C(O)NHEt 0.42* 2 \
14 —C(O)NH-n-Pr 5 4 N=
15 —C(O)NH-i-Pr 5 6 33 ,q} 123 —
16 _C(O)NH-~(S)- 2 7 \~

1-methoxy- _

2-propan-2-yl 34 I\/l//\ N 7 126
17 _C(O)NH-(S)- 0.54° 2 X 7

a-methylbenzyl
18 ~C(O)NH-(R)- 23 48 0

a-methylbenzyl 35 b 16 633
19 —~C(O)N(Me), 63 212 \/N
20 —C(O)NHCH, 10 18

CH,N(Me),

# K; determination.

Table 2. Aryl amide side chain SAR

Q S SN 2
, \ :
. N\N/)

Compound R X  p38aICsy TNFa
(nM) 1Cs5o (nM)
21 H Cc 19 52
22 3-Methyl C % 259
23 4-Methyl C 13 313
24 3-CF; Cc 32 72
25 3,5-Di-CF; C >1000 —
26 2,6-Dichloro C >1000 —
27 4-Cyano C  3.40° 11
28 3-Morpholino C 046" 29
17 3-F, 5-Morpholino C  0.54* 2
29 H N 14 117
30 3-Morpholino N 0447 43

% K; determination.

slightly improved aqueous solubility relative to the other
derivatives (data not shown). Unfortunately, this im-
proved aqueous solubility did not translate into im-
proved cellular activity.

To gain insight into the binding mode of this novel series
of p38 inhibitors, an X-ray crystal structure of analog 30

# K; determination.

co-complexed with purified, unphosphorylated p38a
was solved.!® The key binding interactions between 30
and the p38a enzyme are illustrated in Figure 2. Four
hydrogen bonds are apparent between the inhibitor
and the protein. These include two hydrogen bonds
from the pendant diaryl amide linker to Glu71 and
Aspl68 and a hydrogen bond between the pyrrolotri-
azine N1 and Leul71 residue. In addition, a key hydro-
gen bond between the pyrrolotriazine C6-amide
carbonyl and the p38a hinge region Met109 residue is
also observed. The coplanar orientation of the C-6
amide and pyrrolotriazine ring system in the bound state
explains the decreased activity of the C6-tertiary amide
19 which most likely prefers a nonplanar orientation.
Further analysis of the co-complex reveals that the bind-
ing of 30 requires a large protein conformational change
in the conserved Asp-Phe-Gly (DFG) motif to accom-
modate the morpholino group. This protein conforma-
tion has been commonly referred to as the DFG-out
conformation'® and allows the morpholine group to oc-
cupy a large hydrophobic pocket normally occupied by
the Phel69 side chain. The presence of the morpholine
group in this lipophilic pocket lined by the hydrophobic
residues Leu74, Leu75, Val83, Ile141, Ile146, and Ile166
(not shown) explains why most analogs lacking this
group are significantly less potent. In addition, com-
pounds containing groups larger than a fluorine on
opposite sides of the phenyl ring (25, 26) are significantly
less potent (>1 uM) presumably due to unfavorable
interactions with the Glu71 side chain which is posi-
tioned on the opposite side of the phenyl ring relative
to the lipophilic pocket. While the decreased potency
of the piperazine analog 32 can easily be rationalized
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Table 4. Optimal pyrrolotriazine C6 substituents with optimal aryl amide substitutions

Compound R! X R p38a ICsy (nM) TNFao ICsy (nM)
31 -C(O)NHEt C 3-Morpholino 0.98" 45
36 —C(O)NHEt N 3-Morpholino 2 287
13 —C(O)NHEt C 3-F, 5-Morpholino 0.42° 2
37 —C(O)NHEt C 4-Cyano 23 46
38 —C(O)NH-(S)-1-methoxy-2-propan-2-yl C 3-Morpholino 12 29
39 —C(O)NH-(S)-1-methoxy-2-propan-2-yl C 3-F, 5-Morpholino 2 7
40 ~C(O)NH-(S)-1-methoxy-2-propan-2-yl C 4-Cyano 16 65
28 —C(O)NH-(S)-a-methylbenzyl C 3-Morpholino 0.46% 2
30 —C(O)NH-(S)-o-methylbenzyl N 3-Morpholino 0.44% 18
17 —C(O)NH-(S)-a-methylbenzyl C 3-F, 5-Morpholino 0.54* 2
27 ~C(O)NH-(S)-o-methylbenzyl C 4-Cyano 3.4 6

2 K; determination.

Phe169

Figure 2. Binding interactions between 30 and unphosphorylated p38a
based on X-ray crystallographic analysis (2.4 A resolution, PDB entry
3BV2). Hydrogen-bond distances are given in angstroms with key
protein residues labeled.

by noting that a protonated amine would not be favored
in the lipophilic pocket, the potency differences between
analogs 33, 34, and 35 could not be easily explained
based on the X-ray structure of 30. In addition, a ratio-
nale for the significant in vitro potency of the 4-cyano
substituted analogs which lacked the morpholino group
(27, 37, 40) could not be gleaned from the structure of
30. These compounds would not be expected to bind
to the DFG-out conformation since they do not contain
a large lipophilic substituent normally required to dis-
place the Phel69 side chain.

Other interesting features from the co-complex with 30
include the placement of the ortho-methyl substituted
phenyl ring within the hydrophobic selectivity pocket
and the orientation of the chiral a-methylbenzyl group
against a hydrophobic surface near the edge of the bind-

ing site, consistent with other reported p38a inhibitors
that contain this moiety.'” In addition, an indirect
hydrogen bond between the pyrrolotriazine N-3 and
the Lys53 may be possible through the intermediacy of
a water molecule (not shown). Finally, it is also appar-
ent from this structure that the DFG-out protein con-
formation nicely accommodates a unique H-bond
between the pyrrolotriazine N1 of 30 and the Leul71
residue. Interestingly, this is in contrast to the reported
binding mode of structurally related quinazoline-based
p38 inhibitors where the quinazoline core orients differ-
ently within the active site to form a direct hydrogen
bond between the quinazoline N1 and the hinge region
Met109 residue.?’

All compounds having significant cellular potency
(IC50 < 100 nM) were tested by oral administration in
an acute in vivo murine model where the inhibition of
LPS-stimulated TNF-a production was measured. Com-
pounds 28, 30, and 31 were found to be the most potent
in this model, significantly inhibiting TNF-o production
by 87%, 89%, and 84%, respectively (Fig. 3).

In conclusion, we have developed a novel series of pyr-
rolo[2,1-f][1,2,4]triazine p38a MAP kinase inhibitors
having potent activity against the enzyme. Derivatives
28, 30, and 31 show significant inhibition of LPS-stimu-
lated TNF-a production when orally administered in an
in vivo murine model. X-ray crystallographic studies of
compound 30 show that the inhibitor binds to the DFG-
out protein conformation and forms hydrogen-bond
interactions with key residues (Metl109, Glu71, and
Aspl68) that have been utilized by other reported
p38a inhibitors.?! Despite these similarities, the pyrrolo-
triazine inhibitors such as 30 are unique in that they
bind to p38a in an orientation that is significantly differ-
ent than the structurally related quinazoline-based
inhibitors. In addition, the pyrrolotriazine N1 in the
case of 30 forms a unique hydrogen-bond interaction





S. T. Wrobleski et al. | Bioorg. Med. Chem. Lett. 18 (2008) 2739-2744 2743

4000
3000

2000

Serum TNF (pg/ml)

1000

Vehicle 28 30 31

Figure 3. LPS-induced TNF-o inhibition by 28, 30, and 31 in mouse.
BALB/c female mice (Harlan), 6-8 weeks of age, were used.
Compounds were dosed (10mg/kg) in poly(ethylene glycol)
(MW = 300; PEG 300) to mice (n = 8/treatment) by oral gavage in a
volume of 0.1 mL. Control mice received PEG300 alone (‘Vehicle’).
Thirty minutes later, mice were injected intraperitoneally with 50 pg/kg
lipopolysaccharide (LPS; E. coli O111:B4; Sigma). Blood samples were
collected 90 min after LPS injection. Serum was separated and
analyzed for the level of TNF-a by commercial ELISA assay
(BioSource) according to the manufacturer’s instructions. Data shown
are means * SD. “p < .05 versus Vehicle, ANOVA. Positive control
(compd 11b from Ref. 11) gave 95% TNF-a inhibition in this assay.

with the Leul71 residue. Future efforts to further ex-
plore the promising potential of pyrrolo [2,1-f][1,2,4]tri-
azines as p38a MAP kinase inhibitors will be reported in
due course.
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The gene encoding human p38ax MAP kinase (isoform 2,
residues 2-360) was subcloned into a pET28a vector
(Novagen) between the Ncol and BamHI restriction sites,
conferring expression of a noncleavable N-terminal pen-
tahistidine-tagged enzyme. The resulting plasmid was used
to transform a W3110 (DE3) strain of E. coli (American
Type Culture Collection). Cells were grown at 37 °C into
late log phase (ODggg of 11) in an oxygen-sparged 1-L
fermenter using enriched Don’s M101 medium [46 mM
potassium phosphate, 23 mM ammonium sulfate, 4% (w/
v) yeast extract (Becton Dickenson), 5% (w/v) Hy-Soy
peptone (Quest Scientific), 2 mM magnesium sulfate, 2%
glycerol (v/v), and 50 pg/mL kanamycin sulfate], chilled to
20 °C, and induced with 1 mM isopropyl B-p-thiogalac-
topyranoside (MP Biomedicals). Cells were harvested after

Gly110 =~

20.

21.

16 h by centrifugation at 5 °C and stored at —80 °C prior
to purification. All purification steps were done at 4 °C,
and were as follows. The cell paste from the culture
expressing noncleavable pentahistidine-tagged p38a was
lysed by homogenization at 8000-9000 psi (APV Rannie
Mini-Lab 8.30H) in 25 mM Hepes, 500 mM NaCl, 50 mM
imidazole, 5% glycerol (v/v), 2 mM [-mercaptoethanol,
1 pg/mL Leupeptin, and 1 pg/mL Pepstatin, pH 7.5. The
lysate was clarified by ultracentrifugation (45 min at
30,000g) and filtration (1.2 um syringe filter) before Ni-
affinity chromatography (Pharmacia Biotech, Chelating
Sepharose Fast Flow), eluting with an imidazole gradient
from 50 to 500 mM final concentration in this buffer.
Pooled fractions were dialyzed into 25 mM Hepes, 50 mM
NaCl, 5% glycerol (v/v), 1 mM EDTA, 2 mM DTT, and
1 pg/mL Leupeptin, pH 7.5, and loaded onto a Pharmacia
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with a NaCl gradient to 0.6 M in the same buffer.
Fractions containing target protein were combined and
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(v/iv), 1 mM EDTA, and 2 mM DTT, pH 7.5 and loaded
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with an isocratic gradient with the same buffer. The final
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Based on Ref. 13, the p38a binding mode for a quinazoline
p38 inhibitor based on X-ray crystallography studies is
depicted below:
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Abstract—BILN 2061 is a macrocyclic tripeptide inhibitor of hepatitis C virus NS3-4A protease that has shown efficacy in the clinic
for treating patients infected with HCV. We have synthesized a P3 aza-peptide analog of a potent macrocyclic tripeptide inhibitor
closely related to BILN 2061. This aza-derivative was found to be >2 orders of magnitude less active than the parent macrocycle in
both isolated enzyme (HCV NS3-4A) and HCV subgenomic replicon assays. NMR studies of P3 aza-peptides revealed these com-
pounds adopt a B-turn conformation stabilized by an intramolecular H-bonding interaction. Molecular models of these structures
indicate a D-like configuration of the P3 aza-residue. Thus, the configurationally undefined nature at P3 in the aza-peptide allows the
compound to adopt an H-bond stabilized conformation that is substantially different from that necessary for tight binding to the

active site of HCV NS3 protease.
© 2008 Published by Elsevier Ltd.

Hepatitis C virus (HCV) infection is a chronic disease
affecting 170 million people worldwide, according to
current estimates. It is the primary cause of chronic liver
disease and death due to liver disease in the United
States today, a problem that is expected to grow with
the aging population in the coming decades.! The cur-
rent standard of care for treating patients with HCV
infection is co-administration of pegylated interferon-o
and ribavirin.> This therapy is not well tolerated by
many patients during the long duration of treatment
as the result of numerous side effects associated with
its use. Furthermore, the sustained viral response
(SVR) is <50% for patients with genotype la and 1b
virus, which make up the majority of infections in the
United States and throughout much of Europe and
Asia. Thus, there is a growing need for improved thera-
pies to combat HCV infection, particularly those effec-
tive in treating genotype 1 patients.?

Intensive research has focused on identifying small mol-
ecule inhibitors of the HCV NS3-4A serine protease.*

Keywords: HCV protease inhibitor; Azapeptide; Macrocycle.
* Corresponding author. Tel.: +1 847 970 9861; fax: +1 847 938
2756; e-mail: john.randolph@abbott.com

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.02.053

NS3 is a dual function enzyme incorporating both a ser-
ine protease and RNA helicase domain that only be-
comes fully functional as a serine protease in a
heterodimeric complex with NS4A. This enzyme com-
plex, which is responsible for four of the five polyprotein
cleavages necessary for viral replication, has been vali-
dated as a target for treating HCV infection through
successful clinical studies using peptidic inhibitors. Ini-
tial clinical success was demonstrated using BILN
2061 (1), a 15-membered ring macrocyclic tripeptide
that produced an impressive reduction in viral RNA lev-
els in patients infected with HCV genotype 1 virus fol-
lowing oral administration.®> This compound is a
potent inhibitor of HCV NS3-4A protease in vitro, dis-
playing single-digit nanomolar activity in both enzyme
(ICsp = 3.0 nM) and replicon (ECsy = 1.2 nM) assays.°

Our interest in these compounds led us to investigate the
properties of a P3 aza-peptide analog of macrocyclic
compounds such as 1 (Fig. 1). The use of aza-peptide
compounds in the treatment of HIV infection offers
some evidence for the feasibility of the approach.” It
was hoped that the macrocyclic core would reduce flex-
ibility such that the aza-analog would adopt a similar
conformation to 1. Furthermore, a P3 aza-analog might
provide some advantage from the standpoint of synthe-
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MeO N\ Ph

Figure 1. Macrocyclic tripeptide inhibitors of HCV NS3-4A protease. 1 = BILN 2061.

sis since it would avoid the chiral synthesis of the com-
plex heptenylglycine P3 component in 1.8 In the effort,
we selected the structurally similar macrocycle 2 as the
parent compound for modification in order to simplify
the problem from the point of synthesis. Thus, we tar-
geted P3 aza-peptide macrocycle 3 for study.

Our strategy for the synthesis of 3 was analogous to that
reported for the synthesis of 1 and 2, which utilizes a
late-stage ring-closing metathesis (RCM) reaction to
form the macrocycle.”!° The di-olefin substrate for this

1) EtOH, HCI, reflux

macrocyclization was prepared as shown in Scheme 1.
Esterification of heptenoic acid 4 followed by reduction
with diisobutylaluminum hydride gave aldehyde 5.
Reaction of 5 with tert-butylcarbazate in refluxing 2-
propanol afforded the hydrazone intermediate, which
was reduced by the action of sodium cyanoborohydride
in the presence of p-toluenesulfonic acid to give heptenyl
analog 6. Acylation of 6 with pentafluorophenyl chloro-
formate provided the carbazate derivative 7, which re-
acted with the known dipeptide 8,!! to give RCM
precursor tripeptide 9.

1) BOCNHNH,

/\HcozH / CHO 2-PrOH, reflux /\HNHNHBOC PFPOCOCI
4 2) DIBAL, DCM 4 2) NaCNBH; 5 THF, NMM, 0°C
4 (85%) 5 TsOH, MeOH 6 (>95%)
(46%)
ArHO
/ ArH
H rHO,
N N CO,Et 7
Q 3 H N CO,Et
NP PN " N
PN H
Boc” N7 o s/ o N\N/KO o
5 DMF, 50°C o) ( =
7 (73%) 5 9
MeO N PP
Ar=
G
[VaVaVa¥

Scheme 1. Synthesis of P3 aza-peptide.
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0] Hoveyda's catalyst (10 mol%) 0
Z toluene Z
H CO,Et
N 2

9(=5) —(
11 (n=3) O@
Clw
Ru=

Hoveyda's Catalyst

Scheme 2. Macrocyclization of aza-peptide using RCM.

Macrocyclization was performed by RCM as shown in
Scheme 2. Initially, 9 was subjected to conditions re-
ported and used for the synthesis of 2 (Hoveyda’s cata-
lyst, 40°C in CH,Cl,). This resulted in only 50%
macrocyclization after 3 days, giving a 4:1 ratio of cis:-
trans olefin products. When the temperature was raised
to 50 °C using toluene as solvent, only a trace amount of
9 remained after 3 days. The resulting macrocyclic prod-
uct was obtained in a 62% yield as a 3:2 ratio of cis:trans
olefin isomers. These isomers were readily separated by
column chromatography on silica gel to give macrocy-
clic tripeptide 10. Saponification of the ester gave the
target inhibitor 3. The unexpectedly sluggish reactivity
of 9 in the RCM reaction, and the resulting poor
cis:trans ratio of products are likely the result of confor-
mational bias in this intermediate. NMR studies of 9 re-
vealed a pB-turn conformation for this compound
resulting from intramolecular H-bonding between the
tert-butylcarbamate carbonyl oxygen and the proton
on the P1-P2 amide nitrogen (Fig. 2). Evidence for this
intramolecular H-bond was obtained by standard meth-
ods comparing chemical shifts for the NH protons in
CDCl; and DMSO-dy.!?> The difference in chemical

ArQ,

N
Ko M7
9] %
\/%N\ ,,Hb CDCl; DMSO-dg
N H ) Ha 85664 8971
HY \( { ) b 8785 5809
0] N

Figure 2. NMR evidence for p-turn conformation of 9.

shifts observed in the two solvents for the P3 NH (H,)
was 3.1 ppm, the strong solvent effect indicating the
availability of this proton to interact with solvent. In
the case of the P1 NH (Hy), the observed solvent effect
on chemical shift is almost negligible, with a chemical
shift difference of only 0.2 ppm between the two
solvents. This small solvent effect is typical of a proton
involved in a stable intramolecular H-bonding interac-
tion.!3 Furthermore, a positive NOE observed between
the tert-butyl group of the N-terminal BOC and protons
on both the cyclopropane ring and the olefin of the vinyl
cyclopropane (VCP) group is further support for the
proposed B-turn conformation. Finally, the lack of an
NOE between the P1 NH (H) and the proton at C-1
of the P2 proline (H,) indicates compound 9 does not
adopt an extended conformation typical for tripeptide
HCV PIs.'* All of these NMR findings point to a B-turn
conformation for 9. A model of 9 showing the B-turn
conformation is shown in Figure 3. The conformational
constraints imparted by intramolecular H-bonding in 9
would be expected to affect reactivity during RCM,
which is consistent with our experimental findings.

Molecular modeling was used to examine the extent to
which intramolecular H-bonding could affect RCM in
these systems. A model of compound 9 in the B-turn
conformation revealed that enough flexibility remained
such that RCM could still occur (i.e., the two olefins
could still be brought close enough to one another such
that bonding would not be unexpected). However, these
models made clear the added difficulty of RCM in a -
turn constrained system, thus explaining the need for
higher temperature and longer reaction time to achieve
macrocyclization of 9. This modeling work indicated
that the intramolecular H-bond is made possible by
the P3 aza group adopting a D-like configuration (this
center is inverted relative to the L-amino acids in the
parent tripeptide inhibitors).'> In order to determine
the extent to which the B-turn conformation might affect
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Figure 3. Molecular model of B-turn conformation of 9 showing the
close proximity of rerz-butyl ester and vinylcyclopropyl groups.?!

reactivity, pentenyl analog 11 was prepared using the
methods described for the synthesis of 9. Molecular
modeling studies of 11 suggested that, in the B-turn
form, RCM would be highly difficult if not impossible
due to conformational constraints preventing cycliza-
tion of the intermediate ruthenium alkylidene. Subject-
ing 11 to RCM conditions used to cyclize 9 (50 °C for
3 days in toluene) resulted in no observed macrocycliza-
tion. Raising the temperature to 60 °C resulted primarily
in slow decomposition of 11. After 2 days, a cyclic prod-
uct was obtained in low yield (7% isolated) that was
identified as the trans-olefin macrocycle (the cis-olefin
was not obtained).

Compound 3 was tested to determine the effect of the P3
aza-peptide modification on in vitro potency.'® Activity

MeO N\ Ph

F

|C50 =3.8 HM
EC50 =31 MM

Figure 4. In vitro activity of P3 aza-peptide analogs.

in the biochemical assay against NS3-4A protease (J4)
was in the low-micromolar range (ICs = 3.8 uM). Activ-
ity in the HCV subgenomic replicon assay was further
attenuated 10-fold (ECso =31 uM). Activity data re-
ported for parent macrocyclic inhibitor 2 are NS3-4A
protease 1Csq=0.011 pM and replicon ECsy=0.077
uM.¢ Thus, the P3 aza-modification resulted in a loss in
activity in both the enzyme inhibition and replicon assays
of 350- and 400-fold, respectively. This large loss in po-
tency for 3 is likely the result of a significant difference
in overall conformation relative to 2.

Figure 5. Molecular model of 10 showing that an intramolecular H-
bond can exist in the 16-membered ring macrocycle.*!

MeO Ne__-Ph
G
Q
CO,H
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O H /K H\\
>r T ~ o /
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ECsg = 53 uM Cso=354
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Attempts to determine the conformation of 3 by NMR
were complicated due to the complexity of the spectra,
especially in CDCl;.'7 For this reason, we were unable
to establish the presence of an intramolecular H-bond
using the method described for the study of 9. However,
two non-cyclic P3 aza-peptide compounds 12 and 13
(Fig. 4) gave similar biochemical activity to 3 and were
determined by NMR study to adopt a B-turn conforma-
tion.'® While acyclic azapeptides such as 9, 12, and 13
adopt the B-turn structure, it was unknown whether
the additional constraints imparted by the macrocyclic
structure of 3 would destabilize the intramolecular H-
bond, resulting in a different conformation in solution.
We were able to observe evidence for an intramolecular
H-bond between the P1 NH and tert-butylcarbamate
carbonyl oxygen in compound 10, the ethyl ester of
3.9 The chemical shift for P3 NH (H,) in 10 differs by
2.65 ppm between spectra in CDCl; and DMSO-dj,
while the P1 NH (Hy,) proton is only shifted 0.60 ppm
from 7.70 ppm in CDCIl; to 8.30 ppm in DMSO-dg.
The small solvent effect on Hy, chemical shift is an evi-
dence that it is involved in an intramolecular H-bond,
indicating 10 adopts a B-turn conformation. The some-
what larger solvent effect on Hy, in macrocycle 10 in
comparison to the solvent effect on Hy, in 9 may indicate
a weaker H-bonding interaction in the case of 10, most

likely due to conformational constraints in macrocycle
10 not present in acyclic peptide 9. A weak NOE ob-
served between the P1 NH and the Ha proton at P2 in
10 suggests the overall conformation of this compound
differs from that of 9, where no such NOE is observed.
A model of 10 showing a conformation stabilized by
an intramolecular H-bond is shown in Figure 5.

Table 1 shows a comparison of NMR data collected for
P3 aza-peptide analogs 9, 10, 12 (ethyl ester), and 13 (ethyl
ester) and macrocyclic tripeptides 1 and 2 (ethyl ester).?°
The difference in chemical shift between CDCl; and
DMSO-dg for the P1-P2 amide NH (H,,) for each of the
aza-analogs ranges from 0.1 to 0.6 ppm, indicating
involvement of this proton in a strong intramolecular
H-bonding interaction in each case. Such is not the case
for macrocycle 2, where the chemical shift difference was
measured to be 1.69 ppm. The strong NOE observed be-
tween Hy, and H,. for macrocycles 1 and 2 is absent from
NOE spectra for the aza-peptides, with the exception of
a weak NOE observed in the case of 10. Likewise, the
NOE observed between the BOC fert-butyl and the
VCP group (both Hy and one of the olefinic protons on
the terminal carbon of the vinyl group) for aza-peptides
9, 12, and 13 is absent in the case of 1 and 2. The NMR
data for P3 aza-peptides consistently support a B-turn

Table 1. Comparison of NMR data for P3 aza-peptides and macrocyclic tripeptide HCV PIs

Compound ID 12 (ethyl ester)

13 (ethyl ester) 9

(o) a H
NN \ c/Hb
Structure °© N& N _cogt
L
\

Evidence for B turn Yes

0H,, (CDCls) 7.82 ppm

6Hy, (DMSO-dq) 7.99 ppm

OH, (CDCly) 6.57 ppm

S8H, (DMSO-dy) 9.55 ppm

NOE: H,-H, (CDCl;) No

NOE: Hy,-H, (DMSO-dg) No

NOE: BOC-VCP (CDCl;) Yes

NOE: BOC-VCP (DMSO-dg) Yes

% OAr

Hy H,

Q wHe Qg wHe

%N N—{ Hy %N N— Hp
\ / \ /

°© N Q N COEt © N Q N COLEt

O °

Hy Hg
\ |
Yes Yes
8.09 ppm 7.85 ppm
8.20 ppm 8.09 ppm
6.51 ppm 6.64 ppm
9.51 ppm 9.71 ppm
No
No
Yes
Yes

10

% onr
Q

r

Ha
/ N wHe Hp
r r ™ e
Structure N/QO ) cogt
Ha"
Evidence for B turn Yes
8H,, (CDCl3) 7.70 ppm
SHy, (DMSO-dg) 8.30 ppm
S8H, (CDCl;) 6.60 ppm
3H, (DMSO-dy) 9.25 ppm
NOE: H,-H, (CDCl;) NA
NOE: Hy,-H, (DMSO-dg) Weak
NOE: BOC-VCP (CDCls) NA

NOE: BOC-VCP (DMSO-d) NA

7.03 ppm
8.65 ppm
5.30 ppm
6.99 ppm
Strong
Strong
No

No
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conformation that is substantially different from the con-
formation of macrocyclic HCV Pls such as 1 and 2. Thus,
the poor activity of P3 aza-peptide analogs, including
macrocycle 3, s likely the result of conformational con-
straints due to intramolecular H-bonding preventing the
compounds from adopting the necessary extended con-
formation for tight binding to the active site of NS3
protease.

In conclusion, we have modified a potent macrocyclic tri-
peptide inhibitor of HCV protease (2) by replacing the P3
alpha-carbon with nitrogen, thereby producing a P3 aza-
macrocyclic peptide analog. This structural modification
resulted in a large loss in inhibitory activity in vitro, as
aza-analog 3 was orders of magnitude less active than 2
in both the biochemical and replicon assays. It is believed
that the loss in potency is due to conformational con-
straints on these aza-analogs preventing an extended con-
formation required for tight binding to the protease active
site. Solution NMR studies of P3 aza-tripeptide HCV
protease inhibitors indicate these compounds adopt a -
turn structure resulting from intramolecular H-bonding
between the P1 NH and N-terminal zert-butylcarbamate
at P3. Molecular modeling of an aza-peptide analog in
the B-turn conformation indicate a p-like configuration
at P3. Thus, it is believed that the increased flexibility at
the aza-center of 3 relative to the absolute configuration
of the P3 L-amino acid in 2, allowed 3 to adopt an overall
conformation that was stabilized by an intramolecular H-
bond.
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