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Evidences for complex formation between rL-dabPNA and aegPNA pp 4757-4760

Giovanni N. Roviello, Domenica Musumeci ", Enrico M. Bucci, :
. .1 . . T, aegPNA/dabPNAlaegPNA triplex
Mariangela Castiglione, Annalisa Cesarani, Carlo Pedone, Gennaro Piccialli

“aegPNA aegPNA
First evidence of dabPNA/aegPNA complexes: (a) proposal for innovative self-assembling
nanomaterials; (b) further contributes on the prebiotic role of dabPNAs and aegPNAs.

A 4-aminobenzoic acid derivative as novel lead for selective inhibitors of multidrug resistance-associated pp 4761-4763
proteins

Stefan Leyers, Hans-Georg Hacker, Jeanette Wiendlocha, Michael Giitschow, Michael Wiese ”
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Structure of compound 1 a novel lead for selective inhibitors of multidrug resistance-associated proteins (MRPs).
Aryl sulfones as novel Bradykinin B1 receptor antagonists for treatment of chronic pain pp 4764-4769

Kaustav Biswas *, Toshihiro Aya, Wenyuan Qian, Tanya A. N. Peterkin, Jian Jeffrey Chen, Jason Human, Randall W. Hungate,
Gondi Kumar, Leyla Arik, Dianna Lester-Zeiner, Gloria Biddlecome, Barton H. Manning, Hong Sun, Hong Dong,
Ming Huang, Richard Loeloff, Eileen ]J. Johnson, Benny C. Askew
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Aglycone exploration of C-arylglucoside inhibitors of renal sodium-dependent glucose transporter SGLT2 pp 4770-4773
Bruce A. Ellsworth’, Wei Meng, Manorama Patel, Ravindar N. Girotra, Gang Wu, Philip M. Sher, Deborah L. Hagan,

Mary T. Obermeier, William G. Humphreys, James G. Robertson, Aiying Wang, Songping Han,

Thomas L. Waldron, Nathan N. Morgan, Jean M. Whaley, William N. Washburn”

SGLT2 ECsq = 1300 nM SGLT2 ECsq = 22 nM

The evolution of potent and selective C-arylglucoside SGLT2 inhibitors from lead 6 to 7a is described.

Synthesis of a C-glucosylated cyclopropylamide and evaluation as a glycogen phosphorylase inhibitor pp 4774-4778
Philippe Bertus, Jan Szymoniak, Erwann Jeanneau, Tibor Docsa, Pal Gergely, Jean-Pierre Praly, Sébastien Vidal
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16% inhibition at 2.5 mM
against glycogen phosphorylase

Synthesis of N-acridinyl-N'-alkylguanidines: Dramatic influence of amine to guanidine replacement on the pp 4779-4782
physicochemical properties

Walid Zeghida, Julien Debray, Carine Michel, Anne Milet, Pascal Dumy, Martine Demeunynck *
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The synthesis and spectroscopic analysis of guanidinoacridines are reported.
Synthesis and biological evaluation of novel 3'-N-tert-butylsulfonyl analogues of docetaxel pp 4783-4785

Bowen Ke, Yong Qin ", Fengyan Zhao, Yi Qu~

10a R=Ph
10b R=2-Py N-oxide
10c R=3-Py N-oxide

The synthesis of three novel 3'-N-tert-butylsulfonyl analogues of docetaxel 10a-c with potent cytotoxicity against several human tumor cell lines is reported.
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Using enzymatic amplification by aldolase for the optical detection of DNA by an artificial signal cascade pp 4786-4788
Nora Graf, Susanne Kassube, Roland Kramer "
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An osteoclast-targeting agent for imaging and therapy of bone metastasis pp 4789-4793

Wei Liu, Asghar Hajibeigi, Mai Lin, Cynthia L. Rostollan, Zoltan Kovacs, Orhan K. Oz, Xiankai Sun”
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Pyridyl and thiazolyl bisamide CSF-1R inhibitors for the treatment of cancer pp 4794-4797

David A. Scott ", Brian M. Aquila, Geraldine A. Bebernitz, Donald ]. Cook, Les A. Dakin, Tracy L. Deegan, Maureen M. Hattersley,

Stephanos loannidis, Paul D. Lyne, Charles A. Omer, Minwei Ye, XiaoLan Zheng
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Highly functionalized 7-azaindoles as selective PPARy modulators pp 4798-4801

Sheryl D. Debenham*, Audrey Chan, Fiona WaiYu Lau, Weiguo Liu, Harold B. Wood, Karen Lemme, Lawrence Colwell,
Bahanu Habulihaz, Taro E. Akiyama, Monica Einstein, Thomas W. Doebber, Neelam Sharma, Chaunlin F. Wang,
Margaret Wu, Joel P. Berger, Peter T. Meinke
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A series of highly functionalized 3-aroyl and 3-phenoxy-2-methyl-7-azaindoles have been identified, which are potent selective PPARy modulators
(SPPARYMs). The SAR around substitution at the 6-position of the azaindole as well as substitution of the N-benzyl moiety is reported. 7-Azaindoles have
significantly improved off-target profiles compared to the parent indole series.
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Development of TNKase-specific cleavable peptide-linked radioimmunoconjugates pp 4802-4805
for radioimmunotherapy MAD linked to radiochelate by “On Demand Cleavable” linker
Arutselvan Natarajan’, Pappanaicken R. Kumaresan,
Sally J. DeNardo, Gerald L. DeNardo, Gary Mirick, Kit S. Lam oDC linker

MAb A\ Radiometal
TNKase-specific peptide designed and linked to radiometal chelate and ChL6-MADb to prepare Chetate
radioimmunoconjugate (RIC) for RIT. The radiochelate was cleaved 85% from RIC after 72 h in TNKase
plasma by TNKase enzyme. enzyme

_ TNKase cleaved peptides +
MAD at clearing organs with radionuclides

Excreted from the body

Synthesis and calpain inhibitory activity of peptidomimetic compounds with constrained amino acids pp 4806-4808
at the P, position

Isaac O. Donkor”, Rajani Korukonda
Ph Ph
O H O
Ph N H Ph N H
O O O (0]

Peptidomimetic with P, o-aminocyclopentane carboxylic acid. p-Calpain inhibition, K;=1.94 uM, cathepsin B inhibition, K; = 0.88 pM. Peptidomimetic with P, oo/~
diethylglycine. p-Calpain inhibition, K; = 0.08 pM, cathepsin B inhibition, K; = 2.91 uM.

Synthesis and cytotoxic activity of some novel polycyclic y-butyrolactones pp 4809-4812
M. P. S. Ishar ", Tilak Raj, Satyam Kumar Agrawal, A. K. Saxena, Lakhwinder Singh, Rajinder Singh, Surinderjit Singh Bhella

Ar =Ph-, p-me-Ph-, p-F-Ph-, p-CI-Ph-, p-Br-Ph-,
p-CN-Ph-, p-meo-Ph-, furan-2-yl

Some of the lactones display valuable cytotoxic activity against cancer cells.

The structure-activity relationship study on 2-, 5-, and 6-position of the water soluble 1,4-dihydropyridine pp 4813-4816
derivatives blocking N-type calcium channels

Takashi Yamamoto ’, Seiji Niwa, Seiji Ohno, Munetaka Tokumasu, Yoko Masuzawa, Chika Nakanishi, Akira Nakajo,

Tomoyuki Onishi, Hajime Koganei, Shin-ichi Fujita, Tomoko Takeda, Morikazu Kito, Yukitsugu Ono,

Yuki Saitou, Akira Takahara, Seinosuke Iwata, Masataka Shoji

The structure-activity relationship of the 2-, 5-, and 6-position of 1,4-dihydropyridine-3-carboxylic acid-derived N-type calcium channel blockers is reported.
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Structure-activity relationship studies on a series of piperazinebenzylalcohols and their ketone and amine pp 4817-4822
analogs as melanocortin-4 receptor ligands

Dragan Marinkovic, Fabio C. Tucci, Joe A. Tran, Beth A. Fleck, Jenny Wen, Chen Chen”

% s
Cr.°
Nﬁ 0 11a: Y = CO, K;=24 nM
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Synthesis and evaluation of indolinyl- and indolylphenylacetylenes as PET imaging agents for pp 4823-4827
p-amyloid plaques

Wenchao Qu, Seok-Rye Choi, Catherine Hou, Zhiping Zhuang, Shunichi Oya, Wei Zhang, Mei-Ping Kung,
Rajesh Manchandra, Daniel M. Skovronsky, Hank F. Kung~

—
W= N OD=<O
3 F 3 F

8, Ki=4.0 £0.8 nM, logP = 2.95 14, Ki=1.5+0.3 nM, logP = 2.56

Synthesis and application of a new 2',3'-isopropylidene guanosine substituted cap analog pp 4828-4832
Anilkumar R. Kore ", Muthian Shanmugasundaram, Alexander V. Vlassov

0] C|:H3 o)
N N
HN NH
Pt o 9 o </Nﬁ
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o o o
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The synthesis and biological evaluation of C2’ and C3' disubstituted at m’Guo cap analog, that is, m7-2"3'-isopropylideneg5/1,55(5/|G is reported.

2-Substituted piperazine-derived imidazole carboxamides as potent and selective CCK1R agonists for the pp 4833-4837
treatment of obesity

Richard Berger ", Cheng Zhu, Alexa R. Hansen, Bart Harper, Zhesheng Chen, Tom G. Holt, James Hubert, Susan ]. Lee,
Jie Pan, Su Qian, Marc L. Reitman, Alison M. Strack, Drew T. Weingarth, Michael Wolff,
Douglas J. MacNeil, Ann E. Weber, Scott D. Edmondson

Q. el
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The synthesis and biological profile of imidazole carboxamides of general structure 6 as potent and selective cholecystokinin 1 receptor (CCK1R) agonists @"'
are described.
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Thiadiazolopiperazinyl ureas as inhibitors of fatty acid amide hydrolase pp 4838-4843

John M. Keith ", Richard Apodaca, Wei Xiao, Mark Seierstad, Kanaka Pattabiraman, Jiejun Wu, Michael Webb,
Mark J. Karbarz, Sean Brown, Sandy Wilson, Brian Scott, Chui-Se Tham, Lin Luo, James Palmer,
Michelle Wennerholm, Sandra Chaplan, J. Guy Breitenbucher

UN kN/\ (1) JNJ-1661010
rFAAH ICsq = 34 £ 6.5 "M
j: )—Ph hFAAH ICs =33+ 2.1 nM
~N

A series of thiadiazolopiperazinyl aryl urea fatty acid amide hydrolase (FAAH) inhibitors is described. The molecules were found to inhibit the enzyme by acting as
mechanism-based substrates, forming a covalent bond with Ser241. SAR and PK properties are presented.

Evaluation of indazole-based compounds as a new class of potent KDR/VEGFR-2 inhibitors pp 4844-4848
David Bauer”, Douglas A. Whittington, Angela Coxon, James Bready, Shawn P. Harriman, Vinod F. Patel,
Anthony Polverino, Jean-Christophe Harmange H
N-R
\
N
N
I 0 \
0 X
Pz
o N
[
1
A novel class of potent and selective inhibitors of KDR incorporating an indazole moiety 1 is reported. The discovery, synthesis, and structure-activity
relationships of this series of inhibitors have been investigated. The most promising compounds were also profiled to determine their pharmacokinetic @"'
properties and evaluated in a VEGF-induced vascular permeability assay.
Synthesis and SAR of novel parenteral anti-pseudomonal cephalosporins: Discovery of FR264205 pp 4849-4852

Ayako Toda ", Hidenori Ohki, Toshio Yamanaka, Kenji Murano, Shinya Okuda, Kohji Kawabata, Kazuo Hatano,
Keiji Matsuda, Keiji Misumi, Kenji Itoh, Kenji Satoh, Satoshi Inoue
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FR264205

Synthesis and biological evaluation of novel cephalosporins with excellent anti-pseudomonal activity are reported.

Structure-activity relationship study on a novel series of cyclopentane-containing macrocyclic inhibitors pp 4853-4858
of the hepatitis C virus NS3/4A protease leading to the discovery of TMC435350 /gj
Pierre Raboisson *, Herman de Kock, Asa Rosenquist, Magnus Nilsson, Lourdes Salvador-Oden, Tse-I Lin, NS
Natalie Roue, Vladimir Ivanov, Horst Wahling, Kristina Wickstrom, Elizabeth Hamelink, Michael Edlund, Y
Lotta Vrang, Sandrine Vendeville, Wim Van de Vreken, David McGowan, Abdellah Tahri, Lili Hu, N7
Carlo Boutton, Oliver Lenz, Frederic Delouvroy, Geert Pille, Dominique Surleraux, Piet Wigerinck, o
Bertil Samuelsson, Kenneth Simmen * o :
‘ %H 0 Q90
& Wi
o= N WL s
RS RAY
32c
(TMC00435350)

Lead optimization performed on cyclopentane-containing macrocyclic hepatitis C virus NS3/4A protease inhibitors led to the identification of TMC435350, 32c, as a clinical
candidate.
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Discovery of 1,3-disubstituted-1H-pyrrole derivatives as potent Melanin-Concentrating Hormone Receptor 1 pp 4859-4863
(MCH-R1) antagonists

Susanne Berglund, Bryan ]. Egner, Henrik Gradén, Joakim Gradén, David G. A. Morgan, Tord Inghardt ", Fabrizio Giordanetto "

@A Q“@ Qovm Q“@Ow

Cl
MCH-R1 GTPYS IC,, = 15 nM

MCH-R1 GTPYS ICy, = 804 nM HLM Cl, . = 20 uUmin/mg; F =100

The optimization of an HTS-derived hit compound into a potent and metabolically stable MCH-R1 antagonist is described.

Flavylium salts as in vitro precursors of potent ligands to brain GABA-A receptors pp 4864-4867
Marie Kueny-Stotz, Stefan Chassaing, Raymond Brouillard, Mogens Nielsen ", Maurice Goeldner "

benzodiazepine binding site

LN

(0]
flavylium cation

trans-retrochalcone

The synthesis of a series of derivatized flavylium cations was undertaken and the affinity to the benzodiazepine binding site on the GABA-A receptor evaluated. The
observed high affinity for some derivatives (sub-puM range) was explained by an in vitro transformation of the flavylium cation into the corresponding trans-retrochalcone,
component which is proposed to be the active species in this series.

Synthesis of triazole-oxazolidinones via a one-pot reaction and evaluation of their antimicrobial activity pp 4868-4871
Jeffrey A. Demaray, Jason E. Thuener, Matthew N. Dawson, Steven ]. Sucheck”

0 o NaN; =-R?,Cul o
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Triazole-oxazolidinones were synthesized using a three-component reaction and screened for antimicrobial activity.
Physiochemical drug properties associated with in vivo toxicological outcomes pp 4872-4875

Jason D. Hughes”, Julian Blagg ", David A. Price”, Simon Bailey, Gary A. DeCrescenzo, Rajesh V. Devraj,
Edmund Ellsworth, Yvette M. Fobian, Michael E. Gibbs, Richard W. Gilles, Nigel Greene,

Enoch Huang, Teresa Krieger-Burke, Jens Loesel, Travis Wager, Larry Whiteley, Yao Zhang 300

. . . . . .. . 250
Relationships between physicochemical drug properties and toxicity were inferred from a

data set consisting of animal in vivo toleration (IVT) studies on 245 preclinical Pfizer 200
compounds; an increased likelihood of toxic events was found for less polar, more lipophilic

compounds. This trend held across a wide range of types of toxicity and across a broad swath 150

of chemical space.
100
50

100nM  1uM  10uM  100uM 1000uM +
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Synthesis of a natural product-inspired eight-membered ring lactam library via ring-closing metathesis pp 4876-4879

Neil Brown, Baohan Xie, Nataliya Markina, David VanderVelde, Jean-Pierre H. Perchellet,
Elisabeth M. Perchellet, Kyle R. Crow, Keith R. Buszek "

Octalactin A 43-member octalactin A inspired
lactam library

We have prepared a novel speculative eight-membered lactam demonstration library inspired by the antitumor natural product octalactin A. The basic scaffold was readily
constructed in a convergent fashion via RCM from the corresponding diene amides. A cursory examination of the biological properties of the library validates the relevance
and significance of these structures.

Discovery of a potent and selective Aurora kinase inhibitor pp 4880-4884

Johan D. Oslob *, Michael ]. Romanowski, Darin A. Allen, Subramanian Baskaran, Minna Bui, Robert A. Elling, William M. Flanagan,
Amy D. Fung, Emily J. Hanan, Shannon Harris, Stacey A. Heumann, Ute Hoch, Jeffrey W. Jacobs, Joni Lam, Chris E. Lawrence,
Robert S. McDowell, Michelle A. Nannini, Wang Shen, Jeffrey A. Silverman, Michelle M. Sopko, Bradley T. Tangonan,

Juli Teague, Josh C. Yoburn, Chul H. Yu, Min Zhong, Kristin M. Zimmerman, Tom O’Brien, Willard Lew

HNJN\>—NH

S )’*NH MsOI Aurora A, IC,, =9 nM
SN o] / § Aurora B, ICg, =31 nM
N \N/U ‘7\ al Aurora C, ICs; = 3 nM
Compound 21

(SNS-314)

The discovery of a novel series of Aurora kinase inhibitors is disclosed.

8-Biarylchromen-4-one inhibitors of the DNA-dependent protein kinase (DNA-PK) pp 4885-4890

Marine Desage-El Murr, Celine Cano, Bernard T. Golding, Ian R. Hardcastle, Marc Hummersome, Mark Frigerio,
Nicola J. Curtin, Keith Menear, Caroline Richardson, Graeme C. M. Smith, Roger ]. Griffin”

The synthesis and biological evaluation of libraries of 8-biarylchromen-4-ones enabled the elucidation of structure-activity relationships for inhibition of the DNA-
dependent protein kinase (DNA-PK), with 8-(3-(thiophen-2-yl)phenyl)chromen-4-one and 8-(3-(thiophen-3-yl)phenyl)chromen-4-one being especially potent inhibitors.

Electrospray ionization mass spectroscopic analysis of peptides modified with N-ethylmaleimide pp 4891-4895
or iodoacetanilide

Masoud Zabet-Moghaddam, Tomoko Kawamura, Emi Yatagai, Satomi Niwayama "
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A novel 5-[1,3,4-oxadiazol-2-yl]-N-aryl-4,6-pyrimidine diamine having dual EGFR/HER2 kinase activity: pp 4896-4899
Design, synthesis, and biological activity
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A novel 5-[1,3,4-oxadiazol-2-yl]-N-aryl-4,6-pyrimidine diamine 11 was synthesized and found to have potent dual EGFR/HER?2 kinase inhibitory activity.
The design, synthesis, and proposed binding conformation of 11 in EGFR kinase is described.
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Total synthesis and evaluation of C25-benzyloxyepothilone C for tubulin assembly and cytotoxicity pp 4904-4906
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The total synthesis of C25-benzyloxy epothilone C is described. A sequential Suzuki-Aldol-Yamaguchi macrolactonization strategy was utilized employing a novel
derivatized C8-C12 fragment. The C25-benzyloxy analog exhibited significantly reduced biological activity in microtubule assembly and cytotoxicity assays. Molecular
modeling simulations indicated that excessive steric demand in the C25 position may reduce activity by disrupting key hydrogen bonds that are crucial for epothilone
binding to B-tubulin.
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Continuing our research on the development of nucleopeptides as ODN analogs for biomedical and bio-
engineering applications, here we report the synthesis and the chemical-physical characterization of a
homoadenine hexamer based on a L-diaminobutyric acid (.-DABA) backbone (dabPNA), and its binding
studies with a complementary aegPNA. We demonstrated by CD and UV experiments that the .-dabPNA
binds the aegPNA forming a complex with good thermal stability, that we identified as a left-handed

© 2008 Elsevier Ltd. All rights reserved.

The simple four-base recognition in nucleic acids has inspired
for decades chemists and biologists to develop natural oligonucle-
otides (ODNs) as therapeutic and diagnostic tools or as new
nanomaterials in biomedical and bioengineering applications.!
However, the use of natural ODNs is limited by several factors
including poor cellular uptake, a relatively short half-life in physi-
ological conditions due to nucleases, and various non-specific ef-
fects relative to ODN-protein interactions.!? In order to
overcome these problems, the development of new ODN analogs
has been widely explored for decades and many modified ODNs
were designed and tested.'”® One of the most conservative ODN
modification is contained in phosphorothioate (PS) ODNs, in which
a non-bridging oxygen atom in the phosphate group is replaced by
sulfur.* PS-ODNs showed high affinity to nucleic acid targets, good
nuclease resistance, and remarkable ability to cross the lipid
bilayer. Despite these positive characteristics, which allowed the
entrance of PS-ODNs in advanced phases of clinical trials, the effect
of their backbone stereogenicity on target binding and the toxicity
connected with their non-specific binding to several proteins are
still subjects of studies.*> On the other hand, one of the most
dramatic deviations from the natural DNA structure is represented
by aminoethylglycylPNAs (aegPNAs), introduced in 1991 by
Nielsen,®® which contain an achiral pseudopeptide backbone, in-
stead of the sugar-phosphate one, on which nucleobases are

* Corresponding author. Fax: +39 081 7486552.
E-mail address: dmusumeci@bionucleon.com (D. Musumeci).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.08.005

anchored through a carboxymethylene linker.® These analogs were
found to possess remarkable properties such as high nuclease
resistance as well as good affinity and specificity for complemen-
tary natural nucleic acids and for complementary aegPNAs them-
selves.® However, some drawbacks, such as low water solubility,
tendency to aggregate, and costly precursors, limit their use in var-
ious applications.®>5¢ In order to improve the water solubility and
to decrease their aggregation, positive charges, generally coming
from basic aminoacid moieties, were inserted in the pseudopeptide
backbone of aegPNAs.®>” Furthermore, the introduction of chiral
centers into aegPNAs induced preferential orientation (parallel or
antiparallel) of the PNA relative to the complementary strand
increasing the specificity for the target.®>$

In order to develop new nucleopeptides as ODN analogs for bio-
medical and bioengineering applications, recently we began to
study chiral dabPNAs, reporting for the first time the synthesis of
a new homothymine .-DABA-based dodecamer, its characteriza-
tion, and hybridization studies with natural nucleic acids.® Contin-
uing our research in this field, here we describe the synthesis and
the characterization of a novel adenine .-DABA monomer suitably
protected for solid phase assembly, its oligomerization to the cor-
responding hexamer, and binding studies with a complementary
aegPNA in order to explore the potential use of these nucleopep-
tides as new materials.

The synthesis of the adenine L-DABA monomer (a,qgam, 2,
Scheme 1) was performed starting from the commercially available
Boc-L-DAB(Fmoc)-OH diaminoacid with a procedure that allowed
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Scheme 1. Synthesis of a, 4, monomer 2.

us to obtain the desired building block in only two synthetic steps
(see Supplementary Material for details). Firstly, the Boc was selec-
tively removed from the a-amino group of DABA by TFA treatment
giving compound 1 in almost quantitative yield. The successive
coupling of 1 with the Bhoc-protected (adenin-9-yl)acetic acid
was performed using HATU/DIEA/TMP in DMF as the activating
system, leading to the orthogonally protected a, 4., Nucleoamino-
acid 2 (Scheme 1). After removal of DMF followed by precipitation
in cold water and centrifugation, the crude pellet was purified by
RP-HPLC, using TFA-free eluents to prevent loss of the Bhoc group,
and pure product 2 was obtained in 51% yield.

The new adenine DABA-based monomer was characterized by
NMR and LC-ESIMS (Fig. 1a) and oligomerized on solid phase to
the corresponding dabPNA hexamer 3 (Scheme 2), using a
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peptide-like protocol and Fmoc-chemistry (see Supplementary
Material for details). Firstly, the solid support was functionalized
with a L-lysine by reaction of deprotected Rink-amide resin (0.5
mmol NH,/g) with Fmoc-1-Lys(Boc)-OH following a standard pro-
cedure (PyBOP/DIEA in DMF), reducing the resin functionalization
to 0.25 mmol/g. This value is generally appropriate for the synthe-
sis of PNAs in order to avoid aggregation effects during chain elon-
gation. Then, we performed six coupling steps with dabPNA
monomer 2 using a procedure, reported in the literature3¢° that
minimizes racemization (HATU/TMP without preactivation). Cou-
pling yields were checked spectrophotometrically on solid phase
by UV Fmoc test and found to be in the range of 70-75%. A glycine
was added, as the last residue, at the N-terminus to prevent side
reactions (N-acyl transfer or loss of last residue through cycliza-
tion) that occur, as for aegPNAs, when the N-terminal amino group
of dabPNAs is free in basic or neutral medium.®® A 20% overall yield
for 3 was estimated on the final Fmoc test with respect to the ini-
tial functionalization of the Rink-Lys-NH, resin. The L-lysine and
glycine residues, incorporated in the strand at C- and N-terminus,
respectively, are useful to improve the solubility in water of the
free homoadenine oligomer. Deprotection and cleavage from the
solid support were achieved by TFA treatment, followed by precip-
itation in cold diethyl ether. Crude dabPNA was purified by reverse
phase HPLC, and the pure product 3 was quantified by UV and
characterized by LC-ESIMS (Fig. 1b).

Subsequently, we studied the CD behavior of the homoadenine
L-dabPNA single strand. In particular, the CD spectrum of nucleo-
peptide 3 (Fig. 2, solid line) presented a profile similar to that we
recently published for t;, L.-dabPNA® (Fig. 2, dashed line) with a
shift of the negative band minimum from 281 to 269 nm. It is
interesting to underline that the observed CD profile is analogous
to that reported for other peptide nucleic acids carrying L-amino-
acid residues in the backbone, such as homothymine r-ornPNA
oligomers.8¢

In order to explore the ability of L.-dabPNA to bind aegPNA, we
performed CD studies using a tandem cell. For this purpose, a t;»
aegPNA was assembled on an automatic synthesizer using stan-
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Figure 1. LC-ESIMS profiles for a, 4,, monomer 2 (a) and hexamer 3 (b).





G. N. Roviello et al./Bioorg. Med. Chem. Lett. 18 (2008) 4757-4760

4759

NHBhoc
N
Ty
SN
N
o
1. M
FmocHN’\/:\]’ OH
1. DEblock ane Goa) g
2. Fmoc-L-Lys(Boc)-OH HATU (3eq),TMP(3eq), 1. Fmoc-Gly-OH
PyBop/Dipea, DmF H DMF/NMP, 1 h PyBop/Dipea, DMF-_
NHFmoc —(_) e H.0 N-O) - - - »>
. Capping o 2. Capping 2. Capping
4. Deblock 3. Deblock 3. Deblock
L 6
[ NHBhoc |
N
R “
R
e |
N =Z
o N NH H © Cleavage and deprotection
R TFA/m-cresol (4/1)
HN ! L-N E;
A s = \)Lu -O H-G-(a, )" KNH,
o )
— 3
— 6
NHBoc

Scheme 2. Synthesis of the homoadenine DABA-based oligomer 3.

CD [mdeg]

16 e

|
280 320

l
260
Wavelength [nm]

Figure 2. Overlapped CD spectra of (a,.qap)s 3 (solid line) and (t,.4ab)12 (dashed line),
8 UM in 10 mM phosphate buffer, pH = 7.5 (1 cm cell path length).

dard protocol and Fmoc solid phase chemistry. The sum CD spec-
trum of t;, aegPNA and nucleopeptide 3, contained in two sepa-
rated compartments of the tandem cell at the same
concentration (2:1 ratio in bases) in phosphate buffer (pH =7.5)
at 20 °C, is reported in Figure 3 (solid line). As expected, the sum
spectrum was essentially due to the contribution of the chiral
nucleopeptide because the achiral aegPNA, even with a L-lysine
at its C-terminus, do not furnish a CD signal, as we verified by per-
forming the CD spectrum of the t;, aegPNA alone (data not shown)
and in agreement with literature data.®¢ On the other hand, the mix
CD spectrum, recorded 5 min after the two components were
mixed (dotted line, Fig. 3), evidenced a significant change with re-
spect to the sum, with the appearance of three main positive bands
centered at 220, 260, and 280 nm, whose intensity increased and
stabilized after approximately 60 min (dashed line).

In other words, the mixture of the complementary chiral
dabPNA 3 and achiral aegPNA strands gave a strong CD signal, sug-
gesting the formation of a complex (a,_qap)s/t12 aegPNA adopting a
well-defined structure of stacked base pairs. More particularly, the
CD spectrum of the complex showed a pattern very similar to that

CD [mdeg]

280
Wavelength [nm]

210 240 320

Figure 3. Overlapped sum (solid line), mix after 5 min (dotted line) and mix after
60 min (dashed line) CD spectra of 1:1 (a._qap)s/t12 aegPNA (8 uM each strand before
mixing, 2 x 0.4375 cm cell path length).

reported in the literature for an a;o(t;o), PNA-PNA-PNA triplex!®
presenting the same positive maxima at 220, 260, and 280 nm.
Thus, we suggest the formation of a triple helix also in our case,
of the type aegPNA-dabPNA-aegPNA based on T-A-T triplets. More
particularly, the helix structure should have a left-handed winding
in accord with previous studies in which it was shown that com-
plexes between PNAs containing S stereocenters, or equivalently
L-aminoacids, in one of the PNA strands were characterized by
left-handed helices, predominant in solution.®¢!" However, this
hypothesis should be confirmed by NMR spectroscopy.

Thermal stability for the complex (a.gap)s/t12 aegPNA (1:1 in
phosphate buffer, pH = 7.5) was then studied by UV spectroscopy.
The UV melting curve, reported in Figure 4, exhibited a transition
at 43.8 °C (Ty,). Assuming the formation of an ag/(ts); triplex, a con-
tribution to the T, of 7.3 °C per T-A-T triplet can be deduced. This
value is essentially identical to that obtained for pure aegPNA tri-
plexes (7.6 °C per triplet)."® The presence of only one transition
in the melting curve suggests that no duplex intermediate was
effectively formed, in perfect agreement to the reported behavior
of PNA triplexes.'® The sigmoidal profile of the UV melting curve
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Figure 4. UV melting of (a,qap)s/tiz aegPNA complex (0.55 M each strand,
A:T =1:2) in phosphate buffer (pH = 7.5, heating rate 0.5 °C/min).

suggested the formation of a complex based on cooperative hydro-
gen bonds and base-stacking. The process was reversible and the
pairing was completed over a temperature change of approxi-
mately 35 °C (70 min at 0.5 °C/min).

In this work we have demonstrated, for the first time, the for-
mation of a complex between complementary achiral aegPNA
and chiral L-dabPNA molecules. In particular, the (a,_qap)s 0ligomer,
synthesized starting from the Fmoc/Bhoc-protected adenine
L-DABA-based monomer, and characterized by CD and LC-ESIMS,
was shown to bind a t;, aegPNA forming a complex of high thermal
stability (T, =43.8 °C). On the basis of the CD spectrum profile,
similar to those reported in the literature for (homoadenine)/
(homothymine), PNA triplexes, we suggest a triple helical struc-
ture also for the ag L-dabPNA/t;, aegPNA system, hypothesis to be
validated by further studies based on NMR spectroscopy. More-
over, UV melting experiments evidenced that this complex denatu-
rates in one step without involving a duplex intermediate, as
already reported also for other PNA triplexes.

From a biotechnological point of view, the results obtained in
this work provide important direction for the development of no-
vel self-assembling materials based on mixed structures of aeg/
dabPNA. The chirality of these mixed systems, due to the presence
of dabPNA, could confer remarkable properties to the resulting
bio-inspired material, such as preferential strand orientation and
helical handedness, providing highly ordered three-dimensional
networks. Thus, we suggest the combined utilization of dabPNA
and aegPNA in order to realize chiral self-assembling systems,
characterized by nucleobase-directed recognition, thermal
stability, as well as chemical and enzymatic resistance, which
could be useful tools, for example, as hydrogels for the controlled
drug delivery.

Nevertheless, it is worth to underline that both aegPNAs and
dabPNAs were proposed as ancestors of ribonucleic acid during
the evolution of life on Earth, firstly by Nielsen!? in 1993 and, sub-
sequently, by Meierhenrich!>® in 2004 following the recovery of

DABA,"3? together with nucleobases,'*” in the extraterrestrial soil
of Murchison meteorite. Furthermore, both aegPNA and dabPNA
submonomeric units were obtained in simulated stellar conditions
involving electric discharge reactions from CH4 N, NHs, and
H,0.'* Thus, the formation of a complex dabPNAJaegPNA, evi-
denced by this work, is a question that should be deeply investi-
gated to ascertain if this recognition could have been involved in
the already hypothesized prebiotic PNA world.!>13215
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We present a novel lead for inhibitors of multidrug resistance-associated proteins (MRPs). Compound 1
(4-[(5,6,7,8-tetrahydro-4-oxo-4H-[ 1]benzothieno[2,3-d][ 1,3]thiazin-2-yl)amino]benzoic acid) was about
six times more potent than the known inhibitor MK571 at MRP1, while at MRP2 its effect was similar to
that of MK571. Structural analogs were also evaluated. Among them, compound 2, sharing the 4-amino-
benzoic acid substructure with 1, also inhibited MRP1. Both derivatives were inactive against P-gp. It can
be concluded that their carboxyl group is needed for inhibition of MRPs and accounts for the selectivity of

© 2008 Published by Elsevier Ltd.

Multidrug resistance (MDR) represents a major problem in the
chemotherapeutic treatment of cancer.! A multidrug-resistant tu-
mor is mainly characterized by an increased cellular efflux of a
large number of structurally different endo- and xenobiotics and
a reduced intracellular drug accumulation. This can be related to
the overexpression of ATP-binding cassette (ABC) transporters,
conferring resistance to a broad spectrum of cytostatic drugs by ac-
tive transport mechanisms.? The best-studied ABC transporter so
far is the ABCB1 gene-encoded efflux pump referred to as multi-
drug resistance protein 1 (MDR1) or P-glycoprotein (P-gp).3 Its pre-
ferred substrates are hydrophobic and cationic compounds.*

Multidrug resistance-associated protein 1 (MRP1), the first dis-
covered member of the ABCC subfamily, was identified in 1992.%
This 190-kDa membrane-spanning protein shares only 15% amino
acid homology with P-gp.® Both MRP1 and P-gp are capable of
transporting a wide range of anticancer agents, including anthracy-
clines, Vinca alkaloids, and the folic acid analog methotrexate.” In
contrast to P-gp, MRP1 preferentially transports negatively
charged compounds, including glutathione conjugates, sulfates,
or glucuronides.®

Multidrug resistance-associated protein 2 (MRP2) represents
the transporter most closely related to MRP1. It was discovered
4 years after MRP1 and has a somewhat different substrate spec-
trum. However, like MRP1, MRP2 is able to extrude endogenous
compounds such as LTC,, billirubin, and glutathione conjugates
indicating a similar role in detoxification.”'° In contrast to MRP1,

* Corresponding author. Tel.: +49 228 735213; fax: +49 228 737929.
E-mail address: mwiese@uni-bonn.de (M. Wiese).

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
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MRP2 is capable of transporting cisplatin,!!!?

a candidate for causing cisplatin
chemotherapy.'?

There are only few specific inhibitors of ABC transporters
known so far, and thus the challenge for medicinal chemists has
been to develop potent and specific inhibitors, particularly for
MRPs. In this study, we present a new inhibitor of MRPs with a
remarkable selectivity for MRP1.

A focussed screening approach was applied to identify candi-
dates from our in-house library. With respect to the substrate spec-
ificity of MRP1, carboxylic acid derivatives were selected. More
than 75 structurally diverse carboxylic acids were screened for
MRP1 inhibitory activity. Compound 1 (4-[(5,6,7,8-tetrahydro-4-
0x0-4H-[1]benzothieno[2,3-d][1,3]thiazin-2-yl)amino]benzoic acid)
was identified as a potent inhibitor of MRP1. To specify structural
requirements for inhibitory activity against MRP1, three related
compounds (2-4)'* as well as standard inhibitors'> were included
in the investigations at the ABC transporters MRP1, MRP2, and P-
gp. The chemical structures of compounds 1-4 are given in Figure 1.

A calcein AM fluorescence assay was performed to determine
the influence of the test compounds on the transporter proteins.'®
Calcein AM is a known substrate of both MRPs and P-gp.!” The hu-
man ovarian cancer cell line A2780 stably expressing P-gp as well
as the human ovarian cancer cell line 2008 and the Madin-Darby
canine kidney cell line MDCKII stably expressing MRP1 and
MRP2, respectively, were used.'® When performing the MRP as-
says, XR9957,'° a selective blocker for P-gp and BCRP that has no
effect on MRP1 and MRP2,2° was added to inhibit P-gp which is
present to a minor degree in both MRP-expressing cell lines. The

and thus represents
resistance in cancer
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Figure 1. Chemical structures of the investigated compounds.

COOH

assay medium contained cobalt ions to quench the extracellular
calcein fluorescence so that only the fluorescence of the intracellu-
lar calcein is measured.

In Figure 2, exemplary fluorescence-time curves in the presence
of varying concentrations of compound 1 are shown. The calcein
AM fluorescence within the cells increased in response to the
inhibitor concentration in MRP1-, as well as MRP2-transfected
cells. By plotting the slopes of the fluorescence-time curves versus
the logarithmic concentrations of the inhibitors, dose-response
curves were obtained and are shown for test compound 1 in Figure
3 to illustrate the effects on MRP1- and MRP2-transfected cells,
respectively.

In Table 1, ICsy values for compounds 1-4 are given together
with those of some standard inhibitors of MRP1, MRP2, and P-gp.
Compound 1 was the most potent inhibitor of MRP1 with an ICsq
value of 1.2 uM. It was four times more effective than cyclosporin
A, the best inhibitor of MRP1 among the reference compounds. In
case of MRP2, cyclosporin A exhibited the strongest inhibitory
activity, followed by the equipotent inhibitors 1 and MK571. Indo-
methacin, verapamil, and inhibitor 2 had weak, compounds 3 and 4
no detectable effects on MRP2 function. In this series, none of the
tested substances was more active at MRP2 than at MRP1, indicat-
ing a reduced susceptibility of MRP2 to inhibition.

The two known P-gp inhibitors cyclosporin A and verapamil
showed similar activity against P-gp. Their IC59 values were in
the same range as determined at MRP1. Cyclosporin A was the only
tested compound of this series which inhibited the three ABC

31.6 uM
10.0 yM
3.2uM
1.0 uM
0.3 uM
0 puM
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K R
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Figure 2. Fluorescence-time curves for different concentrations of compound 1
determined with the calcein accumulation assay in 2008 MRP1 cells. Data are mean
values from a typical experiment with two replicates belonging to a series of at least
three independent experiments.
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Figure 3. Concentration—-effect curves of compound 1 in MRP1- (top) and MRP2
(bottom)-transfected cell lines (circles) in comparison to the wild-type cell lines
(squares). Curves represent an average of at least three independent experiments
and are normalized in the range from 0% to 100%.

Table 1
Tested compounds with their ICsq values
Compounds 1Cs0° (uM)
MRP1 MRP2 P-gp
1 1.21+0.29 215+59 na
2 20.4+3.6 >200 na
3 na na na
4 na na >200
Verapamil 9.66 +2.79 >200 5.42+1.33
Indomethacin 12.0£3.5 23573 na
MK571 7.57 £1.10 20.7+£7.3 na
Cyclosporin A 4,78 +0.61 13.6+1.9 492 +0.20

@ Values are means * SD of at least three independent experiments carried out on
different occasions. na, not active.

transporters, all of them with low micromolar ICsq values. On the
other hand, compounds with a carboxylic acid moiety (i.e., indo-
methacin, MK571, 1 and 2) were inactive in the P-gp assay.

The LTD4 receptor antagonist MK571, a chloroquinolinyl sty-
rene derivative with dithioacetal structure bearing a carbo-
xamidoalkyl and a carboxyalkyl substituent, is an effective and
specific inhibitor of MRPs.>?! The newly identified inhibitor 1
showed a similar activity pattern, having no effect on P-gp but
potency against MRPs in the low micromolar range. When com-
paring the data for 1 and MK571, compound 1 (ICso: 1.2 uM)
was six times more potent, while the effects on MRP2 were al-
most identical.
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Noteworthy, compound 2 with an opened thiazinone ring was a
much less potent inhibitor in both MRP assays than compound 1.
Compared to the more flexible structure of the bicyclic thiophene
derivative 2, the rigid tricyclic thienothiazinone structure of 1
might account for the better activity. Further data are needed to
confirm this hypothesis. The related compounds 3 and 4 both share
the same ring system as 1, but were nonetheless inactive as inhib-
itors of MRP1 and MRP2. In compound 3, the carboxyl group was
deleted and a carbonyl inserted between the substituent’s nitrogen
atom and phenyl ring. In compound 4, the carboxyphenyl moiety
was removed. This led us to conclude that both the tetra-
hydrobenzothieno[2,3-d][1,3]thiazin-4-one system and the pres-
ence of the carboxylic acid moiety were necessary for activity.
The latter conclusion agrees with the known preference of MRPs
to transport negatively charged compounds.??

In conclusion, we present a novel and potent inhibitor of MRP1.
The heterocyclic skeleton of compound 1 may now serve as a lead
structure for further selective inhibitors of the ABCC subfamily of
ABC transporters.
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We report the development of aryl sulfones as Bradykinin B1 receptor antagonists. Variation of the linker
region identified diol 23 as a potent B1 antagonist, while modifications of the aryl moiety led to com-
pound 26, both of which were efficacious in rabbit biochemical challenge and pain models.

© 2008 Elsevier Ltd. All rights reserved.

The kinins, bradykinin (BK), kallidin (Lys-BK), and their des-
Arg[9/10] metabolites, are vasoactive peptides that are implicated
in the propagation of pain and inflammation. They are released in
response to tissue injury.! They transmit their effects by activating
two G-protein coupled receptors termed the B1 and B2 receptors.
BK and Lys-BK preferentially bind to the constitutively expressed
B2 receptor, which after agonist stimulation is rapidly desensitized
and internalized. The B1 receptor, in contrast, is induced following
tissue injury and/or inflammation, and is preferentially activated
by the longer-lasting des-Arg[9/10] metabolites of BK and Lys-
BK.2 Preclinical studies suggest that the B2 receptor plays a signif-
icant role in acute pain processing, while the B1 receptor has been
implicated in establishing and maintaining the signaling for
chronic pain.?

Recently, extensive preclinical research supporting the validity
of the B1 receptor as a target for treatment of chronic pain has been
published. Peptide antagonists of this receptor have been shown to
reverse neurogenic pain induced by capsaicin, and inflammatory
pain induced by UV irradiation, carrageenan, complete Freund’s
adjuvant, or bacterial lipopolysaccharide (LPS).* Established hyper-
algesia has been shown to be reversed by synthetic peptide B1
antagonists in models of neuropathic pain like streptozotocin-

* Corresponding author. Tel.: +1 805 447 4836; fax: +1 805 480 1337.
E-mail address: kbiswas@amgen.com (K. Biswas).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.108

induced diabetes, chronic constriction injury, and partial sciatic
nerve lesion.>

In addition to peptide antagonists, reports with small-molecule
antagonists have also offered corroboration of the role that the B1
receptor plays in chronic pain.® These experiments have demon-
strated the efficacy of lead compounds in pain and/or biochemical
challenge models, such as inflammatory hyperalgesia, neuropathic
pain, spinal nociceptive reflex, and B1-mediated hypotension.

P
e

1, Ar = 2-Naphthyl, X=0,R=H

Ar802/

2, Ar = 2-Naphthyl, X = CH,, R=H 4, R" and R? = H/Aryl/OH/alkoxy
3, Ar=3-CF3-Ph, X=0,R=F

Figure 1. Lead arylsulfonamide-based bicyclic amine B1 antagonists and analogous
sulfones.
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These studies support the search for oral small-molecule B1 antag-
onists as therapy for chronic pain.

Our initial investigations led to arylsulfonamide lead com-
pounds containing bicyclic amine carboxamide moieties (Fig. 1).”
Structure-activity relationship (SAR) studies on the initial leads 1
and 2 identified compound 3, which showed modest efficacy in
two rabbit in vivo models, a B1-mediated hypotension biochemical
challenge model and an efficacy model of inflammatory pain.®
While these sulfonamides were excellent proof-of-concept mole-
cules, we continued to seek analogs with improved pharmacoki-
netic and pharmacodynamic properties. In particular, we hoped
to address the high human and rat liver microsomal clearance ob-
served with these leads (see compound 2 in Table 1) by making
changes to the molecular framework of these compounds.

In designing alternative B1 antagonists toward these goals, we
sought to introduce small, polar groups in the linker region in com-
bination with searching for replacements for the lipophilic aryl
ring of the B-arylglycine core. These investigations, we hoped,
would ameliorate the observed oxidative instability in microsomal
preparations. Modifying the sulfonamide in compounds 1-3 to the
corresponding sulfone moiety (substitution of the N-H unit by a
CH, fragment) would allow the replacement of the core aryl ring
with groups like hydroxyl and ether groups, compounds previously
unattainable due to unstable aminal-like structures. Hence, as part
of this SAR study, we decided to prepare sulfones of the general
structure 4 (Fig. 1). Herein, we report on the identification and
optimization of aryl sulfone-based B1 antagonists, which led to
lead compounds with improved efficacy compared to sulfonamide
3 in animal models for evaluation of in vivo activity.

The compounds that were synthesized as part of this study are
shown in Tables 1 and 2, and their preparations are described in
Schemes 1-3.° Scheme 1 outlines the synthesis of the sulfone
analog of sulfonamide 2, compound 9. Tetrahydrofuran 6 was
obtained from aniline (5) via conversion to the diazonium salt,
Pd(0)-mediated Heck reaction with dihydrofuran and trapping
with methanol.'® Jones oxidation gave lactone 7, reaction of which
with 2-naphthalenethiolate sodium salt afforded sulfide 8. Oxida-
tion with Oxone® and amide bond formation with (R)-6-(piperi-
din-1-ylmethyl)-1,2,3,4-tetrahydronaphthalen-1-amine!! ~ gave
the final compound 9. Compound 10 was synthesized from y-buty-
rolactone using a similar protocol.

Scheme 2 illustrates the synthesis of the hydroxyl and methyl
ether analogs 15a and 15b. The commercially available chiral oxi-

NH, O ~OMe O_o
sh C;J ] C;f )
OH (d AI'SOQ

5\’0(

8, Ar = 2-Naphthyl 9, Ar=2- Naphthyl

Scheme 1. Reagents and conditions: (a) sodium nitrite, 1M HCI, 0°C, then
dihydrofuran, Pd(OAc),, MeOH, 71%;° (b) Jones reagent, acetone, 91%; (c) 2-
naphthalenethiol, NaH, DMF, 0 °C, then 7, 100 °C, 91%; (d) (i) Oxone®, MeOH,
dioxane, water, 88%; (ii) (R)-6-(piperidin-1-ylmethyl)-1,2,3,4-tetrahydronaphtha-
len-1-amine, EDCI, HOBt, DMF, 75%.

o 0
11 12
OMe
ArSO -
QA:/\H/ @ ArSO; OH
OR O - H
OR O
13a:R=H
14a: R=H
() 14b: R = Me
13b: R = Me H
ArSO Y Y N,
(e) OR O
15a: R=H
15b: R = Me
N

Ar = 2-Naphthyl

Scheme 2. Reagents and conditions: (a) 2-naphthalenethiol, K,CO3, MeOH, 82%; (b)
Oxone®, methanol, water, 0 °C-rt, 92%; (c) Mel, NaH, DMF, 0 °C, 76%; (d) LiOH, THF,
water, 98% for 14a, 99% for 14b; (e) (R)-6-(piperidin-1-ylmethyl)-1,2,3,4-tetra-
hydronaphthalen-1-amine, EDCI, HOBt, DMF, 68% for 15a, 80% for 15b.

rane ethyl ester 11 was treated with sodium 2-naphthalenethiolate
in methanol, resulting in ring-opened alcohol 12. Oxidation affor-
ded sulfone 13a. The alcohol was converted to the methyl ether
with iodomethane for analog 13b. The corresponding esters were
deprotected and individually coupled to (R)-6-(piperidin-1-yl-
methyl)-1,2,3,4-tetrahydronaphthalen-1-amine in the usual man-
ner, affording the desired final compounds.

The diastereomeric alcohol 16 was prepared from intermediate
13a. Oxidation of the alcohol to a ketone, reduction to the racemic
alcohol with sodium borohydride, and chiral separation with SFC
afforded the enantiomer ent-13a, which was then converted to
the final compound in a sequence similar to Scheme 2.

Diastereomeric hydroxyl analogs 17 and 18a were prepared via
the lactone ring-opening procedure outlined in Scheme 1, from
corresponding commercially available chiral hydroxy-butyrolac-

o, D3

& AI’802
o) O
19 20 2
O
O
(d) ArSO;
ArSO

N
22 23

Ar = 2-Naphthyl

O

Scheme 3. Reagents and conditions: (a) 2-naphthalenethiol, NaH, DMF, 0 °C, then
19, 80 °C, 91%; (b) Oxone®, methanol, water, 94%; (c) (R)-6-(piperidin-1-ylmethyl)-
1,2,3,4-tetrahydronaphthalen-1-amine, EDCI, HOBt, DMF, 69%; (d) HCl (4.0 M in
dioxane), methanol, 100%.
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tones. Methyl ether analog 18b was prepared from iodomethane-
mediated alkylation of the corresponding hydroxyl analog inter-
mediate obtained during the synthesis of 18a.

Finally, the synthesis of diol 23 is shown in Scheme 3. Ring
opening of the commercially available erythronolactone ketal 19
with 2-naphthalenethiolate anion afforded acid 20. Oxidation to
the sulfone, peptide bond formation, and ketal deprotection with
dilute hydrochloric acid afforded the final compound.

The diol compounds shown in Table 2 (compounds 24-32) were
prepared by the method outlined in Scheme 3 using corresponding
commercially available aryl thiols in the first step.

Table 1
SAR of linker region: hB1 binding and functional assay data

The compounds synthesized as part of this study were tested in
a human B1 receptor binding assay and a human B1 agonist-in-
duced aqueorin-based calcium flux assay in Chinese hamster ovary
cells.” This discussion is focused on the binding assay data,
although similar trends were seen in the functional assay. SAR of
the linker region is described in Table 1. Initially, sulfonamide 2
was compared to the corresponding sulfone analog 9. Encourag-
ingly, the resulting modest sixfold loss in binding affinity showed
that the N-H moiety was not an absolute requirement for binding.
The high metabolic clearance in human liver microsomal assays,
however, remained with the modification to compound 9. To fur-

Compound Linker hB1 HLM (pL/min/mg) RLM (pL/min/mg)
Binding K;* (nM) Aqn ICs¢” (nM)
H
2 HLN\/\,JJ‘ 0.24 +0.03 5.5+0.7 919 572
Ph
9 "{\{?{ 1.5 13.7+25 744 167
Ph
10 .‘l{\/\‘:‘f 59.9 748+93 50 100
15a H 414+95 489+7.9 112 100
OH
16 ‘{Y\;ﬁ 100 107 +21 ND ND
OH
OH
17 3 19.1 30.8+2.8 100 143
OH
18a /\/L‘,f 23.5+5.0 50.6 7.0 100 50
15b = 6.4%0.5 16.8+5.6 274 316
OMe
OMe
18b . 169 £ 56 79 +21 216 237
OH
23 L{\/L‘Jﬁ 1.7£0.7 4003 100 186
OH

HLM, RLM n = 1. ND, not determined.

@ Values reported are an average of at least 3 determinations with the SEM, unless otherwise noted (values without SEM represent the average of 2 determinations).
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Table 2
SAR of aryl region: human and rabbit B1 K; and ICsq data
OH
Ar\
//S\\ Z
O O6H o

Compound Ar hB1 Rabbit B1 Agn IC5o* (nM) HLM (pL/min/mg) RLM (pL/min/mg)
Binding K;* (nM) Aqn ICs¢? (nM)

23 2-Naphth 1.7+0.7 40+03 20.0+1.8 100 186
24 Ph 565 + 86 977 ND 319 50
25 2-CF3-Ph 43.8+44 297.2 ND ND ND
26 3-CF5-Ph 41+£04 43+1.0 11.2+£19 100 50
27 4-CF3-Ph 48.4+9.7 449 210 50 50
28 3-Cl-Ph 54.4+10.7 39.2+12.2 859+7.8 180 139
29 4-Me-Ph 138 +26 84.2+95 ND 50 50
30 4-tBu-Ph 15.8 4.5+0.8 25.3+6.2 296 50
31 3,4-di-Cl-Ph 16.9 17.1+45 203 +3.8 100 193
32 2,3-di-Cl-Ph 12.7+3.1 9.9 141 214 50

HLM, RLM n = 1. ND, not determined.

2 Values reported are an average of at least 3 determinations with the SEM, unless otherwise noted (values without SEM represent the average of 2 determinations).

ther address this metabolism, we began exploring variations in the
linker region. We decided to replace the phenyl moiety with select
polar functional groups to test the hypothesis that improving
polarity might reduce oxidative metabolism. To establish this
SAR, the 2-naphthyl sulfone and the tetralin benzylic amine moie-
ties were kept unchanged.

Compound 10, with the unsubstituted 3-carbon linker, lost
affinity, with K;=59.9 nM. The (S)-hydroxyl analog of 9, com-
pound 15a, exhibited a K;=41.4nM, while the corresponding
(R)-hydroxyl analog 16 had a K;=100 nM. Moving the hydroxyl
group one carbon towards the amide carbonyl moiety afforded
compounds 17 and 18a, which had hB1 K;s of 19.0 and
23.5nM, respectively. The methoxy analog of 15a, compound
15b, was only fourfold less potent than 9 (K;=6.4nM), while
the methylated analog of 18a, compound 18b, was less potent
(Ki=169 nM). Examination of the liver microsomal assay data
showed that while the hydroxyl compounds (15a, 17, and 18a)
possessed improved stability, both methoxy analogs, compounds
15b and 18b, were susceptible to greater metabolism. Finally,
incorporation of both hydroxyl groups in the same molecule in
the 2R, 3S-configuration afforded compound 23, which restored
binding affinity equivalent to analog 9. In terms of metabolic
profiling of these analogs, a general trend emerged indicating
that the hydroxyl group modification conferred the most advan-
tage with regard to stability in liver microsomal assays. This im-
proved metabolic stability, together with the potent binding
affinity, directed us toward further optimization of compound
23.

Table 3
Pharmacokinetic parameters of compounds 23 and 26

We established in vivo models in rabbits since these B1 antag-
onists are not potent at the rodent B1 receptors, but show cross-
reactivity with the rabbit.® In order to examine the in vivo efficacy
of our leads, we sought to optimize the SAR for compounds which
show potency at both the human and rabbit B1 receptors. Thus, we
also obtained rabbit B1 ICsgs from a functional assay to establish
the corresponding SAR at the rabbit receptor. Compound 23 was
examined initially, and it was shown to be a potent antagonist
(rabbit B1 ICso = 20 nM). Consequently, we next explored the SAR
of the aryl region in compound 23 to identify analogs of the lipo-
philic naphthyl domain that while maintaining potency might
show further improvements in pharmacokinetic or pharmacody-
namic parameters (vide supra). The B1 binding and functional assay
data are shown in Table 2.

The phenyl sulfone 24 lost potency, with hB1 K; = 565 nM. Sub-
stitution with lipophilic functional groups on the aryl ring, how-
ever, improved the hB1 binding affinity. First, we synthesized the
2-, 3-, and 4-trifluoromethyl substituted phenyl sulfones (com-
pounds 25-27). The 3-trifluoromethylphenyl sulfone 26 was most
potent, with hB1 K;=4.1 nM. The corresponding 3-chlorophenyl
analog 28 was 30-fold less potent than 23, with hB1 K; = 54.4 nM.
The 4-tolyl analog 29 lost potency, while the 4-tert-butylphenyl
sulfone 30 was ninefold less potent than 23 (hB1 K;=15.8 nM).
The di-chlorophenyl substituted analogs 31 and 32 were similar
in potencies, with Kis of 16.9 and 12.7 nM, respectively.

The 3-trifluoromethylphenyl sulfone 26 was the most potent on
rabbit B1 receptor as well (IC5g = 11.2 nM). Compounds 23, 30, and
31 also had rabbit ICses in the 20-25 nM range.!?

Compound Rat in vivo PK Human PPB (%) Rabbit PPB (%)
ti* (h) CI* (L/h/kg) Vss (L/kg) P (%)

23 2.99 4.6 6.0 14 97.54 95.26

26 4,74 7.3 27.9 18 71.79 78.38

ty) = half-life, CI = clearance, Vi, = volume of distribution, F = oral bioavailability, PPB = plasma protein binding.
2 Sprague-Dawley rats dosed i.v. at 3 mg/kg in 100% water/methanesulfonic acid (pH 3.0).

b Sprague-Dawley rats dosed p.o. (same dose and formulation).
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Figure 2. (A) Compound 23 and (B) compound 26 reduce DAK-induced hypotension. For details, see Ref. 8. The x-axis shows the measured plasma concentration of the
compound. In this study, the plasma ICso for compound 23 is 2500 nM (Clgsy, 1277-5010 nM, R? = 0.6616), while that for compound 26 is 127 nM (Clgsy, 34-459 nM,

R?=0.8191).

Pharmacokinetic parameters of the compounds with highest
hB1 binding affinity, compounds 23 and 26, were profiled next.
These data are shown in Table 3. In rats, compound 23 had a
half-life of 3 h, high clearance, and low oral bioavailability of
14%. Similarly, compound 26 had a half-life of 4.7 h, high clearance,
and oral bioavailability of 18%. As seen in Table 2, both compounds
showed lower susceptibility to metabolism in liver microsomes,
suggesting other mechanisms for the high rat in vivo clearance.
One major difference emerged in plasma protein binding, with
the 3-trifluoromethyl analog 26 being less bound in both human
and rabbit plasma (in vivo models were developed in rabbits, see
below). This encouraging finding was next examined in context
of in vivo activity of these compounds.

We tested compounds 23 and 26 in two rabbit pharmacody-
namic models described previously.? In the first biochemical chal-
lenge model, administration of LPS upregulates B1 receptors, and
B1 agonists (e.g., DAK: des-Arg'°-Kallidin) induce a hypotensive re-
sponse.!? This effect can be reversed with B1 antagonists.® Rabbits
were treated with five different doses of compounds, followed by
repeat administration of the agonist DAK at two different time
points (30 and 75 min). Blood samples were collected prior to
the DAK administrations to obtain plasma concentrations of each
compound, which were correlated with the hypotensive responses,
thus generating two data points for each dose (Fig. 2). As seen in
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Figure 2, both compounds, injected subcutaneously (s.c.), reversed
this hypotension effect in a dose-dependent fashion, with plasma
ICs5ps of 2500 nM (compound 23) and 127 nM (compound 26).
Interestingly, both compounds are more potent in this model than
our previously described lead compound, sulfonamide 3.4

In a model of inflammatory pain, mechanical hyperalgesia was
induced in the rabbit hind paw using local injection of carrageenan.
Systemic (s.c.) injection of either compound reversed hyperalgesia
when administered 2 h after carrageenan (Fig. 3).!> Compound 26
was more efficacious, with a plasma ECsg = 402 nM, while com-
pound 23 exhibited a plasma ECso = 3600 nM. This rank order of
the two compounds parallels the results found in the biochemical
challenge model. In addition, both sulfones were also more effica-
cious than sulfonamide 3, which showed a maximal reversal of
45.5% at a 10 mg/kg dose. The higher efficacy seen with 26 might
perhaps be attributable to the higher free fraction of drug present,
compared to 23.

In summary, we report the identification of aryl sulfone-based
B1 antagonists. The replacement of the sulfonamide N-H fragment
with a CH, unit allowed the introduction of polar replacements of
the lipophilic core aryl group in 1-3, where it was found that incor-
poration of hydroxyl groups leads to the largest benefit in attenu-
ating metabolic instability. SAR of the linker region led to selection
of the (2R 3S)-2,3-dihydroxy-butanamide moiety (compound 23)

26
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Figure 3. Antinociceptive effects of test compounds 23 and 26 in a rabbit inflammatory pain model (carrageenan-induced mechanical hyperalgesia). Plasma levels of both
compounds are also included for each dose. The vehicle was 20% Captisol® in water. P<0.05, “P<0.01, one-factor ANOVA followed by Dunnett’s post hoc multiple

comparison test, as compared with the vehicle (s.c.) group.





K. Biswas et al./Bioorg. Med. Chem. Lett. 18 (2008) 4764-4769

for further exploration of the aryl region. The 3-trifluoromethyl-
phenyl group (compound 26) emerged as a potent replacement
for the naphthyl moiety, in terms of activity at both the human
and rabbit B1 receptors. Both compounds showed activity in two
rabbit in vivo models, and are more potent than our previously de-
scribed lead, sulfonamide 3. Compound 26 is more efficacious in
both the rabbit blood pressure model and the carrageenan-induced
mechanical hyperalgesia pain model, suggesting the possible role
of greater unbound drug concentration.
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Inhibition of sodium-dependent glucose transporter 2 (SGLT2), the transporter that is responsible for
renal re-uptake of glucose, leads to glucosuria in animals. SGLT-mediated glucosuria provides a mecha-
nism to shed excess plasma glucose to ameliorate diabetes-related hyperglycemia and associated compli-
cations. The current study demonstrates that the proper relationship of a 4’-substituted benzyl group to a
B-1C-phenylglucoside is important for potent and selective SGLT2 inhibition. The lead C-arylglucoside
(7a) demonstrates superior metabolic stability to its O-arylglucoside counterpart (4) and it promotes glu-
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cosuria when administered in vivo.
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Diabetes is a disease characterized by episodic bouts of hypergly-
cemia for which alternative complementary treatments are
needed.! Attenuation of renal glucose recovery by inhibition of so-
dium-dependent glucose transporters (SGLTs) has been suggested
as a means to ameliorate hyperglycemia.>* Under normal condi-
tions, excess renal capacity exists to ensure complete glucose recov-
ery from the glomerular filtrate; however, inhibition of SGLT
diminishes this capability, resulting in glucosuria. Although the
more ubiquitously expressed SGLT1 plays a contributing role, cur-
rent evidence suggests that the primary effector for renal glucose
recovery is SGLT2, which is expressed on the luminal surface of the
renal proximal tubules.? Selective SGLT2 inhibitors are desired since
inhibition of SGLT1, which is predominantly expressed in the gut to
absorb glucose and galactose, should produce gastrointestinal dis-
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(B.A. Ellsworth), tel.: +1 609 818 4971; fax: +1 609 818 3460 (W.N. Washburn).
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Washburn@BMS.com (W.N. Washburn).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.109

turbances.”® The risk of hypoglycemia due to selective SGLT2 inhibi-
tion is expected to be minimal, since the normal counter-regulatory
mechanisms would be maintained.

The O-arylglucoside natural product phlorizin 1 is a non-selec-
tive potent SGLT inhibitor (Fig. 1).” Phlorizin protects diabetic ani-
mal models against hyperglycemia and associated glucose toxicity;
however, poor oral bioavailability due to B-glucosidase-mediated
metabolism in the gut necessitates subcutaneous administration.®
Structural modification of phlorizin by researchers at Tanabe Sei-
yaku led to the selective O-arylglucoside SGLT2 inhibitor T-
1095A (2).° When administered po in rodent models of diabetes
as the 6-0-methylcarbonate prodrug T-1095, the resulting glucos-
uria induced by T-1095A, following liberation by liver esterases,
markedly ameliorated glycemic levels.> Subsequently, we'® and
researchers at Kissei Pharmaceutical Co, Ltd!! have reported that
O-arylglucosides of o-benzylphenols are potent selective SGLT2
inhibitors. However, the susceptibility of 4, our lead compound
of this series, to B-glucosidase metabolism resulted in species-
dependent exposure and glucosuric efficacy.
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Figure 1. Structures of SGLT inhibitors.

In an attempt to increase the metabolic stability of the glucosyl
linkage of O-arylglucoside 4, we synthesized C-benzylglucoside
5.12 This compound displayed a significant loss in SGLT2 activity
(75-fold) as compared to compound 4. Link et al. reported that a
similar modification of 2 to generate the carbon analog 3 produced
a >20-fold loss in potency.'® Together, these findings imply that the
isosteric replacement of the oxygen glucosidyl link with a methy-
lene greatly attenuated previously favorable ligand-protein inter-
actions. Possibly, the greater conformational freedom of 3 and 5
contributed to the reduction in SGLT2 affinity due to removal of
the conformational constraints imposed by the exo-anomeric
effect.!415

Fortuitously, an alternative lead for C-glucoside-derived SGLT2
inhibitors surfaced upon characterization of 6, a minor C-arylg-
lucoside side-product that was generated during our SGLT2 pro-
gram.!® Of particular interest was the meta presentation of the
glucosyl and benzyl appendages of 6 rather than the typical ortho
presentation of O-glucoside-derived inhibitors. The promising
activity of 6 (ECso SGLT2 = 1300 nM) and selectivity (>6-fold vs
SGLT1), despite the presence of polar substituents that had been
found to be unfavorable in the O-glucoside SAR, prompted the syn-
thesis of 7a, the counterpart of 4. The in vitro profile of 7a was ex-
tremely encouraging: SGLT2 ECsg = 22 nM; >600-fold selectivity vs.
SGLT1. The importance of a para substituent on the distal ring be-
came readily apparent upon comparison of 7a to the parent 7b or
meta isomer 7c thereby underscoring the role of the substituent to
properly orient the distal ring to achieve high affinity. A similar
bias for para substitution of the distal ring had been observed for
O-arylglucoside analogs of both 4 and dihydrochalcones reported
by Hongu et al.'®

These findings prompted a systematic study of meta-C-arylglu-
cosides with varying linkers to evaluate proper placement of the
distal aryl ring. The assumption was that high-affinity SGLT2 inhib-
itors require not only the distal aryl ring to bear a lipophilic substi-
tuent but also the distal ring that assumes an orientation such that
the lipophilic substituent can occupy a favorable binding pocket.
Therefore, to ensure that proper conclusions were drawn regarding
the consequences of introduction of a zero, one, two or three meth-
ylene spacer, three derivatives of each were prepared in which the
distal ring was either unsubstituted or bore a m-methyl or
p-methyl group.

The B-C-arylglucosides depicted in Scheme 1 were synthesized
via the method of Czernecki and Ville!” Bihovsky et al.'® and Jara-
millo and Knapp,'® with the limitation that the aglycone function-
ality be resistant to the strongly basic and strongly acidic
conditions employed in this route. Bromodiarylmethanes, pre-
pared by methods reported in the literature,2° were lithiated and
then added to 2,3,4,6-tetra-O-benzylgluconolactone?' (8). Reduc-
tion of the resultant lactol generated predominantly B-linked glu-
cosides?? (formula II) that were deprotected by hydrogenolysis to
give compounds of formula I in which A is a methylene.

Alternatively, as outlined in Scheme 2, the series of aryl gluco-
sides I in which A is a methylene could be obtained by conversion
of 2,3,4,6-tetra-0O-benzyl-1-(3-bromo)phenyl-1-deoxyglucose (9)
to the corresponding aryl-trimethylstannane, followed by palla-
dium-catalyzed coupling to benzylhalides.?®> The corresponding
biphenylglucosides I in which A is a bond were obtained as de-
picted in Scheme 2 by coupling of the versatile intermediate 9 with
arylboronic acids. Intermediate 9 was prepared by addition of
3-lithiobromobenzene to gluconolactone 8 followed by reduction
of the lactol.

Other aglycones were synthesized as outlined in Scheme 3; in
some cases, an unsaturated linker was carried through the synthe-
sis whereupon catalytic hydrogenation concomitantly deprotected
the glucosyl benzyl ethers and reduced the double bond. Lewis
acidic conditions were used to deprotect benzyl ethers in com-
pounds with aglycone functionality that were incompatible with
hydrogenolytic deprotection.?42>

The accompanying table (Table 1) summarizes the structure-
activity consequences upon alteration of the spacer moiety be-
tween the C-glucoside proximal and distal rings. Variation of the
spacer from one (7) to zero (10), two (11) or three methylenes
(12) reduced affinity ~3-fold for the unsubstituted (R=H) and
m-methyl-substituted examples. In contrast, changing the methy-
lene spacer of 7a from one to zero (10c), two (11c), or to three
methylenes (12c¢) reduced the binding affinity of the p-methyl-
substituted analogs 13-, 19-, and 29-fold, respectively. The unique
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Scheme 1. General route employed in the synthesis of C-arylglucosides. Reagents
and conditions: (a) BuLi, THF, —78 °C, then 8 (41-64%). (b) BF30Et,, Et3SiH, CH5CN,
—30 °C (69-83%). (c) Ha, PA(OH); (33-95%).
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Scheme 2. Synthesis of C-glycosyl bromo-aglycone 9 and conversion to compounds
of formula I. Reagents and conditions: (a) n-BuLi, m-dibromobenzene, THF, —78 °C;
(b) BF;0Et;,, Et3SiH, CH3CN, —40 °C (59%, two steps). (c) RC¢H4B(OH),, Pd(PPhs)s,
Toluene/EtOH (3:1), NayCOs, 80 °C, (90%). (d) BCls, CHxCl,, —78 °C (21-35%). (e)
Mes;SnSnMes, Pd(PPhs)y, toluene, 80 °C (63-75%). (f) RC¢H4CH,Br, Pd(PPhs)s, THF
(49-63%). (g) Ha, PA(OH),/C (33-60%).
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Scheme 3. Construction of aglycones and conversion to compounds of formula L
Reagents and conditions: (a) KHMDS, THF, RCcH4CHO (45-99%). (b) n-BulLi, THF,
—78 °C, then 8. (c) BF30Et,, i-Pr3SiH, CH3CN, —40 °C (28-77% two steps). (d) Ha,
Pd(OH),/C, EtOAc (40-70%). (e) NaOH, MeOH, RCsH4CHO (100%). (f) NaBH4, MeOH
(99%). (g) BF;0Et,, Et3SiH, CH5CN, —40°C (73%). (h) 4-CH3CeH4Br, Cu(OAc),,
pyridine, TEA, 4 A MS, CH,Cl, (40%). (i) BBrs, CH,Cly, —78 °C. (j) n-BuLi, (4-MePhS),,
THF, —78 °C (51%). (k) BF30Et,, EtSH (30%).

Table 1
25C-Aryglucoside (I) SAR exploration of the aglycone spacing element (A) and distal
ring substituent (R)

>
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)

HO
HO O
HO
HO
1
Compound A R hSGLT2 Select. vs. Synthetic method
ECsp (nM) hSGLT1 Scheme #
(overall yield, %)
7a CH, 4-Me 22 >600 1 (42)”
7b CH, 3-Me 510 ND 2B (12)
7c CH, H 190 >50 2B (9)
10a Bond H 623 >13 1(11)
10b Bond 3-Me 1200 ND 2A (19)
10c Bond 4-Me 290 >30 2A(11)
11a (CHa), H 710 ND 3A (50)
11b (CHa), 3-Me 970 ND 3A(11)
11c (CHy), 4-Me 430 >20 3A(7)
12a (CHy)3 H 480 ND 3A (6)
12b (CHap)3 3-Me 1200 ND 3B (14)
12¢ (CHy)3 4-Me 630 >13 3A (20)
13 (o] 4-Me 540 >15 3C(2)
14 S 4-Me 69 >100 3D (7)
1 35 10
4 8 350
1° 160 1
2° 50 4

Note: *ECsq data from Oku et al.2®

advantage conferred by the single methylene of 7a is further con-
firmed by the respective 3- and 25-fold reduction in affinity upon
replacement with a sulfur (14) or oxygen (13) bridging atom. Sig-
nificant inhibition of human SGLT1 was not observed for any of the
C-arylglucosides tested. In particular, the demonstrably high level
of selectivity of 7a is expected to preclude gastrointestinal side
effects.

Upon iv administration to rats and mice at 1 and 0.3 mg/kg,
respectively, 7a produced maximum glucosuric levels of 230 and
600 mg/dL.?° In contrast, upon administration of O-glucoside 4 un-
der the same conditions, efficacy in rats was reduced ~50-fold rel-
ative to that obtained in mice. C-Arylglucoside 7a was found to be
~100-fold more stable in the presence of rat liver microsomes than

the corresponding O-glucoside 4.3° We attribute the greater in vi-
tro stability of 7a and the diminished variability in glucosuric re-
sponse across species to 7a being impervious to glucosidase
cleavage (unlike 4). Further discussion of the in vitro SAR and in
vivo efficacy of 7a and analogs leading to the discovery of dapagli-
flozin3! will be a subject of a subsequent publication.

Conclusions: A combination of the meta-aryl presentation of the
salient structural elements of compound 6 and SAR considerations
of the o-benzylaryl-O-glucosides represented by 4 led to the dis-
covery of the C-arylglucoside 7a as a potent SGLT2 inhibitor. A
comparison of the profile of the C-glucoside 7 to that of 4 reveals
greater selectivity versus SGLT1, as well as enhanced metabolic
stability. C-Arylglucosides show enhanced glucosuric activity in
rats compared to O-arylglucosides that we attribute, in part, to
the metabolic stability of the aryl-glucosyl C-C bond. Further
exploration of the in vitro SAR around compound 7a and in vivo re-
sults will be reported in due course.
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The synthesis of carbohydrate-based glycogen phosphorylase inhibitors is attractive for potential appli-
cations in the treatment of type 2 diabetes. A titanium-mediated synthesis led to a benzoylated C-glu-
cosylated cyclopropylamine intermediate, which underwent a benzoyl migration to afford the
corresponding 2-hydroxy-C-glycoside. X-ray crystallographic studies revealed a unit cell composed of
four molecules as pairs of dimers connected through two hydrogen bonds. The deprotection of the ben-
zoate esters under Zemplén conditions afforded a glycogen phosphorylase inhibitor candidate displaying
weak inhibition toward glycogen phosphorylase (16% at 2.5 mM).

© 2008 Elsevier Ltd. All rights reserved.

Glycogen phosphorylase (GP) plays an important role in the
control of glycemia.'™ This enzyme is responsible for the depoly-
merization of glycogen in which a terminal glucose unit is cleaved
and phosphorylated to produce glucose-1-phosphate and glycogen
missing one glucose unit. GP is mostly located in the muscles for
the production of glucose as a source of energy, but also in the liver
where it contributes to hepatic glucose production. The inhibition
of this enzyme is therefore attractive for the development of new
treatments of type 2 diabetes.>® GP possesses various binding
sites on which several types of molecules can act as inhibitors. A
large set of glucose-based molecules has been designed as ligands
binding to the active site of GP, and many of them were moderate
or potent competitive inhibitors of this enzyme.>5°12

Analysis of the structures of glucose-based inhibitors of GP
highlights a few preferred structural features of the aglycons.
Among them, hydrogen bonds in the urea, carbonyl groups in the
acylated glucosyl-ureas,'® and hydrophobic residues as in the C-
glucosylated 1,2,4-oxadiazoles (Fig. 1) have to be considered.

* Corresponding author. Tel./fax: +33 0472 44 83 49.
E-mail address: sebastien.vidal@univ-lyon1.fr (S. Vidal).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.098

We have shown that inhibition of GP was enhanced by the
hydrophobicity and the electron density of aromatic moieties in
the aglycon.!!'!? Based on these observations, we designed a short
synthetic route to C-glucosylated cyclopropylamides from a C-glu-
cosyl cyanide through a titanium-mediated cyclopropanation
developed recently.’®> 22 This methodology was also applied to
the synthesis of ester-protected ribofuranosyl cyanides.>®> The
amide function would therefore act as a donor and acceptor of
H-bonds, and the cyclopropyl and phenyl rings as hydrophobic res-
idues that can be accommodated in the B-channel next to the ac-
tive site of GP.

The readily available glucosyl cyanide 124 was first reacted un-
der standard'® titanium-mediated cyclopropanation conditions
(Scheme 1). However, the addition of EtMgBr to a mixture of 1
and Ti(Oi-Pr), in Et,0, followed by BFs-Et;0, did not give the ex-
pected primary cyclopropylamine 2, but the benzamide 3 in 62%
yield. This amide resulted presumably from a regioselective migra-
tion of the benzoyl group from the 2-position to the amine. Inter-
estingly, when the reaction was performed without a Lewis acid
(BF3-Et;0), the same amide 3 was obtained in a slightly better yield
(66%).2° Changing the solvent (THF or Et,0) or performing the
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Figure 1. Structures of some glucose-based inhibitors of glycogen phosphorylase and of the cyclopropylamide inhibitor candidate.
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Scheme 1. Reagents and conditions: (a) EtMgBr (2.2 equiv), Ti(Oi-Pr)4 (1.1 equiv), Et;O-THF, rt, 1 h (66%); (b) NaOMe, MeOH (93%).

addition of the Grignard reagent at lower temperature did not
influence the outcome of the reaction, providing invariably the
amide 3 as the main product. The benzoate esters were finally re-
moved under Zemplén conditions to obtain the expected C-glu-
cosylated cyclopropyl-benzamide 4% (Scheme 1).

Such a benzoyl migration in the glucopyranose series is note-
worthy, since a similar amide formation was not observed for a re-
lated 2-benzoylated ribofuranose derivative (Fig. 2).23 2C-selective
acetyl groups migration was similarly observed while preparing
substituted C-glycopyranosyl-methylamines.?”?8

The benzoyl group migration occurred either during the cyclo-
propanation process through a spiro-cyclopropylated six-mem-
bered ring system and hydrolysis (Fig. 3, path A), or after
formation of the cyclopropylamine, via intramolecular aminolysis
of the most accessible benzoate group (Fig. 3, path B).

Cyclopropyl-benzamide 3 afforded single crystals suitable for X-
ray crystallography by slow evaporation of a solution in dichloro-
methane followed by washing of the crystals with diethyl ether.2®
A colorless crystal with dimensions 0.07 x 0.07 x 0.11 mm> was
selected for X-ray structure analysis (Fig. 4). The compound crys-

tallized in the non-centrosymmetric space group P2; with an
asymmetric unit consisting of four independent molecules
(Z' = 4), which is due to the different orientations of phenyl groups
from one molecule to another (Fig. 5). Two types of hydrogen
bonds were observed (Table 1): an intramolecular O-H---O bond
between the carbonyl of the amide and the hydroxyl group at
the 2-position and an intermolecular N-H---O bond between NH
of the amide and the carbonyl of the O-6 benzoate, leading to the
formation of dimeric entities (Fig. 6). The three-dimensional pack-
ing was achieved through C-H---O interactions. All bond distances
and angles were in agreement with the expected values.>® The
crystal packing contained solvent accessible voids of 208.7 A> per
unit cell (3.1% of the total volume).

The inhibition of the hydroxylated cyclopropyl-benzamide 4
was evaluated against rabbit muscle glycogen phosphorylase b
(RMGPb).3! No inhibition was observed at a concentration of
625 uM and 16% inhibition at 2.5 mM. The poor biological activity
observed could be attributed to unfavorable structural and confor-
mational features of the cyclopropyl group or to its inability to
establish binding interactions with the active site of GP. Neverthe-

BzO BzO
(0) 0]
CN .
EtMgBr (2.2 equiv) NH,
R /. Ti(OiPr)4 (1.1 equiv) R 5
BZO\\ //OBZ then BF30'Et20 (2 equiv) Bzd //OBZ

55%

Figure 2. Titanium-mediated cyclopropanation afforded the expected cyclopropylamine in good yield in the presence of benzoyl protecting groups in the ribofuranose series.
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Figure 4. Representation of the X-ray crystal structure of cyclopropyl-benzamide 3.

less, binding at the inhibitor site cannot be ruled out due to the
presence of a phenyl ring in the inhibitor’s aglycon structure which
could interact with the protein. The use of computer-aided strate-
gies (e.g., fragment-based drug design) will be considered for the
design of other C-glucosylated cyclopropyl-amides with poten-
tially better ability to bind the active site of GP.

3

Figure 5. Overlay of two molecules of cyclopropyl-benzamide 3 in the same unit
cell displaying different orientations of the phenyl rings.

In conclusion, titanium-mediated cyclopropanation of the tetra-
benzoylated B-p-glucopyranosyl cyanide afforded a 1-benzamide
derivative. It originated from the selective migration of the 2-ben-
zoyl group to the newly created amine. The selectivity of the ben-
zoyl group transfer from the 2-position to the amine moiety can be
advantageous for the selective synthesis of 2-deoxy-2-amino
glycosides. The crystal packing of the benzamide displayed four
molecules in the unit cell with two dimers held together by two
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Table 1
Distances and angles characterizing hydrogen bonds observed in each molecule present in the unit cell of cyclopropyl-benzamide 3

D-H (A) H--A (A) D--A (A) D-H--A (°)
N25-H251---0210 0.85 2.10 2.930 (5) 165
083-H831:--0140 0.81 1.93 2.702 (5) 159
N138-H1381---0265ii 0.87 2.07 2.893 (5) 158
0181-H1811---0187 0.82 1.87 2.667 (5) 165
N185-H1851--050 0.87 2.12 2.961 (5) 162
0243-H2431---0300 0.81 1.98 2.738 (5) 155
N298-H2981---0105vi 0.86 2.06 2.887 (5) 163
022-H221---027 0.84 1.98 2.778 (5) 159

Figure 6. Dimers formed through intermolecular N-H---O hydrogen bonds (dotted lines) in the same unit cell.

N-H---O hydrogen bonds. The hydroxylated cyclopropyl-benzam-
ide was found a weak inhibitor of GP (16% inhibition at 2.5 mM).
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the solvent, the product was purified by flash chromatography on silica gel (PE/
EtOAc 1:1) to give 3 as a white solid (0.21 g, 66%). Mp = 222 °C. Ry= 0.66 (PE/EtOAc
1:1). [¢]p?® —53.0 (c = 1.05/CH,Cl,). IR (KBr): v (cm™") 3351, 1724, 1702, 1645,
1602, 1582,1525,1452,1287.'H NMR (250 MHz, CDCl3). 5 (ppm) 0.86-0.97 (m, 2H,
CH,CH>), 1.25-1.48 (m, 2H, CH,CH,), 2.85 (d, 1H, J=9.4 Hz, H-1), 3.81 (td, 1H,
J=9.7,3.5Hz, H-2),4.00 (ddd, 1H,J = 9.7, 5.3, 3.0 Hz, H-5), 442 (dd, 1H, J = 12.1,
5.3 Hz, H-6),4.57 (dd, 1H,J = 12.1,3.0 Hz, H-6'), 5.35 (d, 1H,J = 3.5 Hz, OH), 5.51 (¢,
1H,J = 9.7 Hz, H-4),5.68 (t, 1H, = 9.7 Hz,H-3),6.88 (s, 1H,NH), 7.28-7.58 (m, 12H,
H-ar), 7.75 (d, 2H, J=7.1 Hz, H-ar), 7.90 (d, 2H, J=7.1 Hz, H-ar), 7.97 (d, 2H,
J=7.1Hz, H-ar), 8.02 (d, 2H, J = 7.1 Hz, H-ar). >C NMR (CDC(ls, 63 MHz). 5 (ppm)
12.1,14.3(2s,2C, CH,CH,), 32.8 (C-N), 63.6 (C-6),69.7 (C-4), 70.3 (C-2), 74.8 (C-3),
76.2(C-5),86.3 (C-1),127.1 (s, 2C, CH-ar), 128.1 (s, 2C, CH-ar), 128.3 (s, 4C, CH-ar),
128.6(s,2C, CH-ar), 128.8 (s, 2C, C-ar), 129.5 (s, 2C,CH-ar), 129.6 (s, 2C, C-ar), 129.7
(s, 4C, CH-ar), 132.2 (CH-ar), 132.8 (CH-ar), 133.0 (CH-ar), 133.2 (CH-ar), 165.4,
166.1, 166.2 (3s, C=0), 169.9 (PhCONH). HR-ESIMS (positive mode). m|z = [M+H]"
C57H34NOg caled 636.2234, found 636.2238. Crystallographic data for (3).
C37H33N0g, Mr =635.64, monoclinic, space group P2; (No. 4); a=15.651(1),
b=22.761(2), c=19.293(1) A, f=102.70(1)>; V=6704.6(8) A% Z=8; F000)=
2672; Dy=1.259 gm™3; S=1.118 R/WR = 0.050/0.057 for 1693 parameters and
14319 reflections with I > 2¢(I), R/wR = 0.0571/0.0662 for all 16391 independent
reflections measured in the range 1.082°-27.893°. CCDC 686021 contains
the supplementary crystallographic data for this molecule. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge
Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44
1223 336033.

N-[1-(C-pB-p-glucopyranosyl)cyclopropyl]benzamide ~ (4). A  solution of
cyclopropyl-benzamide 3 (337 mg) and NaOMe (5mg) in CH,Cl/MeOH
(10 mL, 1:1) was stirred at room temperature for 3 h. The white precipitate
was filtered and washed with petroleum ether (2x 5mlL) to afford the
hydroxylated benzamide 4 (160 mg, 93%) as a white solid. Mp = 260-262 °C.
Rp=0.47 (EtOAc/MeOH 3:1). [«]p?® —47.6 (c = 1.03/DMSO). 'H NMR (300 MHz,
CD5SOCDs). & (ppm) 0.70-0.96 (m, 3H, CH>CH), 1.02-1.14 (m, 1H, CHCH,),
2.52 (m, 1H, H-1), 2.95-3.11 (m, 3H, H-2 H-4 H-5), 3.18 (t, 1H, J = 9.0 Hz, H-3),
3.43 (dd, 1H, J=11.6, 5.4 Hz, H-6), 3.67 (dd, 1H, J=11.6, 1.5 Hz, H-6"), 7.44 (t,
2H, J = 7.3 Hz, H-ar), 7.54 (t, 1H, J = 7.3 Hz, H-ar), 7.86 (d, 2H, J = 7.3 Hz, H-ar).
13C NMR (75 MHz, CD5S0CDs). 5 (ppm) 11.4,14.0 (2s, 2C, CH,CH,), 33.0 (C-N),
61.3 (C-6), 70.3 (C-2), 71.9 (C-4), 76.4 (C-3), 80.9 (C-5), 84.7 (C-1), 127.7 (s, 2C,
CH-ar), 128.5 (s, 2C, CH-ar), 132.0 (CH-ar), 133.5 (C-ar), 169.3 (C=0). HR-ESIMS
(positive mode). m|z=346.2 [M+Na]*, 668.8 [2M+Na]*. HR-ESIMS (negative
mode). m/z=321.9 [M-H]|", 358.0 [M+Cl]". HR-ESIMS (positive mode). m/
z=[M+Na|" C;6H,;NNaOg calcd 346.1267, found 346.1270.

. Hart, D. ].; Seely, F. L. J. Am. Chem. Soc. 1988, 110, 1631.
. Bhat, A. S.; Gervay-Hague, ]. Org. Lett. 2001, 3, 2081.
. The intensities were collected at 150 K on a Nonius KappaCCD diffractometer

using graphite-monochromated MoKo radiation (4=0.71073 A). The data
collection was carried out by the COLLECT program (see Ref. 32) and cell

30.

31.

32.
33.

34.

35.

36.

37.
38.
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parameters refinement and the data reduction were achieved with DENZO/
SCALEPACK (see Ref. 33). The crystal structure was solved by direct methods
with SIR97 (see Ref. 34). Because the data were collected with molybdenum
radiation, there were no measurable anomalous differences; as a consequence
it was admissible to merge Friedel pairs of reflections. All non-hydrogen atoms
were refined anisotropically by full-matrix least-squares calculations based on
F using CRYSTALS (see Ref. 35). The H atoms were located in a difference
Fourier map and repositioned geometrically. The H atoms positions and Uiso
were then refined using soft restraints on the bond lengths and angles to
regularize their geometry (C-H in the range 0.93-0.98 A, 0O-H=0.82 A and
Uiso(H) = 1.2-1.5 times equiv of the adjacent atom). In the last cycles of the
refinement, they were refined using a riding model. The absolute configuration
of the structure was obtained with a quick data collection using Cu radiation by
examining the Flack parameter. The molecular and crystal structure drawings
were prepared with DIAMOND (see Ref. 36).

Allen, F. H.; Watson, D. G.; Brammer, L.; Orpen, A. G.; Taylor, R. International
Tables for Crystallography, 3rd ed.; Kluwer Academic Publishers: Dordrecht,
Netherlands, 2006; Vol. C, Chapter 9.5, pp 790-811.

Glycogen phosphorylase inhibition measurements. Glycogen phosphorylase b
was prepared from rabbit skeletal muscle according to the method of
Fischer and Krebs (see Ref. 37), using dithiothreitol instead of L-cysteine,
and recrystallized at least three times before use. Kinetic experiments were
performed in the direction of glycogen synthesis as described previously
(see Ref. 38). Kinetic data for the inhibition of rabbit skeletal muscle
glycogen phosphorylase were collected using different concentrations of o-
p-glucose-1-phosphate (2-20 mM), constant concentrations of glycogen (1%
w/v) and AMP (1 mM), and various concentrations of inhibitor. Inhibitor
was dissolved in dimethyl sulfoxide (DMSO) and diluted in the assay buffer
(50 mM triethanolammine, 1 mM EDTA and 1 mM dithiothreitol) so that
the DMSO concentration in the assay should be lower than 5%. The
enzymatic activities were presented in the form of double-reciprocal plots
(Lineweaver-Burk) applying a nonlinear data analysis program. The means
of standard errors for all calculated kinetic parameters averaged to less
than 10%. ICso values were determined in the presence of 4 mM o-p-
glucose-1-phosphate, 1 mM AMP, 1% glycogen, and varying concentrations
of the inhibitor.

Nonius. COLLECT. Nonius BV, D., The Netherlands, 1997-2001.

Otwinowski, Z.; Minor, W.; Carter, C. W., Jr.; Sweet, R. M., Eds.; Academic Press:
New York, 1997; Vol. 276, p 307.

Altomare, A.; Burla, M. C; Camalli, M.; Cascarano, G. L.; Giacovazzo, C.;
Guagliardi, A.; Moliterni, A. G.; Polidori, G.; Spagna, R. J. Appl. Crystallogr. 1999,
32,115.

Betteridge, P. W.; Carruthers, J. R.; Cooper, R. I.; Prout, K.; Watkin, D. ]. J. Appl.
Crystallogr. 2003, 36, 1487.

Brandenburg, K. P. H. DIAMOND. Version 3. Crystal Impact GbR, Postfach 1251,
D-53002 Bonn, Germany, 1996.

Fischer, E. H.; Krebs, E. G. Methods Enzymol. 1962, 5, 369.

Oikonomakos, N. G.; Skamnaki, V. T.; Osz, E.; Szilagyi, L.; Somsak, L.; Docsa, T.;
Téth, B.; Gergely, P. Bioorg. Med. Chem. 2002, 10, 261.
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Transformation of aminoacridines into N-acridinyl-N'-alkylguanidines is described. The chosen procedure
allows introduction of pendent substituents (exemplified by N,N-dimethylaminopropyl chain) into key
acridinyl thioureas, thus opening the way to structural diversity. Spectroscopic study and pK, determina-
tion show that the presence of the strongly basic guanidine has a dramatic influence on the ionization of
the acridine nucleus by lowering the pk, value down to 4.49.

© 2008 Elsevier Ltd. All rights reserved.

Acridines, especially amino-substituted acridines, have a long
story in drug design. A large number of derivatives, both from nat-
ural and synthetic sources, have been described, and their biolog-
ical properties evaluated. Aminoacridines show activities in the
treatment of various pathologies, such as cancer, protozoal, or viral
infections and, more recently, amyloid related diseases such as
Kreutzfeld-Jakob’s (prion) and Alzheimer’'s diseases."™ In
our group, we have developed a family of highly cytotoxic
ortho-hydroxymethyl aminoacridines. In order to modulate their
biological properties, we are exploring innovative structural mod-
ifications. It appeared to us that replacement of the amino substit-
uents by guanidines would fit our needs. Indeed, guanidine
functionalities are found in a large number of natural compounds.®
In most cases, the guanidine group is either found in the form of
five- or six-membered cycles, or as terminal group of pendent sub-
stituents. Considering the diversity of the chemical, physicochem-
ical, and biological properties of guanidine-containing molecules,
their synthesis has attracted much attention, and numerous syn-
thetic methodologies have been reported in the literature.> How-
ever, it is worth noting that, until very recently, guanidinylation
has not been developed as a strategy for drug modulation of aro-
matic or heteroaromatic amines of biological interest. When this
present work was under investigation, different groups’~° reported
on the interest of replacing amino substituent by the correspond-
ing guanidine in drug design; however, they did not introduce
other substituents on the guanidine itself. In our strategy, the step-
wise construction of the guanidine group will allow introduction of

* Corresponding author. Tel.: +33 476514429; fax: +33 476514946.
E-mail address: martine.demeunynck@ujf-grenoble.fr (M. Demeunynck).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.100

pendent alkyl or aryl substituents, thus increasing the structural
diversity. We also anticipated that replacing the amino substituent
by the strongly basic guanidine would have an impact on the phys-
ical properties, and, in particular, on the ionization and charge dis-
tribution. To our best knowledge, N-acridinyl-N'-alkylguanidines
are not known in the literature. We therefore prepared N'-alkyl-
guanidino acridines from the corresponding simple 3- and 3,6-
aminoacridines, and studied their physicochemical properties.

S i | X
® — _
R N NH, R N N;i:
s

EtO,CHN
1R=H 4R=H
2R =NHAc 5R = NHAc
3R=NH, 6 R = NH-CS-NHCO,Et
95
_ |
R N NH “
i il R N NH
. d=ncogt " ju—
AN HN
\
(CHals (CHy)3
7R=H NMe; 10R=H NMe,
8R =NHAc 11 R = NHAC
9 R = NH-C(NCO,Et)NH(CH,);NMe, 12 R = NH-C(NH)NH(CHy)3sNMe;

Scheme 1. Reagents and conditions: (i) EEOCONCS, DMF, rt; (ii) Me;N-(CH,)3-NH,,
EDCI, DBU, DMF, 60 °C; (iii) Me3SiBr, DMF, 80 °C or aq 0.4 N NaOH, THF, 60 °C.
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The low reactivity of aminoacridines, and more generally of
amines carried by m-deficient nitrogen-containing heterocycles, is
a limiting point to their transformation into guanidines. Among

oL — (L
NH NH N

)\NHR EN

Et0,cN” NHR HN 07 N7 NHR

deprotection cyclization
Figure 1. Competitive reactions.

Table 1
Reactivity with halomethylsilanes

Compound  Reagents  Conditions?® (equiv) % Deprotection % Cyclization®
7 MesSiCl 5 0 100

7 Me;SiBr 5 100 0

7 MesSil 10 20 80

8 MesSiCl 5 99 <1

8 Me,SiCl 15 80 20

8 MesSiBr 5 100 0

8 MeSiCls 10 <1 99

9 Me,SiCl 10 <3 97

9 Me;SiBr 10 100 0

¢ The reactions were performed in DMF. The solutions were heated at 80 °C, and
the reactions were monitored by HPLC.

> The cyclized compounds will be described elsewhere. Their spectral charac-
terizations are given in the Supplementary material.

the numerous methods described in the literature,® we chose the
strategy reported by Atwal,'® and later adapted by Hamilton'! to
the synthesis of N-arylguanidines. In this methodology, the aro-
matic amine (i.e., the less reactive amine) first reacts with N-pro-
tected isothiocyanate to give the N’-protected N-arylthiourea,
which is then coupled to various amines in the presence of
carbodiimide.

This methodology was applied to the synthesis of guanidinoac-
ridines 10-12 (Scheme 1). For solubility reasons, the polar dimeth-
ylaminopropyl chain was introduced as N'-alkylguanidine
substituent. The ethoxycarbonyl-protected guanidines were ob-
tained in two steps and in reasonable yields.

Unlike what was reported in the literature,'?> removal of the
ethoxycarbonyl group could be achieved quantitatively in basic
conditions (THF-aqueous 0.4 N NaOH, 60 °C, 24-36 h) as indicated
by HPLC analysis. However, tedious extraction and purification
procedures, due to the high polarity of the final guanidines 10
and 12, lower the yields in isolated products (48-50%). Another
drawback is that these conditions are not compatible with the
presence of alkaline sensitive acetamido group of 11. We therefore
turned our attention to acidic conditions. Manimala and Anslyn'?
have previously mentioned a deprotection procedure of carbam-
oyl-protected N-alkylguanidines using bromotrimethylsilane.
However, we have recently shown that treatment of N-aryl ethoxy-
carbonylguanidines with chlorotrimethylsilane quantitatively
yielded the corresponding quinazolinones following an intramo-
lecular Friedel-Crafts type reaction.!® In an effort to understand
these seemingly contradictory data, we examined the effect of a
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0 T T
235 285 335

385 435 485
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B 40000
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—pH=115

235 285 335
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Figure 2. (A) Evolution of the spectroscopic properties of compound 10 as a function of pH. (B) Selected spectra corresponding to each form (10, 10-H*, and 10-2H").
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series of acids on the reactivity of compounds 7-9. The reactions
were followed by HPLC. The results are collected in Table 1 and
Figure 1.

As shown in Table 1, the nature of the haloalkylsilane has a
striking influence on the course of the reaction. For the compounds
7 and 9, MesSil or MesSiCl gave either a mixture of deprotection
and cyclization compounds, or quasi-exclusively, the cyclized
derivative. On the other hand, MesSiBr only yielded the desired
deprotected guanidine with no trace of the cyclized by-product.
Surprisingly, with compound 8, deprotection was observed as ma-
jor pathway with either MesSiCl or MesSiBr. Increasing amount of
MesSiCl (5-15 equiv) or using a stronger Lewis acid (MeSiCls)
changed the course of the reaction in favor of the cyclization pro-
cess. However, it should be noted that, despite the harsh acidic
conditions, the acetamido substituent of 8 remains untouched.

As a conclusion, deprotection of the guanidine substituent can
be achieved either by treatment in alkaline solution (THF-aqueous
0.4 N NaOH, 60 °C, 24-36 h), or by using Me;SiBr (DMF, 80 °C, 3-
5h) as previously proposed by Manimala and Anslyn.'? The two
procedures are complementary, and the choice between them will
depend on the presence and nature of other substituents.

To evaluate the effects of the guanidine moiety on the proper-
ties of the acridine core, we studied the variations of the UV/vis
spectra of compounds 10-12 as a function of pH, and calculated
their pk, values. For calculations (using SPECFIT software), we con-
sidered that the protonation of the pendent tertiary amine had
negligible influence on the spectroscopic properties of the mole-

cules. Therefore, we only measured the ionization constants of
the heterocyclic amine (pK?) and of the guanidine (pK%).

For the monoguanidino compounds, pK, values of 4.85 and 9.61
were found for 10, and 5.32 and 9.48 for the acetamido analog 11.
For the bisguanidino derivative 12, three values were calculated at
4.49, 7.68, and 10.25.

As exemplified in Figures 2 and 3, several species were observed
for each compound, and were associated with the different ioniza-
tion states. Examination of the absorption variations clearly indi-
cates that protonation of the guanidine groups occurs above pH 8
as it is usually observed for a similar guanidine (pk,=10.5 for 2-
guanidinopyridine!®). Indeed, the protonation of the guanidine
substituent of 10-12 had hypochromic and hypsochromic effects

Ho M
| \ NH -55.18 ‘ \ N 1)
pra—— — R
N/ N’M\N/R -— N N’L\N/
H H H H
10-H*

10
“l \:‘O NH -563.85 | X NH
NG NJJ\N/R ‘O N/‘O NJ'LN’R 2)
H H I+ H H
H

10 10%-H*

Figure 4. Acid-base equilibrium of 10. The AG values (kJ/mol, vapor phase) are
indicated above the arrows.

l\ 1

Wavelength (nm)

30000

15000
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Figure 3. (A) Evolution of the spectroscopic properties of compound 12 as a function of pH. (B) Selected spectra corresponding to each form (12, 12-H*, 12-2H", and 12-3H").
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Figure 5. Acid-base equilibrium of 12. The AG values (k]J/mol, vapor phase) are indicated above the arrows.

on the acridine absorption, suggesting a positive charge located on
the guanidine group with little delocalization on the acridine chro-
mophore. The strong hyperchromic and bathochromic effects ob-
served in acidic media (pH<6), are characteristic of the
formation of the acridinium cation as it has been described by Al-
bert.'> Therefore, the species associated to the spectra showing the
highest values for in.x and ¢ were therefore assigned to the acrid-
inium forms 10-2H" and 12-3H’. Very similar variations of the
spectra as a function of the pH were also observed for compound
11. The pK, values measured for the acridine nitrogen for the three
molecules (pK? 4.49-5.32) are significantly lower than the values
observed for amino-substituted acridines (9.7 and 8.4 for 3-amino
and 3,6-diaminoacridines, respectively).

The spectroscopic analysis is supported by theoretical AG calcu-
lations'® (Figs. 4 and 5). For compounds 10 and 12, the protonation
on the guanidine nitrogens gives more stable (lower energy) spe-
cies than protonation on the acridine nitrogen. These data are in
accordance with the existence of the form 10-H* (Fig. 4, Eq. 1)
for guanidinoacridine 10 at neutral pH.

For the bisguanidinoacridine 12, form 12-H"* (Fig. 5, Eq. 3) is fa-
vored in slightly basic conditions (first protonation). The second
protonation occurs on the other guanidine (form 12-2H", Fig. 5,
Eq. 5) below pH 7 (pK, 7.68).

As a conclusion, new (N'-alkylguanidino)acridines, exemplified
by compounds 10-12, were prepared in three steps from the cor-
responding aminoacridines and alkylamines adapting literature
procedures. The conversion of aromatic amines into substituted
guanidines has major advantages. First of all, changing the nature
of the alkylamine reagent allows the easy modulation of the struc-
tural diversity and of the lipophilicity/hydrophilicity character of
the resulting molecules. The guanidine group has also a major im-
pact on ionization of the acridine ring. For the three guanidinoac-
ridines prepared in this study, at neutral pH, the major cationic
species are those protonated on the basic substituents (guanidines
and amines), the acridine ring remaining uncharged. Compared to

aminoacridines, which are protonated on the heterocyclic nitrogen,
this difference would have a critical impact on the interaction with
macromolecules such as DNA, both in terms of mode of binding
and affinity. This study clearly highlighted the interest of introduc-
ing guanidino substituent onto the nitrogen heterocycles in terms
of biologically active drug modulation.

Supplementary data

The detailed synthetic procedures and the spectral characteriza-
tion of the new compounds are given. Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.bmcl.2008.07.100.
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Novel 3’-N-tert-butylsulfonyl analogues 10a-c of docetaxel were synthesized and their biological evalu-
ation in cytotoxicity in vitro against several human tumor cell lines were presented. The biologically
tested results showed that N-oxide pyridyl substituted10b-c had potent cytotoxicities against human
tumor cell lines Eca-109, SKOV3, SMMC-7721, HCT-8, PC3, MCF-7, HeLa and KB.

© 2008 Elsevier Ltd. All rights reserved.

Paclitaxel (Taxol, Fig. 1), a naturally occurring diterpenoid, iso-
lated from the bark of Pacific yew tree Taxus brevofolia in 1971 (Fig.
1),' has shown remarkably high antitumor activity.? It has been
considered as one of the most important antitumor agents®> and
was approved by FDA for the treatment of advanced ovarian cancer
and breast cancer in 1992 and 1994, respectively. Clinical trials
have demonstrated that paclitaxel also was of utility for treatment
of lung, skin, and head and neck cancers.* Docetaxel (Taxotere, Fig.
1),° a semisynthetic analogues, has also exhibited encouraging
clinical usage and was approved by FDA for the treatment of breast
cancer in 1996. The anti-cancer activity of these compounds is as-
cribed to their unique mechanism of action as promoters of tubulin
assembly and inhibitors of microtubule disassembly.® Although
both paclitaxel and docetaxel possess potent antitumor activity,
utility of these drugs results in some undesirable side effects, such
as low tumor selectivity, development of multi-drug resistance
(MDR),” and poor solubility in aqueous solutions.® Therefore,
development of new anticancer agents with fewer side effects, im-
proved pharmacological properties and activity against various
cancers has been a long term effort by medicinal chemists.

Extensive structure-activity relationship (SAR) studies over the
past two decades have led to several promising clinical candidates
of paclitaxel and docetaxel analogues. These SAR studies were
mainly focused on changes to A, B, C, D-rings®'? and the side-
chain.’®

* Corresponding authors. Tel./fax: +86 28 85503842.
E-mail address: yongqin@scu.edu.cn (Y. Qin).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.101

SAR studies so far indicate that the C-13 side chain is essential
for antitumor activity. The stereochemistry of the side chain at the
C2’ and C3' is crucial for biological activity.'* Deletion of either 2'-
hydroxy group or 3’-phenyl group leads to analogues with reduced
biologic activity.'® It is also known that analogues without a 3'-N-
acyl group are significantly less active than paclitaxel and aliphatic
and heteroaromatic 3’-N-acyl analogues are slightly more active
than paclitaxel.'®

Although a large number of 3’-N-acyl analogues were investi-
gated, SAR studies of 3’-N-sulfonyl analogues have received little
attention. A few of paclitaxel analogues with 3’-N-phenylsulfonyl
group were reported with significant loss of antitumor activity.!”
In this letter, we report our efforts on the synthesis and biological
evaluation of several novel 3'-N-tert-butylsulfonyl docetaxel ana-
logues 10a-c.

The synthesis of novel 3’-N-tert-butylsulfonyl analogues 10a-c
of docetaxel was accomplished by following two synthetic proce-

Paclitaxel, R'=Ph, R?=Ac
Docataxel, R'=tert-BuO, R>=H

Figure 1. The Structures of Paclitaxel and Docataxel.
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Table 1

Cytotoxicity data (ICso, uM) for taxoids 10a-c against human cancer cell lines®

Taxoids Eca-109 SKOV3 SMMC-7721 HCT-8 PC3 MCF-7 Hela KB K562
Paclitaxe 2.73 (20.28) 2.43 (+0.26) 2.86 (+0.26) 3.29 (+0.30) 2.85 (+0.28) 2.98 (+0.27) 3.11 (x0.28) 2.54 (0.22) 3.65 (£0.35)
Docetaxel 2.60 (£0.24) 2.35 (£0.24) 2.73 (0.25) 3.07 (£0.26) 2.77 (+0.28) 3.29 (+0.30) 3.03 (x0.31) 2.35 (£0.29) 2.96 (+0.28)
10a 7.14 (0.54) 7.09 (£0.22) >10 9.12 (+0.88) 6.83 (0.45) 7.88 (£0.56) 9.54 (+0.87) 7.68 (£0.56) >10

10b 1.95 (20.21) 2.28 (+0.24) 2.54 (+0.25) 2.85 (+0.29) 1.98 (£0.22) 2.11 (£0.18) 2.54 (+0.23) 2.12 (:0.23) 2.89 (+0.26)
10c 2.52 (0.23) 2.41 (£0.26) 2.45 (+0.26) 3.03 (£0.27) 2.64 (£0.27) 2.68 (£0.28) 2.67 (£0.28) 2.32 (£0.22) 3.33 (£0.23)

# Values are means of three experiments, standard deviation is given in parentheses.
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Scheme 1. Reagents and conditions: (a) LiIHMDS, THF, —78 °C, 3 h, 72-97%; (b) m-
CPBA, MeOH, 60 °C, 2 h, 50-63%; (c) TFA, CH,Cl,, rt, 1 h; (d) 3,4-dimethoxybenz-
aldehyde dimethyl acetal, toluene, PPTS, 76-85%; (e) Pd(OH),, AcOEt, 1 atm Hy, 2 h,
93-99%.

dures: (1) asymmetric synthesis of side chain oxazolidines 7a-c
and (2) condensation of the side chain 7a-c with 7,10-ditrocbacc-
atin III.

Oxazolidines 7a-c were synthesized via a five-step route from
benzyl O-Boc-a-hydroxyacetate2 (Scheme 1). The substituted
isoserines 3a-c with Sg,2R,3S absolute configurations were pre-
pared in 72-97% yields by a diastereoselective enolate addition
of 2 with (Sg)-tert-butylsulfinylimine 1a-c by adopting our pre-
vious methord.'® Oxidation of 3a—c to the corresponding sulfon-
amides 4a-c with m-CPBA, followed by deprotection of Boc
group in 4a-c with TFA afforded alcohols 5a-c. Alcohols 5a-c
were condensed with 3,4-dimethoxybenzaldehyde dimethyl ace-
tal in the presence of PPTS to afford oxazolidines 6a-c as a dia-
stereomeric mixture in a 3:1 ratio. Removal of the benzyl group
in 6a-c afforded the corresponding carboxylic acids 7a-c by
hydrogenolysis with 5% Pd(OH), (Pearlman’s catalyst). Coupling
of acids 7a-c with 7,10-ditrocbaccatin III (8)'° was carried out
by using DCC or DPC as coupling reagents to afford 9a-c in
45-72% yields (Scheme 2). Treatment of 9a-c with TFA, followed
by removal of Troc groups with Zn/AcOH at 60 °C provided tax-
oids 10a-c®° in 50-63% yields.

COOH
TrocO O OTroc >LO
+ a
OCH3
OCHs3
8 Ta-c

TrocO O OTroc

10a, R=Ph
10b, R=2-Py N-oxide
10c, R=3-Py N-oxide

Scheme 2. Reagents and conditions: (a) DCC or DPC, DMAP, toluene, 80 °C, 18 h,
45-72%; (b) TFA, CH,Cl,, rt, 2 h, 58-63%; (c) Zn, AcOH, MeOH, 60 °C, 2 h, 50-63%.

The synthesized taxoids 10a-c were tested for their cytotoxicity
against various cancer cells. As a result of in vitro studies, 10b-c
showed the same level of potencies against human cancer cell lines
such as Eca-109, SKOV3, SMMC-7721, HCT-8, PC3, MCF-7, Hela
and KB, while 10a showed less cytotoxic activity in comparison
to paclitaxel and docetaxel (Table 1).

In conclusion, we have synthesized the novel 3'-N-tert-butylsul-
fonyl docetaxel analogues 10a-c and found that N-oxide pyridyl
substituted 3’-N-tert-butylsulfonyl analogues 10b-c showed po-
tent activities against human cancer cell lines used in our study.
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A two-step reaction cascade is applied to the sequence-specific detection of single-stranded DNA, includ-
ing analyte-triggered re-activation of apo-aldolase by its cofactor Zn?* and catalytic conversion of a

© 2008 Published by Elsevier Ltd.

Sensing in living systems depends, on the cellular level, on
signal cascades, that is, a chain of steps, which usually results
in a small stimulus eliciting a large response. Such cascades
combine several signal transduction and amplification steps.
Application of nature-inspired, allosteric signal transduction
strategies for the development of novel bio- and chemosensors
is an emerging research field.! We have recently described the
prototype of an autonomous two-step artificial signal cascade
which includes allosteric transduction and catalytic amplifica-
tion.? The concept was applied to the sequence-specific detec-
tion of DNA? the ‘primary signal’, which triggers the release
of a metal ion (Cu?"), and the latter assembles as a cofactor
with a precatalyst into the active, signal-amplifying chemical
catalyst. A significant limitation is the low turnover frequency
of the chemical catalyst, which results in poor amplification
and long response time.

We were therefore exploring the re-activation of apoenzymes
by their metal ion cofactors* as an alternative amplification strat-
egy. Carbonic anhydrase (CA), a zinc-containing enzyme which cat-
alyzes the hydration of CO,, was selected due to its very high
turnover rate. While response time of the CA-based system is short,
its application is complicated by the use of gaseous CO,, and its
sensitivity is limited by spontaneous background hydration of
C0,°

Here, we describe the extension of these studies to fructose-1,6-
bisphosphate aldolase, which catalyzes the cleavage of fructose-
1,6-bisphosphate into glyceraldehyde-3-phosphate and dihy-

* Corresponding author. Tel.: +49 6221 54 8438; fax: +49 6221 54 8599.
E-mail address: roland.kraemer@urz.uni-heidelberg.de (R. Kramer).

0960-894X/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.07.102

droxyacetone phosphate (Scheme 1). Reagents are easily handled
and uncatalyzed background conversion of the substrate is slow.
The zinc(Il)-dependent, dimeric Class II aldolase®’ was isolated
from yeast. Substrate conversion is monitored indirectly by cou-
pled enzymatic reactions, which result in the consumption of
NADH (Scheme 1).

Enzyme isolation and apoenzyme synthesis. Isolation and purifica-
tion of aldolase from baker’s yeast was done according to the pro-
cedure reported by Belasco et al.® The yield was 30 mg with a
purity of 67%. The apoenzyme was obtained by incubating aldolase
with EDTA (pH 7.5) and by purifying by size exclusion chromatog-
raphy. Concentration of the apoenzyme was determined by mea-
suring absorbance at 280 nm (e3¢ = 1.02 (mg/ml)~' cm').° The
resulting Zn content was determined by flame atom absorption
spectroscopy as 2%. Further details are reported in the Supporting
Material.

DNA detection. As described previously,® 20 mer DNA 1 modi-
fied by the tridentate chelator 2,2:6’,2"-terpyridine (tpy) at both
3’ and 5 termini, forms a stable circular 1:1-complex with Zn**
ions, in which the metal ion is coordinated by both tpy moieties
with a very high stability constant logK = 15. Formation of the Zn
complex, which is not decomposed by 10-fold excess EDTA (log-
Kess= 13 at pH 7), is followed by UV spectroscopy (/Amax = 320 nm).
On addition of complementary DNA 2, the bis-chelation of the me-
tal ion is disrupted due to formation of the rigid double helix, and
the metal complex is destabilized (Scheme 2).°> Complexes be-
tween Zn?* and one tpy-moiety of DNA 1, and eventually formed
intermolecular complexes of Zn?* with two tpy-modified hybrids,
are much less stable; 320 nm absorbance of the corresponding
DNA 1-Zn-mixtures is strongly reduced on addition of one equiv-



mailto:roland.kraemer@urz.uni-heidelberg.de

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

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



N. Graf et al./Bioorg. Med. Chem. Lett. 18 (2008) 4786-4788 4787

Aldolase
Fructose-1,6-bisphosphate —— Glyceraldehyde-3-phosphate + Dihydroxyacetonphosphate
2

TPI
Glyceraldehyde-3-phosphate —— Dihydroxyacetonphosphate

GDH
2 Dihydroxyacetonphosphate + 2 B-NADH —— 2 Glycerol-3-phosphate + 2 B-NAD*
Amax= 340 nm

Scheme 1. Aldolase-catalyzed cleavage of fructose-1,6-bisphosphate, and coupled enzymatic reactions (TPI = Triose-phosphate isomerase, GDH = Glycerol-3-phosphate
dehydrogenase), which allow indirect monitoring of substrate conversion by photometry of NADH concentration.

tpy ~ 0
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Scheme 2. Top: the two-step reaction cascade includes allosteric signal transduction (DNA 2 to Zn?*) and enzymatic signal amplification. DNA 1: 5'-tpyd(ATCGTTAC
CAAAGCATCGTA)tpy, complementary DNA 2: 5'-d(TACGATGCTTTGGTAACGAT). Bottom: structure of DNA 1.
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Figure 1. Detection of 20 mer DNA 2 by activation of fructose-1,6-bisphosphate aldolase, indirectly monitored by decrease of NADH absorbance at 340 nm with time. All
reaction solutions contain 20 nM apoaldolase, 1.9 mM fructose-1,6-bisphosphate, 0.13 mM B-NADH, 1.7 U GDH/TPI (relating to GDH), 0.1 M KOAc, 0.1 M NacCl, 10 mM MgCl,
and (except A) 50 nM ZnSOy, respectively, at pH 7.3 (90 mM Hepes) and 25 °C. In addition, B-E contain 100 nM of the indicated DNA oligomer (1, 2, 3, or 4, see legend). DNA 1:
5'-tpyd(ATCGTTACCAAAGCATCGTA)tpy, complementary DNA 2: 5'-d(TACGATGCTTTGGTAACGAT), mismatch DNA 3: 5'-d(TACTATGCTTTGGTAACGAT), mono tpy substituted
DNA 4: 5'-tpyd(ATCGTTACCAAAGCATCGTA).
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alent of the relatively weak Zn binder nitrilotriacetate (logKegr = 8
at pH 7). When apoaldolase is present in the reaction mixture in
subuM concentration, it binds the released Zn?*. Activity of the
holoenzyme was indirectly monitored by a literature reported as-
say, observing the decrease of the absorbance of NADH
(ZAmax = 340 nm) with time (Scheme 2). Absorbance of the tpy-Zn
moiety is close to zero at 340 nm and does not interfere with the
photometric monitoring of NADH (see Fig. 1).

The decrease of NADH concentration in the presence and ab-
sence of complementary DNA is shown in Figure 1. In the ab-
sence of any Zn?'-containing compounds, the background
reaction of the apoenzyme is negligible (gray line A). Back-
ground reaction rate in the presence of the probe (DNA 1)Zn,
but in absence of complementary DNA (black line C) is initially
slow, too, but increases with time, possibly due to slow sponta-
neous transfer of Zn?* from the probe to the enzyme. Comple-
mentary DNA 2 at 100 nM concentration strongly accelerates
NADH conversion (red line D), while single mismatch DNA 3
(green line E) is less effective. A 5-mono tpy substituted DNA
4 (blue line B) does not strongly bind Zn?* so that the aldolase
is activated even in the absence of complementary DNA. The
detection limit for DNA 2 is in the order of 20nM at 20 nM
probe concentration.

In conclusion, the zinc-dependent enzyme aldolase has been
applied as a signal-amplifying catalytic module for the optical
detection of DNA by an autonomous artificial signal cascade. A ma-
jor complication previously observed with carbonic anhydrase, the
significant uncatalyzed background reaction, is overcome by aldol-
ase. In addition, compatibility of the novel DNA detection principle
with a coupled enzymatic assay including three different enzymes
was demonstrated.

Optimization of the catalytic module of the artificial signal cas-
cade is another step toward the development of a fast, robust, and
simple assay for the detection of nucleic acid sequences. Lowering
the detection limit to the subnanomolar concentration range re-
mains a challenge.
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A hybrid compound (DO3A-BP) featuring a radiometal bifunctional chelator (1,4,7,10-tetraazacyclotetra-
decane-N,N',N",N""-tetraacetic acid, DOTA) and an osteoclast-targeting moiety (bisphosphonate) was
designed and synthesized. The '"'In-labeled complex of DO3A-BP showed significantly elevated uptake
in osteoclasts compared to the undifferentiated adherent bone marrow derived cells. Biodistribution
studies revealed a favorable tissue distribution profile in normal mice with high bone uptake and long
retention, and low or negligible accumulation in non-target organs.

© 2008 Elsevier Ltd. All rights reserved.

A variety of cancers preferentially metastasize to the skeleton at
their advanced stages. Whole-body scan using ®*™Tc-MDP (MDP:
methylene diphosphonate) is currently the standard clinical prac-
tice for the detection of bone metastases.!> However, due to its
low specificity a final diagnosis is often aided by other imaging
modalities, such as X-ray radiography, magnetic resonance imag-
ing (MRI), computed tomography (CT), positron emission tomogra-
phy, and/or bone marrow biopsy.>* Of the clinical methods to treat
bone metastases, therapies utilizing bisphosphonates (BPs) and
radiopharmaceuticals play critical roles. To date, several BPs have
been approved by the FDA® and they are commonly used to treat
skeletal complications caused by metastases and other bone dis-
eases, including tumor-associated osteolysis,®’ hypercalcemia,®
Paget’s disease,®'° and osteoporosis.!' As shown in Figure 1, bis-
phosphonates are a group of compounds with a chemical structure
similar to that of the natural inorganic pyrophosphate (PPi), an
endogenous regulator of bone mineralization, but differing in the
central atom where BPs have a methylene carbon rather than an
oxygen atom in PPi. This structural feature renders BPs resistant
to hydrolysis under acidic conditions or by pyrophosphatases.
Varieties of BPs could be obtained by tuning the R, side chain while
leaving the R; group intact as either ~OH or —-H.'? It has recently
become clear that BPs first bind avidly to the bone mineral surface
and are subsequently internalized selectively by osteoclasts, where
they inhibit the osteoclastic activity and induce apoptosis. In
addition, BPs have been found to inhibit tumor cell adhesion to

* Corresponding author. Tel.: +1 214 645 5978; fax: +1 214 645 5885.
E-mail address: Xiankai.Sun@UTSouthwestern.edu (X. Sun).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.092

mineralized bone as well as tumor cell invasion and
proliferation.!>4

The binding of the hydroxyl groups of BPs to Ca®* in hydroxya-
pitate of bone is responsible for the accumulation of BPs in bone.
However, it reduces the coordination sites of ®*™Tc-MDP in vivo
and subsequently ®°™Tc-MDP decomposes into ®*™TcO, and BP
components. Therefore the bone uptake of **™Tc-MDP is mainly
dependent on the osteoblastic activity, and the purely osteolytic le-
sion is poorly detectable.!® DOTA (1,4,7,10-tetraazacyclododecane-
N,N',N",N"-tetraacetic acid) is a commonly used bifunctional chela-
tor for radioimmunodiagnosis and radioimmunotherapy because it
is able to form thermodynamically stable and kinetically inert
complexes with many divalent or trivalent metal ions.'5~!® To date,
few conjugates of DOTA and BPs have been reported but recent re-
search has focused on the improvement of the binding affinity of
BP to bone for the applications as delivery vehicles of MRI contrast
agents and palliation agents for certain bone diseases.'®?° Given
the high expression of osteoclasts in both osteoblastic and osteo-
lytic lesions, here we report the design and synthesis of an osteo-

0] O o}
HO\L\ \P\/OH HO\L |U/OH
Ho” S0 ToH  HOT >< “SoH
Rz Ry
Pyrophosphate Bisphosphonate

Figure 1. Structures of Pyrophosphate and bisphosphonate.
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Scheme 1. Synthesis of derivatives of (a) a bisphosphonate and (b) DOTA.

clast-targeting compound by conjugating DOTA to an osteoclast-
targeting BP moiety through an ethylenediamine linker, and its
in vitro and in vivo evaluation.

A convergent approach was chosen to synthesize the hybrid
ligand (DO3A-BP), in which the derivatives of a bisphosphonate
(3) and DOTA metal chelator (7) were synthesized separately as
shown in Schemes 1 and 2.

The carboxylate acid substituted bisphosphonate, 3-bis-(diben-
zyloxyphosphoryl)propanoic acid (3), was synthesized by a litera-

ture procedure with an overall yield of 27% (Scheme 1a).2! The
synthesis of 7 was previously reported.?> However, an alternative
route was used in this work (Scheme 2), in which a commercially
available intermediate, 5 (1,4,7,10-tetraazacyclododecane-1,4,7-
tris(t-butyl)acetate: DO3A-t-Bu-ester) was used as starting mate-
rial instead of cyclen and a higher overall yield (77%) was achieved.
Alkylation of 5 with methyl chloroacetate afforded 6, and then 7
was obtained by reacting 6 with excess ethylene diamine.
Subsequent conjugation of 3 with 7 via the standard DCC/HOBt

t-BuQOC—. 7\ ,—COO0tBu

DCC/HOBt N N
3+ f ]
CH,Cl, N N BnQ _oBn
t-BuooOC—" vCONHl \ 7
NHOCYPQO
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Scheme 2. Synthesis of DO3A-BP (9).
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procedure (DCC: dicyclo-hexylcarbodiimide; HOBt: 1-hydrox-
ybenzotriazol) (Scheme 2) afforded an orthogonally protected
DO3A-BP (8) in a yield of 50%. Compound 8 was obtained with high
chemical purity via the column chromatography eluted with
CHCl3/MeOH (10:1). The 'H NMR spectrum of 8 showed two
well-separated peaks between 8.6 and 9.0 ppm, which can be as-
cribed to the amide protons on the linkage between the DOTA
and BP moieties. A broad peak between 1.8 and 3.5 ppm was ob-
served for the ethylene protons of the macrocycle and it over-
lapped with the methylene proton signals on the pendent arms.
The product, 9 (DO3A-BP), was obtained in nearly quantitative
yield after a two-step deprotection, where the t-butyl and benzyl
protecting groups were removed by trifluoroacetic acid and Pd/C-
catalyzed hydrogenation, respectively. Bisphosphonates are typi-
cally protected in the form of tetraalkyl bisphosphonate esters
and deprotection was conducted by either acid hydrolysis or sily-
lation-dealkylation, however low yields were commonly seen
due to the decomposition under the acidic condition of the hydro-
lysis.’®2?3 Our choice of using benzyl rather than alkyl as the BP
protecting group enabled us to selectively deprotect 8 in quantita-
tive yield by two separate procedures, which is advantageous to
the formation of macrocyclic metal complexes; and provide a UV
chromophore for the monitoring of the synthetic procedures.?*

The radiolabeling of DO3A-BP with ''In was carried out in
0.4 M NH40Ac buffer, pH 7.5, and monitored by radio-TLC every
4 h via reversed-phase C18 TLC eluted with 10% NH4OAc/MeOH
(v/v: 3:1). Under this TLC condition, free !'In stays at the origin,
while the labeled complex migrates with the mobile phase to a cer-
tain distance. Although it is well documented that DOTA and its
derivatives can be labeled in nearly quantitative radiochemical
yields within 2 h under mild conditions,?>® such a yield (>95%)
could only be obtained after 44 h under similar conditions in the
formation of '''In-DO3A-BP.2’ The slow kinetics of DO3A-BP is
likely due to the ''In binding competition between the bisphosph-
onate and the DOTA moieties.?® An efficient radiolabeling method
should be developed for the further application of this agent.

We found that the ability of bisphosphonate to chelate metal
ions was dramatically reduced at low pH values due to the proton-
ation of the phosphonate groups, which is consistent with the lit-
erature reports.?®2° Based on this pH-dependent binding manner
of BP to metal ions, the !''In-labeled complex was challenged by
reducing the pH from 7.5 to 4.0. The low pH was maintained for
3 days, no free !''In was observed. This clearly indicates that the
radiometal ion, '"'In(Ill), was bound to the DOTA moiety.

The octanol-water partition coefficient (logP) of '''In-DO3A-BP
was determined to be —4.05 + 0.44 (n = 10), indicative of the highly
hydrophilic nature of the compound. The in vitro serum stability of
"1n-DO3A-BP was evaluated out to 48 h by radio-TLC. The con-
centration of '''In-DO3A-BP was 0.05 mM, while the protein con-

centration in rat serum was in large excess. The '!''In-DO3A-BP
complex remained nearly 100% intact within 2 days of incubation
with rat serum at 37 °C (n = 4). The high in vitro stability of ''In-
labeled complex warrants further in vitro and in vivo evaluation.?’

The osteoclast-targeting property of '''In-DO3A-BP was evalu-
ated on mouse bone marrow derived cells grown for 7 days in
the presence or absence of receptor activator for nuclear factor x
B (RANK) and macrophage colony-stimulating factor (M-CSF) li-
gands according to an established method.°3! Osteoclasts are
large multinucleate cells formed by the fusion of cells of the mono-
cyte-macrophage lineage in the presence of RANK ligand and M-
CSF, which are characterized by high expression of tartrate resis-
tant acid phosphatase (TRAP) and cathepsin K. After incubation
for 5-8 days, osteoclasts were formed as seen by cell morphology
microscope and TRAP staining (Fig. 2, right). In contrast, bone mar-
row adherent cells showed negative response to TRAP staining (Fig.
2, left).

For comparison, the uptake in original bone marrow adherent
cells (BMCs) and bone marrow macrophages (BMMs) were used
as controls. Bone marrow macrophages are considered as the inter-
mediates between BMC and OCs and are formed by treatment with
M-CSF only. After a 1-h incubation of '''In-DO3A-BP with the cells,
the cells were lysed and the lysates were counted by a y-counter.
The cell uptake of '''In-DO3A-BP was normalized to protein con-
tent in each well, which was determined by a commercially avail-
able kit. Shown in Figure 3 the osteoclast uptake of '''In-DO3A-BP
was about twofold higher than either BMC or BMM, demonstrating
its preferential uptake by osteoclasts.>?

The biodistribution of '''In-DO3A-BP in normal Balb/c mice is
presented in Table 1.3* As anticipated, the !'In-DO3A-BP complex
showed high accumulation within 1 h post-injection (pi) in the
bone and long residence, which is reflected by only a 20% decrease
over 48 h.

In agreement with the reported BP-derivatized compounds,**
the radiolabeled DO3A-BP showed a relatively high renal uptake,
which, however, was rather efficiently cleared. The rapid blood
clearance was a result of the high affinity of BPs for bone mineral
in vivo.2>3% The low liver uptake and efficient clearance reflects
the high in vivo stability of 1''In-DO3A-BP. Impressively, this com-
pound showed no significant uptake in other non-target organs
(e.g. lungs, spleen, heart, or brain) and remained intact in the ex-
creted urine within 48 h pi as determined by radio-TLC. The high
bone/blood and bone/muscle contrasts further demonstrate the
potential of this hybrid compound as a bone-seeking agent.

Taken together, we have synthesized an osteoclast-targeting
compound by conjugating DOTA and a BP moiety via an ethylene-
diamine linker in high overall yields. Our preliminary in vitro and
in vivo evaluation results indicate that this compound may find
applications in osteoclast-targeted radiotherapy and nuclear imag-

Figure 2. TRAP staining of bone marrow adherent cells (left) and osteoclasts (right).
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Figure 3. Comparative uptake of '''In-DO3A-BP by osteoclasts (OCs), bone marrow
adherent cell (BMC), and bone marrow macrophages (BMMs) at 1 h incubation.
Data were obtained from five independent experiments (n > 6), and are presented
as uptake ratios versus BMC. Gamma counts of the cell lysates were normalized to
the protein content of each well for the uptake ratio calculation.

Table 1
Biodistribution of '''In-labeled DO3A-BP in normal Balb/c mice (n = 4)

1 h pi 4 h pi 24 h pi 48 h pi
Blood 0.34 +0.08 0.01 £ 0.00 0.00 = 0.00 0.00 = 0.00
Lung 0.52 +0.06 0.16 £ 0.04 0.08 £ 0.02 0.08 £ 0.02
Liver 0.41 £0.04 0.33 +0.05 0.16 £ 0.01 0.14 +0.01
Spleen 0.23 £0.02 0.15+0.04 0.08 £ 0.01 0.09 £ 0.01
Kidney 4.61 £0.42 3.93+1.01 1.16 £0.16 0.70 £ 0.09
Muscle 0.49 + 0.05 0.04 +0.01 0.03 +0.01 0.05 +0.01
Bone 3.39+0.49 2.66 +0.81 2.02 +0.59 2.60+0.56
B/B 10.12 393.12 644.90 816.49
B/M 6.94 72.91 69.90 49.06

Data are presented as %ID/g + standard deviation. B/B, bone/blood; B/M, bone/
muscle.

ing of bone diseases, which over-expresses osteoclasts relative to
osteoblasts or osteoblastic activity, such as multiple myeloma.
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Chemical synthesis and characterization data.

(a) General methods. All chemicals, solvents, and reagents were purchased from
Sigma-Aldrich (St. Louis, MO) and used directly without further purification
unless otherwise noted. 1,4,7,10-Tetraazacyclododecane-1,4,7-tris-(t-butyl
acetate) (DO3A-t-Bu-ester) was obtained from Macrocylic Inc. (Dallas, TX).
Silica gel 60 (70-230 mesh) used for column chromatography was obtained
from Sigma-Aldrich. Analytical thin-layer chromatography (TLC) was
performed using Merck 60 F254 silica gel (precoated sheets, 0.2 mm thick)
(Lawrence, KS) and Whatman MCK 18F reversed-phase plates (Maidstone,
Kent, UK). The spectra of 'H NMR, '>C NMR, and 3'P NMR were recorded on a
Varian 400 or 500 MHz spectrometer; chemical shifts are expressed in ppm
relative to TMS (0 ppm), or chloroform (7.26 ppm), and phosphoric acid was
used as the external standard. Matrix-assisted laser desorption/ionization
(MALDI) mass spectra were acquired on an Applied Biosystems Voyager-6115
mass spectrometer. All reactions were carried out under a nitrogen atmosphere
in degassed dried solvents with magnetic stirring. Bulk solvent removal was
done by rotary evaporation under reduced pressure, and trace solvent was
removed by vacuum pump.

(b) Compound 3. To a suspension of methylene bis(phosphonic dichloride)
(5.00 g, 20.0 mmol) in dry toluene (10 mL), a mixture of benzyl alcohol
(8.70 mL, 84.0 mmol) and pyridine (6.79 mL, 84.0 mmol) was added dropwise
by an addition funnel while the temperature was maintained at 0 °C. The
reaction was allowed to reach room temperature and the mixture was stirred
for 16 h. The solids formed during the reaction were removed by filtration and
washed twice with toluene. The filtrate was washed twice with 2 M NaOH and
then once with water. After the removal of bulk solvent, the residue was
submitted to column chromatography on silica gel eluting with 100% EtOAc.
Evaporation of appropriate fractions afforded 1 as colorless oil. Compound 1
(5.80 g, 10.8 mmol) in THF (50 mL) was slowly added to a suspension of NaH
(0.27 g, 11.3 mmol) in THF (100 mL) at 0 °C. After the addition was completed,
the reaction mixture was allowed to reach 20 °C and stirred for 30 min. Ethyl
bromoacetate (1.91g, 11.4 mmol) was then added. A white precipitate
appeared during the addition. After the mixture was stirred for 48 h, the
white solids were removed by filtration and the concentrated residue was
submitted to column chromatography on silica gel eluting with EtOAc/Hexane
(v/v: 7:3). Evaporation of appropriate fractions gave 2 as colorless oil. A
solution of 2 (4.1 g, 6.60 mmol) in methanol (20 mL) was added to 40 mL of a
KOH solution (0.46 g, 8.21 mmol) in 50% methanol (aq) at 0 °C. The mixture
was stirred at room temperature until 2 disappeared as monitored by TLC.
After removal of methanol, the residual was extracted with ethyl ether. The
aqueous layer was acidified to pH 2 by adding aqueous KHSO,4 (1 M) and then
extracted with of CHCls. The extract was dried over MgSO,4 and concentrated in
vacuo to give 3 as colorless oil (over all yield 27%): "H NMR (CDCls, 500 MHz): &
2.90 (2H, td, J= 6.5, 16.5 Hz), 3.28 (1H, tt, J = 5.5, 24.0 Hz), 4.95-5.05 (8H, m),
7.20-7.35 (20H, m). MS (MALDI-TOF) 617.6 (M+Na").

(c) Compound 7. Compound 4 (11.52 g, 19.36 mmol) was dissolved in 100 mL of
acetonitrile containing 2 equiv of K,COs. The resulting mixture was stirred at
50 °C for 16 h. After removal of the solids, the filtrate was dried under vacuum.
The residue was redissolved in CHCl3 and washed with water thoroughly. The
evaporation of CHCl; afforded 5 in quantitative yield. To 50 mL of 5 (5.26 g,
10.2 mmol) in acetonitrile, K,CO3 (3.37 g, 24 mmol) was added followed by
methyl chloroacetate (1.14 g, 10.5 mmol) in 5 mL of acetonitrile. The resulting
mixture was stirred at 55°C for 2 days. After removal of the solids and
evaporation of the solvent, the residue was redissolved in CHCl3 and washed
thoroughly by water. The organic layer was then dried over sodium sulfate.
Removal of the solvent under vacuum gave 6 as brown oil, which was used for
the next step without purification. A fivefold excess of ethylenediamine was
cooled in an ice bath and then mixed with a concentrated solution of 6 in THF.
The reaction mixture was stirred at room temperature for 72h. After
evaporation of THF, the excess amine was distilled off at 50 °C under high
vacuum. Compound 7 was obtained as a white foam with an overall yield of
77%, which showed high chemical purity as evidenced by: 'H NMR (CDCls,
400 MHz) 5 1.45 (27 H, s), 2.52-3.33 (30H, m), 8.76 (1H, br); '*C NMR (CDCls,
100 MHz) § 28.45, 42.33, 43.03, 52.22, 52.71, 53.79, 55.15, 56.50, 57.15, 58.42,
81.10, 81.22, 170.84, 170.87, 172.68; MS (MALDI-TOF) 615.8 (M+H").
Compound 8.In a round-bottomed flask, compound 7 (200 mg, 0.33 mmol),
compound 3 (212 mg, 0.36 mmol), DCC (74 mg, 0.36 mmol), and HOBt (48 mg,
0.36 mmol) were stirred in 20 mL of dry CH,Cl, while cooling in an ice bath.
The mixture was then allowed to stand at room temperature with constant
stirring for 48 h. The precipitate, dicyclohexylurea, was filtered off, and the
filtrate was washed sequentially with aqueous KHCO3 solution 3 times and
brine 1 time, and concentrated under reduced pressure to give a white foam.
The residue was purified by column chromatography (silica gel 60-230 mesh)
using 100% EtOAc to 10:1 CHCl3/MeOH for elution. Compound 8 was obtained
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as a sticky oil (192 mg, 50%): "H NMR (CDCls, 500 MHz) 6 1.36 (27H, multiple),
1.80-3.45 (28H, br), 3.70 (1H, tt, J = 6.0, 24.0 Hz), 4.97 (8H, m), 7.18 (20H, m),
8.71 (1H, br), 8.84 (1H, br); 3C NMR (CDCls, 100 MHz) 6 28.08, 28.17, 31.61 (t,
J=4Hz),33.08 (t,] = 135 Hz), 39.54, 46.45, 48.71 (br), 52.23 (br), 55.69, 55.72,
55.83, 56.26, 68.17, 68.23, 82.00, 128.14, 128.52, 128.63, 136.58, 169.81 (t,
J=8Hz), 171.67, 172.55; 3P NMR (CDCls, 162 MHz): 5 25.89 (s); Anal. Calcd
for Cg;HgsNgO14P,-6.5H,0: C 55.99, H 7.78, N 6.42. Found: C 55.80, H 7.62, N
6.68; MS (MALDI-TOF): 1191.6 (M").

(e) Compound 9 (DO3A-BP). Compound 8 (40 mg, 0.03 mmol) was dissolved in
3 mL of a mixed solvent of trifluoroacetic acid (TFA) and CHCl; (v/v: 1:2). The
reaction mixture was stirred at room temperature overnight. After removal of
bulk solvent under reduced pressure, the residue was dissolved in deionized
water and then mixed with 40 mg of Pd/C. The reaction was allowed to proceed in
ahydrogenation shaker for 24 h. After removal of the solids, evaporation of water
under vacuum gave the target compound (9) as a colorless thick oil in nearly
quantitative yield: '"H NMR (D0, 400 MHz) 5 4.02-2.50 (br); *C NMR (D0,
100 MHz): ¢ 31.14, 32.35, 33.93, 35.17, 36.41, 38.96, 39.0, 46.0-52.10 (br),
52.10-54.24 (br), 55.0, 174.10; *'P NMR (D,0, 162 MHz): § 20.54. MS (MALDI-
TOF) 701.8 (M+K").

Liu, S.; Pietryka, J.; Ellars, C. E.; Edwards, D. S. Bioconjug. Chem. 2002, 13, 902.
Sun, X.; Fang, H.; Li, X.; Rossin, R.; Welch, M. ].; Taylor, J. S. Bioconjug. Chem.
2005, 16, 294.

Radiochemistry procedures.

(a) General methods. All buffers used in radiochemical procedures and in vitro
or in vivo experiments were prepared by dissolving salts in Milli-Q water (18
MQ cm) and then treated with Bio-Rad Chelex 100 resin for removal of trace
metal ions. In-111 in 0.05N HCl was purchased from Trace Life sciences
(Denton, Texas). Radio-TLC was performed using a Rita Star Radioisotope TLC
Analyzer (Straubenhardt, Germany) on Merck 60 F254 silica gel plates
developed by 10% NH40Ac: MeOH (v/v 3:1) as the mobile phase. Radioactive
samples were counted by a Perkin-Elmer y-counter. Rat serum was purchased
from Sigma-Aldrich (St. Louis, MO).

(b) Radiolabeling of DO3A-BP with '''In. To 500 uL of the DO3A-BP ligand
solution (0.05mM) in 0.1 or 0.4 M NH4OAc buffer (pH 7.5), '"'InCl; (ca.
0.5 mCi) in 0.05 N HCl was added. The reaction mixture was incubated at 90 °C
in an Eppendorf thermomixer. The formation of !''In-DO3A-BP was monitored
by radio-TLC on C18 silica plates eluting with 10% NH,OAc/MeOH (v/v 3:1).
(c) Serum stability. The in vitro serum stability experiment was conducted by
adding 10 pL of '"'In-DO3A-BP (ca. 50 puCi) to 100 pL of rat serum. The solution
was incubated at 37 °C, and sampled for radio-TLC analysis at 1, 4, 24 and 48 h
post-addition to rat serum.

(d) Determination of the partition coefficient (logP) of '''In-DO3A-BP was
determined by adding 5 pL of the complex to a solution containing 500 pL of
Milli-Q water and 500 pL of octanol (obtained from a saturated octanol/water
solution) (n = 10). The sample vials were shaken for 1 h at room temperature.
From each vial, aliquots of 100 pL each were removed from the octanol phase and
the water phase, respectively, and counted separately. The partition coefficient
was calculated as the ratio of counts in the octanol fraction to the counts in the
water fraction. An average of log P value was obtained from the 10 samples.
Rogers, M. J.; Gordon, S.; Benford, H. L.; Coxon, F. P.; Luckman, S. P.;
Monkkonen, J.; Frith, ]J. C. Cancer 2000, 88, 2961.

Sato, M.; Grasser, W.; Endo, N.; Akins, R.; Simmons, H.; Thompson, D. D.; Golub,
E.; Rodan, G. A. J. Clin. Invest. 1991, 88, 2095.
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Takeshita, S.; Kaji, K.; Kudo, A. J. Bone Miner. Res. 2000, 15, 1477.
Osteoclast-targeting evaluation procedures. M-CSF and soluble RANK were
purchased from R&D Systems (Minneapolis, MN); fetal bovine serum (FBS) and
heat-inactivated (A) FBS were from Atlanta Biologicals (Lawrenceville, GA); the
protein assay kit for protein content measurement was from Bio-Rad
(Hercules, CA); TRAP staining kit of osteoclastic cells was from Sigma-
Aldrich (Diagnostics Acid Phosphatase kit, Procedure No. 387).

(a) Generation of osteoclasts and macrophages from bone marrow cells. Male
C57B16 mice were anesthetized and sacrificed by cervical dislocation. The
femurs were removed. Both ends of femurs were cut off and bone marrow was
centrifuge out from the bone matrix in Hank’s Balance Salt Solution (HBSS).
Cell clumps were resuspended by pipetting and then filtered through a 70 pm
cell strainer. Cells were diluted into 20 mL HBSS and then washed once with
HBSS. The cells were resuspended in phenol-free alpha minimal essential
medium (o-MEM) containing 10% AFBS. After cell counting (trypan blue
assay), the cells were seeded into 24-well plates at 5 x 10° cells per well
(n=8). Bone marrow adherent cells were maintained in 1 mL/well of a-MEM
containing 10% AFBS and 1 x antibiotic at 37 °C in a humidified 5% CO,
atmosphere. Macrophages were generated in o-MEM containing 10% AFBS,
20 ng/mL M-CSF, and 1x antibiotic, while osteoclasts were generated in o-
MEM containing 10% AFBS, 20 ng/mL M-CSF, 50 ng/mL sRANKL, and 1x
antibiotic (1 mL/well) at 37 °C in a humidified 5% CO, atmosphere. The media
were changed every 2 days. Multi-nucleated giant cells were formed in 5-8
days, which was verified by TRAP staining.

(b) In vitro cell uptake. In a 24-well plate with cell culture as described above,
medium was removed and 0.5 mL fresh a-MEM plus 10% FBS containing '''In-
DO3A-BP (1 nCi/mL) was added to each well. After 1 h incubation, the medium
was removed and the cells were washed with serum free medium (1 mL)
twice. The cells were lysed by the addition of 150 pL of Tris-buffered Saline
(TBS) containing detergent. The lysates were then transferred to
microcentrifuge tubes. Cell uptake of '''In-DO3A-BP was measured by
counting the cell lysates in a y-counter. The protein concentration in each
lysate was determined using the Bio-Rad Protein Assay. The assay was
repeated 5 times, and all data were pooled for analysis.

Biodistribution. All animal studies were performed in compliance with
guidelines set by the UT Southwestern Institutional Animal Care and Use
Committee. Normal male Balb/c mice (18-22 g) were purchased from Harlan
(Indianapolis, IN). The solution of '''In-DO3A-BP was diluted with PBS
(10 mM) to prepare the injection doses. Each mouse was injected with ca.
5 puCi of radioactivity in 100 pL via the tail vein. The mice were anesthetized
prior to sacrifice at each time point (1, 4, 24, and 48 h; n =4 per time point).
Organs of interest were removed, weighed, and counted by a y-counter.
Standards were prepared and counted along with the samples to calculate the
percent injected dose per gram (%ID/g) and percent injected dose per organ
(%IDJorgan). The animals of the last time point groups were housed in
metabolic cages (4 mice per cage) to collect urine and feces at 1, 4, 24, and 48 h
pi to evaluate the excretion route and stability of the compound.

Ogawa, K.; Mukai, T.; Inoue, Y.; Ono, M.; Saji, H. J. Nucl. Med. 2006, 47, 2042.
Santini, D.; Galluzzo, S.; Vincenzi, B.; Schiavon, G.; Fratto, E.; Pantano, F,;
Tonini, G. Ann. Oncol. 2007, 18, vi164.

Whyte, M. P.; McAlister, W. H.; Novack, D. V.; Clements, K. L.; Schoenecker, P.
L.; Wenkert, D. J. Bone Miner. Res. 2008.
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The bisamide class of kinase inhibitors was identified as being active against CSF-1R. The synthesis and
SAR of pyridyl and thiazolyl bisamides is reported, along with the pharmacokinetic properties and in vivo
activity of selected examples.

© 2008 Elsevier Ltd. All rights reserved.

CSF-1R is a member of the class III receptor tyrosine kinases,
along with c-Kit, FIt3 and PDGFR o and B. Colony stimulatory factor
1 (CSF-1), also known as macrophage/monocyte colony stimula-
tory factor (M-CSF), binds to CSF-1R, resulting in dimerization,
autophosphorylation and activation of signal transduction.! CSF-
1/CSF-1R signaling is essential for normal monocyte development,
trophoblastic implantation and mammary gland development dur-
ing pregnancy and lactation.? In cancer, pro-tumorigenic macro-
phages have been identified and linked to poor prognosis in
breast, ovarian and prostate cancers.*® Elevated levels of CSF-1
and CSF-1R have been reported in several tumor types, including
breast, ovarian and endometrial cancers, and have also been linked
to invasion and metastasis.® Inhibition of CSF-1R activity could
therefore have multiple effects on the tumor through reduction
in the levels of tumor-associated macrophages (TAMs) and direct
effects on the tumor itself.

Compounds with activity against the other class Il RTKs and
KDR, such as Sutent’ and ABT-869,% have been reported as inhibi-
tors of CSF-1R. As yet, no selective small molecule has entered clin-
ical trials, although PD0360324,° a monoclonal antibody from
Pfizer, recently entered phase I for the treatment of rheumatoid
arthritis. Other structural types have been reported as CSF-1R
inhibitors, with some targeting inflammation rather than cancer
indications.'®-1”

Subset screening of our compound collection identified diamin-
ophenyl bisamides as CSF-1R inhibitors, with 1 (Fig. 1) being the
most potent of these (CSF-1R ICso 89 nM). Within AstraZeneca,

* Corresponding author. Tel.: +1 781 839 4393.
E-mail address: david.scott@astrazeneca.com (D.A. Scott).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.093

compounds from this scaffold had previously been explored as
inhibitors of p38 MAP kinase.'® Other groups have found related
compounds to be inhibitors of Lck and c-Kit!®.

Activity was retained when the quinoline was replaced with
other bicyclic ring systems such as quinoxaline or benzothiazole.
A variety of substituents on the left-hand side aryl ring, especially
at the 3-position, were also tolerated (data not included). Despite
good activity in both enzyme and cell assays, compounds of this
type suffered from low aqueous solubility and high plasma protein
binding. The relatively high molecular weights limited options to
improve the physical properties. The replacement of the quinoline
with a 3-pyridyl group reduced both the MW and lipophilicity, and
of the four possible configurations of the amide bonds (Fig. 2),
three compounds (2-4) demonstrated good enzyme activity, with
3 having good activity in our cell proliferation assay (Table 1).2°
In our hands, Sutent had a CSF-1R enzyme ICsq of 12 nM, and cell
activity of 0.09 puM, consistent with literature data.”®

Replacing methyl with chloro on the central ring of pyridyl bisa-
mide 3 improved activity (Table 2, 6), with small lipophilic groups
at the 3-; 3,4- and 3,5-positions giving excellent cell potency (6,
13-16). Replacing the pyridyl ring with phenyl (17) destroyed

A0
O
\\S/N N X
H
1

N
P
o) H

\

Figure 1. Bisamide screening hit 1.
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Figure 2. Pyridyl bisamides 2-5.

Table 1
CSF-1R enzyme and cell activity for 2-5
Compound 1Cs0 (UM) Cell (nM)
2 0.011 2.15
3 0.037 0.23
4 0.032 1.34
5 6.9 ND
Table 2
CSF-1R enzyme and cell activity—pyridyl bisamides
R2
2 H
R? N
N X
H |
(0] pZ
X
Compound R R? X ICs0 (UM) Cell (uM)
3 3-CF3 Me N 0.037 0.23
6 3-CF3 Cl N 0.016 0.14
7 3-Me Cl N 0.010 0.24
8 3-F Cl N 0.025 1.64
9 3-Cl Cl N 0.010 0.33
10 3-Br Cl N 0.014 0.26
11 3-OMe Cl N 0.009 0.94
12 3-NMe, Cl N 0.016 0.77
13 3,5-Me Cl N 0.008 0.05
14 3,4-Me Cl N 0.005 0.15
15 3,5-Cl Cl N 0.003 0.13
16 3,4-Cl Cl N 0.003 0.09
17 3-CF; Me CH >50 >10

activity, suggesting that the pyridine N makes a key H-bond inter-
action with the protein.

Examples from this set of compounds were found to have
acceptable oral PK properties in rats, with moderate or low in vivo
clearance and good bioavailability (Table 3).

Compounds from this series were also active against another
AstraZeneca kinase target, B-Raf. Replacing the 3-pyridyl with
other six-membered heterocycles gave less potent compounds
for both CSF-1R and B-Raf?' However, modeling studies within
our B-Raf program suggested a thiazole ring as an alternative to
the pyridine. Compounds of this type (Table 4, 18-20) also had
good in vitro potency for CSF-1R; about twofold less active in the

Table 3
Rat pharmacokinetic data of pyridyl bisamides upon iv (3 mpk) and po (10 mpk)
dosing

Compound F (%) Cl (ml/min/kg) Vss (L/kg) Ty1j2 (h)
3 40 16 1 1

6 76 20 1.5 1

7 28 30 13 0.8

9 33 16 1.4 1.1

Table 4
CSF-1R enzyme and cell activity—thiazolyl bisamides

i

Compound R? IC50 (UM) Cell (uM)
18 3-CF3 Cl H 0.003 0.27
19 3-Cl Cl H 0.005 0.52
20 3,5-Me Cl H 0.003 0.11
21 3-CF3 Me Me 0.010 0.11
22 3-CF; Cl Me 0.007 0.05
23 3-Cl Me Me 0.007 0.32
24 3-Cl Cl Me 0.004 0.18
25 3,5-Me Me Me 0.004 0.10
26 3,5-Me Cl Me 0.006 0.06
27 3-CFs,5-F Cl Me 0.007 0.11
28 3-Cl,5-F Cl Me 0.011 0.13
29 3-CF; Cl Pr 0.013 0.15
30 3,5-Me Cl iPr 0.031 0.11
31 3-CFs Cl cPr 0.14 0.10

cell assay than the corresponding pyridyl examples (Table 2, 6, 9
and 13). 2-Methylthiazole derivatives were more potent than the
corresponding pyridyl compounds; isopropyl and cyclopropyl
groups were also tolerated at the thiazole 2-position. The SAR
established for the pyridyl series transferred closely to the thiazol-
yl bisamides.

Compounds were prepared via the routes shown in Scheme 1,
varying the sequence of reactions to install the thiazole or the
phenyl ring at the end of the synthesis.?? (Pyridyl examples were
prepared using similar chemistry).

The aminothiazole building blocks were prepared as shown
in Scheme 2. 5-Aminothiazole was prepared by a Curtius rear-
rangement of the thiazole acid and deprotection of the Boc-pro-
tected intermediate. 2-Methyl-5-aminothiazole was prepared via
condensation and subsequent cyclization of aminoacetonitrile
and ethyl dithioacetate.?® The isopropyl and cyclopropyl thia-
zoles were prepared in a similar fashion, after first converting
the carboxylic acid to the appropriate dithioate with the Davy
reagent.”*

Compound 22 was screened against a diverse panel of kinases at
1 uM (Table 5) and found to have good general kinase selectivity,
including the other class IIl RTKs: c-Kit, FIt3 and PDGFRp.?

Compounds with an unsubstituted thiazole (Table 6, 18, 19)
were found to have higher in vivo rat clearance than the pyridyl
analogues (Table 3, 6, 9). However, the more potent 2-methyl
thiazoles also had improved PK profiles (22, 24). In vivo clear-
ance could be reduced further with the introduction of fluorine
on the phenyl ring (27). Acceptable rat PK was also achieved
when the methyl group on the thiazole ring was replaced with
isopropyl (29).
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Scheme 1. Preparation of examples 18-31. Reagents and conditions: (a) SOCl,, MeOH, rt; (b) ArCO,H, HATU, ‘ProNEt, DMF, rt; (c) ArCOCI, Et;N, CH,Cl,, 0 °C; (d) LiOH, THF/
MeOH/H,0 3:1:1, rt; (e) HATU, 'ProNEt, DMF, rt; (f) O(CO,'Bu),, K,COs, THF/H,0 4:1, rt; (g) HCl gas, MeOH, rt.
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Scheme 2. Preparation of aminothiazoles. Reagents and conditions: (a) i—DPPA, Et3N, ‘BuOH, A, 8 h; ii—4 N HCl in dioxane, MeOH, 0 °C, then rt 2 h; (b) NH,CH,CN-H,S0y,

Et3N, MeOH, 0 °C, then dithioate rt, 2 h; (c) 1,2,4-trichlorobenzene, 130 °C, 10 min.

Table 5
Kinase selectivity of thiazolyl bisamide 22

Kinase % Kinase activity remaining
CSF-1R 1
EphA2 5
Hck 6
Fyn 7
c-Raf 9
Src 10
KDR 10
PDGFRB 45
c-Kit 57
GSK3B 91
CDK2/cyclinA 95
IGF-1R 107
IR 108
Met 109
FGFR1 111
Tie2 111
IKKB 112
JAK2 112
Flt3 114
MAPK1 116
Pim-1 116
EGFR 118
Table 6

Rat pharmacokinetic data upon iv (3 mpk) and po (10 mpk) dosing, and PD activity, of
thiazolyl bisamides

Compound F (%) Cl(ml/min/kg) Vss (L/kg) Ty (h) % Inhibition of
pCSF-1R at 2 and 6 h

18 40 58 4.2 1.2

19 20 54 1.8 0.5

22 62 13 1.1 1.2 70, 35

24 43 12 0.9 0.9

26 27 14 1.2 1.3 90, 60

27 31 2 14 7.3 100, 100

29 65 37 2.2 1.0

To assess the in vivo CSF-1R activity of the thiazolyl bisamides,
compounds were dosed orally in a mouse pharmacodynamic (PD)

model. 3T3 cells were engineered to express human mutant full
length CSF-1R (301-969) (3T3/CSF-1Ryr) in which the kinase
activity was constitutively on. Female nude mice were implanted
with 5 x 108 3T3/CSF-1Ryr cells subcutaneously and grown in vivo
until tumors were >250 mm?® in size. After dosing, tumors were
analyzed for pCSF-1R levels by ELISA, and blood plasma samples
assessed for drug concentrations. Examples from the thiazolyl bisa-
mide series showed excellent inhibition of pCSF-1R in vivo at 2 and
6 h after dosing at 50 mpk (Table 6).

In conclusion, pyridyl and thiazolyl bisamides have excellent in
vitro activity against CSF-1R, with an example from the latter ser-
ies demonstrating good selectivity against other class III RTKs.
Members of both series have good oral PK profiles, and compounds
from within the thiazolyl class effectively inhibit CSF-1R phosphor-
ylation in an orally dosed mouse PD model. These compounds may
therefore have potential utility in the treatment of diseases driven
by the involvement of CSF-1 dependent macrophages.
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A series of highly functionalized 3-aroyl and 3-phenoxy-2-methyl-7-azaindoles have been identified,
which are potent selective PPARY modulators (SPPARYMs). Addition of substituents at the 6-position
of the 7-azaindoles improves in vitro potency and pharmacokinetics. 7-Azaindoles have significantly
improved off-target profiles compared to the parent indole series.

© 2008 Elsevier Ltd. All rights reserved.

Type 2 diabetes (T2DM) has been identified as a significant
health threat to the aging population of industrialized societies.!
Peroxisome proliferator-activated receptor gamma (PPARY) is a
member of a large family of ligand-activated nuclear hormone
receptors, and is known to mediate adipocyte differentiation and
moderate glucose levels in individuals with T2DM.? Rosiglitazone
and pioglitazone are full agonists of PPARY that are currently used
in the clinic to treat patients with T2DM. However, the efficacy of
these compounds is tempered by a range of mechanism-based ad-
verse effects (AEs), which include weight gain, edema, and ane-
mia.> Additionally, the use of rosiglitazone and pioglitazone is
contraindicated in insulin-dependent T2DM patients as well as
those with congestive heart failure. A PPARY agonist devoid of
these AEs and available to a larger T2DM patient population is
therefore desirable.

Recently, compounds that act as selective PPARy modulators
(SPPARYMs) have been reported.*® In animal models, partial ago-
nists such as indole 13 display potent glucose lowering activity,
but unlike full agonists these do not cause cardiac hypertrophy
and attenuate brown adipose tissue weight increases.®’ Unfortu-
nately, many members of this indole-based class have moderate
levels of cytochrome P450 liabilities (1-20 uM on 2C9, 3A4, and
2D6) as well as binding to off-target enzymes (<10 pM) as mea-
sured by a commercial screening laboratory. It was hypothesized

* Corresponding author. Tel.: +1 732 594 9618; fax: +1 732 594 9556.
E-mail address: sheryl_debenham@merck.com (S.D. Debenham).
™ Present address: Cubist Pharmaceuticals, Lexington, MA 02421, USA.

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.103

that the relatively high logD values of the functionalized indoles
contributed to their affinity for off-target receptors. In an effort
to find SPPARYMs that have fewer potential off-target liabilities,
a nitrogen was incorporated into the core structure at the 7-posi-
tion of the indole.

The general route for the preparation of appropriately substi-
tuted 3-aroyl-2-methyl-7-azaindoles (7a-j) is shown in Scheme
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A 1 R'= SCH
U i
R bC
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R = H, CH,, OCH, 3 R'=p- anlsoyl
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Scheme 1. Synthesis of 7-azaindoles 7a-j. Reagents and conditions: (a) Raney
Nickel, EtOH, rt, 80%; (b) EtMgBr, ZnCl,, p-anisoyl chloride, 64%; (c) 3-bromomethyl
phenylacetate, Cs,CO3, DMF, 70%; (d) K,COs3, aqg MeOH; (e) methyl (R)-lactate,
DEAD, PPhs; (f) KOH 36% (3 steps).
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Scheme 2. Synthesis of 7-azaindoles 12a-h. Reagents and conditions:
(a) 2-pyridylhydrazine; (b) HsPO4, 35%; (c) methyl (2S)-2-[3-(bromomethyl)phen-
oxy]propanoate, Cs,CO3, DMF; (d) KOH, 50% (2 steps).

1. Synthesis of 2-methyl-3-thiomethyl-7-azaindole starting mate-
rial (1) has been described previously.® The 3-thiomethyl group
of 1 was removed upon treatment with Raney Nickel in good yield.
Following the procedure of Bergman et al. acylation of the in situ
transmetallated indole-Grigard occurred smoothly to give moder-
ate yields of the 3-aroylated indole (3).° Benzylation of the N1
nitrogen provides the desired core structure 4.1° After hydrolysis
of the acetate protecting group on the phenol, a Mitsunobu reac-
tion was employed to install the R- or S-lactoyl group stereoselec-
tively in excellent yield (6). Simple hydrolysis of the ester allows
for isolation of the desired carboxylic acid 7 in modest overall yield
(~10% 6 steps).

Synthesis of the 2-methyl-3-phenoxy-7-azaindoles (12a-h)
was accomplished in four steps from 1-(4-chlorophenoxy)acetone
(8) (Scheme 2). Standard Fischer indole synthesis provided the
7-azaindole (10) in modest yield (35%). Benzylation on N1 followed

Table 1
In vitro human PPARY activity of 2-methyl-7-azaindoles (7a-d, 12a-c)
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by hydrolysis of the lactoyl ester gave the desired acid 12 (~18%
overall yield for three steps).

The synthesis and biological activity of functionalized 6-substi-
tuted-2-methyl-indoles as potent SPPARYMs has been previously
reported.® Many members of the indole class are cytochrome
P450 inhibitors (1-10 uM), and inhibit 15-43 enzymes (<10 pM)
on a customized panel of 168 assorted radioligand binding and
enzymatic assays.!! It was postulated that nitrogen incorporated
into the indole ring of the lead class may decrease the off-target
activity of these molecules by decreasing the hydrophobicity of
the molecules while retaining SPPARYM in vitro and in vivo po-
tency. Gratifyingly, 7-azaindoles displayed markedly reduced CYP
inhibition and off-target activity. For example, indole 13, which
is characteristic of the series, was moderately potent 2C9 inhibitor
(IC50=5.6 uM) and the R enantiomer of 13 inhibited 26 off-target
enzymes (ICsq, Ki < 10 uM).!" In contrast, the azaindoles, 7b failed
to inhibit CYP 3A4 and 2C9 (ICs0> 100 uM) and 7c¢ inhibited
only one off-target enzyme in the commercial screen (TxA, 64%
@ 10 pM).

As compared to 13, 3-aroyl- or 3-phenoxy-2-methyl-7-azain-
doles lost some potency in the SPA and transactivation assays
(TA) (Table 1).!?> However, all of the compounds retained their
partial agonism of PPARY as defined by reaching 20-60% of the
maximal activation of rosiglitazone in TA. In most cases, the
S enantiomer was more potent than the R enantiomer (7a and
7b, respectively). Additionally, the R enantiomer of many azain-
doles was active on the human and/or murine PPARa isoform,
while the S enantiomer was selective for PPARy (data not
shown).!® Substitution of the N-benzyl ring with a halide either
ortho- or para- to the O-lactoyl moiety increased the intrinsic
potency approximately 10-fold, with the fluorinated 7¢ being equi-
potent to 13.

Having identified potent and selective SPPARYMs with im-
proved off-target profiles, pharmacokinetic characteristics and in
vivo efficacy of 7b were examined in Sprague-Dawley rats and
db/db mice, respectively (Table 1).* The PK profile of 7b was dom-
inated by very high clearance rates. Not surprisingly, after once
daily oral dosing for 11 days at 10 mpk in db/db mice, 7b failed

RI
Ne N o< FACO 1
= Toom WOy oo
= /
Y
(0]
7a-d, 12ac X 13 cl
Compound X Y R R’ Stereochem SPA TA SD rat pharmacokinetics®
IC50? ECso % max” Clp/mL/min/kg tij2 (h) AUCY (UM h) F (%)
13 S 1 1 24 21.7 1.5 0.7 45
7a OCH3 co H H R 726 2926 23
7b OCH3 co H H S 66 27 32 115 2.0 0.1 29
7c OCH3 CcOo F H S 5 3 43 31.7 1.8 0.6 51
7d OCH3 (€] H F S 10 3 47
12a Cl (0} Cl H S 25 36 36 21.8 1.2 1.0 61
12b Cl (0} F H S 54 156 19 22.1 1.6 13 77
12c Cl (0} H F S 106 140 19

All values are in nM.

2 ICsp is measured by the complete displacement of a radio-labeled full agonist indicating competitive binding to the receptor.
b The ECsy is reported; this is the compound concentration at which 50% of a given compound intrinsic maximal response has been reached. Activation levels that reach
nearly equivalent maximal activation to rosiglitazone are considered full agonists, while those reaching 20-60% of rosiglitazone maximal activation are deemed partial

agonists.

¢ All pharmacokinetic studies were preformed in Sprague-Dawley rats at dose of 0.5 mg iv, 2.0 mg po.

9 Dose normalized AUC.
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Table 2
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In vitro human PPARY activity, in vivo db/db mouse, and pharmacokinetic data of 6-substituted 7-azaindoles 7e-j, 12d-h

R' R" Rl@(Ru
RN 07 coH  RyNyN 0™CO,H
A /
(@)
° L
_ OCHs 12d-h Cl
Te-j

Compound R R R” SPA? TAP db/db mouse SD rat pharmacokinetics®

ICs0 ECso % max Dose (% glc corr)© Clp/mL/min/kg ty2 (h) AUCY (uM h) F (%)
7e CH5 H H 16 9 35 10 42 28 24 1.0 80
7f CHs5 F H 4 2 27 10 63 32 1.9 1.1 105
7g OCH; F H 2 1 14 10,30,50 33,35,34 74 1.4 1.7 37
7h OCH3 H F 1 1 29 10 23
7i OCH3 Cl H 2 2 23 30 32
7j OCH3 H Cl <1 1 25 - -
12d F Cl H 15 4 37 — —
12e F H Cl 3 4 21 30 30 23 0.8 0.7 47
12f F H F 23 94 22 — —
12g Cl H Cl 3 4 20 10,30 32,44 27 1.2 6.8 56
12h CF3 H Cl 22 23 26 20,50 18,56 124 1.9 1.5 61

All values are in nM.

@ ICsp is measured by the complete displacement of a radio-labeled full agonist indicating competitive binding to the receptor.
P The ECsy is reported; this is the compound concentration at which 50% of a given compound intrinsic maximal response has been reached. Activation levels that reach
nearly equivalent maximal activation to rosiglitazone are considered full agonists, while those reaching 20-60% of rosiglitazone maximal activation are deemed partial

agonists.

¢ Rosiglitazone was used as a control in the db/db mouse studies (10 mpk, 77-85% glucose correction). All pharmacokinetic studies were preformed in Sprague-Dawley rats

at dose of 0.5 mg iv, 2.0 mg po.
4 Dose normalized AUC.

to correct glucose levels compared to the 10 mpk rosiglitazone
control (29% vs 82%, respectively). The more potent halogenated
compounds (such as 7c¢, 12a, and 12b) had improved SD rat PK.
However, 7c at a dose of 20mpk (dose normalized AUC
21.8 uM h) resulted in a modest 44% glucose correction in db/db
mouse study, whereas a 10-mpk rosiglitazine control reduced glu-
cose to 90%.

In an effort to develop 7-azaindole-based agonists with more
desirable in vivo activity, substitution at the 6-position was intro-
duced on the 7-azaindole core to more closely mimic the parent in-
dole series (Table 2). Generally, 6-substitution resulted in an
overall increase in potency without loss of desired SPPARYM char-
acteristics. Exceptions occurred with 7f which was active on the
murine PPARa receptor (500 nM, 28% max) and 7h (489 nM human
PPARa; 222 nM murine PPARa). The in vitro activity of 6-methoxy-
3-anisoyl-7-azaindoles (7g-j) as measured in the db/db mouse is
comparable to 13, which exhibited 26% and 36% glucose correction
at doses of 10 and 30 mpk, respectively.

Substitution at the 6-position of the 7-azaindoles resulted in
moderately improved pharmacokinetics in the SD rat as compared
to the unsubstituted 7-azaindoles (Tables 1 and 2). Unfortunately,
low exposure in the db/db mouse resulted in modest glucose cor-
rection for all azaindoles tested. 7-Azaindoles were still unable to
completely correct glucose in the db/db mouse even at high doses
(7g and 12h @ 50 mpk). SPPARYM 7g corrected glucose to only 34%
at doses of 10, 30, and 50 mpk. Drug levels in animal dosed at
30 mpk were low (dose normalized AUC 1.6 uM h). Both 7f (dose
normalized AUC 0.38 uMh) and 12e (dose normalized AUC
2.6 uM h) were found to be low exposure compounds. Surprisingly,
7f had the lowest drug exposure of the azaindoles tested, but the
best in vivo efficacy as a dose of 10 mpk had 63% glucose correction
(10 mpk rosiglitazone control reduced glucose 83%).

In summary, incorporation of a nitrogen at the 7-position of the
indole ring results in compounds that have similar in vitro potency
to the parent indole series. Additionally, the inclusion of nitrogen

into the indole ring also eliminates CYP inhibition on 2C9 and
3A4, and drastically reduces off-target liabilities as compared to
the parent indole series. Furthermore, substitution at the 6-posi-
tion of the 7-azaindole provides compounds that have moderately
improved pharmacokinetic properties as compared to the parent
7-azaindoles. Further characterization and preparation of 4-, 5-,
6-, and 7-azaindole SPPARYMs continues in an effort to explore
the possibility that compounds with these features may afford
beneficial glycaemic control in humans with reduced AEs. These
results will be reported in due course.
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ABSTRACT

Radioimmunotherapy (RIT) is a method for selectively delivering radionuclides to cancer cells, while
reducing the radiation dose to normal tissues. However, because of slow clearance of MAbs, normal tis-
sues also received radiotoxicity. One of the promising strategies is linking on demand cleavable (ODC)
peptides between radiometal chelates and the tumor targeting agents. We have tested this proof-of-con-
cept by using ODC peptides designed to be cleaved only by TNKase and resistant to cleavage by enzymes
present in the plasma and the tumor. TNKase-specific peptide linkers using .- and p-amino acids were
screened by OBOC combinatorial peptide libraries. One of the best peptide was linked to radiometal che-
late and ChL6-MAD to prepare radioimmunoconjugate (RIC). Optimization and characterization of the lin-
ker conjugation to MADb shows: (a) 1-2 peptides linked to each MADb; (b) immunoreativity >80%; (c)
specific activity of the RIC 0.7-1 pCi/pg; (d) RIC stable over 7 days in human plasma and (e) radiometal
chelated ODC peptide cleaved from the RIC in plasma by TNKase at clinical dose levels of 10 pg/ml. The
percent release of radiochelate from RIC was 50% at 24 h and 85% over 72 h in vitro. This novel ODC-

linked RIC could be a potential molecule for RIT.

Published by Elsevier Ltd.

Monoclonal antibodies (MAb) linked to radiometal chelates
used to deliver cytotoxicity in cancer therapy is termed radioim-
munotherapy (RIT).'~> The delivery of an effective dose to tumor
sites is challenging while sparing exposure to normal tissues and
bone marrow. A number of approaches to improve the delivery
of radiation dose specific to the tumor site and reduce the non-tar-
geted radioactivity exposure to normal organs have been de-
scribed.® The non-targeted radioactivity has been removed by
various approaches, for example, increased renal excretion, immu-
noadsorption,” and pre-targeting procedures.®'' All of these
methods demonstrated non-targeted radioimmunoconjugates
clearance to some extent from normal organs.

Alternatively one can reduce radiotoxicity from the targeting
molecules at the normal organs by cleaving a designed enzyme
cleavable linker placed between radiochelates and immunoconju-
gates. For example, cleavable linkers were previously designed
and utilized to cleave from hepatocytes by endogenous proteases
such as liver-specific cathepsin'?~'> or by the exogenous hydrolytic
enzyme-lactamase.'® In a similar approach we have developed an
on demand cleavable (ODC) peptide using human origin TNKase
enzyme to cleave radiochelates from radioimmunoconjugate
(RIC) to demonstrate the proof-of-concept.!” In this approach the
TNKase enzyme primarily restricted to the intravascular space, re-

* Corresponding author. Tel.: +1 916 734 3787; fax: +1 916 703 5014.
E-mail address: arutselvan.natarajan@ucdmc.ucdavis.edu (A. Natarajan).

0960-894X/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.07.097

sults in cleavage of only the circulating radiochelates from the RIC.
This enzyme was derived from the recombinantly made tissue
plasminogen activator (TPA), currently used as a thrombolytic
agent in patients.'®

In clinical studies for RIT treatment, first TNKase susceptible
ODC-RIC will be administered to target the tumor and provide en-
ough radioactivity followed by TNKase intravenously to cleave the
ODC linker, thus DOTA radiochelate will be cleaved from the circu-
lating RIC and excreted through kidneys.

The first ODC peptide linked RIC showed 50% immunoreactivity
and cleaved 28% of the linkers from RIC at 10 ng TNKase dose in
plasma incubated after 72 h. To increase the cleavable ability of
the ODC peptide by TNKase at clinical dose level, we have screened
a second one-bead-one-compound (OBOC) peptide library by
established methods.'®?° The OBOC method provided an ODC lin-
ker that is highly susceptible to TNKase but highly resistant to
other proteases in plasma or tumor. From this library we have
identified and synthesized a better peptide with efficient cleavage
properties in plasma in order to reduce the TNKase dose and expo-
sure time. Further the linkers’ ligation method has been enhanced
to preserve the tumor targeting of the RIC and to have minimum
linkers for the effective enzyme susceptibility. Thus the present
study was aimed at enhancement of novel ODC-RIC and has the
following properties: high specificity, susceptibility to TNKase
and increased immunoreactivity for better in vivo tumor
targeting.
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ODC peptides were generated using fluorescent-quenched pep-
tide libraries on PEGA beads through the OBOC combinatorial li-
brary method (MM1-3) by ‘split-mix’ approach.!” Screening and
sequencing of the peptides were carried out by established meth-
ods.!” Table 1 shows a group of selected ODC peptides. The listed
peptides were selected based on the following criteria: first they
were stable in the presence of human plasma, normal tissues and
tumor tissues; and second they were specifically susceptible to
TNKase in plasma. Peptides were further characterized with mouse
serum and we selected the best peptide (ayGRGrr) from the listed
peptides in Table 1 for further study.

The peptide with the sequence of ayGRGrr was further modified
at the terminals to create a bi-functional linker with one side DOTA
to chelate radiometals and the other side with amino oxy to conju-
gate with chimeric L6 antibody (ChL6). Bi-functional modification
of TNKase cleavable peptide (DOTA-spacer-ayGRGrr-spacer-
K(Aoa)-NH,) was carried out by a method similar to the synthesis
of fluorescent-quenched peptides.!” A short hydrophilic spacer was
also introduced on both sides of the peptide linker using 2,2'(eth-
ylenedioxy)-bis(ethylamine) and an anhydride component at the

Table 1
List of ODC peptides selected from the OBOC library and modified as bi-functional
linker

SL# ODC-peptide Purity (%) Radio chelatable DOTA  Specific activity

sequence? m (c) c/peptide (nCi/ug)
1 ayGRGar >90 >90 0.75 150
2 myGRGar >90 >90 0.62 145
3 myGAGaa >90 >90 0.52 135
4 ayGRGrT >90 >90 0.53 135
5 myGRGrr >90 >90 0.43 116

2 Sequence contains L and p-amino acids each represents by a small and big fonts,
respectively. ODC peptides were bi-functionalized with DOTA and aminooxy
functional groups (Fig. 1A).

Hi f_‘, 000+
A m? 6 DOTA
" DOTA-spacer-
ayGRGrr-spacer-

Hi \—1;;
gm Lys(Aoa)-NH,

Jn Spacer mk‘j\;w

A a. @ m EmP
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S - — — — ~ 1
0123 4567 8 9101112131415 161718 19 20
Minutes

B NH2—o0— | Radiochelate

0
MAb/ A N=C—_———— Radiochelate

C-terminal end derived from succinic anhydride, respectively
(Fig. 1A). The purity of the peptide was verified by both analytical
HPLC and MALDI-TOF mass spectrometry. The bi-functionalized
ODC peptide showed 95% purity and was further tested for the
TNKase susceptibility and plasma stability.

Cancer targeting immunoconjugate (IC) was prepared by plac-
ing a small cross-linker between ChL6 and the TNKase cleavable
peptide (Fig. 1A). This strategy was adopted to control the number
of linkers on each MAb. ChL6, an antibody targeted against a tumor
antigen expressed on colon, lung, and breast cancer cells, was func-
tionalized with keto groups at primary amines (mainly lysine)
present in ChL6. The cross-linker levulinic succinimidyl ester was
used to keto functionalize the ChL6. In a separate experiment we
determined that 20 M excess of N-succinimidyl levulinic acetate
to antibody yielded typically 3-5 keto groups per mole of ChL6
at the omega group of lysine and retained its immunoreativity
equal to unmodified ChL6. This protocol allowed a reproducible
number of keto functionality at the antibody without changing
the biological property of the antibody. The number of cross-link-
ers conjugated to the ChL6 was estimated by analysis of unconju-
gated cross-linkers from the reaction mixture by HPLC.

DOTA-ODC-aminoxyamine was ligated to ChL6 by the ketone-
oxime method?! The ODC peptide conjugation to antibody was
estimated by analytical HPLC, mass spectroscopy, and the DOTA
estimation against >’Co/CoCl, method. To optimize the aminooxy
ODC peptide ligation to keto functionalized ChL6, reactions were
performed at various conditions. Table 2 shows the various molar
ratios, time and pH utilized to optimize the formation of oxime
bond. This ligation condition was further optimized at four differ-
ent intervals of time (4, 8, 12, and 24 h) at RT for the best immuno-
reactive conjugates (Table 3). The best ODC-IC preparation was
achieved at pH 5.5 with 1.5 M excess ODC peptide incubated 8 h
at RT, yielded 1-2 linkers ligation per MAb and provided 0.8 metal
chelatable DOTA. The metal chelatable DOTA was accounted 0.8 c/a

RT, pH 5.5, 8h, 1.5 mol
excess ODC linker

MAtr/Ao

|
R

2463.64
1847.73

1231.82 A

Radioactivity (cpm)

61591 4

0.00 T T T T
0.00 30.52 61.04 91.56 122.08
Migration distance (mm)

Figure 1. (A) Chemical structure of the TNKase cleavable ODC linker; (B) schematic diagram of ODC linker ligation to keto functionalized ChL6; (C) ODC-linked ChL6 analyzed
by SEC-3000 HPLC, UV at 280 nm shows >90% pure; (D) ODC-RIC in plasma incubated over 7 days. Analysis of CAE at 45 min shows ODC-RIC stable in plasma 7 days (tall

peak = day 1, and peak indicated by arrow = day 7).
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Table 2
Optimization of ODC linker conjugation reaction with MAb at various molar ratio and
pH

Expt Ratio of aminooxy
peptide versus

Amount of aminooxy
group ligated per

Metal chelatable  pH
DOTA availability

keto-MAb? (nmol/nmol) MAb (nmol) per MAb
1 0.5 04 03
2 1 0.6 04
3 1.5 1.2 0.8 5.5
4 2 1.5 1.1
5 4 2.0 1.4
6 0.5 0.3 0.2
7 1 0.5 0.3
8 1.5 0.8 0.5 6.0
9 2 1.2 0.8
10 4 1.5 1.1

@ Each ChL6 molecules functionalized to an average five keto groups.

as against 1-2 c/a in comparison with linkers estimated by mass
spectrometry, we are speculating this may be due to trace metals
present in the reagents possibly chelated to DOTA during ODC-IC
preparation.

The final immunoconjugate was greater than 95% pure by HPLC
(Fig. 1C) and used to radiolabel with '''InCl; to prepare ODC-RIC.
In a separate vial the control '''In-2-iminothiolane (2-IT)-2-[p-
(bromoacetamido) benzyl]-DOTA-ChL6 (2IT-RIC) was prepared as
per the published procedure.?? The '''In-DOTA-ODC-ChL6 (on de-
mand cleavable RIC) was purified by Sephadex-G50 column chro-
matography and the purity was 95% by HPLC and cellulose
acetate electrophoresis (CAE) at 45 min (Fig. 1D, day 1). The spe-
cific activities of the ODC-RIC, and 2IT-RIC were 1 pCi/pg. The
ODC-RIC was tested for immunoreactivity against ChL6 antigen
positive breast cancer cells (HBT 3477) and ChL6 antigen negative
lymphoma cancer cells (Raji). The ODC-RIC selectively bound to
specific HBT 3477 cells but not to negative control Raji cells. Immu-
noreactivity of the ODC-RIC was greater than 80% to HBT 3477, but
only 6% to Raji cells (Table 3). The RIC preparation with 1-2 ODC
linkers showed the highest IR of about 80% (Table 3). Although, in-
creased ODC peptides conjugation was observed at 4 M excess of
ODC linkers per ChL6 at pH 5.5, the immunoreativity (IR) was
reduced.

The ODC-RIC in plasma demonstrated greater than 95% stable
in vitro determined by CAE at 45 min (Fig. 1D, day 7 trace) moni-
tored for 7 days in human plasma. HPLC analysis indicated that
>95% of the radiometal was associated with RIC, and >95% of
RIC was in a monomeric form. This result indicated that chelated
radiometals, linkers and protein were intact for 7 days.

To study ODC linker cleavage by TNKase enzyme, samples were
analyzed at various times (4, 24, 48, and 72 h) by CAE at 45 min
and HPLC. The degree of TNKase susceptibility was calculated by
either decreased radioactivity at the peak corresponding to the
ChL6 or increased radioactivity in the cleaved fractions corre-
sponding to the peptide peak. Study after 4 h showed cleavage of
the linker had started, evidenced by two different peaks corre-
sponds to ODC-RIC and small molecular weight with peptide rad-
iochelate. Incubation after 24 and 72 h showed the percent of
linker cleaved from ODC-RIC was 50% and 85%, respectively (Fig.
2). The same experiment was performed using a control 2IT-RIC

Table 3
ODC linker conjugation with MAD at different reaction time versus immunoreactivity

ODC-RIC optimized at
various reaction time (h)

Immunoreactivity

HBT %bound (+ control) Raji % bound (— control)

4 80.8 £2.1 53+14
8 80.5+1.2 55+2.0
12 67.9+2.4 58+1.2
24 463 0.9 6.7+0.8

(""In-2IT-ChL6) with TNKase enzyme the peaks corresponding to
products were stable and no cleavage was observed at 72 h (see
Supplement data Fig. 1).

Delivery of radionuclide for imaging and therapy of cancer
using targeted antibodies, antibody fragments and peptides, direc-
ted towards tumor-associated antigens is an active area of research
both by experimental and clinical trials.”'*?3However, in this
modality radioactive uptake by various normal organs and tissues
are very high and could induce toxicity, for example, liver, spleen
and kidney. To reduce the radioactive uptake at normal organs,
various approaches have been developed but the success towards
the complete removal of RICs from the normal organs was not
complete.

Keeping the RICs tumor uptake intact and clearing the radio-
nuclides in normal tissues is challenging and many approaches
have been developed. One of the approaches is placing an enzyme
cleavable peptide or linker between MAb and radiochelates. The
proof-of-the principle has been demonstrated by various groups;
DeNardo et al.'#2?224 extensively studied cathepsin B specific cleav-
able peptide, Beeson et al.,'® used external B-lactamase enzyme
cleavable peptide and Sutherland et al.?’ utilized protease enzyme
cleavable peptide. In human clinical trials both prostate and breast
cancers were compared to non-cleavable RIC, and the cleavable RIC
showed a 30% mean dose decrease in liver while the tumor dose
was similar with identical PK.3 However, in this approach dose
reduction was achieved only at the liver, but other normal organs
were not effective.

Alternatively, we have developed another novel approach using
TNKase enzyme cleavable peptide linked RIC for on demand cleav-
age. TNKase enzyme has been approved by the FDA as a thrombo-
lytic reagent and the physiological characteristics are well
established. In our previous report TNKase cleaved 28% of the rad-
iochelate after 72 h using 10 pg/ml TNKase in human plasma in vi-
tro and stable in plasma over 3 days. A published report®®
demonstrated that the differences in biodistribution of chelate
were attributed to the different methods of conjugation of linker
to the antibody, difference in the number of chelates and possibly
different positions of attachment. Hence, here we have evaluated
the new linkage and optimize the linkers ligation to MAb and
established the conjugation method with various molar ratios of
reactants, pH and incubation time.

In summary, in this study, we have screened focused OBOC li-
brary and panned a potential TNKase susceptible peptides with im-
proved cleavage efficiency and stability in cancer cell supernatants,

5861.304

4395.98+

2030.65

Radioactivity (cpm)

1465.334

T T T T
0.00 29.30 58.60 87.90 117.20

Migration distance (mm)

Figure 2. Study of TNKase susceptibility on ODC-RIC in human plasma at 0, 24, and
72 h. Analysis of CAE at 45 min shows TNKase (10 pg/ml) cleaved ODC over 24 h
(blue trace, new peak appears at 52 mm) and 72 h (green peak, the trace completely
shifted from 44 to 52 mm; >80% of the ODC peptide cleaved from the RIC).
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mouse serum and human plasma. One potential ODC linker
(ayGRGrr) was selected by in vitro and has evaluated its cleavable
property to reduce radiation to normal tissues. This novel ODC
peptide linked RIC showed increased immunoreactivity and speci-
ficity to TNKase with increased cleavable efficiency at clinical dos-
age level. These properties were achieved by controlling the
number of linkers per molecule of MAb. Further in vivo study in
animal model is ongoing and the study results may provide a novel
molecule for imaging and therapy for RIT.
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p-calpain inhibitors.

The effect of incorporating o,o/-diethylglycine and o-aminocyclopentane carboxylic acid at the P, posi-
tion of inhibitors on p-calpain inhibition was studied. Compound 3 with o,0/-diethylglycine was over
20-fold more potent than 2 with a-aminocyclopentane carboxylic acid. Additionally, 3 was over 35-fold
selective for pi-calpain compared to cathepsin B, while 2 was 3-fold selective for cathepsin B compared to
p-calpain. Thus, the conformation induced by the P, residue influenced the activities of the compounds
versus the closely related cysteine proteases, and suggests an approach to the discovery of selective

© 2008 Elsevier Ltd. All rights reserved.

Calpain is a papain-like cytosolic cysteine protease that requires
calcium ions for activation.! Several calpain isoforms have been re-
ported of which pi-calpain and m-calpain are the most abundantly
distributed in mammalian cells, and have been termed ubiquitous
calpains.’3 Calpain is a promiscuous enzyme that catalyzes the
limited proteolysis of a broad range of substrates in vivo.>> The
physiological role of the enzyme is evolving, and it has been shown
to participate in signal transduction pathways.*~” Calpain has at-
tracted considerable interest due in part to implication of the en-
zyme in a variety of pathological conditions including
neurological disorders (e.g., stroke and Alzheimer’s disease), cata-
ract, and cancer.2~'® This has led to the search for selective calpain
inhibitors as potential therapeutic agents and as biochemical
probes. Several compounds are known to inhibit the ubiquitous
calpains. However, most of the inhibitors are not specific for the
calpains because they also inhibit the closely related cysteine
cathepsins (e.g., cathepsin B).!#!> Hence there is a continuing need
for new calpain inhibitors with improved selectivity for the
enzyme.

Incorporation of constrained amino acids such as o,o/-dialkyl-
glycines and a-aminocycloalkane carboxylic acids into a peptide
restricts the conformational freedom of the peptide in the vicinity
of the constrained amino acid.'® This allows one to study the effect
of local conformational constraints on bioactivity because peptides
containing o,o'-dialkylglycine residues generally adopt fully ex-

* Corresponding author. Tel.: +1 901 448 7736; fax: +1 901 448 6828.
E-mail address: idonkor@utmem.edu (1.0. Donkor).
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tended conformation while those with a-aminocycloalkane car-
boxylic acids prefer a folded conformation.’® We demonstrated in
a previous study that incorporation of 2,3-methanoleucine stereo-
isomers at the P, position of peptidyl inhibitors influences p-cal-
pain inhibition. Compound 1 with a 2,3-methanoleucine
stereoisomer of E-(25,3S) configuration at the P, position (Fig. 1)
was the most potent and selective member of the series albeit

1, E-(2S,3S)-Methanoleucine isomer

Ph

Ph H i L”/H
N
V\n/ N

0] é‘\ 0]
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V\n/ {#\H 5
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Figure 1. Structures of calpain inhibitors with constrained amino acids.
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modest selectivity for p-calpain versus cathepsin B.!” This study
showed that the S,-subsite of p-calpain is more stereosensitive
than that of cathepsin B, which suggested that compounds that
adopt different conformations would exhibit differential affinities
for p-calpain and cathepsin B. To further probe the active sites of
these closely related cysteine proteases with the goal of generating
selective p-calpain inhibitors we studied the effect of incorporat-
ing o-aminocyclopentane carboxylic acid (as in 2, Fig. 1) and
o,of'-diethylglycine (as in 3) at the P, position on inhibition of p-
calpain and cathepsin B.

Compounds 2 and 3 were synthesized using general coupling
procedures as outlined in Schemes 1 and 2. 1-Amino-1-cyclopen-
tane carboxylic acid 4 (Scheme 1) or diethylglycine 9 (Scheme 2)
was refluxed in SOCl, and MeOH for 24 h to give esters 5 and10,
respectively. The esters were coupled with 3-phenyl propionic
acid, using EDC, NMM, and HOBT, to give the dipeptide esters 6
and 11, which were hydrolyzed using 2 N NaOH to give the corre-
sponding dipeptide acids 7 and 12. Compound 7 was coupled with
L-phenylalaninol in the presence of EDC, NMM, and HOBT to give
tripeptide alcohol 8. Compound 12 (Scheme 2) formed the cyclic
intermediate 13 in the presence of EDC. This was coupled with -
phenylalaninol in the presence of EDC, NMM, and HOBT to give
the tripeptide alcohol 14. The tripeptide alcohols 8 and 14 were
oxidized using Dess—Martin periodinane reagent to afford the tar-
get compounds 2 (Scheme 1) and 3 (Scheme 2), respectively. The
final products were purified by flash column chromatography
and/or recrystallization from hexanes/CH,Cl, (1:1).!® The com-
pounds were evaluated'® as inhibitors of porcine erythrocyte pi-
calpain (Calbiochem) and human liver cathepsin B (Calbiochem)
using ALLN as positive control. Table 1 shows the results of the
study. The nature of the P, residue influenced the inhibitory activ-

Table 1
Inhibition of porcine erythrocyte p-calpain and human liver cathepsin B by
compounds 2 and 3

Compound p-Calpain Ki* (UM) Cathepsin B K; (LM) SRP

2 1.94 £ 0.81 0.88+0.01 0.45
3 0.08 £ 0.01 2.91+0.62 36.37
ALLNC® 0.19 £ 0.02 0.15+0.01 0.79

@ K; values are means of triplicate determinations obtained by Dixon plots with
correlation coefficient of >0.95.

b SR is selectivity ratio, which was determined by dividing the K; value for
cathepsin B inhibition by that for calpain inhibition.

¢ ALLN was purchased from Calbiochem.

ity of the compounds. Compound 3 with o,o/-diethylglycine at the
P, position inhibited pi-calpain with K; of 0.08 puM. It was over 20-
fold better inhibitor of pi-calpain compared to 2 with o-aminocycl-
opentane carboxylic acid as the P, residue. Furthermore, 3 was
over 35-fold selective for p-calpain versus cathepsin B. Compound
2 on the contrary inhibited cathepsin B 3-fold better than 3.
Clearly, our data suggest that compounds that adopt extended con-
formation are better inhibitors of p-calpain compared to those
with folded conformation. This is consistent with recent X-ray
crystallographic studies of the complexes of pi-calpain with bound
inhibitors, which showed that the inhibitors occupy the active site
pocket of the enzyme in extended conformation.?’~2? Thus, unlike
p-calpain, cathepsin B did not display significant preference for
any of the two compounds suggesting that the enzyme is not very
sensitive to the conformational differences induced by the con-
strained amino acids at the P, position of the inhibitors. This is
consistent with our previous finding using compounds with 2,3-
methanoleucine stereoisomers as the P, residue, which suggested

o
HoN a i b Ho§ c Ho ]
2 OH —— H,N o———> N = N
9 OH
o} 70
4 5 6 /
Ho§ Ho§
N jLN He© N ;U\N OH
H H
2 O 0 g ©

Scheme 1. Reagents: (a) SOCl,, MeOH; (b) 3-phenylpropionic acid, EDC, NMM, HOBT; (c) 2 N NaOH, MeOH; (d) .-phenylalaninol, EDC, NMM, HOBT; (e) Dess-Martin reagent.

(0] a (0] b 0 c H (o)
HoN OH — > H:N o—— = H - - N
(0] OH
O (0]
9 10 1 12

d
o ©\/\/O
- Nl (0]
OH

ho0 U - e
o)
30 ° 14

Scheme 2. Reagents: (a) SOCl,, MeOH; (b) 3-phenylpropionic acid, EDC, NMM, HOBT; (c) 2 N NaOH, MeOH; (d) EDC, DMF; (e) .-phenylalaninol, EDC, NMM, HOBT; (f) Dess-

Martin reagent.
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that the S,-subsite of cathepsin B is not as stereosensitive as that of
p-calpain.'”

In summary, we have demonstrated using constrained amino

acids as the P, residue that peptidomimetic compounds that adopt
extended conformation are potentially potent and selective inhib-
itors of p-calpain versus cathepsin B compared to related ana-
logues that adopt folded conformation.
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added to a solution of the appropriate alcohol (1 equiv) in CH,Cl, (20 mL), and
the reaction mixture was stirred for 2 h at room temperature. Na,S,03-5 H,0
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H 7.24, N 7.04. ESI MS: m/z 447 (M + Na + CH30H)".
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Compound 14 was transformed to 3 as described under the general method
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98.3%). Mp 98-100 °C. 'H NMR (CDCls, 300 MHz): 6 9.62 (s, 1 H), 7.26 (m, 10H),
6.48 (s, 1H), 6.25 (d, J = 6.6 Hz, 1H), 4.74 (q, J = 6.9 Hz, 1H), 3.12 (d, J= 7.2 Hz,
2H), 2.94 (t, ] = 7.5 Hz, 2H), 2.48 (m, 4H), 1.48 (m, 1H), 1.38 (m, 1H), 0.644 (t,
J=7.2Hz, 3H),0.54 (tJ = 7.2 Hz, 3H). Anal. (C24H30N,03), C, H, N. Calcd: C 73.07,
H 7.66, N 7.10. Found: C 7299, H 7.75, N 7.10. ESI MS: m/z 449
(M + Na + CH30H)".

1-Amino-cyclopentane carboxylic acid methyl ester (5). SOCl, (1 mL) was added
dropwise to a solution of 1-amino-1-cyclopentane carboxylic acid (0.4 g,
3.1 mmol) in methanol (10 mL) at 0 °C, and the mixture was refluxed for 3 h. It
was cooled and evaporated in vacuo to give the product as a white solid (0.52 g,
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93.5%). Mp 203-205 °C. "H NMR (CDCls, 300 MHz): 6 8.98 (s, 2H), 3.84 (s, 3H),
2.29 (m, 4H), 2.13 (m, 2H), 1.89 (m, 2H).
1-(3-Phenyl-propionylamino)-cyclopentane carboxylic acid methyl ester (6).
Compound 6 was obtained from 5 and commercially available 3-phenyl
propionic acid using the general coupling procedure. The product was obtained
as a white solid (0.76 g, 99.4%). Mp 65-67 °C 'H NMR (CDCls, 300 MHz): 6 7.25
(m, 5H), 5.86 (s, 1H), 3.70 (s, 3H), 2.93 (t,J = 9 Hz, 2H), 2.49 (t,] = 9 Hz, 2H), 2.20
(m, 2H), 1.87 (m, 2H), 1.72 (m, 4H).

1-(3-Phenyl-propionylamino)-cyclopentane carboxylic acid (7). NaOH (2N,
15 mL) was added to a solution of 6 (0.66 g, 3.67 mmol) in MeOH (15 mL),
and the mixture was stirred for 6 h at room temperature. The reaction mixture
was cooled to 0 °C, ethyl acetate (50 mL) was added and it was acidified with
5% HCl (pH 4.5). The mixture was extracted with EtOAc (2 x 30 mL). The
combined organic extracts were washed with brine (25 mL), dried with
Na,SO,4, and evaporated to give 7 as a white solid (0.53 g, 55.3%). Mp 170-
172 °C. "H NMR (CDCls, 300 MHz): 6 8.18 (s, 1H), 7.21 (m, 5H), 2.89 (t, ] = 8 Hz,
2H), 2.47 (t, ] = 7.2 Hz, 2H), 2.13 (m, 2H), 1.88 (m, 2H), 1.67 (m, 4H).
1-(3-Phenyl-propionylamino)-cyclopentane carboxylic acid (1-benzyl-2-hydroxy-
ethyl)-amide (8). Compound 8 was obtained from 7 and commercially available
L-phenylalaninol using the general coupling procedure. The product was
obtained as a white solid (0.69¢g, 91.3%). Mp 50-52°C. 'H NMR (CDCls,
300 MHz): § 7.24 (m, 10H), 6.64 (s, 1H), 5.84 (s, 1H), 3.63 (m, 1H), 3.45 (m, 1H),
3.05 (m, 1H), 2.96 (m, 3H), 2.83 (m, 2H), 2.5 (m, 2H), 2.25 (m, 1H), 1.94 (m, 1H),
1.71 (m, 4H), 1.55 (m, 2H).

2-Amino-2-ethylbutyric acid methyl ester (10). SOCl, (10 mL) was added
dropwise to a solution of diethylglycine (0.7 g, 5.3 mmol) in methanol
(30mL) at 0°C, and the mixture was refluxed for 24 h followed by solvent
removal in vacuo. Further rinsing with MeOH/CH,Cl, (2 x 30 mL) and
evaporation afforded 10 as a semi-viscous yellowish green oil (0.92 g, 95.6%).
'H NMR (CDCls, 300 MHz): 8.5 (s, 2H), 3.77 (s, 3H), 1.83 (q, ] = 6 Hz, 4H), 0.877
(t,J=7.2 Hz, 6H).

2-Ethyl-2-(3-phenyl-propionylamino)-butyric acid methyl ester (11). Compound
11 was obtained from 10 and commercially available 3-phenyl propionic acid
using the general coupling procedure. The product was obtained as viscous oil
(0.17 mg, 94.4%). 'TH NMR (CDCls, 500 MHz): ¢ 7.25 (m, 5H), 6.32 (s, 1H), 3.74
(s,3H),2.96 (t,J = 6.2 Hz, 2H), 2.54 (t,] = 6.2 Hz, 2H), 2.45 (m, 2H), 1.75 (m, 2H),
0.64 (t, /=7 Hz, 6H).

2-Ethyl-2-(3-phenyl-propionylamino)-butyric acid (12). NaOH (2 N, 50 mL) was
added to a solution of 11 (0.8 g, 2.88 mmol) in MeOH (35 mL), and the mixture
was stirred for 36 h at room temperature. EtOAc (50 mL) was added to the
reaction mixture at 0 °C and then acidified with 5% HCl (pH 4.5). The mixture
was extracted with EtOAc (2 x 50 mL), and the combined organic extracts were
washed with brine, dried with Na,SO,4 and evaporated to give 12 as a white
powdery solid (0.66 g, 87%). Mp 200-202 °C. 'H NMR (DMSO, 300 MHz): & 7.49
(s, 1H), 7.21 (m, 5H), 2.78 (t,] = 9 Hz, 2H), 2.43 (t, ] = 9 Hz, 2H), 1.80 (s, 1H), 1.78
(m, 4H), 0.62 (t, J = 6 Hz, 6H).

4,4-Diethyl-2-phenethyl-4H-oxazol-5-one (13). EDC (0.087 g, 0.46 mmol) was
added to a solution of 12 (0.8 g, 2.88 mmol) in CH,Cl,/DMF (10:2) at 0 °C, and
the mixture was stirred for 24 h at room temperature. The reaction mixture
was diluted with CH,Cl, (60 mL), washed with saturated NaHCO3, 0.5 N HCl,
and water successively, and dried with Na,SO,. Evaporation of the solvent gave
13 as colorless oil (0.92 g, 98.69%). Mp 180-182 °C. 'TH NMR (CDCls, 300 MHz):
§7.27 (m, 5H), 3.05 (m, 2H), 2.87 (m, 2H), 1.76 (q, ] = 6 Hz, 4H), 0.71 (t, ] = 6 Hz,
6H).

N-(1-Benzyl-2-hydroxy-ethyl)-2-ethyl-2-(3-phenyl-propionylamino )-butyramide
(14). Compound 14 was obtained from 13 and commercially available L-
phenylalaninol using the general coupling procedure. The product was
obtained as a white crystalline solid (0.6 mg, 94.6%). 'H NMR (CDCls,
300 MHz): § 7.28 (m, 10H), 6.06 (s, 1H), 6.09 (d, J=7.2 Hz, 1H), 4.25 (m,
1H), 3.65 (m, 2H), 3.15 (s, 1H), 2.95 (m,3H), 2.81 (m, 1H), 2.53 (t, ] = 6 Hz, 2H),
2.33 (m, 2H), 1.53 (m, 1H), 1.38 (m, 1H), 0.63 (t, J = 6 Hz, 3H), 0.45 (t, ] = 6 Hz,
3H).

. Calpain inhibition assay. The K; values for inhibition of porcine erythrocyte p-

calpain (Calbiochem) activity was monitored as previously reported®® in a
buffer consisting of 50 mM Tris-HCl (pH 7.4), 50mM NaCl, 10 mM
dithiothreitol, 1 mM EDTA, 1 mM EGTA, 0.2 mM or 1.0 mM Suc-Leu-Tyr-AMC
(Calbiochem), 2 ng of calpain from porcine erythrocyte (Calbiochem), varying
concentrations of the inhibitor in DMSO (2% total concentration), and 5 mM
CaCl; in a final volume of 250 pL in a microtiter plate. Cathepsin B inhibition
assay. The K; values for inhibition of human liver cathepsin B (Calbiochem)
activity was determined as described for calpain using a reaction mixture
containing 1 nM human liver cathepsin B (Calbiochem), 50 mM NaOAc (pH
6.0), 1 mM EDTA, 0.5 mM DTT, 50 uM or 250 uM of substrate (Z-Arg-Arg-AMC),
and varying concentrations of inhibitor in DMSO (2% total concentration) in a
final volume of 250 pL.
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Baeyer-Villiger oxidation of 5-aryl-7,11,11-trimethyltricyclo[5.4.0.0>¢]-undec-1-en-4-ones 4a-h by
H,0, and formic acid in methanol yields mixtures of 3b,7,7-trimethyl-3-phenyl-3,3a,3b,4,5,6,7,8a-octa-
hydro-1H-indeno-[1,2-c]furan-1-ones 8a-h and 3b,7,7-trimethyl-3-phenyl-3,3a,3b,4,5,6,7,8a-octahy-
dro-1H-indeno-[1,2-c]furan-2-ones 9a-h in high yields. The obtained butyrolactones 8a-h display
cytotoxic activity against a number of human cancer cells.

© 2008 Elsevier Ltd. All rights reserved.

Lactone motifs are part of many natural’~ and synthetic prod-

ucts,*7 which exhibit a variety of biological activities.®~1? The 7y-
butyrolactone moiety, that is, the 2(5H)-furanone ring system is
part of many oxygenated natural heterocycles'® and secondary
metabolites.'* The biological activities displayed by such oxygen-
ated heterocyclics include antibiotic, fungicidal, antihelmintic,
antitumor, antiviral, anti-inflammatory, cytostatic, antiallergenic,
and anti-HIV.">=22 The known antitumor lactones include podo-
phyllotoxin (1), etopside (2), and teniposide (3, Fig. 1). Though
podophyllotoxin (1) is an antimitotic agent preventing the poly-
merization of tubulin,?? its synthetic anologues (2, 3) inhibit cata-
lytic activity of DNA-topoisomerase 11.24?> Various approaches,
which have been utilized to obtain lactone moiety, include (1)
use of catalysts such as CH;ReO3/H,0,2% at room temperature in
jonic liquids, RuCls,?” Fe,05,2® and bis(dipivaloylmethanat-
o)nickel(I1)*® and (2) use of biocatalyst such as group of Baeyer—
Villiger monooxygenase enzymes. 2?31

Earlier, we had reported®? that photochemical transformation
of (E,E)-arylidene-B-ionones 4a-e when irradiated in anhydrous
solvent leads to 1,7,7-trimethyl-3-[(E)-2’-arylethenyl]-2-oxabicy-
clo[4.4.0]deca-3,5-dienes 5a-e, and the latter on UV irradiation
in aqueous organic solvent (aq. methanol) are quantitatively trans-
formed to 11-exo-aryl-1,7,7-trimethyltricyclo[4.4.0.1%*]undec-5-
en-3-ones 6a-e, which rearrange on silica to furnish 5-aryl-
7,11,11-trimethyltricyclo[5.4.0.0*%Jundec-1-en-4-ones 7a-e in

* Corresponding author. Tel.: +91 183 2258802x3321; fax: +91 183 2258820.
E-mail address: mpsishar@yahoo.com (M.P.S. Ishar).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.095
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Figure 1.

high yields. Further, the cyclobutanones 7a-e were oxidized by
air (MeOH solvent) or by formic acid and H,0, to obtain mixture
of lactones 8a-e (Major) and 9a-e (Minor).>* Keeping in view the
known biological activities of butyrolactones, in particular antican-
cer activity,* it was decided to evaluate the cytotoxic activity of
lactones against human cancer cell lines. For this purpose, in addi-
tion to the earlier reported (E,E)-arylidene-p-ionones 4a-3e, new
(E,E)-arylidene-B-ionones bearing electron-withdrawing group on
the aryl ring (p-CN,p-F), 4f, g and 2-furfuralyidene-p-ionones, 4h,
were also synthesized by the earlier reported procedure 3?33

The (E,E)-arylidene-p-ionones 4a-h were resynthesized and
irradiated under similar conditions as reported earlier*?>> to ob-
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(0]
A =~ SAr a |
4(a) Ar =Ph-
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(e)
(f
(
(
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(9]

Scheme 1. Synthesis of some new 7y-butyrolactones derivatives. Reagents and conditions: (a) aqueous MeOH or anhydrous benzene, hv; (b) aqueous MeoH, hv; (c)

rearrangement on silica 60-120 mesh; (d) formic acid and H,0, in MeOH.

Table 1
Reaction yield (%) of the products 8 and 9

Arylidene-B-ionones Reaction time (h) Yield of 8 (%) Yield of 9 (%)

4a 3 70 13
4ab 3 70 15
4c 3 73 13
ad 4 70 12
4e 4 74 15
af 3 72 16
ag 4 73 13
4h 4 75 14

tain 5-aryl-7,11,11-trimethyltricyclo[5.4.0.0*®Jundec-1-en-4-ones
7a-h, the latter were oxidized in formic acid and H,0, (BV oxida-

Table 2
In vitro cytotoxicity of y-butyrolactones 8a-h against human cancer cell lines

tion) at room temperature, in methanol, to obtain these y-butyro-
lactones 8a-e and 9a-e in good yields; these were separated by
column chromatography (Scheme 1, Table 1) using silica 60-120
mesh (Loba Cheme, 20 g, packed in hexane) and eluted with 5%
EtOAc in hexane. All the intermediates and the final products have
been characterized by detailed spectroscopic ('H and '*C NMR, IR
and Mass) and microanalytical data;>®> X-ray crystallographic
structure for 8¢ was reported earlier (CCDC-169322).33

In vitro cytotoxic studies of lactones 8a-h were carried out on
different cancer cell lines according to the protocol of Skehan
et al.>®3” The cytotoxic effects of y-butyrolactones were observed
on lungs (A-549 and HOP-62), colon (HCT-15 and COLO-205),
ovary (IGR-OV-1 and SK-OV-3), prostrate (DU-145), liver (HEP-2),
and human central nervous system (SF-295) cancer cell lines.
ICso values (uM), which is the concentration required to inhibit

Compounds/standard drugs Conc. (LM) % Growth inhibition against human cancer cell lines®
A-549 HOP-62 HCT-15 COLO-205 IGR-OV-1 SK-OV-3 DU-145 HEP-2 SF-295
Lung Lung Colon Colon Ovary Ovary Prostrate Liver CNS

8a 10 11 16 9 14 0 20 15 6 15
50 29 21 46 34 22 30 32 18 18
100 51 28 56 79 63 57 56 37 22
8b 10 13 2 11 10 0 19 6 9 19
50 29 13 44 22 29 29 10 25 20
100 42 21 55 34 40 30 35 27 21
8c 10 2 9 13 11 7 6 0 7 4
50 45 14 34 26 20 13 0 13 10
100 51 27 38 32 29 41 35 23 15
8d 10 10 27 9 22 1 10 16 8 20
50 12 29 29 24 15 14 30 18 23
100 20 38 30 25 16 24 35 18 31
8e 10 8 0 7 14 7 6 21 3 0
50 10 55 32 14 26 28 27 18 18
100 26 66 40 32 30 52 28 22 21
8f 10 15 5 14 2 6 17 16 5 12
50 24 9 25 24 25 25 22 18 17
100 25 18 30 24 29 27 25 19 20
8g 10 8 10 16 0 3 0 8 3 0
50 31 30 45 15 30 0 12 23 16
100 55 52 55 52 51 21 43 27 16
8h 10 19 2 14 16 1 6 17 8 0
50 20 8 50 20 24 9 37 19 17
100 25 46 56 64 67 57 76 52 38
Paclitaxel 10 40 26 40 9 15 — 52 29 22
5-Fluorouracil 20 57 37 30 27 29 46 29 77 11
Adriamycin 10 47 69 54 — — — 64 — 54
Mitomycin-C 10 55 — — — — — 63 — —

@ % age growth inhibition, % age inhibition caused by the compounds and standard drugs at various concentrations.
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Table 3
ICs value for different cancer cell lines
Compound 1Cs0° (UM)

A-549 HOP-62 HCT-15 COLO-205 IGR-0OV-1 SK-OV-3 DU-145 HEP-2 SF-295

Lung Lung Colon Colon Ovary Ovary Prostrate Liver CNS
8a 97.6 >100 75.28 63.6 83.7 86.5 87.61 >100 >100
8b >100 >100 78.04 >100 >100 >100 >100 >100 >100
8c 79.34 >100 >100 >100 >100 >100 >100 >100 >100
8d >100 >100 >100 >100 >100 >100 >100 >100 >100
8e >100 49.5 >100 >100 >100 95.1 >100 >100 >100
8f >100 >100 >100 >100 >100 >100 >100 >100 >100
8g 89.1 94.8 7713 99.2 94.2 >100 >100 >100 >100
8h >100 >100 50.0 79.5 79.2 91.0 63.28 98.8 >100

@ ICs0, 50% inhibitory concentration represents the mean from dose response curves of number of experiments.

cancer cell proliferation by 50% after exposure of cells to test com-
pounds, have also been determined (Table 3). In the case of the
lung cancer cell line HOP-62, the maximum inhibition of 66% at
100 UM was observed for 8e with ICsg = 49.5. For cell line A-549,
the maximum inhibition was 55% (100 uM) for 8g with
ICsp = 89.1. In the case of colon (COLO-205), the maximum inhibi-
tion was 79% (100 uM) for 8a with ICso = 63.6, followed by 8h, 64%,
at same concentration, with ICsg = 79.5. In the case of colon cell line
HCT-15, the maximum inhibition of 56% (100 nM) was observed
for 8a and 8h with ICso = 75.28 and 50.0, respectively, which is fol-
lowed by 55% at same concentration for 8b and 8g with
ICso = 78.04 and 77.13, respectively. The ovarian cancer cell line
IGR-OV-1 shows maximum inhibition of 67% (100 uM) with 8h
having ICs = 79.2, followed by 63% at the same concentration for
8a having ICso=83.7. In a ovarian cancer cell line SK-OV-3, the
inhibitory potential of 57% (100 nM) was observed for 8a and 8h
with ICso = 86.5 and 91.0, respectively. In the case of prostrate can-
cer cell line DU-145, the maximum inhibition of 76% at 100 uM
was shown by 8h with ICsq=63.28. In the case of liver cell line
HEP-2 the inhibition observed was 52% (ICso = 98.8) for 8h. In pros-
trate cell line DU-145 the maximum inhibition is 76% was ob-
served 8h (ICso=63.28). The inhibitory effect on CNS was also
evaluated using SF-295 cell line (Table 2). The results indicate that
some of the lactones such as 8a, 8g, and 8h are active against a
number of human cancer cells. Though mode of action is yet to
be established, y-butyrolactones such as podophylotoxin are tubu-
lin polymerase inhibitor,?> and their synthetic analogues such as
etoposide are topoisomerase-II inhibitor.2#2> On the other hand,
o-alkylidene <y-butyrolactones can act as Michael acceptors in
reactions with bionucleophiles, especially mercapto groups pres-
ent in the cystein residue and their cytotoxic potential related to
reactivity toward biological nucleophile.??

In conclusion, lactones 8a-h were synthesized and evaluated
for anticancer activity against human cancer cell lines. The results
of investigations indicate that in most of the experimental observa-
tions, maximum activity was observed when aromatic ring is
either unsubstituted or bears electron-releasing groups, that is,
Me, MeO, and Furan-2yl. Compounds 8a, c, e, g are active on lung,
8a, e, g, h on ovary, 8h on liver, and 8a, h on prostrate cancer,
whereas no significant inhibition was observed on CNS cancer
cells. These lead lactones may be developed further.
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In order to find an injectable and selective N-type calcium channel blocker, we have performed the struc-
ture-activity relationship (SAR) study on the 2-, 5-, and 6-position of 1,4-dihydropyridine-3-carboxylate
derivative APJ2708 (2), which is a derivative of Cilnidipine and has L/N-type calcium channel dual inhib-
itory activities. As a consequence of the optimization, 6-dimethylacetal derivative 7 was found to have an
effective inhibitory activity against N-type calcium channels with more than 170-fold lower activity for
L-type channel compared to that of APJ2708.

© 2008 Elsevier Ltd. All rights reserved.

Calcium ions act as an intracellular signal and play a critical role
in variety of biological functions including muscle contraction, re-
lease of neurotransmitters, calcium-dependent gene transcription,
and the regulation of neuronal excitability. Several types of volt-
age-dependent calcium channels have been identified in native tis-
sues and classified into at least five subtypes based on their
pharmacological and functional properties: N-(Cay2.2), L-(Cay1.1-
Cay1.4), P/Q-(Cay2.1), R-(Cay2.3) and T-type (Cay3.1-Cay3.3).!

The N-type calcium channel is a well established and character-
ized subtype which is expressed on nerve endings to regulate neu-
ronal overexcitement and pain signals. Therefore, agents which
inhibit the N-type calcium channel have been shown to be effec-
tive therapies for several pathological states including ischemic
brain injury and neuropathic pain.? In fact, Ziconotide, which is
the chemically synthesized version of 25-residue-peptide marine
toxin w-conotoxin MVIIA, has approved as an analgesic drug for se-
vere chronic pain treatment. However, although this drug has been
shown a non-addictive analgesic effect without opiates-like toler-
ance, its clinical use is limited because Ziconotide could be admin-
istered only via intrathecal route with least compliance for a
patient.> Thus, systemically available N-type calcium channel
blocker is still strongly needed and many small molecules were re-
ported mostly for obtaining oral drug candidates.* An injectable N-
type calcium channel blocker with high aqueous solubility is also

* Corresponding author. Tel.: +81 44 210 5826; fax: +81 44 210 5876.
E-mail address: takashia_yamamoto@ajinomoto.com (T. Yamamoto).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.096

in demand, especially for a patient who cannot take medicine oral-
ly (see Table 1).

Cilnidipine (1); R = OCH,,CH,OMe 3
APJ2708 (2) ; R = OH

In order to find a selective N-type calcium channel blockers
with the least effects on cardiovascular system, we have performed
a structure-activity relationship study on APJ2708 (2), which is a
derivative of Cilnidipine (1) and has a unique 1,4-dihydropyri-
dine-3-carboxylate structure with dual blockage activities at the
L/N-type calcium channels. As a consequence of the optimization
on 4-, 5-, and 6-position of 1,4-dihydropyridine structure in 2, 3
was found as a promising N-type calcium channel blocker possess-
ing potent analgesic effect in vivo with a 40-fold lower activity
against L-type calcium channels than that of 2.%¢ In this study,
we made further optimization of 2-, 5-, and 6-position of 1,4-dihy-
dropyridine ring in 2 to find a selective N-type calcium channel
blocker with high aqueous solubility.
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Table 1
Activity table of dihydropyridine derivatives

Compound R! R? N-type IMR-32  L-type Magnus
ICs0, UM ICs0, UM

Cilnidipine (1) 1.6 0.0011

AJP2708 (2) 3.5 0.046

3 1.7 1.8

12a Me Me 1.0 0.020

12b Me Et 0.81 0.007

11 Me CN 5.8 2.0

7 Me CH(OMe), 3.0 8.1

12¢ CH(OMe), Me 39 1.3

In vitro inhibition against N-type (calcium influx using IMR-32 cells) and L-type
(magnus method) calcium channels.

The 1,4-dihydropyridine-3-carboxylate derivatives were syn-
thesized using Hantzsch 1,4-dihydropyridine synthesis reaction
as previously reported (Scheme 1).4¢> The 4,4-dimethoxy-3-oxo-
butyric acid cinnamyl ester (5) was obtained by heating 4,4-dime-
thoxy-3-oxo-butyric acid ethyl ester (4)° and cinnamyl alcohol to-
gether to conduct the transesterification. The 1,4-dihydropyridine
dicarboxylic acid 2-cyanoethyl ester 5-cinnamyl ester (6) was ob-
tained with two step reactions, Knoevenagel condensation with
3-chlorobenzaldehyde followed by 1,4-dihydropyridine ring con-
struction using 3-amino-2-butenoic acid 2-cyanoethyl ester. The

8
6: R' = CH,CH,CN
d
7:R'=H :I
e

9: R' = CH,CH,CN; Ré = CHO .
10: R1 = CHZCHZCN, R2 = CN :l
11: R'=H; R =CN g
Scheme 1. Reagents: (a) Cinnamyl alcohol, toluene; (b) 3-Chloro-benzaldehyde, i-
PrOH; (c) 3-Amino-2-butenoic acid 2-cyanoethyl ester, i-PrOH; (d) 1 M NaOH,
MeOH; (e) 6 M HCI, acetone; (f) NH,OH, AcONa, AcOH. Then Ac,0; (g) 1 M NaOH,
MeOH.

selective deprotection of 2-cyanoethyl ester group of 6 was per-
formed by the treatment with 1 M sodium hydroxide solution to
give 7. The treatment of 6 under acidic condition yielded 6-alde-
hyde derivative 9 which was converted into cyanide 10 in the pres-
ence of acetic anhydride. Final selective hydrolysis with 1M
sodium hydroxide gave 11. The rest of reported derivatives were
synthesized with same method as 7 from the corresponding substi-
tuted cinnamyl alcohol, B-ketoester, enamine and benzaldehyde as
starting materials.

The biological evaluation of the synthesized 1,4-dihydropyri-
dine-3-carboxylate derivatives was performed using the procedure
as previously described.*®" Their inhibitory activities at the N-type
calcium channel were determined using fluorescence based Ca?*-
flux assay in IMR-32 human neuroblastoma cells.”® The L-type cal-
cium channel inhibitory activities were estimated from the effects
on high K*-induced contraction in rat thoracic aorta ring by Mag-
nus technique.®!° In our previous in vivo study, 1 can inhibit both
the sympathetic N-type and vascular L-type calcium channels in
antihypertensive doses (3 pg/kg, i.v. administration),'! suggesting
that its ratio of L-type/N-type blocking activity is about 1. Based
on the information, the IMR model can be estimated to be about
1000 times less sensitive than the Magnus assay for detecting each
calcium channel blocking action. Therefore, the ICsy values of the
method against L-type calcium channel (Magnus method) could
not be simply compared with the ICsy values of the cell-based
IMR-32 method against N-type calcium channel.

In the present study, the structural optimization was started on
the 2,6-dimethyl-1,4-dihydropyridine-3-carboxylate derivative
12a, which had chlorine at 3’-position in place of nitro group in
2, since 12a showed higher inhibitory activity for N-type calcium
channels than that of 2 (ICsp = 1.0 and 0.020 pM for N- and L-type
calcium channels, respectively).® The substitution of 6-methyl
group in 12a with ethyl group showed increased activities both
for the N- and L-type calcium channels (12b, IC50=0.81 and
0.007 uM for N- and L-type calcium channels, respectively). While
the introduction of cyano group (11) led to 5.8-times lower inhib-
itory activity at the N-type calcium channel than that of 12a, but its
blockage activity for L-type channel showed far larger decrease
(100-fold less activity than that of 12a), resulting in increased
selectivity for N-type channel (ICsq = 5.8 and 2.0 uM for N- and L-
type calcium channels, respectively). Furthermore, 7, possessing
dimethoxyacetal group at the 6-position, showed 400-fold de-
creased inhibitory activity for L-type calcium channel with only
3-times lower activity at N-type channel compared to those of
12a (ICsp=3.0 and 8.1 uM for N- and L-type calcium channels,
respectively). This inhibitory activity for N-type calcium channel
of 7 was enough to show the analgesic effect in vivo based on
our previous result.*" However, the introduction of dimethoxyac-
etal group into 2-position (12c) was less effective than the substi-
tution at the 6-position (ICso=3.9 and 1.3 uM for N- and L-type
calcium channels, respectively). This result indicated that the dim-
ethoxyacetal group at the 6-position strongly affected on the activ-
ity against L-type calcium channels but had fewer influence on the
N-type activities, leading to the better selectivity for N-type chan-
nel with the preserved potency. While the introduction of dim-
ethoxyacetal group at the 2-position of 1,4-dihydropyridine-3-
carboxylate structure resulted in a smaller decrease in the activity
for L-type calcium channel.

Further optimization of 7 was made on the phenyl ring of cin-
namyl group (Table 2). The introduction of chlorine atom resulted
in the higher inhibitory activities for N-type calcium channel than
those of 7 (ICso = 1.8, 1.4 and 1.7 uM for 13a, 13b and 13c, respec-
tively). However, their activities for L-type channel showed larger
improvement than for N-type channel (ICso=0.7, 1.0 and 1.4 uM
for 13a, 13b and 13c, respectively). The derivatives with fluorine
and trifluoromethyl group (13d and 13e) showed similar activity
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Table 2
Activity table of dihydropyridine derivatives

Compound R N-type IMR-32 I1Cso, pM L-type Magnus ICso, tM

7 H 3.0 8.1
13a 2-Cl 1.8 0.7
13b 3-Cl 14 1.0
13c 4-Cl 1.7 14
13d 4-F 1.8 2.0
13e 4-CF3 2.0 3.2
13f 2-OMe 25 59
13g 3-OMe 3.0 4.4
13h 4-OMe 2.1 0.54

In vitro inhibition against N-type (calcium influx using IMR-32 cells) and L-type
(magnus method) calcium channels.

trends to 13a-c with improved inhibitory activities at L-type cal-
cium channel (ICso = 2.0 and 3.2 uM for 13d and 13e, respectively).
Therefore, all of these derivatives with halogen atoms (13a-e)
showed larger improvement in the activities for L-type calcium
channel rather than for N-type channel, resulting in the decreased
selectivity for N-type calcium channel compared to those of 7. The
4-methoxy derivative (13h) showed similar result to those of hal-
ogenated derivatives (13a-e) with 15-fold improvement in the
inhibitory activity for L-type channel and 1.4-fold higher activity
for N-type channel compared to those of 7 (ICso=2.1 and
0.54 uM for N- and L-type calcium channels, respectively). How-
ever, the blockage activity for L-type channel of 3-methoxy deriv-
ative (13g) was only two times higher than that of 7. Moreover,
this activity shift for the L-type calcium channel was 1.4-fold for
the 4-methoxy derivative (13f), whose inhibitory activity for
N-type channel showed 1.2-fold improvement with nearly equiva-
lent selectivity for N-type channel to that of 7 (ICso=2.1 and
5.9 uM for N- and L-type calcium channels, respectively).

As a result of the optimizations, 7 and 13f were found as the
selective and effective N-type calcium channel blockers. Moreover,
7 and 13f showed high aqueous solubility with low lipophilicity
and were proved to be good drug candidates which could be
administered via intravenous injection (Table 3).1213

Finally, the N-type calcium channel inhibitory activity of com-
pound 7, which showed better solubility than 13f, was confirmed
by an electrophysiological study on rat superior cervical ganglion
(SCG) neuron (85% inhibition at 107> M).'4

In summary, we performed the structural optimization on 1,4-
dihydropyridine-3-carboxylate derivatives to find a selective
blocker for the N-type calcium channel over the L-type channel.
The pharmacological characterizations of synthesized derivatives
were described and the 6-dimethoxymethyl derivatives 7 and
13f were found as the potent, selective, and aqueous soluble
N-type calcium channel blockers which could be novel candidates
for injectable neuroprotective and analgesic drugs.

Table 3

Aquarius solubility and PrologD- 4 value of selected compounds

Compound Solubility (mg/ml) PrologD; 4
3 3.5 3.51

7 >15 1.29

13f 10.2 1.20
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compound. All the experiments were performed as a duplicate at room
temperature. (c) Solutions: The ionic composition of Ca®*-free Tyrode solution
was (in mM): NaCl 150, KCl 5, MgCl, 1, N-2-hydroxye-thylpiperazine-N'-2-
ethanesulfonic acid (HEPES) 10 and glucose 10. The pH was adjusted to 7.4
with tris(hydroxymethyl)aminomethane (Tris)-OH. Na/K free Ba®* solution
was (in mM): tetraethylammonium chloride 130, CsCl 4, MgCl, 1, BaCl, 10,

T. Yamamoto et al./Bioorg. Med. Chem. Lett. 18 (2008) 4813-4816

HEPES 10 and glucose 10. The pH was adjusted to 7.4 with Tris-OH. The
conventional patch-pipette solution contained (in mM): CsCl 75, Cs-
methanesulfonate 75, ATP-Mg 2, EGTA 5 and HEPES 10. The pH was adjusted
to 7.2 with Tris-OH. (d) Positive control:(S)-4-methyl-2-(methylamino)
pentanoic acid [4,4-bis(4-fluorophenyl)butyl]Jamide hydrochloride (Ref. 4a)
was used as a positive control (83% inhibition at 107> M).
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A series of piperazinebenzylalcohols were prepared and studied to compare with their ketone and amine
analogs as MC4R antagonists. Several benzylalcohols such as 14a and 14g displayed low nanomolar bind-
ing affinities (K; < 10 nM), and high selectivities over other melanocortin receptor subtypes.

© 2008 Elsevier Ltd. All rights reserved.

The melanocortin receptors, which consist of five subtypes
MC1-5R and belong to the class A GPCR superfamily,' have been
identified and cloned.? Among them, MC4R controls feeding behav-
ior.> Therefore, MC4R agonists have been sought for the possible
treatment of obesity.? Moreover, recent studies have also demon-
strated that MC4R-selective antagonists might be useful in
cachexia.’

The melanocyte-stimulating hormones (o-MSH, B-MSH and
v-MSH) and adrenocorticotropin (ACTH) are the endogenous ago-
nists for the melanocortin receptors. All these peptides possess a
His-Phe-Arg-Trp motif which is crucial for receptor binding and
activation.® In addition, two endogenous antagonists, agouti-pro-
tein and agouti-related protein (AgRP) contain an Arg-Phe-Phe
moiety located in a loop known to interact with the melanocor-
tin receptors,” and are believed to be important for functional
antagonism.® Mutagenesis and modeling studies have provided
some information for understanding how a peptide ligand inter-
acts with the receptor.® The requirement of a basic and an aro-
matic group for a MC4R ligand is also evidenced by many
known non-peptide MC4R agonists and antagonists from several
chemical classes.!® For example, studies have shown that the
dipeptide p-Tic-p-(4-Cl)Phe attaching to a piperazinebenzene that

* Corresponding author. Tel.: +1 858 617 7600; fax: +1 858 617 7967.
E-mail address: cchen@neurocrine.com (C. Chen).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.076

bears a polar functionality at the ortho-position is a potent MC4R
agonist with high binding affinity.!’~'® Thus, Dyck et al. reported
a K; value of 270 nM for the weakly basic triazole 1a (Fig. 1). In
comparison to 1a, the basic benzylamine 1b possessed a similar
K; value of 380nM, while its 2-thienylethyl derivative 1c
(K;=11 nM) displayed a substantially increased binding affinity,
indicating that a basic nitrogen in combination with a small lipo-
philic group significantly contributes to receptor binding.!* Com-
pounds 1a-c are full agonists, suggesting an important role of
the Tic (1,2,3,4-tetrahydro-isoquinolinecarbonyl) group in the
receptor binding and activation. In contrast, the B-Ala-p-(2,4-
Cl)Phe analog of 2 (K;=1.8nM) is a highly potent MC4R
antagonist.'*

Based on receptor modeling studies, the basic amine of the Tic
group of 1 possibly interacts with an aspartic residue (Asp-126)
at the top of the transmembrane domain-3 (TM-3) of the human
MC4 receptor (hMC4R), while another acidic Asp-122 may contact
with the polar triazole of 1a via a hydrogen-bond, or the amine of
1b and 1c via a charge-charge interaction.'>~!”

We have shown that the binding affinity of benzylamine 3
(K; =490 nM) is improved when a small isobutyl group is incorpo-
rated (4, K; = 74 nM).'® In addition, p-Ala-p-(2,4-Cl)Phe-piperazines
bearing a cyclohexyl-carboxylate such as 5 are potent MC4R antag-
onists,'® indicating a basic amine in 4 might not be crucial for
receptor binding. To further explore the structure-activity rela-
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1b: X = NHj, K; = 380 nM
1¢: X = NHCH,CHy-2-thienyl, Ki = 11 nM 2:K = 1.8nM
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Figure 1. Chemical structures of some non-peptide MC4R ligands.

tionship and understand the ligand-receptor interactions, we syn- The ketones 10 and 11 were synthesized from 2-fluorobenzoni-
thesize a series of alcohols, as well as their amines and ketone ana- trile 6a as described in Scheme 1. Reaction of 6a with isobutylmag-
logs, to study their binding affinities at MC4R and the role of these nesium bromide gave the corresponding ketone 6b in 74% yield,
functional groups in receptor binding. which was condensed with Boc-protected piperazine to give 7 in
a, o] b o]
F N
K/NBOC
6a 6b
7
l cd
Cl Cl Cl

Cl o] o]
x Cl o Cl x Cl
N N 0 N i
N _R! N

K/ N K/N N)'LRa K/ N R3

0 R? o H o H
12a-h: X = OH 11a-f 14a-f: X = OH
13a-h: X = NH, 15a-f: X = NH,

Scheme 1. Reagents and conditions: (a) ‘BuMgBr/THF/rt, 2 h, 74%; (b) N-Boc-piperazine/K,CO3/DMF/130 °C, 10 h, 62%; (c) TFA/DCM/rt, 0.5 h; (d) p-N-Boc~(2,4-Cl)Phe-OH/-
HBTU/DMF/40 °C, 10 h, 59%; (e) i—(iPr),NEt/DCM; ii—aldehyde/NaBH(OAc);/THF/rt, 8 h; (f) N-Boc-amino acid/HBTU/(iPr),NEt/DMF/40 °C, 10 h; (g) NH4OAc/NaB(CN)H3;/-
PrOH/70°C, 6 h.
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62% yield. Deprotection of 7 with TFA, followed by a coupling reac-
tion with p-N-Boc-(2,4-Cl)Phe-OH under standard amide coupling
conditions gave the amide 8 (59%). After deprotection with TFA,
8 was subjected to reductive alkylations with several aldehydes
to afford the ketones 10a-h. Alternatively, coupling reactions of
the deprotected 8 with Boc-protected amino acids gave the inter-
mediates 9, which were deprotected with TFA to provide the
dipeptides 11a-f.

Reactions of 10 with sodium cyanoborohydride in the presence
of ammonium acetate gave a mixture of the corresponding alco-
hols 12a-h and the amines 13a-h, which were separated using a
HPLC system. The alcohols 14a-f and the amines 15a-f were ob-
tained from 9 using the same procedure as 12 and 13, followed
by a TFA-deprotection.

The Boc-protected piperazine-benzaldehyde 17a and pipera-
zine-acetophenone 17b were prepared from the fluorobenzenes
16 and Boc-piperazine (Scheme 2). Reduction of 17a with sodium
borohydride gave the benzyl alcohol 19 after Boc-deprotection.
Reactions of 17a with various alkyl Grignard reagents afforded
the secondary alcohols 20a-j. The tertiary alcohol 21 was obtained
from 17b and propylmagnesium bromide. Alternatively, the ester
18 was converted to 22 with ethylmagnesium bromide. Coupling
reactions of 19-22 with N-Boc-B-Ala-p-(2,4-Cl)Phe-OH provided
the dipeptide derivatives 23-26 after deprotection. Alternatively,
coupling reactions of 20e (R*=H, R®>=iBu) and 22 with N-Boc-p-
(2,4-Cl)Phe-OH afforded the amides 28a-b, respectively, after
deprotection. Coupling reactions of 27 and 28 with various N-Boc
amino acids gave the dipeptides 14g-i and 26a-h after deprotec-
tion. Finally, a coupling reaction of 22 with (2R)-(2-oxopyrroli-
din-1-yl)-3-(2, 4-dichlorophenyl)-propionic acid gave the amide
29,

@*@ - @*
o

16a: R* =

16b: R* = Me 17a,b

b,c
ord,c f'c/(

@*@f

K/NH

The R- or S-benzylalcohols (R-14b and S-14b) was synthesized
from the ketone 8 by a stereo-selective reduction using S- or R-
diphenylprolinol chiral auxiliary as show in Scheme 3. Thus, treat-
ment of 8 using a Corey protocol gave the corresponding R- or S-
benzylalcohol 31 (the stereochemistry was assigned based on
mechanism),?° which was converted to the targeted R-14b or S-
14b. Their ee values were determined to be >93% based on chiral
HPLC analyses.

Compounds 10-15, 23-26, 27, and 29 were measured for their
abilities to inhibit [2°]]-NDP-MSH binding to hMC4R stably trans-
fected in HEK293 cells in a binding assay,?' and the results are
summarized in Tables 1-3.

In comparison to the amines 13, the alcohols 12 were significant
less potent (6- to 15-fold). The binding affinity of the pyridine
derivative 12h (K; =83 nM) was over 40-fold lower than that of
the corresponding amine 13h (K; = 2.0 nM). The ketones 10 exhib-
ited similar binding affinities to the alcohols 12 (Table 1). These re-
sults indicate an important role of the basic benzylamine in 13. For
the dipeptides 11, 14 and 15, the amines 15 were still more potent
than the alcohols 14 and the ketones 11. For example, the binding
affinity of the alcohol 14a (K;=8.1 nM) was about 3-fold lower
than that of the amine 15a (K; = 3.2 nM). However, the difference
between 15 and 14 was small (<6-fold). In contrast, the binding
affinities between the ketones 11 and the alcohols were relatively
large (up to 8-fold).

Next, we surveyed a series of alcohols 23-26a (Table 2). The pri-
mary alcohol 23 (K; = 870 nM) was only weakly active in the bind-
ing assay. Addition of a propyl group to 23 significantly increased
its binding affinity by almost 35-fold (24a, K;= 26 nM). This result
is parallel to that of the benzylamines 3 and 4.% While the isopro-
pyl, 1-vinylethyl and sec-butyl (24b-d) were minimally effective,

Cl

oL
N O

NT(\H)K/\NHZ
0]

23-26
4 5 cl
R R
g Somc
e
N
K/N “NHBoc

0
27a:R*=H, R° = iBu
27b: R*=R® = Et

NBoc
18 : 19:R*=R°=H
/ 20a-j: R4 = H, R® = alkyl
21:R*=Me, R =Pr
22: R*=R° = Et

e
N

o

29 14g-i: R* = H, R° = iBu
26a-h: R* =

R4 RS
N\
-
N O

‘ v’

Cl

o
N R3 K/NT@NHQ

H

28a: R* = H R5 iBu
= Et 28b: R* = R® = Et

Scheme 2. Reagents and conditions: (a) N-Boc-piperazine/DMF/160 °C, 10 h; (b) NaBH4/MeOH]/rt, 0.5 h; (c) TFA/DCM/rt, 0.5 h; (d) R°MgBr/THF/—78 °C, 0.5 h, then rt, 1-4 h;
(e) 2EtMgBr/THF/Et,0/rt, 4 h, 69%; (f) N-Boc-Ala-p-(2,4-Cl)Phe-OH/HBTU/(iPr),NEt/DMF/30 °C, 16 h; (g) p-N-Boc-(2,4-Cl)Phe-OH/HBTU/(iPr),NEt/DMF/rt, 1 h; (h) N-Boc-
amino acid/HBTU/DMF/rt, 16 h; (i) (2R)-(2-oxopyrrolidin-1-yl)-3-(2,4-dichlorophenyl)propionic acid/HBTU/DMF/rt, 8 h.
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Scheme 3. Reagents and conditions: (a)

Cl
Cl
c b OH

K/NThN NH,

R-14b

BH,/THF/rt, 1 h, 17%, 88% e.e.; (b) TFA/DCMJrt, 0.5 h; (c) b-N-Boc-Gly-(2,4-Cl)Phe-OH/HBTU/(iPr),NEt/DMF/rt, 16 h, 30%.

the isobutyl 14a (K; = 8.1 .nM) was 3-fold better than 24a. The other gzllzlzfzalcohols 2326 at IMCAR
secondary alcohols 24e-i were not better than 14a. The two ter-
tiary alcohols 25 and 26a were also potent (K; = 11 nM). Cl

Studies on several amides 26a-h showed that a small variation
at this site had no significant effect (Table 3), similar to some ben- OH ¢l
zylamine analogs.'® The amino group at this side-chain played a
small role since the R-configured alanine derivative 26f was over K/N kﬂ
3-fold less potent than its S-analog 26e. The intermediate 27b
(K; = 390 nM) was significantly less active than 26a-h. The non-ba- 23.26 ¢}
sic lactam 29 (K; =110 nM) was 10-fold less active than the B-ala-
nine 26a. Compound R* R® K; (nM)

The binding affinities of the two stereoisomers of 14b were only 23 H H 870
marginally different and the R-isomer (R-14b, K;=9nM) was 24a H CH,CH,CH; 26
slightly more potent than its S-isomer (S-14b, K; = 28 nM). This is 24b H CHMe, 110
somewhat surprised since we have shown that an S-benzylamine  24¢€ H CH(CH=CH,)CH, 29
was more potent than its R-isomer.?? It is worth noting that the ﬁ: : E:%:ig:%cm 4;1
stereochemistry of these two isomeric alcohols was assigned based 24e H CHzCGHs e 54
on the reported mechanism only.!® The amide 14b was 20-fold 24f H CH,CgH4(OCH3)-2 66
more active than its precursor amine 28a (K; = 280 nM). In compar- 24g H CH,CcH4(OCH5)-3 66
ison, the cyclic amine 14h was 6-fold less active than the B-analine gz:‘ E EEZEEZESES (OCH, )4 ;i
14a. These results further prove that the amino group at the amide 55 e CH.CH.CH, b
side-chain plays a role in receptor interactions. 26a CH,CH; CH,CH; 11

Results from this study showed that the SAR of benzylalcohols
was quite similar to that of some benzylamines reported earlier,'*
Table 1
Comparison of ketones (10, 11), alcohols (12, 14), and amines (13, 15) at hAMC4R (K;, nM)

g o P
X L
ZONTY N o)
LN R' 10:Y=CO LN A, 1:v=co
ThN 12:Y = CHOH N 14: Y = CHOH
o R H
13: Y = CHNH, 15: Y = CHNH,
Compound R! NR? 10 12 13
a NHCHMe, 560 380 53
b NH(CH,);SMe 230 330 21
c NHCH,-3-THF 150 89 15
d N[(CH;)3Me], 1700 1400 120
e N[(CH,)4Me], 5800 3200 350
f NH(CH,CHMe,), >10,000 >10,000 1200
g N(CH,-c-Pr)2 >10,000 >10,000 350
h N(CH,-2-Py), 110 83 2.0
NHCOR? 11 14 15

a NHCOCH,CH,NH, 24 8.1 3.2
b NHCOCH,NH, 33 13 2.0
c NHCOCH,NHMe 31 8.3 1.7
d S-NHCOCH(NH,)Me 26 16 42
e NHCOC(NH,)Me, 110 46 7.7
f NHCOC(NHMe)Me, 91 21 4.7
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Table 3
SAR of acyl substituents at hMC4R

Cl Cl

oH Cl oHC

Nﬁ o] o]
K/ Njohuk B3 N )kRs

N
H
14 26a-h
2 Cl
oHCl
N 0
LN
Né
29 ©

Compound R® K; (nM)
28a 280
14b CH;,NH, 13
R-14b CH,NH, 9
S-14b CH,NH, 28
14g CH,N(CH3), 9.6
14h 3-Piperidine 49
26a CH,CH,NH, 11
26b CH,NH, 26
26¢ CH,;NHCH3 13
26d CH,N(CHs), 9.4
26e S-CH(NH,)CH3 18
26f R-CH(NH,)CH5 65
26g C( CH3)2NH2 38
26h 1-Amino-cyclopropyl 42
27b OC(CHs)3 390
29 110

indicating that the hydroxyl group of 14 might directly mimic the
amino moiety of 15 in the receptor with lower intensity, possibly
via hydrogen bonding with the receptor.

Since the Asp-122 at the top of TM-3 of hMC4R has been deter-
mined to play an important role in ligand interactions,®!> we
tested if the hydroxyl group of 14 might have a contact with this
residue. The binding affinities of 11¢, 14c¢, and 15¢c were deter-
mined at the Asp122Ala mutant receptor as well as the wild-type
MCA4R (Table 4).

The results showed that the alcohol 14¢ at the mutant receptor
was 60-fold lower than that at the wild-type. Its fold of reduction
was similar to that of the amine 15c¢ (58-fold), indicating that the
Asp-122 residue may have a specific interaction with the hydroxyl
or amino group of compound 14c¢ or 15¢. However, it is worth not-
ing that the endogenous a-MSH reduced its binding affinity by 28-
fold from the wild-typ (K; = 45 nM) to the Asp122Ala MC4R mutant
(K;=1250 nM). It is also interesting that reduction in binding affin-
ity for the ketone 11c¢ was less significant compared to 14¢ and

The alcohols 14a, 14c, 14g, and 26d were further tested for their
binding affinities to the other subtypes of the human melanocortin
receptors to compare with the ketone 11a and amine 15a, and the
results are summarized in Table 4. None of these compounds
showed a significant interaction with MCIR (<42% inhibition at
10 uM concentration), and they possessed micromolar affinities
at the MC3 and MC5 receptors, demonstrating high selectivities.

None of these alcohols had a significant stimulation of cAMP
production in cells expressing the human MC4 receptor at a
10 uM concentration. In contrast, they dose-dependently inhibited
o-MSH-stimulated cAMP accumulation, demonstrating functional
antagonist activities. For example, compound 14a exhibited an
ICso value of 260 nM in this assay (Table 5).

The measured log D values were 2.4, 2.2, and 0.15, respectively,
for 11a, 14a, and 15a. In an in vitro human liver microsomal assay,
the lipophilic ketone 11a exhibited much lower metabolic stability
(systemic clearance CLgys=18.4 mL.min kg) than the hydrophilic
amine 15a (CLgys3.6 mL/min kg), while the alcohol 14a was moder-
ately stable (CLgys = 14.7 mL/min kg).

The pharmacokinetic parameters of 14a and 15a were com-
pared in rats after an intravenous injection at a 5 mg/kg dose
(Table 6). The alcohol 14a displayed a high plasma clearance
(CL,=64.5mL/minkg) and a large volume of distribution
(Va=42.3 L/kg), resulting in a very long elimination half-life (f;,
»,=7.6h). The brain concentration measured at 1h after i.v.
administration was moderate (Cpain = 117 ng/g), resulting in a
brain/plasma ratio of 0.53. The plasma exposure of 14a
(AUC=30ng/mLh) was very poor after an oral gavage at
10 mg/kg, resulting in an oral bioavailability of 1.2%. In compar-
ison, the amine 15a exhibited a very similar profile (CL, = 68 mL/
min kg, Vq=41.5L/kg, t;2=7.1 and F=2.1%), although its brain
penetration (Cprain = 245 ng/g, brain/plasma ratio=1.8) was
slightly better than that of 14a.

In conclusion, a series of piperazinebenzylalcohols were synthe-
sized and studied as MC4R antagonists, to compare with their ke-
tone and amine analogs. While the alcohols 14a-f were less active
than the corresponding amines 15a-f in general, potent com-
pounds such as 14a, 14c, 14g, and 26d (K; < 10 nM) were identified.
Like their amine counterparts, these alcohols showed good selec-
tivity over other melanocortin receptor subtypes. In addition, these

Table 5
Selectivity and antagonist activity of alcohols at melanocortin receptor subtypes (K;,
nM)

Compound MCIR? MC3R MC4R MC5R ICso™€ (nM)
15a 38% 870 32 540 250
11a 42% 2300 24 330 650
14a 24% 1700 8.1 970 260
14c 34% 2500 8.3 1800 420
14g 36% 3100 9.6 1300 250
26d 34% 3100 9.4 950 400

¢ Percentage of inhibition at 10 uM concentration.
> Dose-dependent inhibition of o-MSH-stimulated cAMP production in cells
expressing hMC4R.

c

15c. At MC4R.
Table 4 Table 6
Binding affinities of compound 11c, 14c and 15c at the Asp122Ala mutant in Pharmacokinetic parameters of 14a and 15a in rats (N = 3)*
comparison with those at the wild-type MC4R (K;, nM)

Compound CL, Va ti2 Corain b/p F
Compound Wild-type Asp122Ala? Fold (mL/min kg) (L/kg) (h) (ng/g)° Ratio® (%)
11c 31 290 9 14a 64.5 423 7.6 117 0.53 1.2
14c 8.3 500 60 15a 68 415 71 245 1.8 2.1
15¢ 1.7 99 58

2 At Asp122Ala MC4R mutant.

2 Intravenous dose at 5 mg/kg and oral gavage at 10 mg/kg.
b Determined 1-h postdosing.
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alcohols were functional antagonists in a cAMP assay. These results
might provide useful information for understanding the ligand-
receptor interactions.

References and notes

[N N

N o

10.
11.

12.

. Ballesteros, ].; Shi, L.; Javitch, ]. A. Mol. Pharmacol. 2001, 60, 1.
. Wikberg, J. E. S. Eur. J. Pharmacol. 1999, 375, 295.

Wikberg, J. E. S.; Muceniece, R.; Mandrika, I.; Prusis, P.; Post, C.; Skottner, A.
Pharmacol. Res. 2000, 42, 393.

. Yang, Y. K.; Harmon, C. M. Obes. Rev. 2003, 4, 239.
. Marks, D. L.; Butler, A. A.; Turner, R.; Brookhart, G.; Cone, R. D. Endocrinology

2003, 144, 1513-1523.

Goodfellow, V.; Saunders, ]. Curr. Topic Med. Chem. 2003, 3, 855.

Millhauser, G. L.; Mcnulty, J. C.; Jackson, P. J.; Thompson, D. A.; Barsh, G. S.;
Gabtz, 1. Ann. N.Y. Acad. Sci. 2003, 994, 27.

. Kiefer, L. L.; Veal, ]. M.; Mountjoy, K. G.; Wilkison, W. O. Biochemistry 1998, 37,

991.

Yang, Y. K.; Fong, T. M.; Dickinson, C. J.; Mao, C.; Li, ]. Y.; Tota, M. R.; Mosley, R.;
Van Der Ploeg, L. H.; Gantz, 1. Biochemistry 2000, 39, 14900.

Chen, C. Prog. Med. Chem. 2007, 45, 111.

Dyck, B.; Parker, J.; Phillips, T.; Carter, L.; Murphy, B.; Summers, R.; Hermann, J.;
Baker, T.; Cismowski, M.; Saunders, ].; Goodfellow, V. Bioorg. Med. Chem. Lett.
2003, 13, 3793.

Richardson, T. I.; Ornstein, P. L.; Briner, K.; Fisher, M. ].; Backer, R. T.; Biggers, C.
K.; Clay, M. P.; Emmerson, P. ].; Hertel, L. W.; Hsiung, H. M.; Husain, S.; Kahl, S.
D.; Lee, J. A; Lindstrom, T. D.; Martinelli, M. ].; Mayer, ]J. P.; Mullaney, J. T.;

D. Marinkovic et al./Bioorg. Med. Chem

13.

14.

20.
21.

22.

. Lett. 18 (2008) 4817-4822

O’Brien, T. P.; Pawlak, ]J. M.; Revell, K. D.; Shah, ].; Zgombick, ]J. M.; Herr, R. J.;

Melekhov, A.; Sampson, P. B.; King, C. H. J. Med. Chem. 2004, 47, 744.

Fotsch, C.; Han, N.; Arasasingham, P.; Bo, Y.; Carmouche, M.; Chen, N.; Davis, J.;

Goldberg, M. H.; Hale, C.; Hsieh, F. Y.; Kelly, M. G.; Liu, Q.; Norman, M. H.;

Smith, D. M.; Stec, M.; Tamayo, N.; Xi, N.; Xu, S.; Bannon, A. W.; Baumgartner, J.

W. Bioorg. Med. Chem. Lett. 2005, 15, 1623.

Chen, C.; Pontillo, J.; Fleck, B. A.; Gao, Y.; Wen, ].; Tran, J. A.; Tucci, F. C;

Marinkovic, D.; Foster, A. C.; Saunders, ]. J. Med. Chem. 2004, 47, 6821.

. Fleck, B. A.; Chen, C.; Yang, W.; Huntley, R.; Markison, S.; Nickolls, S. A.; Foster,
A. C.; Hoare, S. R. Biochemistry 2005, 44, 14494.

. Pogozheva, 1. D.; Chai, B. X.; Lomize, A. L.; Fong, T. M.; Weinberg, D. H.;

Nargund, R. P.; Mulholland, M. W.; Gantz, I.; Mosberg, H. 1. Biochemistry 2005,
44, 11329.

. Hogan, K.; Peluso, S.; Gould, S.; Parsons, I.; Ryan, D.; Wu, L.; Visiers, 1. J. Med.

Chem. 2006, 49, 911.

. Jiang, W.; Tucci, F. C.; Chen, C. W.; Arellano, M.; Tran, ]. A.; White, N. S.;

Marinkovic, D.; Pontillo, J.; Fleck, B. A.; Wen, J.; Saunders, J.; Madan, A.; Foster,
A. C.; Chen, C. Bioorg. Med. Chem. Lett. 2006, 16, 4674.

. Tucci, F. C.; White, N. S.; Markison, S.; Joppa, M.; Tran, J. A.; Fleck, B. A.; Madan,

A.; Dyck, B. P.; Parker, ].; Pontillo, ].; Arellano, L. M.; Marinkovic, D.; Jiang, W.;
Chen, C. W.; Gogas, K. R.; Goodfellow, V. S.; Saunders, J.; Foster, A. C.; Chen, C.
Bioorg. Med. Chem. Lett. 2005, 15, 4389.

Corey, E. J.; Bakshi, R. K.; Shibata, S.; Chen, C. P.; Singh, V. K. J. Am. Chem. Soc.
1987, 109, 7925.

Nickolls, S. A.; Cismowski, M. I.; Wang, X.; Wolff, M.; Conlon, P. J.; Maki, R. A. J.
Pharmacol. Exp. Ther. 2003, 304, 1217.

Chen, C. W.; Tran, J. A,; Jiang, W.; Tucci, F. C.; Arellano, M.; Wen, J.; Fleck, B. A,;
Marinkovic, D.; White, N. S.; Pontillo, ].; Saunders, J.; Madan, A.; Foster, A. F.;
Chen, C. Bioorg. Med. Chem. Lett. 2006, 16, 4800.





		Structure-activity Structure-activity relationship studies on a series of piperazinebenzylalcohols and their ketone and amine analogs as melanocortin-4 receptor ligands

		References and notes






Bioorganic & Medicinal Chemistry Letters 18 (2008) 4823-4827

Bioorganic & Medicinal Chemistry Letters

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

ol Bicorganic & Madicinal
Chemistry Lett

Contents lists available at ScienceDirect

Synthesis and evaluation of indolinyl- and indolylphenylacetylenes
as PET imaging agents for p-amyloid plaques

Wenchao Qu?, Seok-Rye Choi €, Catherine Hou?, Zhiping Zhuang ¢, Shunichi Oya*?, Wei Zhang ,
Mei-Ping Kung?, Rajesh Manchandra €, Daniel M. Skovronsky ¢, Hank F. Kung *P*

@ Department of Radiology, University of Pennsylvania, 3700 Market Street, Room 305, Philadelphia, PA 19104, USA
b Department of Pharmacology, University of Pennsylvania, Philadelphia, PA 19104, USA
€ Avid Radiopharmaceuticals, Philadelphia, PA 19104, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 23 June 2008
Revised 21 July 2008
Accepted 22 July 2008
Available online 24 July 2008

Keywords:
Alzheimer’s disease
In vivo metabolism
Brain and PET

Two new phenylacetylene derivatives, 5-((4-(2-(2-(2-fluoroethoxy )ethoxy)ethoxy)phenyl)ethynyl)indo-
line 8 and 5-((4-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)phenyl)ethynyl)-1H-indole 14, targeting B-amy-
loid (AB) plaques have been prepared. In vitro binding carried out in tissue homogenates prepared
from postmortem AD brains with [*?’I]IMPY (6-iodo-2-(4'-dimethylamino-)phenyl-imidazo[1,2-a]pyri-
dine) as the radioligand indicated good binding affinities (K; = 4.0 and 1.5 nM for 8 and 14, respectively).
Brain penetration of the corresponding radiofluorinated ligands, evaluated in the normal mice, showed
good initial brain penetration (4.50 and 2.43% ID/g (injected dose/gram) for ['®F]8 and ['®F]14 at 2 min
after injection) with moderate to low washout rates from the brain (1.71% ID/g at 2 h and 2.10% ID/g
at 3 h, respectively). Autoradiography and homogenate binding studies demonstrated the high specific
binding of ['8F]14 to the A plaques; however, ['®F]8 showed low specific binding. These preliminary
results identified that indolylphenylacetylene, 14, may be a good lead for further structural modification

to develop a useful AB plaque imaging agent.

© 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a neurodegenerative disease which
currently affects millions of elderly people worldwide. The key
pathological features of AD are the formation of senile plaques
aggregated by B-amyloid peptide and neurofibrillary tangles piled
from phosphorylated tau protein in the brain. Based upon the amy-
loid cascade hypothesis, formation of Ap plaques in the brain is the
primary influence driving AD pathogenesis.~® Imaging techniques
such as positron emission tomography (PET) and single photon
emission tomography (SPECT) are potentially useful for diagnosis
of AD through imaging AB plaques in the brain. Various radiola-
beled ligands (including the most well-known agent, [''C]-PIB,
N-methyl-[''C]2-(4’-methylaminophenyl)-6-hydroxybenzothiazole)
had been tested clinically and demonstrated potential usage
(Fig. 1).471°

Most of the reported ligands own a common structural feature,
they contain a terminal p-N-methyl- or p-N,N-dimethylaminophe-
nyl-group, and these groups are critical for successful binding affin-
ity.®® In many situations, however, it is speculated that the relatively
low metabolic stability of these radioligands was mainly due to a ra-
pid N-demethylation in vivo. Until now, efforts have been made to
overcome this obstacle by adding an extra neighboring substituent,

* Corresponding author. Tel.: +1 215 662 3096; fax: +1 215 349 5035.
E-mail address: kunghf@sunmac.spect.upenn.edu (H.F. Kung).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.077

such as methyl, bromide, chloride, or fluoride group, ortho- to the N-
methylamino-group on the phenyl ring to reduce the in vivo N-
demethylation while maintaining the desired AR plaque binding
(Fig. 2 (a)).!12 N-['!C]-labeled aminophenylbenzothiazoles substi-
tuted with fluorine in different positions have been synthesized
and evaluated. It was suggested that the substitution pattern of
the phenyl ring and the benzothiazole moiety has an influence on
slowing down the in vivo metabolism, which in turn has an effect
on the brain uptake kinetics.!' The data suggest that a strategy of
reducing in vivo N-demethylation may improve the brain kinetics
for agents targeting AB plaques in the brain.

Recently, the pegylation methodology has been adapted in the
design and synthesis of PET AB plaque imaging agents in order to
adjust the ligands’ pharmacokinetic properties.'®>!* We have since
reported a series of fluoro-pegylated diphenylacetylene and iodin-
ated aza-diphenylacetylene derivatives as potential PET and SPECT
AP plaque imaging agents (Fig. 2 (b)).!>!® Following these success-
ful results, we decided to further extend our search for PET imaging
agents using this diphenylacetylene core structure. By fusing the
N-methylamino group with the phenyl ring, we hope to prevent
the probability of in vivo N-demethylation. In order to do so, ind-
olinyl and indolyl groups were chosen to replace the p-N-methyl-
or p-N,N-dimethylamino phenyl-group. As such by locking the N-
methyl group into a heterocyclic indole or indoline system, we
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Figure 1. Reported five agents for imaging AB plaques in the brain.

hope to effectively prevent the in vivo N-demethylation (Fig. 2(c)).
We reported herein the synthesis and initial biological evaluation
of two phenylacetylene derivatives as improved probes for imaging
ApB plaques in the brain.

The synthetic procedures for these two target molecules are
illustrated in Schemes 1 and 2. Copper and palladium co-catalyzed
Sonogashira coupling reaction plays a vital role in the assembly of
target molecules 8 and 14. Starting from 5-bromoindoline 1, the
tert-butoxycarbonyl (Boc) group protection, microwave heating
promoted Sonogashira coupling, and following basic deprotection
of trimethylsilyl (TMS) group afforded the intermediate 3. The
Sonogashira reaction was employed a second time to couple inter-
mediates 3 and 4. This was followed by tosylation, fluorination,
and finally N-Boc deprotection. Only four steps were needed to
achieve the desired product 8 from 3. For the synthesis of indolyl-
phenylacetylene 14, a similar synthetic route was adopted with
two exceptions: (1) the synthesis of intermediate 11 only requires
very mild reaction condition (room temperature, 0.7 h) and (2) a
relatively harsh condition (microwave heating to 140 °C) was uti-
lized for the final N-Boc deprotection step.

The binding affinities of two non-radioactive ligands 8 and 14
were tested by a competitive binding assay (with ['?’I]IMPY in
postmortem AD brain homogenates).!” Both new ligands displayed
excellent binding affinities; the K; values are 4.0+0.8 and

1.5+ 0.3 nM (three determinations were made for each K; value),
respectively.

Encouraged by the binding data observed for these two ligands,
we carried out further biological evaluations with the ['®F]-labeled
probes. Standard nucleophilic substitution reactions of ['®F]fluo-
ride with the corresponding tosylate precursors 6 and 17, in the
presence of Kryptofix 222 (K222) as phase transfer catalyst (PTC),
were successfully performed.'® For the product ['8F]8, however,
one extra microwave heating step had been executed for the
N-Boc deprotection (Scheme 3). The subsequent HPLC purified
radioligands, ['®F]8 and ['®F]14, showed greater than 97% radio-
chemical purities with 16% and 11% overall yields (decay cor-
rected) and ~670 Ci/mmol and ~1900 Ci/mmol specific activities,
respectively. The partition coefficient (PC, commonly measured
as logP) of two radiofluorinated ligands at pH 7.4 was measured
(logP=2.95 and 2.56).'° The data illustrate that both ligands
own suitability as a brain imaging agent.

Two radiofluorinated ligands, ['®F]8 and ['®F]14, displayed good
initial penetrations of the blood-brain barrier with excellent initial
brain uptakes (4.50% and 2.43% ID/g at 2 min after tracer injection)
in normal mice. However, these two radioligands only displayed
moderate to slow washouts with 1.71% ID/g remaining in the brain
at 2 h after the tracer injection and 2.10% ID/g at three hours,
respectively (Fig. 3). These results show promise; but the rate of

3
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Figure 2. Examples of potential Ap plaque imaging agents: (a) N-methyl group ortho-substituted benzothiazole and imidazo[1,2-a]pyridine derivatives. (b) Fluoro-pegylated
diphenylacetylene and iodinated aza-diphenylacetylene derivatives. (c) Designed ring-fusing targets based on N-methylamino phenylacetylene: indolinyl- and

indolylphenylacetylenes.
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Scheme 2. Reagents and conditions: (a) (Boc),0, DMAP, DCM, rt, 1.25 h; (b) Pd(PPhs)4, Cul, trimethylsilylacetylene, diethylamine, DMF, rt, 0.7 h; (c¢) KOH, MeOH/THF, rt
2.5 h; (d) Pd(PPhjs)4, Cul, Et3N, CH3CN, 0 °C to rt, 1.0 h; (e) TsCl, EtsN, DMAP, DCM, 0 °C to rt, 3 h; (f) TBAF, THF, 75 °C, 1.5 h; (g) microwave heating, 140 °C, 0.5 h
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Scheme 3. Reagents and conditions: (a) ['®F]KF, K222, K,CO3, DMSO, 120 °C, 4.0 min; (b) microwave heating, 150 °C, 2.5 min; (c) Pd(PPhs),, Cul, trimethylsilylacetylene
diethylamine, DMF, rt, 0.7 h; (d) KOH, MeOH/THF, rt, 2.5 h; (e) Pd(PPhs),, Cul, EtsN, CH5CN, 0 °C to rt, 1.0 h; (f) ['®F]KF, K222, K,CO3, DMSO, 120 °C, 4.0 min.

brain washout is not optimal for an AB plaque-targeting imaging

nal-to-noise ratios and therefore may be better for Ap plaque
agent since a fast washout rate may help generate the better sig-

detection.?’





4826 W. Qu et al./Bioorg. Med. Chem. Lett. 18 (2008) 4823-4827

5 -
4.5 - —A— [18F]-8
4 —=— [18F]-14

0 50 100 150 200
Time (min)

Figure 3. Brain uptake and washout of ['®F]8 and ['®F]14 in normal mice. Data are
presented as % ID/g of three mice + standard deviation.

Figure 4. In vitro autoradiography of frozen human brain sections of AD patients
with (a) ['®F]8 and (b) ['®F]14. ['®F]14 showed excellent binding to the A plaques
with very low background labeling.

To confirm the specific binding of radiofluorinated ligands 8 and
14 to AB plaques, we performed the in vitro film autoradiography.
As shown in Figure 4, ['®F]14 distinctively labeled plaques on AD
brain sections with low background labeling. On the contrary, in
addition to plaque labeling, ['®F]8 displayed significant white mat-
ter labeling.

Furthermore, the in vitro binding assay using homogenates pre-
pared from AD and control brain tissues was conducted to evaluate
the binding specificity of these two radioligands to A plaques (Fig.
5).21 ['8F]14 showed a very high specific binding in homogenate
prepared from gray matter of an AD patient with low non-specific
binding. In contrast, ['®F]8 displayed similar binding in homoge-
nates prepared from an AD patient and control with high non-spe-
cific binding. These results are consistent with in vitro binding
results derived from autoradiography of AD brain sections. Preli-
minary in vivo and in vitro metabolism data of ['8F]14 showed a
complex pattern of metabolism in plasma and in liver (data not
shown). It is likely that the indole or indoline ring may have re-
moved the chances of N-demethylation; however, other metabolic
reaction(s) at different sites of these two molecules may have oc-
curred. Further exploration of the structure-activity relationship
of this series of agents will be needed in the future. Nonetheless,
the novel core structures showing excellent binding affinities to
AP aggregates in human brain tissue provide potential insight for
developing useful imaging agents.

In conclusion, we have demonstrated that indolinyl- and indo-
lyl-phenylacetylenes 8 and 14 can be successfully prepared. They
showed high binding affinities to B-amyloid plaques by in vitro
binding assay. The radiofluorinated derivatives, ['®F]8 and
['8F]14, displayed good brain penetration with moderate to rela-
tively low rate of washout in normal mice. The combination of in
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Figure 5. Specific binding of (a) ['®F]8 and (b) ['®F]14 to AD and control (Con) brain
tissue homogenate. Grey and white matter was dissected from the cortical regions.
['®F]14 showed high specific binding mainly in the gray matter of AD brain. (NSB,
non-specific binding; TB, total binding; two determinations were made.)

vitro autoradiography of postmortem AD brain sections and brain
tissue homogenate binding assay depicted that radioligand
['8F]14 showed specific Ap plaque labeling signal. Taken together,
the results suggest that the indolylphenylacetylene ligand, 14, may
be a lead for further structural modification in order to improve the
in vivo stability and in vivo kinetics desirable for a useful Ap plaque
imaging agent.
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The synthesis and biological evaluation of a new cap analog, which is modified at the C2’ and C3’ posi-
tions of N’-methylguanosine is reported. The new cap analog, P'-2,3'-isopropylidene, 7-methylguano-
sine-5'P3-guanosine-5'triphosphate  was assayed with respect to its effects on efficiency of
incorporation into RNAs during in vitro transcription, and intracellular stability and translational activity
of its 5'-capped mRNAs, upon transfection into HeLa cells. The intracellular stability of 5’-capped and
uncapped full length test mRNAs was measured by using a real-time RT-PCR assay. The RNA with the
5’-modified cap was found to be ~1.7 times more stable than the RNA with the 5'-standard cap and
~2.5 times more stable than the uncapped control RNA. The translational efficiency was monitored by
measuring the luciferase activity of a variety of in vitro synthesized and capped RNAs coding for a lucif-
erase fusion protein after transfection into HeLa cells. The RNA capped with the 2’,3'-isopropylidene
substituted analog, (m7%"3-isopropylidenegr 51,55 5/]G), was translated the most efficiently, with ~ 2.9-fold
more activity than the standard cap (m’G[5']ppp[5']G). The observed increase in the level of protein syn-
thesis is likely resulted as a consequence of exclusively forward capped transcripts and increased cellular
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Capping efficiency

In vitro transcription
mRNA stability
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stability of the 5'-modified capped mRNA (Poly A).

© 2008 Elsevier Ltd. All rights reserved.

The 5'-terminus of eukaryotic mRNA molecules synthesized by
RNA polymerase Il contains a unique 5',5'-dinucleoside triphos-
phate structure, where the terminal nucleoside is N’-methylgu-
anosine.! This modification, known as a 5'-cap, plays a pivotal
role in the function of mRNA in a variety of cellular processes
including translation, splicing, intracellular transport, and turn-
over.2~% The cap on pre-mRNA interacts with the nuclear cap-bind-
ing complex, which remains bound and plays an active role during
RNA processing and export.” The presence of the 5'-cap structure is
known to increase both the accuracy and efficiency of pre-mRNA
splicing.®° The best studied role of the cap is in translation, where
it is specifically recognized by the translational initiation factor
elF4E.2 Synthetic capped mRNAs are useful tools to study and
understand number of biological processes. To create capped
mRNAs, DNA templates are transcribed with either a bacterial or
bacteriophage RNA polymerase in the presence of all four ribonu-
cleoside triphosphates and a synthetic cap ‘analog’, the dinucleo-
tide m’G[5']ppp[5']G.21°"12 By having the first transcribed base
be G, the polymerase initiates transcription with a nucleophilic at-
tack by the 3’-OH of either GTP or the guanosine moiety of
m’G[5']ppp[5']G on the a-phosphate of the next encoded nucleo-
side triphosphate, resulting in the initial product pppGpN or

* Corresponding author. Tel.: +1 512 721 3589; fax: +1 512 651 0201.
E-mail address: anil.kore@appliedbiosystems.com (A.R. Kore).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.075

m’G[5']ppp[5']GpN (Fig. 1)."®> Due to the fact that the cap analog
can only be incorporated as the initial base, the latter product
can be favored by an excess of the cap analog over GTP. However,
since both nucleosides in the analog have a free 3'-OH group, this
results in an in vitro product in which 30-50% of the RNA tran-
scripts are capped in the reverse orientation, with the methylated
guanosine internal. As only the mRNAs possessing correctly incor-
porated caps are properly recognized during cellular processes
such as translation initiation and intracellular transport, the high
fraction of reverse-capped transcripts can produce misleading
data.®

The recent literature has described substituted caps such as
m,”*°G[5'|ppp[5']G and m’,3'dG[5'|ppp[5']G. These are called
anti-reverse cap analogs (ARCAs), because the 3’-OH group of the ri-
bose connected to the m’G cannot serve as the initiating nucleophile
due to the absence of a free 3'-OH group.!*!> In addition to 3'-OH
modifications, 2’-OH modifications on m’G moiety can also incorpo-
rate solely in the forward orientation, even though the 2’-OH group
does not participate in the phosphodiester linkage.!® In continuation
of our efforts'”"18 to test the chemically modified cap analog and gain
a further insight into its structure-function relationship with bio-
logical systems, we have synthesized new cap analog, in which both
2’ and 3'-OH groups from m’Guo were substituted with the bridging
2',3'-isopropylidene group. Due to this substitution, the new cap
analog m’23-isopropylidener51nnp[5/1G is incorporated into RNA
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Figure 1. The chemical structure of the 5 terminus of a ‘capped’ mRNA with standard mCAP 1.

transcripts exclusively in the correct orientation. In this communi-
cation, we report the first example of the biological effect of 2’ and
3'-disubstituted analog, that is, m 7-"3-isopropylidene 1515551 5/]G on
capping efficiency, in vitro transcription, RNA intracellular stability,
and translational activity by comparing with standard mCAP, that is,
m’G[5']ppp[5']G 1 as a control.

The reaction pathway leading to the formation of desired
m723-isopropylidene g 5/1555[5/]G 8 for biological testing is depicted
in Scheme 1. The commercially available 2’,3’-isopropylidene gua-
nosine 2 was converted into the corresponding 2’,3'-isopropyli-

dene GMP 3 using POCl; and trialkyl phosphate, and reaction
was quenched within 30 min.!® It is important to note that any fur-
ther increase of the reaction time led to a ring opening of 2’,3'-iso-
propylidene to give the corresponding GMP as the side product.
The monophosphorylated product 3 was converted into the corre-
sponding imidazolide salt 4 with 39% yield using imidazolide, tri-
phenylphosphine, and aldirthiol. Next, the resulting imidazolide
salt 4 was phosphorylated using (EtsNH);PO,4 in the presence of
zinc chloride as the catalyst that afforded the corresponding
2',3'-isopropylidene GDP 5 with 45% yield.?° The methylation
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Scheme 1. Reagents and conditions: (a) POCl;, (OMe);P, 0 °C, 30 min; (b) imidazole, aldrithiol, PPhs, DMF, rt, 15 h, 39%; (c) (Ets3NH)3PO,4, DMF, rt, 4 h, 45%; (d) dimethyl

sulfate, water, pH 4.0, rt, 3 h, 75%; (e) ZnCl,, DMF, rt, 4 h, 53%.
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reaction of 5 using dimethyl sulfate as the methylating agent is
highly regioselective, affording m”-?->-isopropvlideneGphp 6 35 the sole
product with 75% yield?' No other isomer was detected
based on the proton and phosphorous NMR spectral data. Finally,
the coupling reaction of m723-isopropylideneGpp 6 with
ImGMP 7 in the presence of zinc chloride as the catalyst afforded
m7-23-isopropylidene 1515 h [ 511G 8 with 53% yield.?? The structure
of 8 was confirmed by 'H and 3'P NMR and mass spectral data.??

Analogs of the mRNA cap are widely employed to study processes
involved in mRNA metabolism and are useful in biotechnology and
medicinal applications. The compound 1, m’G[5']ppp[5]G is a stan-
dard cap analog and the limitation of mCAP analog is that it is incor-
porated bidirectionally. The 3'-OH of either the G or m’G can serve as
the initiating nucleophile for transcriptional elongation, leading to
the synthesis of two isomeric RNAs with their cap dinucleotide in
either forward or reverse orientation in approximately equal pro-
portions, depending upon the ionic conditions of the transcription
reaction. The reverse form of capped mRNAs, that is,
G[5']pppm’G[pN]", will not be recognized during the translation
process, while only forward orientated sequences, that is,
m’G[5']pppG[pN]", will be translated.'® To address the reverse cap-
ping problem, we have synthesized a cap analog in which the C2’ and
C3’ positions of N’-methylguanosine are both blocked with a single
2',3'-isopropylidene moiety. Because of this substitution of the 2’
and 3'-OH groups from m’Guo moiety, there is only one 3’'-OH group
available for the RNA polymerase to initiate transcription from,
resulting in all capped products being in a forward orientation,
m7:2-3-isopropylidene g 5/15 55 5/]GpN. Biochemical utility of this new
cap analog, P'-2’3'-isopropylidene,7-methylguanosine-5'P3-gua-
nosine-5'triphosphate analog, (m’2"3"-isopropylidenei5/1n5p[51G) 8
was assayed with respect to its effect on capping efficiency, effi-
ciency of incorporation into RNAs during in vitro transcription,
and intracellular stability and translational activity of these RNAs
upon transfection into HeLa cells.

In order to determine the capping efficiency of the
m?2-3-isopropylidene 515 55[5/]G 8, it was next included in an in
vitro transcription system using a modified protocol with the
MAXIscript® Kit off the pTri B actin (Ambion, Inc.), followed by a
gel shift assay.?* Appropriate controls with no-cap or standard
cap m’G[5']ppp[5']G 1 were run in separate reactions. Under these
modified reaction conditions, only ATP and GTP were used out of
the four NTPs, while CTP and UTP were omitted from the transcrip-
tion reaction. Due to this omission, transcription was terminated at
the first coded pyrimidine at position +7, producing a transcript of
only six nucleotides in length. For the transcription reactions with
cap analogs, the GTP concentration was diminished 20% from the
no-cap control reaction, while the cap analog concentration com-
pensated for this 80% loss, so that the net concentration of ‘GTP

- > —» 5'Capped RNA
- - ‘ —— 5'Uncapped RNA

Control reaction
Standard cap, 1
Modified cap, 8

No cap

Figure 2. dPAGE gel (20%) showing capping efficiency of standard cap 1 and
modified cap 8. The control reaction was normal in vitro transcription reaction, in
which no-cap analog was added. Radiation in the gel bands of interest were
quantified by a phosphorimager (GE Healthcare).?*

equivalents’ was maintained. All reactions were performed in the
presence of (o->2P) ATP to internally label the transcript. The
resulting 6-mer transcription products were analyzed by 20%
denaturing polyacrylamide/8 M urea gel. The outcome of the gel
shift assay, shown in Figure 2, indicates that the capped RNAs,
which migrate slower than uncapped RNAs, are produced in
slightly different amounts with compound 8. These reactions were
performed in triplicate and the capping efficiency was determined
by quantitating the intensities of capped versus uncapped RNA by
normalizing with the background intensity. From these gel shift as-
says, it was clear that standard cap m’G[5]ppp[5’]G 1 has a
capping efficiency of 62%, while the new modified cap,
m7+23-isopropylidene G151 h [ 51G 8 has a 49% capping efficiency.
The capping efficiency experiment clearly indicates that the mod-
ified cap 8 was substrate for T7 RNA polymerase. The slightly lower
capping efficiency of compound 8 is likely due to the inhibition of
the reverse incorporation, that is, out of the two potential com-
plexes the new cap analog can form with the transcription machin-
ery (either nucleotide can presumably fit into the enzymatic cleft),
only one is productive.

To study the ability of the modified cap analog to function as a
translation in m?--¥-isopropylidene i 5/1555[5/]G 8 was used in a tran-
scription reaction.?® The template used, Blp 1-linearized AmbLuc
Poly(A), contains a 60 base Poly(A) tail and a T7 promoter site for
use in in vitro transcription. The in vitro transcription was per-
formed with standard cap 1, modified cap 8, and a control reaction
containing no-cap. After DNase digestion of the template, the tran-
scripts containing 5’-caps or no-caps were purified by using the
MEGAclear™ Kit (Ambion, Inc.). The transcript produced with T7
RNA polymerase using modified cap 8 was of the predicted length
(1.85kb) and indistinguishable in size and homogeneity from
those produced with either standard cap 1, or control reaction.
Analysis of each transcribed mRNA was performed on an Agilent
2100 Bioanalyzer, which revealed that mRNAs were not degraded
and were of similar size (data not shown). The yield of T7 RNA
polymerase transcription reaction with standard cap 1, and modi-
fied cap 8, along with control reactions is shown in Figure 3. The
modified cap 8 analog produced optimum yield as compared to
standard mCAP 1.

We next measured the effect of m7-?>3-isopropylidenei5/1555[5/]G
8 on the mRNA stability in cultured cells, and compared to mRNAs

125
100
75 A

50 1

RNA Yield (ug)

25 1

Standard mCAP, 1
Modified CAP, 8

Control reaction, no CAP

Figure 3. Yield of T7 RNA polymerase transcription reaction with standard 1 and
modified CAP 8 analog.?®
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bearing standard cap 1 and no-cap. The experimental procedure to
determine the cellular stability assay for 5’-capped luciferase
mRNA was carried out as reported previously with little modifica-
tion.?%27 In vitro transcribed 5'-capped mRNAs from standard
mCAP 1, mixed population of 5'-capped and uncapped mRNA (Poly
A) from modified cap 8, and uncapped control reactions were elec-
troporated into HeLa cells. The resulting 1.85 kb transcripts contain
an open reading frame for luciferase and a 60 base Poly(A) tail at
their 3’ end, both known to be essential for function and conse-
quential stability in vivo. Following mRNA addition and electropor-
ation, Hela cells were allowed to recover in growth media, then
harvested at intervals up to 10 h. The amount of intact cellular
luciferase mRNA was measured by real-time PCR using TagMan as-
says as described in User Bulletin No. 2 for the ABI Prism 7700 Se-
quence Detection System. Luciferase mRNA (5'-capped and
uncapped populations) with modified cap 8 was found to be
~1.7 times more stable than mRNA with standard cap 1 and
~2.5 times more stable compared to uncapped control mRNA as
shown in Figure 4.

The AmbLuc Poly(A) vector was transcribed with T7 RNA poly-
merase, creating an RNA encoding the firefly luciferase protein
with a polyA tail. Three transcripts were made: the control was a
standard in vitro transcription reaction having a final concentra-
tion of 7.5 mM of GTP, while the capped transcript reactions had
final concentrations of 1.5mM of GTP and 6.0 mM of either
m7G[5’]ppp[5’]G 1 or m7.2’,3’fisopropylideneG[5/]ppp[5/]G 8, in an
otherwise standard reaction mixture. The RNA product generated
from this transcription reaction was next transfected by using HeLa
cells.?® Protein production post-transfection was measured as
luciferase activity by using the Luciferase Assay System from Pro-
mega (E1483). Cells were harvested and lysed at 5, 10, 15, 20, 25,
30, and 40 h of post-transfection and luciferase activity was mea-
sured according to kit protocols. Luciferase activity data were nor-
malized to the control reaction, that is, the no-cap, transcript
transfection results. This comparison is illustrated in Figure 5. Both
capped luciferase RNAs, luciferase expression exceeded that from
the uncapped transcript at all time points, with peak amounts at
15-20 h after transfection. However, the gains in peak amounts
of luciferase enzyme from modified cap analog 8 almost tripled
those made by standard mCAP 1. This could reflect both the lack
of nonfunctional (reverse-capped) capped transcripts and the long-
er half-life of the cap-8 transcripts.

100
75 1

50 1

A Modified Cap, 8
251 = Standard Cap, 1

& Control RNA, No Cap

Remaining Luciferase mRNA (%)

0 . . . . . ,
4 5 6 7 8 9 10

Time after electroporation, h

Figure 4. The amount of intact cellular luciferase mRNA was measured by real-time
PCR using TagMan assays with mixed population of 5'-capped and uncapped mRNA
(Poly A) from modified cap 8, standard cap 1, and uncapped mRNAs as measured by
real-time PCR. In vitro transcribed, 5'-capped mRNAs were electroporated into HeLa
cells. Following discharge, cells were incubated at 37 °C and harvested at various
times (4-10 h). Cells were lysed, total RNA isolated with TagMan® Gene Expression
Cells-to-CT™, and levels of fLuc mRNA were determined by real-time PCR.2’
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Figure 5. Translation efficiency of 5'-capped mRNA Poly(A) from m’G[5'|ppp[5']G 1
and m”+2-3"-isopropylidine G 5/1npp[5/]G 8. The standard mCAP 1, and modified cap 8, 5'-
capped in vitro transcribed Poly(A) tailed luciferase RNA (400 ng) were transfected
into HeLa cells. The fold induction of luciferase protein data was normalized to the
control reaction, that is, no-cap, mRNA Poly(A) transfection results.?®

In summary, the biological activity of our modified new cap,
m?2-3-isopropylidenei5/1555[5/|G 8 was evaluated relative to the
standard mCAP, m’G[5']ppp[5']G 1. It was tested with respect to
its capping efficiency, intracellular stability, and impact on transla-
tion activity, the last two by using transfection of transcripts made
in vitro into cultured HeLa cells. The C2’ and C3’ isopropylidene
substituted at N’-methylguanosine cap analog, when used in in vi-
tro transcription protocols, allows the generation of 5'-capped RNA
in yields consistent with those obtained using standard mCAP 1.
The intracellular stability of 5’-capped and uncapped RNAs was
measured by looking for the amount of intact RNA after transfec-
tion by electroporation, as measured by real-time RT-PCR using a
TagMan assay. The RNA capped with modified cap 8 was found
to be ~1.7 times more stable than mRNA with standard cap 1
and ~2.5 times more stable than the 5-uncapped control RNA.
The RNAs made with this new cap, m’2"3isopropylidener5155p[5/1G
8, were compatible with the mammalian translation apparatus,
producing luciferase enzyme from capped transcripts transfected
into HeLa cells. It is therefore useful for in vitro (cell culture or pre-
sumably purified systems) translation experiments. The 2/,3'-isopro-
pylidene substituted cap analog, (m”%-3-isopropylidene G5/ 1hnp[5]G) 8
actually proved to be an excellent substrate for cap-dependent
translation, as it was translated the most efficiently, generating
~2.9-fold more luciferase from the same amount of RNA (as judged
by activity) than the standard cap (m’G[5'[ppp[5']G) 1. The high
translation activity observed is likely resulted as a consequence
of exclusively forward capped transcripts and increased cellular
stability of the 5-modified capped mRNA (Poly A). Current bio-
technology efforts for both in vitro and in cyto protein production
will benefit from these characteristics.
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reaction mixture was stirred at rt for 4 h. After 4 h, the reaction mixture was
added to a solution of EDTA disodium (0.25 g, 0.68 mmol) in 100.0 mL of water
at 0 °C. The resulting aqueous solution was adjusted to pH 5.5 and loaded on a
DEAE Sephadex column. The desired product was eluted using a linear gradient
of 0-1M TEAB, and the fractions containing the product were pooled,
evaporated, and concentrated to 10.0 mL TEA salt of isopropylidene cap
analog. The resulting 10.0 mL was passed through a Strata-X-AW column and
washed with 10.0 mL water followed by 10.0 mL MeOH. Then, the desired
compound was eluted with 15.0 mL of NH4OH/MeOH/H,0 (2/25/73), and the
collected solution was evaporated and dried to give a fine white powder 8
(Yield: 0.073 g, 53%). Data for 8. 'H NMR (D0, 400 MHz) 6 5.94 (d, J = 2.4 Hz,
1H), 5.82 (d, J = 6.0 Hz, 1H), 5.17 (m, 1H), 5.09 (d, J = 5.2 Hz, 1H), 4.76 (m, 1H),
4.66 (t, J=5.2 Hz, 1H), 4.47 (t, ] = 4.4 Hz, 1H), 4.36-4.14 (m, 5H), 4.05 (s, 3H),
1.63 (s, 3H), 1.42 (s, 3H); >'P NMR (D,0, 162 MHz) 6 —9.96 (d, J=20.1 Hz),
—11.18 (d, J = 18.8 Hz), —21.71 (t, J = 18.6 Hz); MS (m/z): 841 [M—H] .

Gel shift assay. The Ambion pTri B actin template was used in an in vitro
transcription reaction omitting pyrimidine nucleotides, resulting in the
termination of transcription after the first seven coded nucleotides, all
purines. Syntheses of the capped and uncapped oligoribonucleotides
performed by using the MAXIscript kit (Ambion, Inc.), following
manufacturer’s protocol. Typically, 20 ul of the transcription reactions
contained the following final concentrations of components: linearized pTri
actin vector template, 25ng/ul (0.5 pg total); ATP, 2 mM; GTP, 0.4 mM;
standard mCAP 1 or modified cap 8, 1.6 mM each in separate reaction; reaction

25.

26.

27.

28.

A. R. Kore et al./Bioorg. Med. Chem. Lett. 18 (2008) 4828-4832

buffer, 1x; T7 RNA polymerase, 50 U/pl; and (o->2P) ATP, 800 (Ci/mmol). In the
control reaction, no-cap analog was added. The transcription reactions were
incubated at 37 °C for 2 h, after which the reaction mixtures (10 pl) were then
applied to a 20% dPAGE gel. Radiation in the gel bands of interest was
quantified by a phosphorimager (GE Healthcare).

In vitro transcription of the luciferase mRNA. T7 RNA polymerase transcription
was performed by using the MEGAscript kit (Ambion, Inc.). All transcription
reactions were performed in a 20 pl final volume at the following final
concentrations of components: linearized AmbLuc Poly(A) DNA, (1.0 ng total);
1x reaction buffer; ATP, UTP, and CTP, 7.5 mM each; and 50 U/ul of T7 RNA
polymerase. Additionally, GTP was present at 7.5 mM in the no-cap control;
and in the reactions with cap analog included GTP was present at 1.5 mM,
while the cap analog (standard mCAP 1 or modified cap 8) was present at
6.0 mM. The transcription reactions were incubated at 37 °C for 2 h. In order to
hydrolyze the remaining plasmid DNA, 1 pl of turbo DNase was added to the
reaction mixture, and further incubated at 37 °C for 15 min. Purifications of the
RNA from these transcription reactions were done by using the MEGAclear™ Kit
(Ambion, Inc.) as per manufacturer’s protocol.

Grudzien-Nogalska, E.; Jemielity, J.; Kowalska, J.; Darzynkiewicz, E.; Rhoads, R.
E. RNA 2007, 13, 1745.

Cellular stability assay for 5'-capped luciferase mRNA. In vitro transcribed, 5'-
capped RNAs from standard mCAP 1, mixed population of 5'-capped and
uncapped mRNA (Poly A) from modified cap 8, and uncapped control luciferase
mRNAs from the above transcriptions were transfected into HeLa cells by
electroporation. Cells were centrifuged at 300g for 5 min and resuspended in
siPORTER electroporation buffer. Cells (75,000) in a total volume of 75 pl were
placed in 1 mm path length cuvettes, 1ug of mRNA was added, and
electroporation was performed with the Bio-Rad Genepulser at 400V/
250 mF. Following discharge, cells were incubated in cuvettes at 37 °C for
10 min, then transferred to plates with pre-warmed complete medium (10,000
cells per well of 96-well plate), and placed at 37 °C in a 5% CO, humidified
atmosphere. Cells were harvested at various post-electroporation time points
(4-10 h), washed twice with PBS, and levels of fLuc mRNA were determined
directly from the cells using the TagMan® Gene Expression Cells-to-CT™ Kit
(Applied Biosystems). Luciferase mRNA remaining at each time point was
converted to a percent of the RNA present at earliest time point (4 h). The
results were plotted as remaining intact luciferase mRNA versus time post-
electroporation.

Luciferase assay. HeLa cells (60,000/well in 24-well plates) were seeded at
least 12 h before transfection in growth medium without antibiotics. A
complex of 5'-capped RNA was prepared by mixing 600 ng (2 ul) of RNA,
2.5 ul of TFX-20 (Promega), and 300 pl of serum-free DMEM in polystyrene
tubes and incubated for 15 min at room temperature. After the incubation,
media from the pre-plated Hela cells were removed and 200 pl of the
complex was added to each well. The plates were incubated for 1 h at 37 °C,
and then 1 mL of pre-warmed media with serum was added. The transfected
plates were incubated at 37 °C. Cells were harvested and lysed at 5, 10, 15,
20, 25, 30, and 40 h post-transfection. The cells were harvested and lysed by
removing the media and adding 100 pl of 1x passive lysis buffer (Promega).
The plate was mixed carefully to disrupt the cells and 10 pl of cell lysates
from each transfections was mixed with 100 pl of luciferase substrate
(Promega) and measured immediately on a luminometer (POLARstar
OPTIMA, BMG Labtech) in 96-well plates. The fold induction of luciferase
protein data was normalized to the control reaction, that is, the no-cap,
mRNA Poly(A) transfection results.
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The discovery and structure-activity relationship of 1,2-diarylimidazole piperazine carboxamides bear-
ing polar side chains as potent and selective cholecystokinin 1 receptor (CCK1R) agonists are described.
Optimization of this series resulted in the discovery of isopropyl carboxamide 40, a CCK1R agonist with
sub-nanomolar functional and binding activity as well as excellent potency in a mouse overnight food

© 2008 Elsevier Ltd. All rights reserved.

The worldwide incidence of obesity is rising and has reached
epidemic levels in Western societies.! In the United States, obesity
is a leading cause of morbidity and mortality, largely due to the in-
creased risk of type 2 diabetes mellitus, hypertension, dyslipide-
mia, cardiovascular disease, weight-bearing osteoarthritis, and
certain types of cancer.??

Cholecystokinin (CCK) is a peptide hormone secreted by the gut
in response to the ingestion of a meal. It promotes satiety and meal
termination, resulting in reduced meal size.* This physiological ef-
fect has been observed in a variety of animal models, including hu-
mans, when CCK is administered prior to a meal.>"® The CCK
peptide interacts with two G-protein coupled receptor subtypes:
the CCK1 receptor (CCK1R, also known as CCK-AR) and the CCK2
receptor (CCK2R, also known as CCK-BR).® CCK2R is also the gastrin
receptor and is located primarily in the stomach and brain and reg-
ulates gastric acid secretion and many CNS related functions.>!!
CCK1R is found in the gallbladder, pyloric smooth muscle, and
the enteric vagal afferent nerves.>!! Activation of CCK1R mediates
physiological effects including gallbladder contraction, gastric
emptying, intestinal motility, and satiety.®

Two small molecule CCKIR agonists, 1,5-benzodiazepine
GI181771X (1)'? and thiazole SR-146131 (2),'?"!3 have been dis-

* Corresponding author. Tel.: +1 732 594 3861; fax: +1 732 594 5790.
E-mail address: richard_berger@merck.com (R. Berger).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.083

closed in the literature (Fig. 1). The results of a phase II clinical trial
conducted with 1 were also reported.'* Although statistically sig-
nificant weight loss relative to placebo was not achieved in pa-
tients treated with 1, this lack of efficacy may be the result of
dose-limiting gastrointestinal adverse effects. Moreover, the
authors suggest that combination studies with other anorectic
agents could be used to maximize the benefits of a small molecule
CCK1R agonist.

Previous reports from our laboratories described the discov-
ery of imidazole carboxamides 3-5 as potent and selective
CCK1R agonists (Fig. 1)."> Optimization of this structure class
revealed that increasing agonist polarity often led to improved
CCK1R binding and functional activities. Based on these obser-
vations, the effect of appending polar substituents onto the
piperazine ring of compounds 3-5 was investigated. This letter
describes the synthesis and biological profile of a series of
imidazole carboxamides represented by general structure 6
(Fig. 1).

The synthesis of a series of methylamine-linked derivatives be-
gan with an amide coupling between imidazole carboxylic acid
7' and the corresponding enantiomerically pure piperazine 8
employing mesyl chloride/1-methylimidazole activation (Scheme
1).'8 The ester was subsequently reduced to the primary alcohol
with lithium borohydride, followed by acetylation with acetic
anhydride to afford 9. Removal of the N-carbobenzyloxy group
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Figure 1. Small molecule CCK1R agonists for the treatment of obesity: GI181771X (1), SR-146131 (2), and Merck MRL imidazole carboxamides (3-6).
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Scheme 1. Synthesis of methylamine-linked derivatives: Ar' =4-MePh or 2-F,4-MePh, Ar? = 3-EtOPh. Reagents and conditions: (a) MsCl, 1-methylimidazole, DMAP,
0°C - rt; (b) LiBH4, MeOH, 0 °C; (c) Acz0, 'ProNEt, DMAP (65-76%, 3 steps); (d) 10% Pd/C, 40 psi H,, MeOH; (e) ArBr, Pdy(dba)s, Cs,CO3, 2-dicyclohexylphosphino-2'-(N,N-

dimethylamino) biphenyl, 1,4-dioxane, 85 °C (75-80%, 2 steps); (f) NaOMe, MeOH, 0 °C (75-85%); (g) MsCl, ‘ProNEt, CH,Cl,,
°C - rt (80-95%); (k) triphosgene, MeNH,, CH,Cl,,

40 psi H,, MeOH (80-85%, 3 steps); (j) RSO,Cl or RCOCI, ‘Pr,NEt, CH,Cl,, 0

with 10% palladium on activated carbon under an atmosphere of
hydrogen, followed by palladium-catalyzed C-N bond formation,
with either 3-bromoquinoline or methyl 3-bromo-1-naphthoate,
yielded compounds 10, 18, and 24.!7 Subsequent removal of the
acetate with sodium methoxide revealed primary alcohol 11.
Amines 12 were prepared by initial mesylation of 11, followed
by nucleophilic displacement with azide and hydrogenation. Treat-
ment of 12 with an acid chloride or sulfonyl chloride in the pres-
ence of N, N-diisopropylethylamine afforded the desired CCK1R
agonists 20, 21, 26, and 27. Alternatively, 12 can be reacted with
triphosgene followed by methylamine to yield urea 22. In the case
of ester derivatives 13, a lithium hydroxide mediated saponifica-

0°C — rt; (h) NaNs, DMF, rt; (i) 20% Pd(OH),,
0°C (80%); (1) LiOH, THF/MeOH/H,0 (90-95%).

tion was required to reveal the naphthoic acid derivatives 31-33
and 37-39.

A series of alkoxy acetic acids were also prepared from 11
(Scheme 2). Alkylation with bromo tert-butyl acetate in the pres-
ence of either sodium hydride or potassium carbonate, followed
by trifluoroacetic acid mediated deprotection of the ester afforded
the corresponding carboxylic acids 14, 19 and 25. Ester hydrolysis
of 14 revealed the bis-acids 30 and 36.

The preparation of the 2-piperazine carboxamides in the quin-
oline series began with an amide coupling between acid 7'°" and
the corresponding enantiomerically pure piperazine 15'° (Scheme
3). Saponification followed by a 1-[3-dimethylamino)propyl]-
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Scheme 4. Synthesis of piperazine carboxamide derivatives: Ar' = 4-MePh or 2-F,4-MePh, Ar? = 3-EtOPh: (a) MsCl, 1-methylimidazole, DMAP, 0 °C — rt (80-90%); (b) LiOH,
THF/MeOH/H,0 (90-95%).

Table 1
Selected 3-quinoline-derived CCK1R agonists

Q ) q R, pN@

s

N \ N
N N
Me O 1823 Me O 24-29

\

Compound R! ECso? (nM) % Act. 1C50>< (nM)
3 H 0.73 105 0.45
18 CH,0COCH3 0.25 104 0.24
19 CH,0CH,CO,H 0.097 96 0.039
20 CH,;NHCOCH3 0.10 91 0.25
21 CH,;NHSO,;Me 0.21 100 0.43
22 CH,NHCONHMe 0.16 70 0.56
23 CONHi-Pr 0.18 87 0.21
24 CH,0COCH3 0.77 118 0.47
25 CH,0CH,COH 0.065 93 0.052
26 CH,;NHCOCH3 0.097 104 0.39
27 CH,;NHSO,;Me 0.46 117 0.73
28 CONHi-Pr 0.14 102 0.24
29 CONHCH,CO,H 0.089 82 0.018

2 CCK_IP3 (CCK1 Human, NFAT) agonist data, values are means of >3 experiments, with standard deviations <75% of the average.
P Values are an average of >3 experiments with standard deviations <75% of the average.
¢ See Supporting information for binding assay protocols.
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Table 2
Selected 3-(1-naphthoic acid)-derived CCK1R agonists

Gt 4

CO,H

mb‘

'V'e O 30-34 Me o 35
Compound R? ECso® (nM) % Act. IC50™¢ (nM)
4 H 0.094 105 0.12
30 CH,0CH,CO,H 0.097 85 0.14
31 CH,NHCOCH; 0.04 67 0.08
32 CH,;NHSO,Me 0.095 72 0.12
33 CH,NHCONHMe 0.13 74 0.08
34 CONHi-Pr 0.082 94 0.11
35 CONHi-Pr 0.053 103 0.016

@ CCK_IP3 (CCK1 Human, NFAT) agonist data, values are means of >3 experiments, with standard deviations <75% of the average.
P Values are an average of >3 experiments with standard deviations <75% of the average.

¢ See Supporting information for binding assay protocols.

3-ethylcarbodiimide (EDC)-mediated amide coupling afforded the
desired compounds 23 and 28. Hydrolysis of methyl ester 16 then
afforded glycine derivative 29.

The naphthoic acid derivatives were prepared by first reacting
acid 7"°® with enantiomerically pure piperazine 17'°" using mesyl
chloride/1-methylimidazole activation (Scheme 4). Methyl ester
saponification with lithium hydroxide yielded the desired CCK1R
agonists 34, 35, and 40.

The activities of selected 3-quinoline-derived CCK1R agonists
are reviewed in Table 1.'® Enantiomeric pairs generally had com-
parable ECsgs and ICsgs, with neither enantiomer showing signifi-
cantly greater CCK1R activity. Acetate 18 displayed improved
potency relative to 3, but was not pursued further due to the po-
tential metabolic liability of the ester functionality. Incorporating
similar polar functional groups such as sulfonamides, ureas, and
amides led to the identification of acetamides 20 and 26 as potent
CCK1R agonists. In addition, the incorporation of the glycine
carboxamide 29 afforded an 8-fold improvement in ECso and a

Table 3
Effects of 2-fluoro,4-methylphenyl substituent in 3-(1-naphthoic acid) series
OEt
CO,H
R® OO
N 7N
N N\)
N
Me 0o 36-40
F
Compound R® ECso® (nM) % Act. IC50™¢ (nM)
5 H 0.055 73 0.040
36 CH,0CH,CO,H 0.034 106 0.041
37 CH,;NHCOCH3 0.033 70 0.058
38 CH,;NHSO,Me 0.10 97 0.067
39 CH,NHCONHMe 0.074 90 0.097
40 CONHi-Pr 0.071 94 0.010

4 CCK_IP3 (CCK1 Human, NFAT) agonist data, values are means of >
ments, with standard deviations <75% of the average.

b Values are an average of >3 experiments with standard deviations <75% of the
average.

¢ See Supporting information for binding assay protocols.

3 experi-

25-fold boost in binding ICsq relative to the unsubstituted
parent 3.

Selected alterations in the 3-quinoline series were also incorpo-
rated into the 1-naphthoic acid derivative 4 with a minimal loss of
CCK1R activity (Table 2).!® For example, diacid 30 was almost iden-
tical to 4 in terms of CCK1R ECsqy and ICsq. Isopropyl carboxamide
35 possessed the best overall in vitro profile in this series, with
excellent functional activity and binding at the CCK1 receptor
(ECs0 = 0.053 nM, IC50 = 0.016 nM).

It was previously reported that incorporation of a 2-fluoro-4-
methylphenyl moiety (5) improved CCK1R potencies in the 3-(1-
naphthoic acid) series.!® This effect was subsequently investigated
with the substituted piperazines (Table 3).'® These analogs main-
tained a similar in vitro profile to the parent 5, displaying excellent
potencies at the CCK1R in terms of functional activity and binding.

Compounds with superior activities at the CCK1 receptor were
evaluated for activity at the CCK2 receptor. Analogs 4, 5, 19, 29,
35, 37, and 40 all showed ECsps greater than 6000, nM and less
than 60% activation at the human CCK2R. Additionally, these ana-
logs showed binding ICsos > 10000 nM against the human CCK2R.'®

The in vivo efficacies of these 2-substituted-piperazine-derived
imidazole carboxamides were also evaluated (Table 4). The over-
night food intake (ONFI) of lean mice, dosed orally with CCK1R
agonists at 0.3 and 3.0 mg/kg, was measured relative to those
dosed with vehicle.?’ Similar to previous reports,'>® neither of
the potent CCK1R agonists 19 or 29 in the 3-quinoline series exhib-

Table 4
Effect of orally dosed CCK1R agonists on 18-h overnight food intake reduction (ONFI)?
in mice

Compound mECso (nM) % Act. Suppression of food intake®
@ 0.3 mpk @ 3 mpk
4 1.30 103 18% 82%
5 0.30 56 13% 86%
19 0.50 84 ns¢ ns¢
29 0.11 99 ns® ns©
35 0.11 110 19% 45%
37 0.13 77 ns¢ 18%
40 0.034 94 32% 92%

2 Compared with vehicle (10% Tw80 in water).

b CCK_IP3 (CCK1 Mouse, K1) agonist data, values are means of > 3 experiments,
with standard deviations <75% of the average.

¢ ns, not significant.
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Table 5
Effect of 40 on 18- and 48-h ONFI® in wild-type and CCK1R/~mice

Mouse Suppression of food intake @ 3 mpk®
18h 48 h

Wild-type 89% 85%

CCKIR ™/ ns® ns®

2 Compared with vehicle (10% Tw80 in water).
" ns, not significant.

Table 6

Active in vivo CCK1R agonists mouse pharmacokinetic profile®

Compound Clp Vq4 PO AUC tip F (e e

(ml/min/kg)  (L/kg) (pM-h)  (h) (%) (uM)  (h)

4 53 047 0.39 3.5 7 028 6.7
5 104 0.59 0.61 1.7 22 0.82 0.6

35 20.4 3.7 0.15 25 11 0.18 5.5

40 9.7 0.42 0.1 2.3 4 0.18 8.0

2 1V administration dosed at 1.0 mpk, PO administration dosed at 10 mpk.

ited any in vivo activity. On the other hand, compounds 4, 5, 35, 37,
and 40 containing the 3-(1-naphthoic acid) all displayed a statisti-
cally significant decrease in food intake relative to vehicle. Based
on these results, it seems that both incorporation and positioning
of the carboxylic acid moiety are critical factors that determine
the magnitude of in vivo potency in this structure class. The isopro-
pyl carboxamide 40 had the most significant effect on the reduc-
tion of overnight food intake in mice at both doses. Additionally,
at an oral dose of 3.0 mg/kg, 40 had no effect on food intake in
CCK1R '~ mice?! while inducing a significant reduction in food in-
take in wild-type mice (Table 5). Although these results indicate
that food intake reduction observed in wild-type mice dosed with
40 is CCK1R-mediated, it should be noted that the anorectic effects
may not be solely attributed to an increased satiety effect due to
CCK1R activation.?? Nevertheless, the ONFI reduction provides a
quantifiable method to evaluate the in vivo effects of CCK1R
agonists.

Table 6 presents the mouse pharmacokinetic profile of com-
pounds active in the ONFI assay. The most potent compound (40)
had the lowest oral exposure, oral bioavailability, and Cy,.x, sug-
gesting that systemic exposure may not be necessary for efficacy.?>

In conclusion, a series of 2-substituted piperazine derived 1,2-
diarylimidazole carboxamides were found to be highly potent
and selective CCK1R agonists. Although several compounds pos-
sessed comparable sub-nanomolar in vitro activities, these activi-
ties did not always translate into in vivo efficacy. The
isopropylcarboxamide 40 exhibited one of the most potent in vitro
and in vivo profiles observed in this structure class to date.
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A series of thiadiazolopiperazinyl aryl urea fatty acid amide hydrolase (FAAH) inhibitors is described. The
molecules were found to inhibit the enzyme by acting as mechanism-based substrates, forming a
covalent bond with Ser241. SAR and PK properties are presented.

© 2008 Elsevier Ltd. All rights reserved.

The endogenous cannabinoid system consists of two well-de-
fined G protein-coupled receptors, CB; (1990)' and CB,, a family
of lipid mediators, and several degradative enzymes which termi-
nate the actions of these mediators by hydrolysis. Anandamide
(AEA)? (Fig. 1) was the first endogenous substance discovered with
activity at cannabinoid receptors, at both of which it is a weak par-
tial agonist. Although exogenous substances active at the cannab-
inoid receptors (of which the prototype is the plant-derived
substance A°-THC, Fig. 1) have analgesic activity, their known side
effects (including dysphoria, memory deficit and abuse liability)
limit their therapeutic utility. Nevertheless, this observation does
suggest that manipulating the endogenous system may produce
analgesic benefit. In addition, the observation that endocannabi-
noid synthesis is selectively up-regulated in active neural path-
ways also suggests that this strategy may have a greater
selectivity and lower side effect profile than global activation of
cannabinoid receptors via exogenous agonists.
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Figure 1. A°-~THC and substrates of FAAH.

Endogenous levels of AEA are normally very low, as it is rapidly
metabolized by the enzyme Fatty Acid Amide Hydrolase (FAAH) to
give ethanolamine and arachidonic acid.> FAAH also breaks down
several other lipids including: oleoyl ethanolamide (OEA), palmi-
toyl ethanolamide (PEA), O-arachidonylethanolamine (virod-
amine), oleamide, and N-arachidonyldopamine.*

Although 2-AG is a full agonist at both CB; and CB, its primary
route of breakdown is through the action of monoacylglycerol
lipase (MAGL).> Of the other FAAH substrates, PEA is known to
have anti-inflammatory properties and to exert analgesic effects
through a non-cannabinoid pathway.® OEA is a known anorectic
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lipid that has effects on satiety.” Oleamide appears to be involved
in sleep induction.® Less is known about the pharmacology of the
other FAAH substrates.

FAAH knockout mice have elevated levels of AEA, PEA and OEA
in the brain, suggesting that degradation by FAAH is the primary
metabolic fate of these lipids.® The knockout mice are viable and
healthy, but display attenuated responses in several pain assays,
supporting the suggestion that a FAAH inhibitor would be an effec-
tive analgesic.

A number of groups have reported the preparation and testing
of FAAH inhibitors (Fig. 2). Several series of highly potent o-keto
heterocycles were described by Boger et al.!° The ketoheterocycle
OL-135 is thought to form a reversible tetrahedral intermediate
derived from the interaction of the ketone to give a hemiketal.
Piomelli et al.!" disclosed carbamate-based inhibitors as did Sanofi.'?
The carbamate compounds are relatively potent and form a cova-
lent bond with Ser 241 within the active site of FAAH.!> URB597
and SA-47 also form a carbamate with the FAAH enzyme with
the concomitant loss of a phenolic or alcoholic fragment, respec-
tively. Both OL-135'* and URB597'> have been reported to be
efficacious in the treatment of pain in various animal models with-
out the motor impairment associated with direct CB; agonism.

We discovered the potent FAAH inhibitor (1) (Fig. 3) in an HTS
screen of our chemical library.!® Analogs of (1) could be prepared
in three steps from an aryl amidine hydrochloride (Scheme 1).

i PPN NG
N
\\7)1\/\/\/\© H2N O OJ\N
O H
N=

\_/ OL-135 URB597
K =4.7 nM IC50 = 48 nM
Me
N~ |
ok
N
Me” 0" °N
e \([)]/\ N

SA-47

Figure 2. Known FAAH inhibitors.

(0]
ph. U
i O

(1) INJ-1661010
PNy FAAHICs)=342650M
/
S-N hFAAH ICsy = 33 + 2.1 nM

Figure 3. Initial HTS hit: JNJ-1661010. Values measured at 20 min (N > 3).
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Scheme 1. Reagents and conditions: (a) CCI3SCl, 6 N NaOH, CH,Cl,, 0 °C, 30 min; (b)
piperazine, rt, 18 h, ~50% for two steps; (c) R-PhNCO, CH,Cl,, 80%-quant. yield.

The amidine salts were treated with perchloromethyl mercaptan
in strongly alkaline solution for 30 min at low temperature and
then given a typical workup.!” The crude products were treated
with piperazine and stirred overnight. Treatment of the resultant
piperazines with aryl isocyanates gave ureas in good yields (Table
1). Alternatively, the piperazines could be treated with phenyl
carbamates of heteroaryl amines. The phenyl carbamates were
prepared by treating an excess of the heteroaryl amine with phenyl
chloroformate, either at room temperature or at reflux (Scheme 2).
The yields of the phenyl carbamates varied considerably (Table 2).

The data presented in Table 1 indicate very tight SAR'® on both
of the pendant aryl rings. The phenyl ring attached to the urea
nitrogen appears to be best if either unsubstituted (1) or with a
chloro (10) or a fluoro (13) group in the 2-position. Other substit-
uents yielded weakly active compounds.

Despite the tight SAR observed for substituted phenyl groups on
the urea nitrogen, many heteroaryl replacements for phenyl gave
moderate to highly potent compounds (Table 2). In general, 6-
membered ring heterocycles were more potent than 5-membered
ring analogs. The most potent compound prepared, however, was

Table 1
SAR on pendant aryl groups
R i
NS N N /\'
H K/ N._N
Y />—Ar
S-N

Compound R Ar Apparent rFAAH Apparent hFAAH

ICso (nM)° ICso? (nM)°
1 H Ph 34+6.5 33+2.1
2 4-MeO Ph 84+15 152+15
3 3-MeO Ph 280 + 145 1860 + 856
4 2-MeO Ph 47 +9.8 173+18
5 4-Me Ph 1270 £ 452 1300 +430
6 3-Me Ph 148 £ 21 193+8
7 2-Me Ph 1666 + 408 20000
8 4-Cl Ph 350+ 19 347 +36
9 3-Cl Ph 163 £22 257 £15
10 2-Cl Ph 18.3+5.0 31.7+4.7
11 4-F Ph 91+43 96 +36
12 3-F Ph 152 £ 97 143 +93
13 2-F Ph 6215 19+2.1
14 4-0CF3 Ph 8330+ 1080 5000 + 3000
15 4-SCF Ph >10000 >10000
16 4-NO, Ph >10000 10000
17 2-CF3 Ph >10000 >10000
18 2-0CF3 Ph >10000 >10000
19 2-SMe Ph 35021 1066 + 82
20 H 4-F-Ph 11735 833204
21 H 4-Cl-Ph 248 +58 >10000
22 H 4-Me-Ph 147 £ 8 >10000
23 H 3-Me-Ph 122 £36 69 £ 26
24 H 4-MeO-Ph 300 + 131 >10000

Range is the standard error of the mean. A reference for this ubiquitous method of

reporting error ranges may be excessive.

2 ICs0s were determined with a 20 min preincubation with the enzyme.
b All values are with N > 3.

HetAr—NH, —2 = HetAr L

N
H

OAr

N._N
T )—Ph
S-N

Scheme 2. Reagents and conditions: (a) 1/3 equiv CICO,Ph, THF or ACN, rt—reflux;
(b) 0.9 equiv 1-(3-phenyl-[1,2,4]thiadiazol-5-yl)-piperazine, DMSO, microwave
100 °C, 30 min or 50 °C 18 h.
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Table 2
Heteroaryl ureas
Compound Yield (%) step (a) Yield (%) step (b) HetAr Apparent rFAAH ICso? (nM)° Apparent hFAAH ICso® (nM)°
25 — 46°¢ N 7/ 2625 26.7+2.2
\
N=
26 80 97 8.7+27 9.8+1.5
\ 7/
N
27 26 68 { H— 57 %20 266 £ 60
—N
N
28 32 98 N 63 +0.41 103+1.5
7N
29 10 53 N 288+7 13+34
MeO
NN
30 4 18 _ 188 +35 253+33
CN
N-N
31 71 97 CIU 54+9 50+ 15
N-N
32 18 14 <> \>— 1317 £419 2667 £ 408
=N
N
33 14 24 @— 10.8+44 23.0+9.9
N=
N-S
34 38 85 Ci\‘ 1.35+0.79 2.02+0.48
.
35 57 37 N-N 125+23 1167 + 204
H
Ph
36 78 80 W 638 + 140 1037 £ 105
H
Ph N
37 11 Quant. I \>; 113+17 320+ 12
S
N
38 30 82 /[ Y= >10000 >10000
Me S
39 24 84 0N 25.7+15 70+2.9
e
HN-N
40 74 57 ll\l \>— 41+5.6 320+13
SN

Range is the standard error of the mean. A reference for this ubiquitous method of reporting error ranges may be excessive.

2 ICsos were measured with 10 min preincubation.
b Values are with N > 3.
¢ Prepared from the isocyanate.

the bicyclic benzothiadiazole derivative (34). Interestingly, despite
the mechanism of FAAH inhibition, having more electron deficient
heteroaryl substituents, and thus better leaving groups, on the urea
does not translate to more potent/rapid inhibition of the enzyme.
This suggests that interactions between the heteroaryl amine and

the enzyme may be an important factor in determining the rate
(and therefore apparent ICsg) of inhibition of the FAAH enzyme.
Under standard conditions, (1) has an ICso of 12 nM at human
FAAH (60 min assay with no preincubation). To determine the ef-
fect of preincubation time on apparent ICsg, the assay was short-
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Figure 4. Apparent ICso of (1) with differing preincubation times.

ened to 10 min and (1) was preincubated with enzyme for different
times (Fig. 4). The apparent ICsq for (1) at human FAAH was re-
duced from 70 to 15nM after a 40 min preincubation. A time
dependence of apparent ICsy values for enzyme inhibition is usu-
ally observed when a compound is either a slow on tight binding
ligand, an irreversible inhibitor, or a mechanism-based substrate.

To determine the reversibility of (1), we used a dialysis ap-
proach to examine the mechanism of FAAH inhibition. Test com-
pounds (at ICgy concentrations) were incubated with membranes
of recombinant cells expressing rat FAAH, and dialyzed against
1L of PBS buffer at 4 or 22 °C. After 18 h dialysis, the contents
of the dialysis cassette were recovered and assayed for FAAH
activity (Fig. 5). The activity of enzyme preincubated with OL-
135 was fully recovered!® after dialysis at both temperatures,
consistent with a full reversibility of inhibition. FAAH preincu-
bated with URB597 failed to recover activity after 18 h of dialysis
at either temperature, consistent with the formation of an irre-
versible covalent bond, as expected for this carbamate. Enzyme
incubated with (1) remained substantially inhibited after dialysis
at 4 °C. However, at 22 °C, significant activity was recovered, sug-
gesting a temperature-dependent release of the compound from
the active site. The recovery of enzyme activity after 18 h dialysis
at 22 °C, albeit not complete, rules out irreversible inhibition of
FAAH due to (1).

To distinguish between a tightly bound non-covalent ligand and
a mechanism-based substrate inhibitor, compound (1) was incu-
bated (twofold molar excess of FAAH) with partially purified rat
FAAH enzyme for 3 h at 22 °C and examined by LC-ESI-MS. Accord-

Il Pre-dialysis
125- [1Post-dialysis 4°C
T
[ Post-dialysis 22°C
2 1001
=
S 75
T
< 50
<
(T8
2 254
o_

Figure 5. Residual FAAH activity pre- and post-dialysis (18 h) for JNJ-1661010, OL-
135 (reversible) and URB597 (irreversible) at 4 and 22 °C (N > 3).
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Figure 6. Results of LC-ESI-MS analysis of partially purified rat FAAH incubated
with (1).

ingly, the measured MW increased by 274 Da to that of FAAH pro-
tein itself, suggesting a covalent modification of the enzyme with
the piperazinyl fragment and concomitant loss of aniline (Fig. 6).
This increase in mass, along with a return of FAAH activity in the
dialysis experiments, suggests that (1) must be a covalent, mecha-
nism-based substrate inhibitor.

To confirm the formation of a covalently linked piperazinyl
fragment, we incubated partially purified soluble rat FAAH lacking
the transmembrane domain with (1) tritiated on the piperazinyl
group. Ten micrograms of this preparation was incubated with
400 nM 3H (1) for 60 min, and then unbound ligand was separated
from bound ligand by gel filtration. Enzyme activity of an unla-
beled preparation run on a parallel column confirmed co-elution

=& 3H.PEA
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A —a- cpm/ fraction
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Figure 7. (A) Separation of radiolabeled FAAH after incubation with *H (1); (B)
autoradiograph of sds gel of column fractions 4-8 after denaturation (grey, labeling
carried out in excess unlabeled (1); (C) dialysis of FAAH 3H (1) complex.
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of the labeled protein peak with enzyme activity (Fig. 7A). The radi-
olabeled preparation was then denatured in 8 M urea and sub-
jected to SDS gel electrophoresis and autoradiography. A single
radiolabeled band (Fig. 7B) was found, suggesting that the complex
between enzyme and the piperazinyl fragment was covalent and
stable to protein denaturation. The peak radiolabeled fractions
were subjected to dialysis as described, and after 18 h at room
temperature, about 35% of the total radioactivity was recovered
in the outer compartment, confirming that the bond formed be-
tween the enzyme and piperazinyl fragment is reversible (Fig. 7c).

A published crystal structure of rFAAH bound to MAFP?° reveals
the presence of a long lipophilic tunnel and a relatively large
hydrophilic area containing Ser241 and other polar residues. As it
was not immediately clear how compounds such as (1) bound to
the active site, we docked (1) in two ways?': with the phenyl urea
portion of the molecule in the hydrophobic tunnel and the phenyl-
thiadiazole in the hydrophilic pocket (Fig. 8); and, with the phenyl-
thiadiazole in the hydrophobic tunnel and the phenylurea in the
hydrophilic pocket (Fig. 9). Molecular modeling suggested, on the
basis of size, that both configurations of (1) within the enzyme ac-
tive site were possible, however several factors suggested binding
as shown in Figure 9. First, the crystal structure with FAAH bound
to MAFP showed the long lipophilic tail of MAFP in the hydropho-
bic pocket, and the phenylthiadiazole is lipophilic. Second, the loss
of aniline is consistent with the urea portion of the molecule in the
more solvent accessible hydrophilic pocket, and would be consis-
tent with work published by others.?? Finally, the observed SAR
for this class of molecules is consistent with the phenythiadiazole
being in the hydrophobic pocket.

Figure 8. Compound (1) docked with the phenyl urea portion of the molecule in the
hydrophobic tunnel and the phenylthiadiazole in the hydrophilic pocket.

Figure 9. Compound (1) docked with the phenylthiadiazole in the hydrophobic
tunnel and the phenylurea in the hydrophilic pocket.

Figure 10. Overlay of 3- and 4-substituted phenyl compounds (5) and (6).

Substitution was not tolerated in the 4-position of the phenyl
pendant to the thiadiazole by the human enzyme, but 3-substitu-
tion gave compounds equipotent to (1). A rationale for the preced-
ing observation can be found in Figure 10, which shows an overlay
of compounds (5) and (6) docked within the active site of rFAAH.
The 4-methyl group of (5) is proposed to be in a sterically crowded
space whereas the methyl group in (6) resides within a small lipo-
philic pocket.

We assessed the possibility of mechanism-based non-specificity
by assaying liver carboxylesterases. In an assay measuring changes
in the rate of ester (4-nitrophenyl-acetate) hydrolysis in rat liver
microsomes,?> (1) did not measurably inhibit ester hydrolysis.
OL-135 and URB597 significantly decreased the rate of ester hydro-
lysis (Fig. 11). These data suggest that (1) is not a general inhibitor
of esterases, whereas URB597 decreases liver esterase activity by
40%.

Liver Esterase Assay

JNJ-1661010

OL-135

URB597

I T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
% Relative Activity

Figure 11. Inhibition of liver esterases by various FAAH inhibitors (10 pM with
30 min preincubation). DMSO control showed no inhibition.

Table 3
Summary of pharmacokinetic data for JNJ-1661010

P.O. LP. LV.
Dose (mg/kg) 10 10 1
Crnax (LM) 0.301 (+57%) 1.58 (£7%) 3.06 (+38%)
Tmax (min) 110 (£103%) 35 (+66%) —
Plasma Ty, (min) 264 (+66%) 94 (£5%) 34 (£13%)
Mean retention Time (min) 382 (£95%) 135 (£7%) 49 (+19%)
Cl (L/min) 0.116 (+18) 0.032 (+10%) 0.006 (+18%)
Volume of distribution (L) 45 4.6 0.57
F (%) 5 20 —

Vehicle is 1:4:15 pharmasolve: cremaphore: 5% dextrose in water.
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Figure 12. Inhibition of FAAH after i.p. dosing with 20 mg/kg (1).

Rats dosed with 20 mg/kg i.p. (1) had a plasma Cpax of 26.9 pM
at the Thax of 0.75 h and a Cpax in the brain of 6.04 uM at the Tpax
of 2 h (Table 3). Compound (1) had a blood-brain barrier coeffi-
cient of 0.042.24

We examined the in vivo properties of (1) by measuring both ex
vivo inhibition of brain FAAH and the elevation of AEA after dosing
the compound at 20 mg/kg i.p. Brain FAAH was profoundly inhib-
ited by a single 20 mg/kg dose of (1) for an extended period (Fig.
12). Even after 24 h, FAAH activity had recovered only to 25% of un-
treated values. In parallel, rats that had been dosed with 1 (20 mg/
kg, i.p.) showed elevated levels of AEA in brain tissue. Four hours
post dosing of (1), rat brain AEA levels increased by up to a factor
of 1.4 thus suggesting in vivo inhibition of FAAH. Additional in vivo
studies will be reported elsewhere.

In conclusion, we have described a series of aryl piperazinyl
urea FAAH inhibitors with characteristics consistent with them
being mechanism-based substrates of the enzyme. While this work
was in progress, a report describing the mechanism of action of a
closely related series of molecules (first disclosed in one of our pat-
ent applications)?® appeared.
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A novel class of potent and selective inhibitors of KDR incorporating an indazole moiety 1 is reported. The
discovery, synthesis, and structure-activity relationships of this series of inhibitors have been investi-
gated. The most promising compounds were also profiled to determine their pharmacokinetic properties
and evaluated in a VEGF-induced vascular permeability assay.

© 2008 Elsevier Ltd. All rights reserved.

Angiogenesis, the formation of new blood vessels from existing
vasculature, is a critical process in tumor growth.! Among the
many pro-angiogenic factors, vascular endothelial growth factor
(VEGF) has been identified as the most important regulator of tu-
mor angiogenesis.> Endothelial cell proliferation and migration,
two crucial steps in angiogenesis, are mediated through a specific
VEGF receptor, the kinase insert domain-containing receptor
(KDR or VEGFR-2). Inhibition of KDR kinase activity by small mol-
ecules has been shown to be a very promising way to interdict this
VEGF pathway in human cancers. More specifically two small mol-
ecule inhibitors of KDR, Sutent (sunitinib)® and Nexavar (sorafenib
tosylate),* have recently been approved for patients with gastroin-
testinal stromal tumors (GIST) and advanced renal cell carcinoma,
respectively.

Aryl-aminonaphthyl compounds 1 are potent inhibitors of VEGF
receptor tyrosine kinase.”> However, N-hydroxy-1-aminonaphtha-
lene, a known metabolite of the 1-aminonaphthalene, has been
described as mutagenic and carcinogenic.® Consequently, we
flagged the 1-aminonapthyl core as a possible concern and looked
for a replacement. In our search for a surrogate ring system, we
also considered increasing the polar surface area and decreasing
the LogP to lean toward molecules with projected improved phys-
icochemical properties. Herein, we describe the structure-activity

* Corresponding author. Tel.: +1 617 444 5023; fax: +1 617 577 9822.
E-mail address: dbauer@amgen.com (D. Bauer).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.080

relationship (SAR) for a novel series of indazoles 2, which possess
good in vitro potency, selectivity, and pharmacokinetic properties
(Scheme 1).

Compounds were synthesized by the route outlined in Scheme
2. 1-Methyl-3 amino-6-hydroxyindazole 3 can be prepared on
multi-gram scale by reaction of 2-fluoro-4-hydroxybenzonitrile
with methylhydrazine. The aminohydroxyindazole 3 was then
reacted with 4-chloro-6,7-dimethoxyquinoline’ under basic condi-
tions to afford the biaryl ether intermediate 4. N-Arylation using
the Buchwald phosphine® or reductive amination then, respec-
tively, afforded the desired compounds 5 or 6.

Table 1 summarizes SAR® and cLogP'° for a selection of alkyl
and aryl substituents. These compounds had predicted LogP one
log unit lower than their analogs in the aminonaphthalene series
(e.g., compare compounds 5a with 1a [cLogP=7.0] and 5b with
1b [cLogP = 7.1]). The alkyl amine derivatives explored were weak
KDR inhibitors. Although phenyl substituent led to potent KDR
inhibitors in the aminonaphthyl series (compound 1a), only weak
inhibition was achieved in the indazole series (compound 5a).
Addition of an electrodonating group at the meta- (5b) and para-
position (5c¢) of the phenyl group did not change the inhibitory
activity. However, a significant potency improvement resulted
from introduction of a more lipophilic trifluoromethyl substituent
(compound 5d). As we have previously observed, replacement of
the naphthyl core by a less lipophilic scaffold tends to result in a
loss of potency, which may be countered by utilizing lipophilic
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aromatic substituents.!! This strategy appears to be a valid solu-
tion here also. The introduction of a methylene group between
the indazole core and the phenyl group had a similar beneficial ef-
fect (compound 6d).

Consequently, an amide linkage was next explored (Table 2).
The aminocarbonyl tether provided compounds with high affinity
for the enzyme as illustrated by compound 7d: compared with
the parent compound 5c¢, a 50-fold increase of enzyme inhibition
was observed. A 20-fold improvement in enzyme inhibition was
also observed with compound 7e compared with the parent com-
pound 5d.

These compounds were also evaluated in our whole cell assay
by measuring the inhibition of VEGF-stimulated cellular prolifera-
tion of human umbilical vascular endothelial cells (V-HUVEC).® The
shift in potency measured in the cellular assay compared with that
observed in the enzyme was relatively small (about 10-fold) with
the notable exception of compounds 7e and 7i, which exhibited a
30-fold shift. This difference may not be explained solely by com-
promised cell permeability resulting from the high lipophilicity of

these compounds (cLogP = 5.7 and 6.6, respectively), as compound
7j (cLogP=5.7) exhibited only a threefold shift. To measure the
selectivity of this series in a cellular assay, the compounds were
evaluated in a basic fibroblast growth factor (bFGF)-driven HUVEC
(F-HUVEC) proliferation assay.!? All the compounds tested exhib-
ited a very high level of selectivity.!®

An X-ray co-crystal structure of amide 7j bound to the ATP-site
of KDR was obtained (Scheme 3).!* The quinoline makes a key
hydrogen bond to the backbone NH of the linker residue, Cys 919
(3.1 A). An additional hydrogen bond between the quinoline and
the backbone CO of the linker Cys 919 (3.4 A) also contributes to
the interaction of the compound with the linker region of KDR.
The amide moiety of 7j interacts with the protein through two
hydrogen bonds; the NH forms a hydrogen bond with Glu 885
while the carbonyl interacts with Asp 1046. The substituted phenyl
ring pushes deep into the extended hydrophobic pocket formed by
the reorganization of Phe 1047 (of the Asp 1046, Phe 1047, Gly
1048 triad, the ‘DFG’ motif) to induce the ‘DFG-out’ conforma-
tion.’> These hydrophobic interactions account for a significant
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Table 1
KDR potency (ICso, pM) for amines variations of the indazole

HN-R

\
X
~
o N
|
R KDR cLogP

4 H 1.70 3.1
6a Et 0.37 44
6b n-Pr 1.11 49
6¢ n-Bu 0.80 5.4

5a O 0.27 5.8

5b © 0.23 5.8
OMe

5¢c 0.16 5.8
CF3

5d 0.07 6.9

6d . \© 0.06 53

proportion of the binding affinity. Compounds having a smaller
substituent at this position bind more weakly (e.g., cyclopropyl
74, ICso = 0.344 uM), confirming the importance of occupying the
extended hydrophobic pocket as a means of enhancing potency.
The amide moiety serves as a rigid extender to place the terminal
aryl ring fully into the extended hydrophobic pocket. In addition,
the amide makes favorable hydrogen bond interactions using both
the NH and the carbonyl lone pair.

Recognizing that a urea linkage could potentially allow the aryl
substituent to occupy the same region of space, the urea deriva-
tives 8a—d were accessed (Table 3). Gratifyingly, these compounds
were very potent at inhibiting KDR. Compounds 8a, 8c, and 8d also
displayed good potency at the cellular level. The selectivity over F-
HUVEC remained high for all compounds.'?

Encouraged by the excellent potency and high selectivity of
this series of compounds, the pharmacokinetic properties were
examined in vivo in male Sprague-Dawley rats, administered
by both intravenous (iv) and oral (po) routes (Table 4).'® Clear-
ance was low to moderate for all four compounds. Compounds
7h, 7j, and 8a exhibited acceptable half-lives. Although 8a had
a ty; of 4.3 h, it was compromised by poor bioavailability and
low exposure. Compound 7h was also rejected due to its poor
oral pharmacokinetic properties (low exposure and bioavailabil-
ity). Compound 7j, however, showed favorable pharmacokinetic
properties with good bioavailability and satisfactory oral
exposure.

Compound 7j was chosen for further profiling. The selectivity
profile was explored across a range of tyrosine kinases (Table 5).
Compound 7j showed high selectivity for KDR inhibition
(IC50 = 0.001 uM); all the other kinases tested in the panel returned
inhibition values at least 45-fold higher.

Table 2
Investigation of an amide linkage (ICso, M)

I \
X
~
(o) N
I
R KDR V-HUVEC
7a N v 0.344 -
Cl
7b = @ 0.008 —
7c O\ 0.005 0.061
Cl
7d O\ 0.003 0.032
OMe
7e O\ 0.003 0.079
CF,
AN Cl
7f 0.003 0.009
F
SN Cl
7g | A 0.002 0.027
N _~
7h O/ 0.002 0.002
N CF,
7i ©/ 0.002 0.058
CF;
~ CFq
7 0.001 0.009

Based on V-HUVEC potency (ICsq = 9 nM), promising pharmaco-
kinetics, and its high selectivity over other kinases, the in vivo
activity of compound 7j was evaluated in a VEGF-induced vascular
permeability assay.!” Briefly, cells over-expressing murine VEGF or
control were combined with Matrigel and injected subcutaneously
into athymic nude mice. Twenty-four hours later, the animals were
administered either drug or vehicle. Vascular permeability was as-
sessed 6 h after administration of compound. In addition, a satellite
group of animals (n=2) were dosed with compound, and blood
samples were harvested at 6 h to determine plasma concentration
of compound. The results obtained for mice dosed with 7j are pre-
sented in Scheme 4. Although there was no response at 3 mg/kg,
significant inhibition of vascular permeability at 10 and 30 mg/kg
(plasma concentration: 181 and 347 ng/mL, respectively) was ob-
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Scheme 3. Key binding interactions with compound 7j (purple) with KDR.

Table 3
Investigation of a urea linkage (ICso, tM)
(o]
HN’( R
N—
N\ H
,N
N
| Q \
o X
pZ
(0] N
[
R KDR V-HUVEC

8a @ 0.002 0.006

Cl CF,4
8b 0.008 1.15
8c ©/ 0.002 0.003

OMe
8d 0.001 0.007

Table 4
Pharmacokinetic parameters in male Sprague-Dawley rats

CL (L/h/kg) Vss (L/kg) tij2 (h) F (%)

\

AUCy_,, (ng h/mL)

7f 13 2.1 1.5 - -

7h 1.2 24 2.7 12 153
7 0.7 14 27 46 1528
8a 0.4 2.0 43 2 121

Compounds were formulated in 100% DMSO for iv dosing and 100% Ora-Plus for po
dosing.

served, demonstrating that compound 7j inhibited VEGF-induced
vascular permeability in a dose-dependent fashion.

In conclusion, we successfully replaced the 1-aminonaphthyl
core by a 3-aminoindazolyl core as illustrated by the selectivity,

Table 5
Kinase selectivity (ICso, M)

Enzyme inhibition

Aurora 1 0.045 PI3K 325
Tie-2 0.121 cMet 3.32
Aurora 2 0.764 JAK3 25,000
P38, 1.65 INK2 25,000
7 400
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Scheme 4. Effect of compound 7j in a VEGF-induced vascular permeability assay,
‘p <0.0001.

rat pharmacokinetic properties, and pharmacological activity of
compound 7j. Further evaluation in a VEGF-induced vascular per-
meability assay showed promising efficacy. Modification of this
scaffold is currently under way with the aim of further optimizing
potency and pharmacokinetic properties.
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We describe herein the synthesis and biological evaluation of a series of novel cephalosporins with potent
activity against Pseudomonas aeruginosa. Introduction of various amino groups to the 4-position of a 3-
amino-2-methylpyrazole cephalosporin 3-side chain resulted in enhanced MIC values against multiple
Pseudomonas aeruginosa strains and ultimately led to the discovery of FR264205 (15) with excellent
anti-bacterial activity and weak convulsion effect by direct intracerebroventricular injection assay.

© 2008 Elsevier Ltd. All rights reserved.

Pseudomonas aeruginosa is a major nosocomial pathogen and is
responsible for many serious infections in patients who are immu-
nocompromised due to treatment for malignant tumors, neutrope-
nia or resulting from organ transplantation.! Such infections are
difficult to cure, especially with the ongoing emergence of strains
resistant to the currently available clinically used agents, which of-
ten leads to prolongation of the treatment period. Against this bac-
terium, several members of the carbapenem class of antibacterials
have been effective, but their use has induced resistance due to de-
creased penetration through the outer membrane resulting from
loss of the D2 porin.2 Certain fluoroquinolones also show potent
anti-pseudomonal activity, but some strains have acquired resis-
tance due to mutations of the drug target and/or due to induction
of active efflux pumps.® In terms of general resistance trends,
whilst much recent research has been focused on tackling the
problems of resistant Gram-positive pathogens such as MRSA
and VRE, only few efforts have been directed at identifying im-
proved agents for P. aeruginosa infections.

Among the marketed cephalosporins, Ceftazidime (CAZ) shows
the best anti-pseudomonal activity, but displays very little activity
against AmpC B-lactamase-producing strains which have recently
been increasing and are becoming a significant problem.* During
the course of our research on fourth-generation broad-spectrum
cephalosporins, we previously discovered FK037 (cefoselis)® and
FK518 (Fig. 1).° Although both compounds possess an aminopyra-

* Corresponding author. Tel.: +81 3 3244 3011.
E-mail address: ayako.toda@jp.astellas.com (A. Toda).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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zole ring at the 3-position of the cephalosporin nucleus, the dis-
tinctive chemical feature of FK518 is the presence of a
dimethylacetic acid group in place of the methyl group on the
oxime moiety and a thiadiazole instead of thiazole at the 7-posi-
tion. These modifications were presumed to be responsible for
the improved efficacy of FK518 against P. aeruginosa species.

In the research described herein, we report our efforts aimed to-
ward the discovery of novel cephalosporin derivatives with potent
activity against Class C (AmpC) p-lactamase-producing P. aerugin-
osa strains and a low convulsion-inducing effect, and the discovery
of FR264205 as a novel agent with significantly improved activity
and good potential as a new anti-pseudomonal agent.”

In general terms, a strategy to improve the anti-pseudomonal
activity of cephem derivatives requires either, or all of, the follow-
ing: (1) maintenance of high penicillin-binding protein (PBP) affin-
ity, (2) increased outer membrane permeability, and (3) improved
stability to AmpC B-lactamase. Our previous study showed that the
PBP affinity of FK518 was very high, especially toward PBP3 which
is important for anti-bacterial activity, presumably due to the con-
tribution of the dimethylacetic acid moiety on the oxime at the 7-
position.® This speculation was supported by the PBP affinity data
of CAZ® (which also has dimethylacetic acid moiety) which is high-
er compared to FK037 and CZOP (with a 7-position methoxyimino
moiety). Therefore, we selected this structure for our investigations
and our attention was focused on the following strategy.

The outer membrane of P. aeruginosa represents a formidable
barrier to entry of antibiotics, and the relatively large side chain
at the 7-position was presumed to be unfavorable for outer-mem-
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Figure 1. Structures of FK037 (cefoselis) and FK518.
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Scheme 1. Synthesis of novel cephalosporins.

Table 1
Anti-pseudomonal activities and permeability (differential ratio) of pyridiniumcephems

Compound MIC (pg/mL)

Calculated pK, (amine)

FP2056° FP1380° mean®

Permeability?

32 2.1

32 1.71
8 1.43
4 1.36

16 1.51

b WwN
Sy

FK518

2 NT —

1 32 Non-basic
1 16 7.04

1 8 8.51

1 64 Non-basic

NT, not tested.
@ Class A TEM B-lactamase-induced clinical isolate.
b Class C AmpC(ld) p-lactamase-induced clinical isolate.
€ Fifty-four clinical isolates.
d MICDEAE—Dex(—)/MICDEAE—Dex(ﬂ-

brane permeability. Our attention was initially focused on the
observation that the outer-membrane permeability of carbapen-
ems is good, and is most likely due to the small molecular size
and the presence of a basic side chain.® We aimed to apply the
latter observation to cephems by introducing various basic side-
chains to the 3-position of the cephem nucleus. Initially, we
introduced basic substituents to a pyridine ring to obtain a rapid
validation of our hypothesis regarding outer membrane
permeability. Basicity (pK,) of side chains was calculated by ACD/
PhysChem Batch Ver9 (ACD/Labs). Compounds 2-5 were synthe-
sized according to the methods outlined in scheme 1. A chloro-
methyl (or iodomethyl) cephem derivative 1 was coupled with a
pyridine derivative, followed by global deprotection and purifica-
tion to afford the final cephem derivatives.

The in vitro antibacterial activity and outer-membrane perme-
ability of compounds 2-5 is shown in Table 1. MICs were deter-
mined according to the CLSI method,!® permeability was
determined by differential assay from the ratio of MIC values in
the presence and absence of 100 pg/mL DEAE-Dextran.!! When
an amino group is added to the 3-position of the pyridine side

Table 2
Anti-pseudomonal activities of 2-modified pyrazoliocephems

R: 0\ 0\
> —N NHy —N, NH,

N COZH N N

CHq
H2N/< N O j/:l/j)\/“

-
//_>\ ;NQ\NH
L

(sulfate) 9 (sulfate)

Compound MIC (pg/mL)

FP1380°

32 1.24
8 1.74
16 1.47
4 1.43
16 1.51

FP2056* Mean® MICs0¢

6

7
8
9
Fl

— e e
[

K518

@ Class A TEM B-lactamase-induced clinical isolate.
b Class C AmpC(ld) p-lactamase-induced clinical isolate.
¢ Fifty-four clinical isolates.
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Anti-pseudomonal activities and convulsion-inducing effect of 4-modified pyrazoliocephems

H2N/k N O j/j;)\/

xr
FaSWETs G B
~NSN7 TNH

10 CH, 1 CH,

— N H2

CHs 12 (sulfate)

Compound MIC (pg/mL) Convulsion®EDs (pg/head) Calculated pK, (amine)
FP2056* FP7380° Mean MICs0°

10 0.5 8 0.91 0.5 39.3 7.27

1 0.5 1 0.66 0.5 4.69 10.66

12 0.5 1 0.77 0.5 80.1 9.66

FK518 1 16 1.51 1 46.9 Non-basic

CAZ 2 128 3.7 2 71 -

CZoP 2 32 2.7 2 230 -

¢ Class A TEM B-lactamase-induced clinical isolate.
b Class C AmpC(ld) p-lactamase-induced clinical isolate.
¢ Fifty-four clinical isolates

4 Convulsion-inducing effect: EDsq (ug/head, mouse intracerebroventricular injection).

chain (compound 3), an improvement in activity relative to the
non-substituted pyridine analog 2 was observed: mean MIC:1.71
vs 2.1 pg/mL, MICso 1 pg/mL vs 2 pg/mL (MICso = concentration
inhibiting 50% of strains). Larger substituents such as a guanidino
group (compound 4) or an aminoethyl group (compound 5) were
tolerated and they showed improved activity against P. aeruginosa.
As we had speculated, the presence of a basic side chain on the 3-
position substituent appears to improve permeability. The perme-
ability was improved as the basicity increased, with the best activ-
ity being observed for the 4-aminoethyl-substituted derivative 5,
with a calculated pK, of 8.51 (Table 1). Although the MICs of the
pyridine analogs 2-5 against P. aeruginosa FP2056, a Class A p-lac-
tamase-inducer clinical isolate, were the same (1 pg/mL), those
against P. aeruginosa. FP1380, a Class C B-lactamase inducer clinical
isolate, were improved in parallel with the improved outer-mem-
brane permeability, and this improved activity against Class C
B-lactamase-producing strains led to an excellent mean MIC value
(1.36 pg/mL; 54 clinically isolated strains).

The observed improvement in activity for the pyridine deriva-
tives led us to speculate that further modification of the pyrazole
moiety of FK518 may lead to clinically significant levels of anti-
pseudomonal activity, since the intrinsic antibacterial activity of
FK518 is superior to the pyridine derivatives. First, we introduced
various substituents to the 2-position of the pyrazole ring to deter-
mine the most suitable structure for further investigation and opti-
mization (Table 2). Compounds (6-9) were prepared as shown in
Scheme 1 and evaluated for antibacterial activity.

The structure of the substituent at the 2-position of the 3'-
aminopyrazolium group affected MICs against the Class C B-lacta-
mase-producing isolate, whilst MICs against the ClassA B-lacta-
mase isolate were all the same (1 pg/mL). Compound 6 having a
small substituent at this position showed weaker activity against
Class C B-lactamase-producing strains than FK518 (32 and 16 pug/
mL, respectively). This indicated that compound 6 was less stable
to Class C (AmpC) B-lactamase. Relatively large substituents at this
position (7-9) had a good effect on activity against the Class C B-
lactamase-producing isolate (MICs: 8, 16, and 4 ng/mL, respec-
tively). It is notable that modification of this part of the 3-position
side chain can alter stability toward Class C B-lactamase. Therefore
steric effects at this position appear to be important for stability.
Although compound 6 only had a moderate MIC against the Class
C-producing isolate, it had the best mean MIC (1.24 pg/mL). There-
fore, we selected the 2-methylpyrazole group for further modifica-
tion, and next introduced various basic side chains at the 4-
position of the pyrazole ring (Table 3).

Compound 10 was obtained as indicated in our previous publi-
cation.’> Compounds 11 and 12 were obtained as outlined in
Scheme 1. Compound 10, in which the aminomethyl group
(pK,=7.27) is added to the 4-position of 6, showed significantly
improved anti-pseudomonal activity. MIC against the Class C B-lac-
tamase-producing strain was 8 pg/mL for 10, as compared to
32 pg/mL for 6. The guanidino derivative 11 was even more potent,
with an MIC of 1 pg/mL, presumably as a consequence of the high
pK;, value (10.66). However, this compound (11) had very strong

NH, OPh OPh
~_-NHBoc
m 1. NaNOy, cHCI, HyO Y CICO,Ph, NaOH HN_<O HN y N
N, LNH 2.10%-Pd/C, H2, H2S04 *N~ "NHz2  dioxane-H,0 N// \; TrCl, Et3N, THF N//_ﬁ\ EtsN, DMF
) ’ ' WUONHy T N\ NHTr
CHs 5 . 86% ) 95%
CHg o 78%
73% CH, CH,
16 > 17 18 19
NHE N .0 002 Bu ~c
0C
H oTN0oH
HN ];l' | H HSOZ |
7 _<0 HzN/k j)v 1 TFA. anisole. CH.CI '}‘ﬁN + /l \S _<
. TFA, anisole, CH,Cl,
N~ ~NHTr Co,PMB  BSU KL, DMAC 5 /oSO ¢ NN O Oj;N AN P,
1
CHs 78% . COH  CH,
‘o
20 15 (FR264205)

Scheme 2. Synthesis of FR264205 (15).
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Anti-pseudomonal activities and convulsion-inducing effect of 4-modified pyrazoliocephems

R:

o><COH

HZANOIQV

;Nﬁ

SRy W“Z

Hg 13H " CHg 14

N
wr ~ONH,
NH
CH3 15 (sulfate)

Compound MIC (pg/mL) Convulsion? EDs (ug/head) Calculated pK, (amine)
FP2056* FP1380° Mean® MICs0°
13 1 2 0.93 0.5 122 8.55
14 0.5 2 1.07 . 0.5 . >200 7.18
15 0.5 2 0.88 (0.65 ) 0.5 (0.5 ) 428 7.95
FK518 1 16 1.51 1 46.9 Non-basic
@ Class A TEM B-lactamase-induced clinical isolate.
b Class C AmpC(ld) p-lactamase-induced clinical isolate.
¢ Fifty-four clinical isolates (196 clinical isolates).
d

convulsion-inducing effect (EDsq; 4.69 pg/head, mouse intracere-
broventricular injection). Next we altered this guanidine part to
an amino group to attempt to weaken the convulsion-inducing
effect by controlling basicity. As we predicted, the convulsion ef-
fect of 12 was relatively low, but not as low as that of CZOP. Inter-
estingly, the activity of 11 against the Class C B-lactamase-
producing strain remained strong (MIC: 1 pg/mL). Further study
altering the length of the alkyl chain at the 4-position of the
pyrazolium ring showed that an aminopropyl group (12) had the
best profile against this strain (data not shown). A 3D-structure
based study and enzyme inhibitory study suggested steric effects
were important for stability to Class C (AmpC) p-lactamase.'?

Next, we investigated the effect of this side chain on anti-
pseudomonal activity and convulsion-inducing effect. Sterically-
restricted derivatives 13-15 were synthesized and evaluated. Com-
pound 15 was synthesized as shown in Scheme 2. While antibacte-
rial activities of these compounds were maintained, a significant
reduction in the convulsion-inducing effect was observed (Table
4). Compound 13 having the E-form olefin showed a lower convul-
sion-inducing effect than non-conformationally restricted deriva-
tive 12. The glycine analog (14) also showed a weak convulsion-
inducing effect, presumably due the further reduced pK, of the
amino group (pK,=7.18), but this derivative also showed the
weakest mean MIC of the derivatives prepared. The optimal com-
pound obtained was compound 15 (FR264205). This analog
showed the best balance of MIC against the Class C B-lactamase-
producing strain, mean MIC against 54 clinically isolated strains,
and the weakest convulsion-inducing effect in mice, showing sig-
nificantly weaker activity than the marketed cephems CAZ and
CZOP.

In summary, the synthesis and anti-pseudomonal activities of a
series of novel cephalosporin derivatives have been explored based
on rationally improving activity by increasing outer-membrane
permeability by introduction of various basic amino substituents
to the 3-position substituent. Introduction of amino groups to
the 4-position of a 3-amino-2-methylpyrazole cephalosporin re-
sulted in improved MIC values against Class C B-lactamase-induc-

Convulsion-inducing effect: EDsg (pig/head, mouse intracerebroventricular injection).

ing P. aeruginosa strains. Furthermore, while convulsion-inducing
activity (due to CNS effects) was comparable to the marketed
cephems, we required an analog with significantly reduced poten-
tial, and discovered that conformational restriction of the 4-posi-
tion substituent on the pyrazolium ring reduced this potential
dramatically and led to the discovery of FR264205 which is a
promising derivative with excellent anti-bacterial activity suitable
for further evaluation.
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SAR analysis performed with a limited set of cyclopentane-containing macrocycles led to the identification
of N-[17-[2-(4-isopropylthiazole-2-yl)-7-methoxy-8-methylquinolin-4-yloxy]-13-methyl-2,14-dioxo-3,13-
diazatricyclo [13.3.0.0*¢]octadec-7-ene-4-carbonyl](cyclopropyl)sulfonamide (TMC435350, 32c) as a
potent inhibitor of HCV NS3/4A protease (K;j=0.36 nM) and viral replication (replicon ECsg=7.8 nM).
TMC435350 also displayed low in vitro clearance and high permeability, which were confirmed by in vivo
pharmacokinetic studies. TMC435350 is currently being evaluated in the clinics.

© 2008 Elsevier Ltd. All rights reserved.

The virally encoded serine protease NS3/4A is essential to the
life cycle of the hepatitis C virus (HCV), an important human path-
ogen causing chronic hepatitis, liver cirrhosis, and ultimately hepa-
tocellular carcinoma.! The search for potent and selective HCV
NS3/4A protease inhibitors is a major focus in the pharmaceutical
industry of ultimately delivering more efficacious and better-toler-
ated drugs to treat HCV-infected patients. Indeed, the current ther-
apies based upon the combination of pegylated interferon-o with
ribavirin provide a sustained virological response (SVR) in around
50% of patients infected with genotype 1, and are often associated
with tolerability issues, highlighting an urgent therapeutic need.?
To date, the most advanced NS3/4A protease inhibitors VX-950
(1, Chart 1)? and SCH 503034 (4)* belong to the covalent reversible
serine-trap inhibitors incorporating a reactive electrophilic o-
ketoamide center at the cleavage site that targets the catalytic
Ser139 of the active site of the enzyme via a fully reversible mech-
anism. However, the first clinical proof-of-concept for HCV NS3/4A
protease inhibitors as therapeutic agents was established with the
non-covalent macrocyclic p-strand mimic BILN 2061 (2, Chart 1).°
Subsequently, the clinical development of BILN 2061 was discon-

* Corresponding authors. Tel.: +32 15 44 42 62; fax: +32 15 40 1257 (P. Raboisson).
E-mail address: praboiss@tibbe.jnj.com (P. Raboisson).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.088

tinued due to cardiotoxicity issues in primates given suprathera-
peutic doses for several weeks.® Although the mechanism by
which BILN 2061 (2)° elicits cardiovascular damage was not re-
ported, the toxicity observed with this pioneer drug is believed
to be compound specific. As a result, we and others have recently
presented data on macrocyclic HCV NS3/4A protease inhibitors
entering into clinical development.” We now report on our efforts
to optimize a novel series of cyclopentane-containing macrocyclic
inhibitors of the HCV NS3/4A protease, which has led to the iden-
tification of the clinical candidate N-[17-[2-(4-isopropylthiazole-2-
yl)-7-methoxy-8-methylquinolin-4-yloxy]-13-methyl-2,14-dioxo-
3,13-diazatricyclo[13.3.0.0*]octadec-7-ene-4-carbonyl](cyclopro-
pyl)sulfonamide (TMC435350, 32¢, Table 1), which is currently
being evaluated in clinical trials (Table 2).

The structure of BILN 2061 (2)° is characterized by a 15-mem-
bered macrocycle incorporating three unnatural amino acid resi-
dues (P1, P2, P3), as shown in Chart 1. BILN 2061° was obtained
following successive truncations of the N-terminal cleavage prod-
ucts of the NS5A/5B substrate peptide, leading to a tetrapeptide
inhibitor 3a,2 which was further optimized to improve its pharma-
ceutical properties resulting in 2.5 Recently, the replacement of the
P2 N-acyl-(4R)-hydroxyproline of 3a® with a trisubstituted cyclo-
pentane dicarbonyl moiety has been reported, leading to the
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Chart 1. NS3/4A protease inhibitors reported in the literature: 1 (VX-950); 2 (BILN 2061)° with the P1 (in green), P2 (in blue), and P3 (in brown) moieties; 3a%, 3b;° 4 (SCH

503034)* and 5.'°

discovery of a novel series of potent HCV NS3/4A protease inhibi-
tors exemplified by 3b® (Chart 1). Encouraged by the enzymatic po-
tency of 3b (K;=22nM), we decided to explore whether the
cyclopentane moiety could also be used in the rigidified macrocy-
clic series as a surrogate for the P2 pyrrolidine of 2.° Initial struc-
ture-activity relationships (SAR) led to the macrocyclic inhibitor
5'% (Chart 1), a potent and specific HCV NS3/4A protease inhibitor
(Ki = 0.41 nM) exhibiting promising cell-based HCV replicon activ-
ity (ECso = 9 nM).!° Although 5'° showed promising in vitro Caco-2
permeability data (A-B apparent permeability coefficient
Papp = 3.8 x 107° cm/s) and medium intrinsic clearance in both hu-
man and rat liver microsomes (Cl;,; = 46 pL/min/mg), the inhibitor
was found to be poorly absorbed in rat after oral administration of
15mg/kg (F=2.5%), and was rapidly eliminated (clear-
ance = 2.79 L/h/kg). Further studies revealed that the observed
poor PK profile was attributed to a very high excretion of the par-
ent drug 5'° in the bile. Indeed, 95% of the product was found un-
changed in the bile 1 h after iv administration of 1 mg/kg of 5.1°
Since the P2 quinoline has been reported in the literature to be a
key moiety regulating the overall PK profile of macrocyclic HCV
protease inhibitors,” we decided to expand the SAR analysis to this
P2 heterocyclic moiety by (i) replacing the 2-phenyl group with
different 5- and 6-member heterocycles and (ii) adding a small
sized substituent at the 8-position. In the present work we report
on the SAR analysis of this novel cyclopentane series, leading to
the drug candidate TMC435350 (32c).

The synthesis of the target products 32a-h and 37 (Table 1) is
outlined in Schemes 1-4. Preparation of 2-substituted quinolines
11a-g was carried out either from commercially available m-anisi-
dine 8d to generate the 8-non-substituted quinolines 11a, 11b, and
11g, or from the 2-substituted 3-methoxyanilines 8a-c obtained
via a Curtius rearrangement'! from the corresponding 3-methoxy-
benzoic acids 6a-c, as depicted in Scheme 1. The 2-ethyl-3-meth-
oxy aniline 8e was synthesized following a literature procedure.!?
Electrophilic aromatic substitution of 3-methoxyanilines 8a-e
with boron trichloride followed by the addition of acetonitrile

and aluminum chloride afforded the corresponding ketones 9a-e
in 40-73% yield.'® Finally, acylation of the anilines 9a-e followed
by a subsequent treatment of intermediates 10a-g with potassium
tert-butoxide led to the desired quinolin-4-ols 11a-g in 58-88%
yield via a tandem of ring closure and aromatization reactions.'>
The isopropylaminothiazolequinoline 11h'# (Chart 2) was syn-
thesized according to a literature procedure, and the isopropylpy-
razolylquinoline 19 was synthesized following an adaptation of the
literature procedure!® as depicted in Scheme 2. Diethyl ethoxym-
ethylenemalonate (12) was condensed with the methoxyaniline
8a, then cyclized at elevated temperature (230 °C) to provide the
ester 13 in 58% yield. Saponification of 13, followed by the subse-
quent decarboxylation led to the quinolin-4-ol 14 (96% yield),
which was converted to the corresponding 4-chloroderivative 15
by treatment with phosphorus oxychloride. Oxidation with meta-
chloroperbenzoic acid provided the N-oxide derivative 16 in a
non-optimized yield of only 18%. Subsequent displacement of the
4-chloro group with sodium benzylalcoholate followed by the
treatment of intermediate 17 with phosphorus oxychloride led to
the key 2-chloro intermediate in 90% yield, which was ultimately
displaced with the commercially available 3-isopropylpyrazole at
elevated temperature (155 °C) leading to the desired quinoline
19 in 95% yield. The target macrocyclic products 31a-h (Table 1)
were efficiently prepared in a 7-step procedure either from the lac-
tone acid 25%'° or from its tert-butyl ester 20° as depicted in
Scheme 3.1° These two synthetic pathways differ in the order of
introduction of the P1 and P3 moieties on the P2 cyclopentane cen-
tral scaffold. In the first case, the tert-butyl protected lactone 20 is
opened by treatment with lithium hydroxide, followed by the pep-
tidic coupling of the in situ generated acid with the P1 vinylcyclo-
propyl aminoacid ester 21, leading to 22 in 89% isolated yield.
Introduction of the P2 quinoline moieties 11a and 11g onto the
cyclopentylalcohol 22 was achieved by a Mitsunobu reaction,'®
which provided the proper configuration of the chiral center at po-
sition 3 of the cyclopentane, leading to intermediates 23a and 23b
in 63% and 68% yield, respectively. Subsequent deprotection of the
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Table 1
Optimization of the positions 2 and 8 of the quinoline
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Compound R? R® NS3/4A HUH7-Rep  ClinS (ML/  Papp A-B¢
K (nM)  ECs® (nM) min/mg)  (cm/s)
5 ><© H 041 9 46 3.8
H
N
37 w4 H 14 17 15 1.4
S
32a Qfs\\ H 020 11 38 1.6
32b N’i' H 084 17 16 13
|
><'\s
32c N/z' Me 036 7.8 <6 8.4
|
X*s
32d N%l Et 3.1 66 = =
|
S
32e N~ F 055 57 - -
|
S
32f N~ ca 010 29 9.0 5.8
|
S
32g N%’ Me 0.16 9.7 <6 15
=N
=
32h \Nl Me 030 6.8 <6 12

2 Inhibition of the full-length HCV NS3/4A protease® measured by the inhibition
constants (K; values).?!

b Inhibition of HCV replication in Huh-7-Rep cells (luciferase assay) for macro-
cyclic inhibitors 32a-h and 37 measured by 50% effective concentration (ECsq).??

¢ Intrinsic clearance in human liver microsomes (HLM).

4 A-B apparent permeability coefficient (P,pp) measured in Caco-2 cells.

tert-butyl acid group followed by the introduction of the P3 alke-
nylamine 26'7 led to the non-cyclic intermediates 24a and 24h.
Alternatively, the other open derivatives 24b-g were prepared
from the lactone acid 25, which was submitted to a tandem of cou-
pling reactions first with the N-methylhex-5-enamine (26)'” (68%
yield), then with the P1 aminoacid 218! to provide 28 in 60% yield.
This approach was better suited to explore the SAR on the P2 quin-
oline moiety because the final products could be obtained in only

Table 2

Mean plasma levels (n = 2) together with some basic pharmacokinetic parameters of
macrocycles 32c, 32g and 32h after a single intravenous (2 mg base-eq./kg) and oral
administration (20 mg base-eq./kg) in the male Sprague-Dawley rats

Compound
32¢ 32g 32h
Iv (2 mg/kg, n=2) Cl (L/h/kg) 0.505 2.5 1.4
Vdss (L/kg) 0.49 4.6 0.70
AUC (uM h) 521 1.05 1.36
Liver/plasma ratio 63.5! 23.52 ND3
Oral (10 mg/kg, n=2) AUC (UM h) 2.79 1.30 1.4
Crnax (IM) 0.73 0.31 0.30
Timax (h) 3.0 1.5 2.0
Ti2 2.8 2.2 5.8
F (%) 11 25 31
Liver/plasma ratio 32! 442 ND?

Liver/plasma ratios were determined 'at 6 h, 2at 8 h, 3at 24 h (at this timepoint the
compound was no longer quantifiable in the blood or in the liver).
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Scheme 1. Reactions and conditions: (i) TEA, diphenylphosphorylazide (dppa),
toluene, 100 °C; (ii) tert-BuOH, toluene, 100 °C; (iii) TFA, CHCl,, 20 °C; (iv) BCls,
xylene, 0°C; (v) CH3CN, AICls, CH,Cl,, 0-70 °C; (vi) R3COCl, dioxane, rt; (vii) tert-
BuOK, tert-BuOH, 100 °C.
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Scheme 2. Reactions and conditions: (i) a—Et,0, rt; b—diphenyl ether, 230 °C; (ii)
a—NaOH, H,0, reflux; b—diphenylether 250 °C; (iii) POCls, reflux; (iv) metachlor-
operbenzoic acid, CHCls, rt; (v) NaH, benzylalcohol, 0 °C to rt; (vi) POCls, —78 °C to
reflux; (vii) 3-isopropylpyrazole, 155 °C.
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Scheme 3. Reactions and conditions: (i) a—LiOH, dioxane/water, 0 °C; b—(1R,25)-1-amino-2-vinylcyclopropane carboxylic acid ethyl ester hydrochloride, diisopropyleth-
ylamine, HATU, DMF, 0 °C; (ii) 11a or 11g, PPhs, DIAD, THF, 0 °C; (iii) a—triethylsilane, TFA, CH,Cl,, rt; b—25, diisopropylethylamine, HATU, DMF, 0 °C to rt; (iv) HATU,
diisopropylethylamine, DMF, 0 °C to rt; (v) a—LiOH, THF/MeOH/water, 0 °C; b—21, HATU, diisopropylethylamine, DMF, 0 °C to rt; (vi) 11b-f or 19, PPhs, DIAD, THF, —15 °C to
rt; (vii) Hoveyda-Grubbs 1st generation catalyst,'® dichloroethane, 70 °C; (viii) LiOH, THF/MeOH/water, rt; (ix) CDI, THF, reflux; (x) cyclopropylsulfonamide, DBU, THF, 50 °C.

four steps from a common intermediate 28, considering that the
intermediates 31a-h were not isolated.

Mitsunobu coupling reaction'® between 28 and quinolines 11b-g
provided the open derivatives 24b-g in 56-72% yield. The macro-
cyclic ring esters 29a-h were obtained in satisfactory yields (60-
83%) by ring-closing olefin metathesis!®!® of the open precursors
24a-h, using the Hoveyda-Grubbs 1st generation catalyst.'® In this
reaction, the cis derivatives 29a-h were obtained as the major
products together with traces of the trans isomer. Hydrolysis of
the ethyl esters 29a-h, followed by the activation of the so-formed
acids 30a-h with carbonyldiimidazole afforded the corresponding
oxazolidinediones 31a-h, which were readily opened with cyclo-
propylsulfonamide in the presence of DBU to afford the final target
products 32a-h in 40-78% yield. NMR analysis confirmed that the
stereochemistry of the different chiral centers was perfectly
retained throughout the synthesis. Attempt to use the procedures
reported in Scheme 3 for the preparation of the isopro-
pylaminothiazolequinoline derivative 37 led to very low overall
yield, probably due to the presence of the unprotected amidine

function on the P2 quinoline, which can hamper the Mitsunobu
coupling reaction. As an alternative synthesis, the cyclopentanol
28 was converted to a brosylate intermediate 33 in 80% yield,
which was directly cyclized to the corresponding macrocycle 34
via a ring-closing olefin metathesis'® (Scheme 4). The subsequent
displacement of the brosylate activating group of 34 with the
quinoline 11h in the presence of a base, led to the ester 35, which
was then converted to the final product 37, following a procedure
similar to the one reported in Scheme 3 for the synthesis of
32a-h.

The new macrocyclic derivatives 32a-h and 37 (Table 1) pre-
pared in the present study were first tested in a biochemical assay
for their inhibitory capacities on the full-length HCV NS3/4A prote-
ase incorporating the central part of the cofactor NS4A as described
earlier.?? The inhibition constants (K; values)?' were determined,
and are listed in Table 1. The cell-based activities (ECsg) were mea-
sured in the Huh7-Rep cell line containing the subgenomic bicis-
tronic replicon clone ET with a luciferase readout.?? ECso’'s were
calculated as the concentration of compound that caused a 50%
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rt; b—CDI, THF, reflux; (v) cyclopropylsulfonamide, DBU, THF, 50 °C.
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Chart 2. Quinoline 11h.

reduction in luciferase signals compared to that of the untreated
control. Since the main drawback for the initial lead 5'° was the
poor PK profile, the apparent permeability coefficient in Caco-2
cells (P.pp A-B) and the stability in human liver microsomes, mea-
sured by the intrinsic clearance (HLM Cl;,), were evaluated for the
most active derivatives listed in Table 1. The introduction of the
BILN 2061 (2)° 2-isopropylaminothiazol-4-yl moiety in the posi-
tion 2 of the quinoline led to 37, a potent (ECsg = 17 nM) derivative
with relative low permeability (A-B P,,, = 1.4 x 107® cm/s) deriva-
tive. Although similar low permeability was also observed with the
thiazol-2-yl derivative 32a (A-B P,pp=1.6 x 10-%cms/s) a high
P.pp value was observed for the 4-isopropyl analog 32b (A-B
P.pp =13 x 1076 cm/s). Further optimization of the potency and
pharmaceutical properties of 32b was achieved by the introduction
of either a methyl or a chloro substituent in position 8 of the quin-
oline leading to compounds 32c¢ and 32f, respectively, as shown in
Table 1.

These two compounds exhibit an improved potency
(ECsp = 7.8 nM and 2.9 nM, respectively, for 32¢ and 32f) compared
to 32b (ECso=17nM) and an improved stability in HLM
(Cline < 6 pL/min/mg for 32¢ and 9.0 pL/min/mg for 32f vs 16 pL/
min/mg for 32b). However, although the methyl derivative 32c
exhibits a similar permeability compared to the parent molecule
32b (Caco-2 Papp ag =8.4 x 107® cm/s and 13 x 10~® cm/s, respec-
tively), the 8-chloro derivative 32f was found significantly less per-

meable (Caco-2 Papp a-g=5.8 x 10~ cm/s). Finally, the bioisosteric
replacement of the isopropylthiazole with an isopropylpyrazole
and an isopropylpyridyl led to two compounds, 32g and 32h,
respectively, with similar potency and stability/permeability
profile.

Based on these promising in vitro data, the three lead com-
pounds 32c, 32g, and 32h were selected for rat PK analysis.

The plasma kinetics, oral bioavailability together with liver tis-
sue distribution in male Sprague-Dawley rats were determined
after a single oral administration of 20 mg/kg of macrocycles 32c,
32g, and 32h using 50% PEG-400 in water as vehicle. These data
were analyzed and compared to those obtained after a single intra-
venous (iv) administration of 2 mg/kg in 20% hydroxypropyl-p-
cyclodextrine. The compound levels were quantifiable up to 8 h
post-administration. The mean maximum concentrations (Cmax)
in the plasma were all achieved between 1.5 and 3.0 h post-dose
(Tmax), indicating a rapid (for 32g) to medium-slow (for 32¢ and
32h) rate of absorption. Given that viral replication of HCV is re-
ported to occur primarily in hepatocytes, achieving high drug con-
centrations in the liver is believed to be critical for the clinical
success of HCV inhibitors. In this respect, 32¢ and 32g were found
to be well distributed with the high concentration observed in the
liver (liver/plasma ratio after oral administration is 32 and 44,
respectively). Since the residual concentration of 32h in the blood
and in the liver was below the detection limit after 24 h the liver/
plasma ratio could not be estimated. The mean half-life (T;,2) was
found similar for 32c and 32g (2.8 and 2.2 h, respectively), but was
significantly higher for 32h (5.8 h). More differences were ob-
served for the clearance (Cl), volume of distribution (Vds;), and area
under the curve (AUC) parameters. While 32¢ exhibits a low clear-
ance (Cl = 0.505 L/h/kg) associated with a low Vdgs (0.490 L/kg) and
high Cpnax (0.73 uM) and high AUC (2.79 uM h), 32g and 32h,
respectively, exhibit a 3 and 5 times higher clearance, associated
with a significantly lower Cy.x and AUC (Table 1). An excellent
PK profile for 32¢ was also observed in Beagle dog. The oral bio-
availability (F) after single oral administration of 6.5 mg/kg of
32c was found as high as 100%, with a high Cyax (4.72 M) and
AUC (14,986 ng h/mL) combined with a medium-long half-life
(T12=5.1h). Moreover, a negligible attenuation (~2-fold) of po-
tency for 32c was observed in the presence of human serum albu-
min (40 pg/mL). A detailed biological profile of 32¢ will be
published in due course.

In summary, we report here on the successful replacement of
the pyrrolidine ring from the proline-containing macrocycle (e.g.,
2)° with a cyclopentane surrogate leading to a novel series of
HCV NS3/4A protease inhibitors combining high potency in the
HCV replicon with good rat and dog pharmacokinetic profiles. Alto-
gether, these results prompted the selection of 32¢ (TMC435350)
for further preclinical and clinical development as an HCV drug
candidate.
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A series of 1,3-disubstituted-1H-pyrrole-based antagonists of the human Melanin-Concentrating Hor-
mone Receptor 1 (h-MCH-R1) are reported. High-throughput screening of the AstraZeneca compound
collection yielded 1, a hit with moderate affinity towards MCH-R1. Subsequent structural manipulations
and SAR analysis served to rationalize potency requirements, and 12 was identified as a novel, functional
MCH-R1 antagonist with favorable pharmacokinetic properties.

© 2008 Elsevier Ltd. All rights reserved.

Worldwide obesity has been steadily increasing for the past 20
years.! In the United States, obesity is now the most common
chronic disease, affecting one in three of all Americans, including
children.! Morbidities associated with obesity and being over-
weight are contributing to more than 300,000 deaths per year
among the US population, whereas the related economic expendi-
ture has exceeded US $100 billions.!

The Melanin-Concentrating Hormone (MCH) system has at-
tracted the interest of pharmaceutical companies due to its role
in regulating food intake and energy expenditure in animal models.
Specifically, it was shown that intracerebroventricular (icv) injec-
tion of MCH, a cyclic 19 amino acid peptide, promoted food intake
in rats.? Additionally, mice overexpressing the MCH gene demon-
strated hyperphagia and obesity traits,> while transgenic MCH
Receptor 1 (MCH-R1) knockout mice displayed hyperactivity and
a lean phenotype and were resistant to diet-induced obesity.* It
was therefore postulated that MCH-R1 antagonism could offer a
viable treatment for obesity and several MCH-R1 antagonists have
been reported.>~® The discovery of novel, potent MCH-R1 antago-
nists with favorable in vivo pharmacokinetic properties is herein
presented.

* Corresponding authors. Tel.: +46 31 7761954; fax: +46 31 7763724 (T.
Inghardt), tel.: +46 31 7065723; fax: +46 31 7763710 (F. Giordanetto).
E-mail addresses: tord.inghardt@astrazeneca.com (T. Inghardt), fabrizio.
giordanetto@astrazeneca.com (F. Giordanetto).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.079

A high-throughput screening (HTS) campaign against MCH-R1
was initiated. It identified 1 (Fig. 1) as a hit with good receptor
affinity (ICso=92nM) but moderate functional antagonism
(MCH-R1 GTPYS ICso = 804 nM). Docking of 1 to a MCH-R1 homol-
ogy model'® postulated that the tertiary amine group and the car-
bonyl function engaged in polar interactions with the receptor, as
shown in Figure 2. According to the docking, the 3,4-dichloro-ben-
zyl group partially filled a narrow and extended hydrophobic pock-
et formed by the transmembrane helices 3, 5, and 6. Interestingly,
these findings seem to be in agreement with a recently published
structural model for MCH-R1 antagonism.!! The nitro-thiophene
fragment of 1 was considered problematic due to a number of con-
cerns about metabolic stability and reactive metabolites formation.
Chemical scan of an acid chlorides lead generation set was per-
formed to identify appropriate structural replacements. Here, re-
agents were selected to ensure adequate coverage of chemical

?
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\N\ oy N Cl
'N@/‘LH Cl
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1 MCH-R1 IC,, = 0.092 uM
MCH-R1 GTPYS IC,, = 0.804 uM

Figure 1. Hit originated from in-house high-throughput screening campaign.
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Figure 2. Predicted MCH-R1-docked conformation of 1. Observed electrostatic
interactions with D123 and Y272 side chains are displayed as dashed green lines.

Table 1
In vitro MCH-R1 binding and functional data for 2-21
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space and, as a result, the 3-chloro-phenoxymethyl moiety was
identified as a more suitable drug-like segment with similar
MCH-R1 binding properties (MCH-R1 GTPyS IC50 = 1 uM) to the ni-
tro-thiophene (MCH-R1 GTPYS ICso = 0.8 M), and it was used in
the subsequent optimization efforts. Here, a number of elongated
fragments were designed to validate the proposed structural
framework and to investigate their effects on MCH-R1 potency.
The results for derivatives 2-21 are presented in Table 1. The syn-
thesis of 10 is reported in Scheme 1.12

Replacement of the phenyl ring in 1 with a lipophilic naphtha-
lene (2) improved MCH-R1 potency and functional antagonism to
41 and 104 nM, respectively. On the contrary, the subsequent isos-
teric substitution of naphthalene to more polarized moieties,
including 2,3-dihydro-benzo[1,4]dioxine (3), benzo[1,3]dioxole
(4) and indole (5), was detrimental to affinity, as shown in Table
1. Inclusion of more extended biaryl fragments (6-7) failed to im-
prove potency over 1 (Table 1). However, the introduction of 1-(4-

Compound R MCH-R1 ICso* (GTPYS ICs0)° (M)

Compound R MCH-R1 ICso? (GTPYS ICs0)” (M)
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* O
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o o
w/\@E\>
5 234
N
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6 /—O—O 0.120
. \_7
7 */\©/Q 0.297
=
9 */\CNOO/ 0.100 (0.090)
—
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10 *“@N@{N
—
F
— F
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F
12 * = >TF 0.031 (0.015)
N o F
=
13 /\CN@
~
~ FF
* =
S <%0
\
16 * = Ao 15
\ F
= N~ F

F
o ) F
o F

>33
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|y
19 0.927
e
N—7 ¥
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* N
20 | \>—©70I
S
* F
21 /Y\N—Q—Q 2.14
N=/ FF

2 Values are mean of at least two experiments. Compounds competed with '?°I-MCH for binding at the human MCH1 receptor (h-MCH-R1) expressed in the HEK293 cell

line.

b Values are mean of at least two experiments. Functional assay measuring [**S]GTPYS accumulation.
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In vitro MCH-R1 binding and functional data for 22-34
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substituted-phenyl)-1H-pyrroles, 9-12, afforded potent MCH-R1
antagonists. Here, electron-withdrawing groups seemed to be pre-
ferred over electron-donating substituents, probably reflecting the
presence of electron rich tyrosines in the binding pocket. Specifi-
cally, the trifluoromethyl and trifluoromethyloxy groups provided
the most potent, functional MCH-R1 antagonists (11: ICso = 29 nM,
GTPYS IC50=32nM and 12, ICso=31nM, GTPyS ICs0=15nM,
respectively). Branching on the pseudobenzylic position was toler-
ated, and afforded a potent MCH-R1 antagonist (14, ICso = 43 nM)
but no improvement in functional MCH-R1 antagonism (14, GTPyS
ICso = 117 nM). Additionally, increasing the steric bulk on the in-
dole ring with a 1,5-dimethyl substitution resulted in a significant
loss of MCH-R1 affinity (15, ICso = 9.65 uM), thereby highlighting
specific spatial constraints. Modification of the electronic proper-
ties of the distal ring had a significant effect on potency, as shown
by the isoxazole (16, ICso = 1.5 pM) and pyridine (17, IC5o = 48 nM)
derivatives. Replacement of pyrrole with the 1,4-disubstituted fur-
ans, 18-19, always translated in a potency loss. Similarly, the thi-
azole (20) and imidazole (21) counterparts failed to improve
MCH-R1 potency, possibly validating the predicted lipophilic char-
acter of the MCH-R1 binding pocket.

The central part of the molecule was then subjected to exten-
sive structural modifications in an effort to optimize MCH-R1
antagonism and to further explore the SAR around the present ser-
ies. The results of such campaign are outlined in Table 2. Com-
pounds 22-34 were prepared in a similar manner to Scheme 1,
according to synthetic procedures previously disclosed.!?

Direct manipulation of the amide function resulted in a dimin-
ished MCH-R1 affinity: the removal of the carbonyl group (23,
ICso = 636 nM) had a more evident effect than N-methylation (22,
ICs0 = 109 nM). This underlines the hypothesis of the involvement
of the amide function in polar interactions with MCH-R1 (Fig. 2).
Scaffold hopping to pyrrolidine (25) and azetidine (26) yielded po-

S. Berglund et al./Bioorg. Med. Chem. Lett. 18 (2008) 4859-4863

tent MCH-R1 antagonists but no improvement in GTPYS ICso, when
compared to 11 or 12. Fascinatingly, despite the obvious 2D and 3D
similarities, introduction of 3-Aza-bicyclo[3.1.0]hex-6-ylamide
(27) displayed a marked reduction in activity, which cannot simply
be explained on the basis of ring flexibility alone. Modification of
the interatomic distance between the amide and amine functions
with 1,3-disubstituted cyclopentane (28) and cyclohexane (29) or
when the 4-substituted-piperidine was flipped (30) did not im-
prove MCH-R1 potency, as shown in Table 2. This is supported
by the results obtained via one carbon chain homologation (31-
34), affording ICsy values in the 169-313 nM range. Variation of
the central scaffold indicated that there seem to be specific geo-
metric constraints around the amide and amine groups of the pres-
ent lead series. This might be due to the occurrence of electrostatic
interactions with MCH-R1, which could be impaired by even the
subtlest structural modifications, as exemplified by the data pre-
sented in Table 1. According to the emerging SAR, we concluded
that a hydrogen bond acceptor (HBA) was beneficial to MCH-R1
potency, and we set to investigate alternative HBA functionalities,
in the form of heterocycle fragments. The purpose was to retain the
key HBA pharmacophore while reducing molecular flexibility, in
order to lock the bioactive conformation of the compounds and im-
prove their functional MCH-R1 antagonism. Compounds 35-40
were synthesized starting from commercially available building
blocks, according to Scheme 2. Their MCH-R1 binding properties
are outlined in Table 3.

Introduction of 5-substituted-imidazole, as a simple amide
group bioisoster, afforded a compound (35) with good MCH-R1 po-
tency (ICso =20 nM) but average functional activity (GTPyS ICsp:
122 nM). This indicates that while incorporation of a HBA feature
via ring closure is tolerated in the binding pocket, there is no direct
gain in efficacy. Interestingly, the 2-substituted-imidazole isomer
36 resulted in approximately sixfold potency loss, suggesting that
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Table 3
In vitro MCH-R1 binding and functional data for 35-40

Compound R MCH-R1 ICso* (GTPYS ICs0)° (M) Compound R MCH-R1 ICso? (GTPYS ICsp)° (M)
N O-
—~{ ] . N
35 . J\* 0.020 (0.122) 38 \ | 0.025 (0.067)
H *
F /N | F /N\O
36 N 0.113 39 = 0.066
H * .
H H
N~y N\(O
37 = 0.037 (0.058) 40 0.026 (0.071)
N\ N\_N

*

2 Values are mean of at least two experiments. Compounds competed with '?°I-MCH for binding at the human MCH1 receptor (h-MCH-R1) expressed in the HEK293 cell

line.

P Values are mean of at least two experiments. Functional assay measuring [>*S]GTPyS accumulation.

Table 4
Summary in vitro and in vivo data for 11 and 12

11 12
MCH-R1 GTPYS ICs¢* (LM) 0.032 0.015
hERG ICs0” (UM) 0.56 0.49
Fy (% free) 1.2 3.2
HLM Clis¢ (UL/min/mg) 38 21
Mouse Clipe (iv) (mL/min/kg) 41 34
Mouse Ty (iv)© (h) 6 8.3
Mouse Vg (iv)© (L/kg) 24 20
Mouse AUC (po) € (UM h) 11 1.2
Mouse Ty, (po) € (h) 10 14
Mouse bioavailability® (%) 100 100

2 Functional assay measuring [>*S]GTPyS accumulation.

P Values are mean of at least two experiments. Patch clamp assay using ION-
WORKS™ technology in hERG-expressing CHO cells.

¢ Determined following oral administration of a 20 uM/kg nanosuspension dose
in C57BL female mice.

the hydrogen bond interaction is indeed very susceptible to dis-
tance and directionality. This is supported by the data for the pyr-
azole (37) and isoxazole (38) derivatives, where the HBA atom is
located in exactly the same position as in 35. As a result, they dis-
played similar potency (ICso =37 and 25 nM, respectively) when
compared to 35, as shown in Table 3. Finally, cyclization of the
amide functionality to provide the imidazol-2-one core resulted
in a potent MCH-R1 antagonist (40, ICso =26 nM) but without
the desired improvement in functional activity (GTPyS
IC50=71 HM)

11 and 12 emerged as the most efficacious MCH-R1 antagonists
in this study, displaying GTPYS ICsq values of 32 and 15 nM, respec-
tively, as shown in Table 4. Moreover, the two compounds demon-
strated acceptable free fractions in human plasma and appeared to
be metabolically stable when tested in vitro in Human Liver Micro-
somes (HLM) preparations, as summarized in Table 4. Both 11 and
12 achieved high bioavailability following intravenous (iv) and oral
(po) administration of a 20 uM/kg dose in mice (Table 4). Unfortu-
nately, both derivatives were also found to be potent inhibitors of
the hERG potassium channel, as outlined in Table 4, and this has
represented a major hurdle for their subsequent development.

In summary, the optimization of the HTS hit 1 resulted in the
discovery of 1-phenyl-1H-pyrrol-3-yl-derivatives as novel and po-

tent MCH-R1 antagonists. Modification of the pyrrole and phenyl
rings, as well as the central amine scaffold, indicated stringent
electronic constraints in the MCH-R1 pocket. As a result of our
structural exploration, 11 and 12 were shown to be functional
MCH-R1 antagonists with favorable pharmacokinetic properties
but intolerable cardiovascular safety margins. The subsequent
hERG optimization efforts will be the subject of future publications
from our group.
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The synthesis of a series of derivatized flavylium cations was undertaken and the affinity to the benzo-
diazepine binding site of the GABA-A receptor evaluated. The observed high affinity for some derivatives
(sub-puM range) was explained by an in vitro transformation of the flavylium cations into the correspond-
ing trans-retrochalcones, components which are proposed to be the active species in this series.
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v-Aminobutyric acid (GABA) activates chloride ion channels by
binding to GABA-A receptors in the brain. The GABA-A receptor is a
heteropentameric, trans-membrane protein complex consisting of
multiple combinations of distinct receptor subunits.!? It is gener-
ally believed that the most abundant GABA-A receptor in the adult
mammalian brain consists of an ot; B, subunit combination.> The
brain GABA-A receptor contains a variety of binding sites for com-
pounds, which modulate the functional effects of GABA to operate
on the chloride ion channel.*> The benzodiazepine binding site of
the GABA-A receptor recognizes a wide range of structurally differ-
ent compounds, 1,4-benzodiazepines as well as non-benzodiaze-
pine compounds:®-® 1,4-benzodiazepines (e.g., diazepam); pB-
carbolines (e.g., abercanil and DMCM); triazolopyridazines (e.g.,
CL 218.872); imidazopyridines (e.g., zolpidem); pyrazoloquinoli-
nones (e.g., CGS 9896); cyclopyrrolones (e.g., zopiclone); imidazo-
pyrimidines (e.g., divalone); pyra-zolopyrimidines (e.g., zaleplon);
triazolopyridazines (e.g., L-838.417); imidazobenzodiazepines
(e.g., RY 80); and pyridoindoles (e.g., SL 651.498). Amentoflavone
was the first non-nitrogen containing compound to be identified
showing high affinity to benzodiazepine binding site of the
GABA-A receptor in vitro.® Later a series of natural as well as syn-
thetic flavone derivatives were identified having low nanomolar
affinity to benzodiazepine binding site.'®!!

In our search for new natural compounds acting on the GABA
receptor, we decided to investigate further the action of flavonoids
by testing flavylium compounds (Fig. 1) for which some biological

* Corresponding authors. Tel.: + 33 390244162 (M. Goeldner).
E-mail addresses: myn@post10.tele.dk (M. Nielsen), goeldner@bioorga.
u-strasbg.fr (M. Goeldner).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.107

Figure 1. The flavylium skeleton.

properties have already been described such as anti-mutagenic,'?
anti-tumoral,’® or anti-malarial’® activities.

Flavylium derivatives, including anthocyanidins or anthocya-
nins, are very important plant pigments which are compounds
known to be subjected to photochromism. This phenomenon oc-
curs through cis-trans photochemical isomerization of the chal-
cone forms resulting from the reversible pyrylium ring opening
by water.!'® Because flavylium compounds are stable powders
which are easily prepared, they could be used as convenient
in vitro precursors of retrochalcones when dissolved in neutral
buffers, resulting in a possible delayed action on the GABA
receptor.

In this letter, we describe the synthesis of diversely substituted
flavylium derivatives and the binding assays for the benzodiaze-
pine binding site of the GABA-A receptor on rat-brain membranes.
A range of various affinities were observed reaching nM values for
the most active compounds for which analyses of the chemical
transformation correlated with time-dependent binding assays
were performed.

Flavylium hexafluorophosphates, substituted on their A-ring,
were synthesized in one step by condensing one equivalent of
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a R8 O
R OH R3 HPFs (50% in water)
s _o * Ré AcOH, rt
R®
b 0 . T RY
OH R3 BF4.Et,0 BF ‘
©/\¢o " R4 rt > R

Table 1
Binding data for flavylium cations 1a-q

Compound Substitution Affinity® Ki°(uM)
R® R’ R¢ R RY R

1a OMe H H H H H 0.18

1b OMe H H H OMe H 0.06

1c OMe H H H OH H 0.16

1d OH H H H OMe H 0.32

le OH H H H OH H 1.50

1f H H H H OMe H 0.48

1g Br H H H OMe H 0.14

1h OMe H H OMe OMe H n.a. at 10
1i H H H OMe OMe H n.a. at 10
1j H H H OMe OMe OMe na. atl0
1k H OH H H OH H 0.28

11 H OH H H H H 0.26

1m H OMe H H H H 1.80

1n H OMe H H OMe H 1.20

1o H H OH H OH H n.a. at 10
1p H OH OH H OH H n.a. at 10
1q OMe OH H H OMe H 7.80

a

n.a. denotes no inhibition of specific [*H]-flumazenil binding.
b Each K; value is the mean of three determinations.

benzaldehyde with one equivalent of acetophenone in acetic acid
in the presence of hexafluorophosphoric acid.’®!” In the absence
of substituents on the A-ring, we performed a solvent-free conden-
sation in the presence of BF;-Et,0'®!° (Scheme 1).

The results of the competition binding assays with the benzodi-
azepine antagonist [*H]-flumazenil on membranes from rat-brain
in vitro are listed in Table 1.2°

A clear structure-activity analysis cannot be drawn from these
data obtained on hydroxy- and methoxy-substituted flavylium
derivatives. The effect of the compounds was measured on the
benzodiazepine binding site of the GABA-A receptors in rat cortical
membranes in vitro. The derivatives showed a range of affinities
reaching nanomolar values for the most active compounds. Possi-
bly, the 3'-OMe or 8-OH substituted derivatives display very low
recognition of the binding site. All these values were determined
in standard binding conditions by incubating the probes for
15 min in the buffer before performing the test. Knowing the poor
stability of the flavylium salts in aqueous medium prompted us to
analyze these reactions in further detail.

The chemical transformations occurring in aqueous medium are
well described in the literature'® and are summarized in Scheme 2.

For 4'-OH substituted derivatives (compounds 1c, 1e, 1k, 10,
and 1p), two competing processes are in equilibria: deprotonation
of the hydroxyl phenolic group, leading to quinone species versus
addition of water at position-2 of the flavylium salt, leading to
reversible ring opening as illustrated in Scheme 2, the trans-retro-
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Figure 2. UV-analysis of the evolution of flavylium cation 1b in aqueous media. (a)
In aqueous ethanol. (b) In buffer (Tris—citrate, pH 7.1). (c) UV-visible spectra of
trans-chalcone 5b in aqueous ethanol.

chalcone being the ultimate structure formed. The latter mecha-
nism accounts for all the flavylium derivatives.
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Scheme 2. Chemical transformation of flavylium cations in aqueous media.

As the relative concentrations of the different flavylium deriva-
tives in solution (structures 1-5) are time and pH-dependent, we
analyzed the transformations by UV spectroscopy. The binding as-
says use aqueous ethanol as initial incubation medium before dilu-
tion in buffer (pH 7.1), therefore we analyzed by UV these
transformations on the most potent flavylium cation 1b, subse-
quently in aqueous ethanol and in buffer (Fig. 2a and b).

Clearly, the UV analyses in water/alcohol or buffer suggest the
transformation of the flavylium salt into a similar compound, pre-
sumably the trans-retrochalcone. A main difference, however, can
be noticed around 460 nm, which is characteristic of the flavylium
absorbance. There is a slow and progressive disappearance of this
peak in water/alcohol while in buffer, there is an instant loss of
the orange flavylium color, likely due to addition of a water mole-
cule to the flavylium chromophore (see Scheme 2) before a slow
conversion to the trans-retrochalcone 5b. A quantitative analysis
of this transformation performed in a 1:1 CH3CN/H,O mixture al-
lowed isolation after 24 h of the trans-retrochalcone with 67% yield
after work up and chromatography on silica gel.?! The correspond-
ing UV-visible spectrum in aqueous ethanol is given in Figure 2c.

To corroborate the ligand-receptor interactions with these
chemical transformations, we checked the influence of pre-incuba-
tion of the sample in aqueous ethanol on the binding affinities. Pre-
incubation of flavylium 1b for 15 min and 24 h, respectively, before
keeping the samples for 40 min at 0-4 °C in the binding assay, led
to a slight increase in affinity going from 60 to 18 nM. The synthe-
sized trans-retrochalcone 5b showed a K; value of 28 nM, value
which is slightly higher than the K; value (18 nM) obtained on
the corresponding flavylium derivative 1b. A similar change in
affinity was observed for the 6-Br-4’-OMe flavylium 1g increasing
from 136 to 66 nM in the same pre-incubation time range. Even
though, each flavylium salt will display individual kinetics of trans-
formation to the corresponding trans-retrochalcone, the disappear-
ance of the flavylium salt in buffer is instant and the binding values

given in Table 1 correspond therefore to a mixture of chalcone spe-
cies. These binding values might be slightly changed to lower K;
values by longer incubation times as illustrated for compounds
1b and 1g.

This letter describes for the first time that transformation of
flavylium salts in vitro leads to compounds showing nanomolar
affinity to the benzodiazepine binding site of the brain GABA-A
receptor. Flavylium salts are stable and convenient synthetic pre-
cursors of retrochalcones, which are suggested to be the biologi-
cally active species. Further studies are needed to characterize
the interaction of the flavylium derivatives on GABA-A receptors.
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Typical procedure for the preparation of flavylium hexafluorophosphates 1a-e, 1g-h
and 1k-q: To 1.0 mmol of benzaldehyde (1.0equiv) and 1.0 mmol of
acetophenone (1.0 equiv), solubilized in the minimum of acetic acid, is added
an excess of hexafluorophosphoric acid, 50% in H,O. The mixture becomes
immediately dark red and is stirred at room temperature for 48 h. The mixture is
then plunged in 20 ml of diethyl ether and a colored solid precipitates. This solid
is isolated by filtration and washed several times with diethylether to give the
expected flavylium hexafluoro-phosphate in pure form.6,4'-Dimethoxyflavylium
hexafluorophosphate (1b): 89%, orange solid. UV/vis (EtOH/10% 1 N HCl): /max
(&) =298 (15,100), 392 (ép.), 464 (33,400) nm (M~' cm™!). RMN 'H (300 MHz,
CD3CN/1% TFAd;, 25 °C): 6 = 4.01 (s, 3H, OCH3), 4.02 (s, 3H, OCH3), 7.29 (m, 2H,
AA’ part of an AA’MM'’ system, 3'-H and 5'-H), 7.61 (d, 1H, ¥Js_; = 2.9 Hz, 5-H),
7.85 (dd, 1H, *J;_g = 9.5 Hz, ¥J;_s = 2.9 Hz, 7-H), 8.19 (dd, 1H, 3Js_; = 9.5 Hz, *Js_
4=0.7 Hz, 8-H), 8.47 (d, 1H, 3J3_4=9.1 Hz, 3-H), 8.50 (m, 2H, MM’ part of an
AA’MM’ system, 2’-H and 6'-H), 9.10 (dd, 1H, 3J,_3 = 9.1 Hz, °J4_g = 0.7 Hz, 4-H)
ppm. RMN '3C (75 MHz, CD5CN/1% TFAd;, 25 °C): & = 56.3, 56.4, 108.4, 116.3,
117.4,120.5, 121.0 (Cq), 125.5 (Cq), 130.0, 133.1, 151.7 (Cq), 153.6, 160.0 (Cq),
168.0 (Cq), 173.1 (Cq) ppm. MS (ESI positive mode): m/z (%) =267 (100) [M]".
Calcd pour Cy7H;503 [M]* 267.1016, found 267.1047.

Kuhnert, N.; Clifford, M. N.; Radenac, A.-G. Tetrahedron Lett. 2001, 42, 9261.
Typical procedure for the preparation of flavylium tetrafluoroborates 1f, 1i-j: To
122 mg of salicylaldehyde (1 mmol, 1.0 equiv) and 1 mmol of acetophenone
(1.0 equiv) is added, at room temperature, 150 pl of BF;-Et;O (1.4 mmol,
1.4 equiv). The mixture becomes immediately dark red and is stirred at room
temperature until obtention of a solid. Then, a small volume of diethylether is
added and the mixture is heated to reflux and stirred one hour. The resulting
colored solid is isolated by filtration and washed several times with
diethylether to give the expected flavylium tetrafluoroborate in pure form.4’-
Methoxyflavylium tetrafluoroborate (1f): 57%, yellow solid. UV/vis (EtOH/10%
1N HC): /Zmax (&) = 254 (11,700), 282 (11,800), 444 (44,500) nm (M~'cm ™).
RMN "H (300 MHz, CDsCN/1% TFAd;, 25 °C): & = 4.00 (s, 3H, OCH3), 7.27 (m, 2H,
AA’ part of an AA’MM'’ system, 3’-H and 5’-H), 7.90 (m, 1H), 8.23 (m, 3H), 8.49
(d, 1H, 3J5_4 = 9.1 Hz, 3-H), 8.54 (m, 2H, MM’ part of an AA’'MM’ system, 2’-H
and 6/-H), 9.18 (d, 1H, 3J4_3 = 9.1 Hz, 4-H) ppm. RMN '3C (75 MHz, CD3CN/1%

20.

21.
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TFAd,, 25 °C): 6 = 56.2,116.4,117.0, 118.8, 120.7 (Cq), 123.7 (Cq), 129.8, 130.3,
133.9, 138.8, 154.9, 155.7 (Cq), 168.8 (Cq), 175.0 (Cq) ppm. MS (ESI positive
mode): m/z (%)=237 (100) [M]*. Calcd for CigH;30, [M]* 237.0910, found
237.1068.

Typical procedure for the radioligand binding assays. Tissue preparation: Cerebral
cortex from male Wistar rats (150-200 g) is homogenized for 5-10 s in 20 ml
Tris-HCl (30 mM, pH 7.4) using an Ultra-Turrax homogenizer. The suspension
is centrifuged at 27,000g for 15 min at 0-4 °C followed by three centrifugation
(15,000g, 10 min, 0-4 °C) resuspension cycles (Tris, HCl 50 mM, pH 7.4). The
washed pellet is homogenized in 20 ml of Tris, HCl buffer and incubated on a
water bath (37°C) for 30 min to remove endogenous GABA and then
centrifuged for 10 min at 27,000g (0-4 °C). The final pellet is resuspended
into 10 ml of Tris, HCI buffer (concentration 20 mg original tissue per ml). The
preparation is frozen and stored at —20 °C until use within a maximum of 3
months.Binding assay: The membrane preparation is thawed and centrifuged at
0-4 °C for 10 min at 27,000g. The pellet is resuspended in 50 mM Tris, citrate,
pH 7.1 (1 mg original tissue per 0.5 ml buffer) and then used for binding assay.
Aliquots of 500 pul membrane preparation are added to 25 pl of test solution
and 25 pl of [*H]-flumazenil (*H-Ro 15-1788, 70.8 Ci/mmol, NEN Life Sciences
products) (1 nM, final concentration in the assay), mixed and incubated for
40 min at 0-4 °C. Non-specific binding is determined using Clonazepam (1 pM,
final concentration). Following incubation, the samples are added to 3 ml of
ice-cold Tris, citrate (50 mM, pH 7.1) and poured directly on to Whatman GF/C
glass fiber filters under suction and immediately washed with 3 ml ice-cold
Tris, citrate buffer. The amounts of tritium on the filters are determined by
conventional liquid scintillation counting. All samples are done in triplicate.
Stock solutions (10 mM) of flavylium derivatives are made in DMSO. For the
determination of ICsy values, 5-7 different concentrations of substances are
made into 48% of ethanol.

Procedure for the preparation of trans-6,4'-dimethoxyretrochalcone (5b):
0.1 mmol (41 mg) of 6,4’-dimethoxyflavylium hexafluorophosphate 1b were
dissolved in 40 ml of a 1:1 CH3CN/H,0 mixture. The resulting solution was
stirred for 24 h at room temperature, then acetonitrile was evaporated under
vacuum. The resulting aqueous phase was extracted three times with
dichloromethane and the organic layer was washed with water and brine
and then dried over Na,SO,. After evaporation of the solvent, the resulting
crude product was purified by column chromatography (heptane/ethyl acetate
2:1) to give 0.67 mmol of trans-6,4'-dimethoxyretrochalcone 5b in pure
form.trans-6,4'-Dimethoxyretrochalcone (5b): 67%, yellow oil. UV/vis (EtOH/
10% 1N HCl): Zmax=316, 380nm (M~'cm™'). RMN 'H (300 MHz, CDs0D,
25°C): 6=3,78 (s, 3H), 3,88 (s, 3H), 6.80 (d, 1H, 3/ =8.8 Hz), 6.86 (dd, 1H,
3] = 8.8 Hz, 4] = 2.9 Hz), 7.04 (m, 2H, AA’ part of an AA'MM’ system), 7.20 (d, 1H,
4=29Hz), 7.78 (d, 1H, 3/ =15.7 Hz), 8.06 (m, 2H, MM’ part of an AA'MM'
system), 8.07 (d, 1H, 3/=15.7 Hz) ppm. RMN '3C (75 MHz, CD50D, 25 °C):
§=54.6, 54.9, 112.2, 113.6, 116.6, 118.3, 121.1, 122.0 (Cq), 130.6, 130.9 (Cq),
140.1, 151.6 (Cq), 153.0 (Cq), 163.8 (Cq), 190.1 (Cq) ppm.
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C-5-substituted triazole-oxazolidinones were synthesized using a bromide catalyzed cycloaddition
between aryl isocyanates and epibromohydrin followed by a three-component Huisgen cycloaddition.
The library of compounds was screened for antibacterial activity against Mycobacterium smegmatis ATCC
14468, Bacillus subtilis ATCC 6633, and Enterococcus faecalis ATCC 29212. Notably, the 3-(4-acetyl-phe-
nyl)-5-(1H-1,2,3-triazol-1-yl)methyl)-oxazolidin-2-one (18) showed an MIC of 1 pg/mL against
M. smegmatis ATCC 14468, fourfold lower than the MIC measured for isoniazid.

Published by Elsevier Ltd.

The N-aryloxazolidin-2-one moiety is present in a number of
compounds which show diverse biological activities. Some of
these activities include monoamine oxidase (MAO) inhibition,!
GP IIb/llla antagonism,? neuroleptic activity,> and antibacterial
activity.* Due to this medicinal importance, methods for generat-
ing libraries of these compounds have received significant
interest.’

The compound class is particularly well recognized for its activ-
ity against clinically important susceptible and resistant Gram-po-
sitive bacteria such as methicillin-resistant Staphylococcus aureus,
vancomycin-resistant Enterococcus faecium, and penicillin-resis-
tant Streptococcus pneumouniae.® N-aryloxazolidin-2-ones are also
being rediscovered for their activity against Mycobacterium sp.”
In the latter case, the increased prevalence of drug resistant
Mycobacterium tuberculosis combined with the rise of Mycobacte-
rium avium complex (MAC) infections in immuno-compromised
populations has placed renewed attention on the potential use of
oxazolidines for the treatment of mycobacterial infections.?

Recently, a new class (1H-1,2,3)-triazole C-5 substituted oxaz-
olidin-2-ones was described.° These oxazolidinones showed
impressive antibacterial activity and were less prone to inhibit
MAGOs. In this letter we describe an expedient method for the intro-
duction of 1,4-disubstituted-(1H-1,2,3)-triazoles at the C-5 posi-
tion of oxazolidinones. The resulting library of compounds were
then screened against a small panel Gram-positive reference
strains which included the strain Mycobacterium smegmatis, which
has been explored as a surrogate for pathogenic Mycobacterium.

* Corresponding author. Tel.: +1 419 530 1504; fax: +1 419 530 1990.
E-mail address: Steve.Sucheck@UToledo.edu (S.J. Sucheck).

0960-894X/$ - see front matter Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2008.07.087

Chemistry. One of the earliest methods for N-alkyloxazolidin-2-
ones preparation is the quaternary ammonium halide catalyzed
cycloaddition of alkyl isocyanates with monosubstituted oxiranes
reported by Speranza and Peppel.'® In that chemistry the halide
is proposed to open the oxirane to form a 1,2-alkoxy halide!!
which subsequently adds to an isocyanate. The intermediate
cyclizes to form predominately 3,5-disubstituted oxazolidin-2-
ones. A variety of halides; for example, LiBr—-OPPhs,*>!2 n-BusS-
nl-Lewis base complexes,'®> and lanthanide chlorides,'* also cata-
lyze the reaction. Since alkyl isocyanates are abundant the
method allows for considerable variation of the N-aryl moiety
and was therefore chosen to prepare various N-aryl-substituted
C-5 (bromomethyl)-oxazolidinones, Scheme 1. Tetrabutylammo-
nium bromide (TBAB) was chosen as a catalyst as it is inexpensive,
commercially available, soluble in most solvents, and can be re-
moved by aqueous extraction. Phenyl isocyanate 1a, tolyl isocya-
nate 1b, or 4-acetylphenyl isocyanate 1c¢ were then condensed

(0]
Q TBAB
R-N=C=0 + /g, R\NJ\O

tolune or

xylenes \_LBr
1a: R=Ph 2a: R=Ph
1b: R=p-CHj5-Ph 2b: R= p-CH3-Ph
1c: R= p-COCH3-Ph 2c: R=p-COCHj3-Ph

Scheme 1. Preparation of C-5 (bromomethyl)-oxazolidinones from 1,2-epoxides
and isocyanates.



mailto:Steve.Sucheck@UToledo.edu

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

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



J. A. Demaray et al./Bioorg. Med. Chem. Lett. 18 (2008) 4868-4871 4869

with epibromohydrin in the presence of TBAB to form oxazolidi-
nones 2a-c.

Hoping to avoid the high temperatures and prolonged reactions
times reported for isocyanate-epoxide cycloadditions,'® we briefly
investigated the dependence of oxazolidinone yield with respect to
reaction time, temperature, and stoichiometry using phenyl isocy-
anate 1a-c, Table 1. Overall higher yields corresponded with longer
reaction times and temperatures. Lower yields were accompanied
by the formation of putative isocyanurate side products. The
results are consistent with rapid isocyanurate formation followed
by a relatively slow reaction of the isocyanurate with epoxide lead-
ing to oxazolidinone, a conclusion supported both experimentally
and computationally.’® We noted isocyanates with electron-with-
drawing groups required higher temperatures and longer reaction
times compared with less electrophilic isocyanates also consistent
with earlier studies.’

In order to familiarize ourselves with the properties of the tria-
zole-oxazolidin-2-ones we first investigated the yield of a stepwise
displacement of bromide 2b with NaNs to provide C-5 (azido-
methyl)-oxazolidinone 3b.*" Azide 3b was subsequently converted
to 1,4-disubstituted-triazoles 4-6 in the presence of either 1-de-
cyne, 3-butyn-1-ol, or phenyl acetylene using a Cu(l) catalyzed
1,3-dipolar Huisgen cycloaddition to afford triazoles in high yield
and regioselectivity, Scheme 2.® For these initial studies Cu(l)
was generated in situ by the reduction of Cu(II)SO, 10 mol % to
Cu(I) with 10 mol % ascorbic acid in 1:1 tert-butanol water.

Having produced the targets in high yield by the stepwise
approach we proceeded to developed a convenient multi-compo-
nent variant of this chemistry that could potentially be employed
to produce larger libraries of 1,4-disubstituted-triazole-oxazolin-

Table 1
Yield of C-5 (bromomethyl)-oxazolidinones for the TBAB catalyzed condensation of
1,2-epoxides with isocyanates®

Isocyanate Solvent Time (h) Yield 2a-c (%)
1a Toluene® 1.5 3
1a Xylenes® 15 38
1a Xylenes© 1.5 33
1a Xylenes® 3.0 60
1b Toluene” 1.0 53
1c Xylenes® 3.0 65

2 1.3-1.9 mol % TBAB, reactions in toluene run at 85-90 °C, reactions in xylenes
run at 140 °C.

b Isocyanate-oxirane (1:1-1.1).

¢ Isocyanate-oxirane (1:1.5).

2-ones without the need to isolate (azidomethyl)-oxazolidinones
(2a-c).!” During the investigation we noted that trimethylsilyl
acetylene failed to react in the Huisgen cycloaddition using the
Cu(I1)SO4 10 mol %-10 mol % ascorbic acid-1:1 tert-butanol water
conditions; however, the reaction proceeded when run in DMSO
using 10 mol % Cul as catalyst (data not shown). It has been
recently reported that the copper catalyzed Huisgen cycloaddition
proceeds faster in aqueous media when the alkyne is electron poor
while electron rich alkynes are more reactive in non-aqueous med-
ia.!® In our case, trimethylsilyl acetylene was the most electron
rich alkyne employed. Since DMSO was compatible with both the
azide displacement and all the Huisgen cycloadditions, this solvent
was chosen to explore a one-pot three-component variant of the
reaction. Thus, bromomethyl-oxazolidinones 2a-c¢ and NaN;3; were
dissolved in DMSO and heated to at 80-90 °C. Azide formation was
followed by TLC and was generally complete within 30 min. At that
time 1-decyne, 3-butyn-1-ol, phenyl acetylene, or trimethylsilyl
acetylene were added directly to the reaction followed by addition
of 10 mol % Cul as shown in Scheme 3. Reactions were maintained
at 80-90 °C and were generally complete within 1 h. The condi-
tions are essentially the same as those reported by Molander.!”®
The structures and isolated yields of the various triazole 1,4-disub-
stituted-(1H-1,2,3)-triazole-oxazolidinones 4-15 are reported in
Table 2.

Overall the isolated yields for the one-pot reactions were mod-
est, 39-61%. However, it should be noted that the reactions were
clean when monitored by TLC. The yields were negatively
impacted as result of using impure starting materials 2a-c. While
the starting materials could be purified from the closely migrating
isocyanurate by silica gel chromatography, the process was ardu-
ous. Surprisingly, recrystallization was also ineffective at removing
the contaminant. Therefore, partially purified starting materials
(ca. 70% pure) 2a-c were used. After the trizole formation step of

=—R?
(0] NaN3 Cul jj)\
R-N" YO {30min | 1h R-N" 'O .
=N
B DMSO \_& '
r N
2a-c 4-15

Scheme 3. Three-component reaction to form 1,4-disubstituted-(1H-1,2,3)-tria-
zole-oxazolidinones.

(6]
H3C
TBAI (cat.) 8 \©\ J
2b  +  NaN, N~ 0
DMF (52 %) L«/
N3
3b
10 mol% Na ascorbate  H3C )O]\
b 10 mol% Cu(ll) SO, - 5H,0 N o
+ R—=
1:1 t-butanol/water N=N

R = (CH,),CH,
R = (CH2)20H
R = C6H5

N

4: R = (CH,)7CH3 (100%)
5: R = (CHa),OH (62%)
6:R= CGH5 (910/0)

Scheme 2. Stepwise reaction to form 1,4-disubstituted-(1H-1,2,3)-triazole-oxazolidinones.
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Table 2

Structures and isolated yields for 1,4-disubstituted-(1H-1,2,3)-triazole-oxazolidinon-
es prepared using the three-component reaction between 5-(bromomethyl)-oxazo-
lidinones, sodium azide, and alkynes

Entry R! R? Yield (%)
g +® W 40
2a
5 2a )(/\OH 57
6 2a

oo
8 +< >—CH3

W/ 40

2b
9 2b 7~ on 40
10 2b 1-@ 40
1 2b -,-sli— 40
|
12 @COCH3 o~~~ 2
2c
13 2 )(/\OH 61
14 2c ~|_© 48
15 2c -I-Sli— 39

the one-pot reaction the compound polarity showed a marked in-
crease and flash chromatography became straightforward.

Small or sp? hybridized groups at the 4-position of the triazole
in triazole-oxazolidinones have been reported to posses higher
antimicrobial activities.? Therefore, we replaced 4-TMS moiety of
triazoles 7, 10, and 15 with hydrogen by treatment with TBAF to
afford the mono-substituted triazoles 16-18, respectively,
Scheme 4.

Biology. The compound library was screened using a disk
diffusion assay on the Gram-positive bacterial reference strains,!®
M. smegmatis ATCC 14468, Bacillus subtilis ATCC 6633, and Entero-

o} o}
R\N&Q TEAP R\N)ko
N= L Ny
N
\)\SiMea NA
7: R=Ph 16: R=Ph

11: R=p-CHs-Ph
15: R= p-COCHjg-Ph

17: R= p-CHg-Ph
18: R= p-COCHg-Ph

Scheme 4. Deprotection of 4-TMS-substituted triazole-oxazolidinones.

coccus faecalis ATCC. Mycobacterium smegmatis was inoculated into
Middlebrook 7H9 containing 0.2% glycerol and ADC enrichment
while the other strains were inoculated into Mueller-Hinton broth.
The inocula of all strains were allowed to incubate for approxi-
mately 24 h at 37 °C and 180 rpm. Mycobacterium smegmatis was
plated on Middlebrook 7H10 agar containing 0.5% glycerol and
OADC enrichment. While the other strains were plated on nutrient
agar. Aliquots (10 pL) of oxazolidinone derivatives dissolved in
DMSO (1 mg/mL) were applied to 6 mm diameter sterile paper
disks. INH and vancomyocin (1 mg/mL) were used as positive con-
trols for M. smegmatis and other Gram-positive bacteria, respec-
tively. The M. smegmatis and other Gram-positive bacteria plates
were incubated for 48 and 24 h, respectively, at 37 °C and then
analyzed. DMSO was used as a negative control. The diameters of
the zones of inhibition (DZIs) are summarized in Table 3A for com-
pound 13 and compound 18, both of which showed significant
antibacterial activity.

Minimum inhibitory concentrations (MICs) of 13 and com-
pound 18 were also determined against the same strains using a
broth macrodilution assay using either Middlebrook 7H9 contain-
ing 0.2% glycerol and ADC enrichment or Mueller-Hinton broth.2°
The highest concentration for each compound tested was 32 g/
mL, and each subsequent tube was a twofold dilution of the previ-
ous. The M. smegmatis tubes were incubated for 48 h at 37 °C while
the other strains were incubated for 24 h and then analyzed. Thiaz-
olyl blue tetrazolium bromide (MTT) was dissolved in MeOH
(10 mg/mL) and added to the solution (20 pL) to aid in bacteria
visualization.?! The MICs are summarized in Table 3B for 13 and
compound 18.

Discussion. In summary, we have successfully prepared a series
of C-5 substituted (bromomethyl)-oxazolidinones from a bromide
catalyzed cycloaddition of aryl isocyanates with epibromohydrin
in moderate yields. The C-5 bromomethyl moiety could be dis-
placed with azide via an Sy2 reaction with NaNs. These 3-N-aryl
C-5 azido substituted oxazolidin-2-ones could be transformed in
situ using a ‘one-pot’ protocol to afford 1,4-disubstituted C-5
substituted-(1H-1,2,3)-triazole-oxazolidin-2-ones in moderate
yields. The choice of solvent was critical for accessing the 4-tri-
methylsilyl substituted derivatives and the overall sequence is
highly amenable to the combinatorial generation of oxazolidinone
libraries by varying either the isocyanate component or the alkyne
component.

The compound library resulting from the one-pot method was
screened for activity against a small panel of Gram-positive

Table 3

Antibacterial activity of triazole-oxazolidinones

Antibiotic Ms Bs Ef
A. Diameters of zones of inhibition (DZI), mm*®

13 15 17 N.A.
18 25 26 N.A.
INH 17 N.T. N.T.
Van N.T. 15 14
DMSO N.A. N.A. N.A.
B. Minimal inhibitory concentrations (MICs), ug/mL"

13 16 >32 >32
18 1 4 16
INH 4 N.T. N.T.
Van N.T 0.5 1

Abbreviations: Ms, Mycobacterium smegmatis ATCC 14468; Bs, Bacillus subtilis ATCC
6633; Ef, Enterococcus faecalis ATCC 29212.

@ The DZIs were determined by the Kirby-Bauer disk method. Solutions of 1 mg/
mL for 13, compound 18, and INH were prepared in DMSO. Vancomycin was pre-
pared to the same concentration in water. Ten microliters of each solution was then
applied to a susceptibility disk. N.T. indicates no data was collected, N.A. indicates
no activity.

> MICs are given in pg/mL.
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bacterial reference strains. Notably, racemic 3-(4-acetyl-phenyl)-
5-(1H-1,2,3-triazol-1-yl)methyl)-oxazolidin-2-one (18) was a po-
tent inhibitor of the growth of M. smegmatis ATCC 14468 and pos-
sessed an MIC fourfold higher that the INH. The trends in activity
were predictable based on known structure-activity relationships
for the oxazolidine compound class. The 3-(4-acetylphenyl) substi-
tuent, derived from the isocyanate reagent, is same 3-substituent
found in DuP-721,* while the higher activity of the mono-substi-
tuted (1H-1,2,3)-triazol fulfills the requirement for a small substi-
tuent in the 4-position of triazole-oxazolidinones.® More
significant is the observation that the 5-(1H-1,2,3-triazol-1-yl)-
methyl moiety was a particularly good C-5 substituent for achiev-
ing activity in a mycobacterial strain.
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Relationships between physicochemical drug properties and toxicity were inferred from a data set con-
sisting of animal in vivo toleration (IVT) studies on 245 preclinical Pfizer compounds; an increased like-
lihood of toxic events was found for less polar, more lipophilic compounds. This trend held across a wide
range of types of toxicity and across a broad swath of chemical space.

© 2008 Elsevier Ltd. All rights reserved.

Recent high-profile withdrawals of marketed drugs have high-
lighted both the importance and the difficulty for the pharmaceu-
tical industry of developing safe drugs. Even prior to marketing,
failure of drug candidates due to safety-related concerns repre-
sents a major cost to the industry, accounting for approximately
30% of clinical attrition in 2000.! The preclinical cost is perhaps
even more significant as safety screening is often the final hurdle
in the drug discovery pipeline prior to entry into the clinic, and
few effective strategies for avoiding toxicity exist to guide medic-
inal chemistry design programs before that point.?> Structure-tox-
icity relationships and in silico models for toxicity, where sufficient
data exist to build them, are generally either focused on a narrow
type of toxicity or are applicable to a small subset of chemical
space. For example, predictive models can be built for binding to
the hERG channel, which is associated with QT prolongation,*
and in silico filters have been developed for small numbers of spe-
cific chemical substructures associated with toxicity.’

The difficulty in developing predictive molecular models for
toxicity comes about because of the diversity of mechanisms that
give rise to toxic outcomes. These mechanisms can be grouped into

* Corresponding author. Tel.: +1 44 1034 644690.
E-mail address: david.a.price@pfizer.com (D.A. Price).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.071

four broad classes according to the causative molecular features or
activities: (1) the primary pharmacology or mechanism of action of
the molecule under study, (2) the secondary pharmacology of the
molecule, (3) the presence of a well-defined structural fragment
or toxicophore in the molecule, and (4) the overall physicochemi-
cal properties of the molecule.® From a molecular design perspec-
tive, little can be done at the outset of a drug discovery project to
address toxicity arising from primary pharmacology. Extensive
experimentation is often required to establish a clear link between
a mechanism of action and a particular toxicity, and this will usu-
ally not have been completed at that point. An example of this is
the link between PDE4 inhibition and emesis in animals’ and
humans.® Useful information is emerging about the second and
third classes of toxicity, including associations between secondary
pharmacology® or defined structural fragments (toxicophores or
structural alerts) and adverse outcomes.'®!! For these classes of
toxicity, and explicitly for the fourth class, it is reasonable to ex-
pect that some general physicochemical trends might be found
that would be useful in guiding molecular design decisions by
medicinal chemistry project teams toward safer regions of chemi-
cal space.

Animal in vivo toleration (IVT) studies are utilized in the pre-
clinical drug development process when candidate compounds
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have been synthesized that have desirable levels of potency for the
target of interest and acceptable pharmacokinetic parameters.
These studies have the advantage of being agnostic with regard
to the details of the mechanism of toxicity. With a single study,
the likelihood of seeing an adverse event in any particular organ
can be ascertained, regardless of whether the toxicity is com-
pound-based or pharmacology-based, either primary or secondary.
Since these are usually the first experiments in which a compound
will have been tested in an in vivo toxicology setting, little optimi-
zation for safety will have been done beyond avoidance of well-
known liabilities. Therefore, these experiments provide a unique
opportunity to extract unbiased physicochemical property-toxic-
ity associations. Overall physicochemical properties of drugs have
been associated with bioavailability, for example with the well-
known ‘Rule of Five’.!2 However, to our knowledge, little has been
done to examine possible correlations between compound physi-
cochemical properties and in vivo adverse outcomes. Toward this
end, we collected data from in-house animal toxicity and exposure
studies performed on potential drug candidates at Pfizer over the
past five years. We assessed the likelihood of observing an adverse
outcome in these studies as a function of a broad set of physico-
chemical properties. Additionally, for the subset of compounds
for which we had adequate screening data, we assessed whether
promiscuous secondary pharmacology could be linked to a propen-
sity for toxicity.

All in vivo toleration (IVT) studies that were performed in rats
or dogs at Pfizer over five years (2002-2006) and for which corre-
sponding summary pharmacokinetic exposure data (Cyax and AUC)
could be found were included in this analysis. These studies typi-
cally involved dose escalation over 3 or more dose levels and had
a duration of 4 days or longer. No distinction was made regarding
the sex of the animals assessed in the studies; roughly 60% in-
volved males only, 30% both, and 10% female only. All routes of
administration were included although most compounds were or-
ally dosed (98%). The list of organs evaluated, histopathology end-
points, and signs and symptoms monitored differed across studies
depending upon the program needs at the time; however, a com-
mon core group of evaluations was available for most compounds
studied. A database of 245 compounds was built containing the
compound structures, the measured and calculated properties,
and the primary pharmacology characteristics of each compound.
In cases where the primary pharmacology of the compound had
a well-known correlate with a particular adverse in vivo outcome,
these compounds were included in the data set but the particular
outcomes known to be linked to the primary pharmacology of
the compound in question were not included as part of the
analysis.

For the results of this analysis to be broadly applicable, it is
imperative that the set of compounds be diverse and representa-
tive of pharmacological chemical space. Figure 1 shows the molec-
ular property distribution of the IVT compound data set (colored in
red) compared to that for a selection of compounds (colored in
blue) taken from a diverse subset of the Pfizer file chosen for its
coverage of chemical space. While the property distributions of
these two sets of compounds are clearly not identical, there is good
overall coverage of MW-ClogP-total polar surface area (TPSA)
property space by the IVT compounds. Approximately 50% of the
compounds are basic, 40% are neutral, and 10% are acidic.

Given the exposure data and the toxicity determination for each
dose in a given IVT study, the intrinsic toxicity of the compound
was determined by assessing toxicity at a specific exposure thresh-
old. Within the data set it was interesting to see a close, linear rela-
tionship between Cpax and AUC so Cihax Was selected as the single
parameter to represent exposure in the subsequent analysis. Since
we have data for only a discrete number of doses for each study,
we make the assumption that a toxic outcome at a given exposure

ClagP v. MW

CLOGP

200 300 400 500 600 700 800 900
Mw

Figure 1. The comparison of the ivt data set with the distribution from a diverse
subset selected from the Pfizer file.

implies that the same toxicity would be observed at any higher
exposure, and conversely that any clean exposure implies that no
toxicity would be found at any lower exposure level. In this way,
the data from an IVT study can be used to label each point in the
exposure spectrum as toxic, clean, or uncertain, Figure 2.

The particular exposure threshold for this study was then se-
lected to give a balance of toxic and clean classifications. If the
threshold is set too high more compounds will be found with sig-
nificant findings and vice versa. Scanning through different values
for the exposure threshold, we selected 10 UM Cp,.x (total drug) as
a pragmatic endpoint, Figure 3. Only about 20% of the compounds
are classified as uncertain using this threshold.

The analysis was performed in parallel using both free-drug and
total-drug exposure. The free-drug levels were calculated using
plasma protein binding (PPB) measurements from a separate in
vitro binding assay. The free-drug data set was smaller due to lack
of historical data and unavailability of material for 28% of the com-
pounds. Applying the approach described above to determine the
appropriate exposure threshold results in a value of 1 uM free-
drug. This 1 puM threshold is consistent with the pharmacological
profile of many drug candidates. If a typical compound has
10 nM affinity (K;) for its primary target, assuming a 3x K; free-
drug level for >75% receptor occupancy (for antagonist pharmacol-
ogy),'? then approximately 30 nM free-drug concentration would
be required for efficacy. A compound clean at 1 uM free-drug con-
centration would exceed a 30-fold in vivo safety margin, often con-
sidered to be adequate.

Very little variation in the results was seen for different organ
groupings; there was an increase in the relative importance of
measures of basicity for both kidney and lung. The most significant
descriptors using a total-drug-based threshold were measures of
polarity, led by TPSA. When a free-drug-based threshold was used,

High Concentration

Toxic Exposures

P! with observed toxicity
+— CmaxLowTox |[«—— (CmaxLowTox). Set to an arbitrarily high number if

no toxic event is observed at any dose
Maximum exposure without observed
« CmaxHiCln |+—— toxicity (CmaxHiCIn). Set to zero if toxicity

was observed at all doses assessed

Clean Exposures

Low Concentration

Figure 2. Definition of CmaxLowTox and CmaxHiCln.
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Figure 3. Drug toxicity classification as a function of total-drug exposure.

the measures of polarity were still significant, but plasma protein
binding and ClogP rose to the top. Plasma protein binding (PPB)
was not significantly associated with toxicity at all when assessed
at 10 uM total drug, and ClogP was relatively weakly associated.
Care must be taken in interpreting this observation, however, since
PPB is involved in the calculation of the free-drug level from the to-
tal-drug level. In fact, it can be shown that the strong association of
toxicity with PPB at 1 uM free-drug is a direct consequence of the
lack of an association at 10 pM total-drug exposure. The free-drug
level is calculated as Cpax(free) = Cpax(total) FU, where FU is the
fraction unbound or (100 — %PPB)/100. The toxicity classification
based on free-drug exposure will be the same as for total-drug
exposure for compounds with 90% PPB, at which point the 10 uM
total-drug threshold maps precisely to the 1 uM free-drug thresh-
old. For compounds with >90% PPB, the 1 uM free-drug threshold is
equivalent to a total-drug exposure above 10 puM, at which the
likelihood of a compound being classed as toxic is increased. There-
fore, highly protein-bound compounds (>90% PPB), which are
equally likely to be toxic as not at 10 UM total drug Cpax, Will ap-
pear to have a higher incidence of toxicity when assessed at
1 uM free-drug Cpax. The reverse holds for compounds with <90%
protein binding. Together, this increase in incidence of toxicity
for high-PPB compounds and decrease for low-PPB compounds
generates a strong association of protein binding with toxicity
when assessed at a particular free-drug level. Properties linked
with plasma protein binding, such as Clog P and LogD, will also ap-
pear to be more strongly associated with toxicity based on free
drug than on total drug.

TPSA' gave the strongest, most consistent correlation of com-
pound physicochemical descriptors to incidence of adverse out-
comes across both free- or total-drug analyses. An increased
incidence of adverse toxicological outcomes in compounds with
low polar surface area is consistent with the ability of these com-
pounds to cross biological membranes and distribute widely into
tissue compartments. Indeed, other measures of membrane per-
meability such as in silico predicted blood brain barrier penetra-
tion also correlated with incidence of adverse outcome in this
data set (data not shown). Since toxicity in this analysis is assessed
at a uniform exposure level of 10 uM total drug, this trend with
molecular polarity is not a proxy for general bioavailability. Simi-
larly, we found no significant association between volume of distri-
bution and toxicity, indicating that variation in propensity to
distribute into tissues is not the primary underlying reason for
the polarity-toxicity trend.

Another descriptor that showed a consistent link with adverse
outcomes was ClogP. In the case shown, higher Clog P compounds
have a greater incidence of adverse outcomes relative to lower
ClogP compounds. Recent work from Gleeson et al. indicates a

Table 1
Observed odds for toxicity versus Clog P/TPSA
Toxicity Total-drug Free-drug

TPSA > 75 TPSA < 75 TPSA > 75 TPSA< 75
ClogP<3 0.39 (57) 1.08 (27) 0.38 (44) 0.5 (27)
ClogP>3 0.41 (38) 2.4 (85) 0.81 (29) 2.59 (61)

strong correlation between ClogP and rat or human plasma protein
binding in a large data set of diverse compound structures from the
GSK corporate file.!®> Therefore, one might expect a correlation be-
tween ClogP and plasma protein binding in our data set, which
was indeed the case. Having found a few physicochemical proper-
ties to be associated with toxicity, given that these properties were
not independent of each other, we sought to determine whether
one or more of these properties were dominant over the others
or whether they displayed any coordinated relationship in their
association with toxicity. Since we were dealing with a very small
set of properties, we took a manual approach to the problem, and
one particular pattern emerged. Table 1 displays the toxicity odds
(ratio of toxic to non-toxic compounds) for analyses based on total-
drug and free-drug exposure when compounds are separated into
four categories based on high/low TPSA/ClogP. We set high/low
thresholds for ClogP and TPSA using simple round-number near-
median cutoffs of 3.0 and 75 A?, respectively. In both the free-drug
and total-drug cases, it is clear that the dominant trend involves
compounds for which both risk factors are present. A mild increase
in risk may be associated with compounds having one risk factor
but not the other, though the trend is weak and inconsistent across
the two different analysis approaches. When both risk factors are
present, a very clear, consistent trend emerges. Compounds with
low-Clog P/high-TPSA are approximately 2.5 times more likely to
be clean as to be toxic, whereas precisely the reverse holds when
both risk factors are present: high-ClogP/low-TPSA compounds
are approximately 2.5 times more likely to be toxic as to be clean,
representing an odds ratio of greater than 6.

One hypothesis is that the combination of high-Clog P with low-
TPSA increases the likelihood of promiscuous binding to off-target
pharmacology. To investigate this hypothesis, we acquired profil-
ing data for compounds that had been submitted to the CEREP Bio-
print™ panel. This is a set of biological assays for a wide range of
targets including a variety of target classes (GPCRs, enzymes, ion
channels, etc.) and assay types (agonist, antagonist). A full matrix
of assay data was found for 108 compounds by 48 assays. Promis-
cuity was defined by whether a compound demonstrated >50%
activity at 10 M in three or more assays out of the set of 48. This
measure of promiscuity demonstrated a strong correlation with
higher ClogP and lower TPSA, and it was highly predictive of tox-
icity. Furthermore, the variation of promiscuity in ClogP-TPSA
space was very similar to that observed for toxicity, Table 2, The
strongest effect was again seen only when both risk factors were
present, and in this case a 25-fold shift in odds was observed
(though this is based on a relatively small sample size). This finding
supports a plausible biological rationale for the physicochemical-
property/toxicity trends presented here. This agrees with recent
work suggesting a link between promiscuity (using a similar defi-

Table 2

Observed odds for promiscuity versus ClogP/TPSA

Promiscuity TPSA > 75 TPSA< 75
ClogP<3 0.25 (25) 0.80 (18)
ClogP>3 0.44 (13) 6.25(29)
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nition as here) and attrition, though different physicochemical
property trends were found in that analysis.'®

This analysis is an ongoing work and with further data we will

report further findings in due course.

Supplementary data

Supplementary data associated with this article can be found, in

the online version, at doi:10.1016/j.bmcl.2008.07.071.
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We have prepared a novel speculative eight-membered lactam demonstration library based on the skel-
etal structure of the potent antitumor marine natural product octalactin A. The basic scaffold was readily
constructed in a convergent fashion via ring-closing metathesis chemistry from the corresponding diene
amides. A cursory examination of the biological properties of the library validates the relevance and sig-
nificance of these structures.

© 2008 Elsevier Ltd. All rights reserved.

Libraries of compounds based on natural products have gained
in importance in recent years.!? Although the structures contained
in these libraries tend to be fairly diverse, one class of compound
remains to be fully exploited, namely, the monocyclic medium-
ring.3* An interesting natural product from the standpoint of struc-
tural architecture and biological profile is the powerful antitumor
marine natural product octalactin A, 1 (Fig. 1).>° This fascinating
natural product which features a rare saturated eight-membered
lactone core continues to receive considerable attention in total
synthesis efforts from many laboratories.”

We have previously constructed this lactone by means of an
especially facile and direct lactonization from the corresponding
seco acid (‘zip-up’ approach),”*® and by an equally facile ring-clos-
ing metathesis (RCM) route (‘zip-down’ approach) to afford the
unsaturated oxocene.’ These enabling technologies prompted us
to investigate the feasibility of generating a speculative eight-
membered ring library inspired by octalactin A.

In order to simplify the synthesis, we elected in the present
work to construct a simpler lactam scaffold that at a minimum

* Corresponding author. Tel.: +1 816 235 2292; fax: +1 816 235 5502.
E-mail address: buszekk@umbkc.edu (K.R. Buszek).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.074

retained the eight-membered core feature of the octalactins. The
strategy is depicted in Scheme 1.

G H
eMe

1

Figure 1. Octalactin A.

NHFmoc

A coH . wOj\ %RZE ArCHO+ArCH2NH2
a4

Scheme 1. Retrosynthetic analysis of the lactam scaffold.
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1. MgSOy, Et,0

1,24 h
gl - CHO Rz@ﬂNHz 2. filter, evaporate
g + v -
7 7 3. vinylmagnesium chloride
6a-h 7a-f THF, BF3 OEt,
6aR'=0-Br 7aR2=H -78°Ctort,12h
6bR'=m-Br 7bR2=oF 67-87%
6cR'=p-Br 7cR?=m-F =
6dR' = o-F 7d R2=p-F
6e R'=m-F 7e R2 = p-Me pifl \ H/\@Rg 5a-m
6f R'=p-F 7f R2 = p-OMe = A
6g R' = p-Me
6h R! = p-OMe

Scheme 2. Synthesis of amine sublibrary 5a-m.

The unsaturated lactam scaffold 2 would be constructed by
means of RCM. The diene amides 3 would result from the
condensation of the racemic Fmoc-protected 3-amino-5-hexenoic
acid 4 and the sublibrary of various racemic secondary allylic
amines 5. The allylic amines in turn would be derived from vinyl
Grignard addition to the Schiff bases. By using readily prepared
racemic components, a mixture of diastereomers 2 would be ob-
tained resulting in a larger library with a relative minimum of ef-
fort and cost. Separation of the diastereomeric scaffolds would
precede derivitization of the primary amines, thus generating the
desired lactam library.

The allylic amine sublibrary was prepared as shown in Scheme
2. Reaction of a series of commercially available benzaldehydes 6a-
h and benzyl amines 7a-f in ether at room temperature in the pres-
ence of magnesium sulfate'® gave after filtration the Schiff bases in
nearly quantitative yield in all cases.

Addition of vinyl Grignard with BF3-OEt; at —78 °C for 12 h gave
a representative 13-member sublibrary in 67-87% yield (Fig. 2).

Synthesis of the racemic Fmoc-protected aminohexenoic acid
component 4 was achieved using a modified literature procedure
(Scheme 3).1"12 Addition of allylmagnesium chloride to the acylpy-
ridinium salt formed between 4-methoxypyridine and phenylchlo-
roformate gave the allyl-substituted dihydropyridone carbamate 9

in 90% isolated yield.

"5a (70% b, 5b(80%) 84"/)
@5 o1 @f 0, @f e
5d (81%) 5e (83%) (
=
N
H/\@ /\©
MeO 59 (85%) MeO (87%)
=
N
MeO 5i (85%) F MeO 5§ (85"/)
=
N
MeO o, Me
5k (83%) Me 5 (850/
=
N
L
Me Me
5m (76%)

Figure 2. Allylic amines 5a-m

1. PhOCOCI o

OMe PhMe, -42°C to -78 °C MeOH
@ 30 min ‘ n,2h
N/ 2. allylmagnesium chloride N = 86%
THF, -78 °C, 35 h PN
3. 10% HCI, rt, 20 min O™ "OPh
8 90% 9
1. NalOy4, H,O
o n,2h
2.NaOH, rt, 20 h NHFmoc
3. neutralize w/ HCI
fﬁv\ - /\)\/CO?H
N X 4. Fmoc-Cl, NaHCO3 4
H dioxane, 7 h
10 45%

Scheme 3. Synthesis of Fmoc-protected 3-amino-2-hexenoic acid 4.

R2

o] i
1. (COCl)p, cat. DMF  TmocHN N/_@
NHFmoc
PhMe/CH,Cl,, 1t, 2 h
= coH "= ' Z Rt
4 ﬁ 25ﬁm DMAP, CH,Cl,  3am /| |\ [
’ 3a (81%) 3e (96%) 3i (75%)
RS, b (87%) 3f (96%) 3j (70%)
61-96% c (84%) 39 (61%) k(94%)
3d (64%) 3h (63%) 31 (94%)
3m(88%)

Scheme 4. Diene amide formation via the acid chloride.

Methanolysis of the carbamate to give 10 was achieved in 86%
yield. Oxidative cleavage with sodium periodate, followed by basic
hydrolysis of the intermediate formamide, and finally Fmoc protec-
tion of the resulting primary amine gave 4 in 45% overall yield from
10 on a 5-g scale.

Several methods for the condensation of 4 and 5 were
attempted, including DCC coupling,!> HATU-mediated coupling,'*
activation of the carboxylic acid as its pentafluorophenyl (Pfp)
ester,'® and the in situ generated acid chloride with oxalyl chloride
and catalytic DMF.'® Of these attempts, only the last method
(Scheme 4) gave consistent and reliable yields (61-96%) of the
amides with our components.

Construction of the eight-membered lactam scaffolds via RCM
was investigated next. Although we previously showed that the
monocyclic oxocenes in the octalactin series could be obtained
via RCM at only 40 °C° no ring closure with the amides 3a-m
was observed at temperatures up to 80 °C. We attribute this obser-
vation to an unfavorable amide rotamer population present at
these temperatures. Gratifyingly, RCM was eventually effected
with 15 mol% of the Grubbs’ second-generation catalyst in reflux-
ing toluene for 5-12 h to give a diastereomeric 1:1 separable mix-
ture of lactams 2 in yields ranging from 55% to 93% (Scheme 5).
There was no observed cyclization preference for either amide dia-
stereomer, except in the case of 3a which failed to cyclize, presum-
ably due to the sterically hindered o-bromobenzaldehyde moiety.
In this manner 24 diastereomerically pure eight-membered lactam
scaffolds were obtained on a 20-50 mg scale.

Grubbs 2nd
Generation catalyst FmocHN

(15 mol%)
3as-m — > 2b-m
PhMe, 110 °C,5-12 h

55-93%

2b (87%) 2f (75%) 2j (89%)
2c (84%) 2g (93%) 2k (77%)
2d (92%) 2h (55%) 2l (89%)
2e (84%) 2i (63%) 2m(88%)

Scheme 5. RCM reaction to give lactam library 2b-m.
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Scheme 6. Fmoc deprotection with TBAF.
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Figure 3. Representative electrophiles for derivitization.

The stereochemical assignments for the lactam diastereomers
were made on the basis of NOE experiments. It was noted that
for the high Ry diastereomers, an NOE was observed between the
methine proton at C7 and one of the benzylic protons attached
to the amide nitrogen which led to an assignment of the cis isomer.
This effect was absent in all of the low Rf compounds; however, in
these structures, an NOE between the methine proton at C7 and
one of the methylene protons at C2 led to the assignment of the
trans isomer. This remarkable correlation between Ry and the rela-
tive stereochemical configuration was seen throughout the entire
series.

Two scaffolds, namely, 2i-trans and 2l-cis, were selected for
preparation on a larger scale (about 1 gram) for use in derivitiza-
tion of the unmasked primary amine. Removal of the Fmoc group!’
was accomplished with TBAF in THF/MeOH (1:1)'® (Scheme 6) to
afford the corresponding amines 11i and 111 in quantitative yield.

These amines were then reacted with a series of 15 reagents
12a-o (Fig. 3), such as acyl chlorides, sulfonyl chlorides, and isocy-
anates, to give a library of amides, sulfonamides, and ureas.

Reaction of the amines with the reagents 12a-o with DIEA fol-
lowed by scavenging the excess reagents with PS-trisamine!®
(Scheme 7) gave 19 of 30 possible products, which were further
purified by chromatography.

The isolated yields ranged from 27% to 100% (Table 1). These
derivatives combined with the original scaffolds and afforded a
43-component unsaturated eight-membered lactam library.

To our knowledge this represents the first such library based on
a monocyclic medium-ring scaffold.

Finally, of the 19-member derivitized library members synthe-
sized, seven were randomly selected for an initial antiproliferative
biological screen with murine L1210 lymphocytic leukemia, hu-
man HL-60 promyelocytic leukemia, and murine Pan02 pancreatic
ductal adenocarcinoma cell lines. The results are summarized in
Table 2.

Although the antiproliferative activities of these compounds are
far from matching those of established anticancer drugs such as

(o]
1. 12a+
DIEA, CH,Cl,  ZHN.. N F
rn,1h
Mi-trans — _
2. PS-trisamine
rn,1h OMe
32-100% 13a-e Z=COR (51-100%)
13§ Z=SO,R (32-96%)
[e]
1.12a-0
ZHN,,
DIEA, CH,Cl, N/_Q
rn,1h y
11l-cis —
2. PS-trisamine
m1h Me
27-100% 14a-e Z = COR (62-74%)

14f§ Z = SO,R (27-59%)
14k-0 Z = CONHR (38-100%)

Scheme 7. Generation of the eight-membered lactam library.

Table 1
Yields of primary amine derivativesshown in Scheme 72

Electrophile Primary amine 11i Primary amine 111
12a 13a 0% 14a 0%
12b 13b 100% 14b 74%
12¢ 13c 98% 14c 62%
12d 13d 51% 14d 62%
12e 13e 0% 14e 0%
12f 13f 0% 14f 59%
12g 13g 32% 14g 27%
12h 13h 96% 14h 51%
12i 13i 54% 14i 52%
12j 13§ 71% 14j 54%
12k 13k — 14k 42%
121 131 — 141 64%
12m 13m — 14m 100%
12n 13n — 14n 0%
120 130 — 140 38%

solated yields after chromatographic purification.

daunorubicin (DAU) and mitoxantrone (MITOX), which, under sim-
ilar experimental conditions, consistently inhibit the growth of
various tumor cell lines in the low nanomolar range, they never-
theless validate the success and relevance of these medium-ring li-
braries. Additionally, the entire demonstration library has already
been submitted to the NIH MLSCN screening network for more
expansive biological evaluation. The outcome of these studies will
be reported as the results become available and posted on Pub-
Chem (http://pubchem.ncbi.nlm.nih.gov/).

In summary we have prepared a novel, biologically relevant
natural product-inspired eight-membered lactam library using a

Table 2
Antiproliferative activity of novel eight-membered lactams inspired by octalactin A in
various tumor cell lines in vitro®

Compound L1210 cells (day 4) HL-60 cells (day 4) Pan02 cells (day 4)
ICso” (M) ICs0 (M) 1Cs0 (LM)

13b 27.1 (£2.4) 54.7 (+7.2) 40.6 (+3.8)

13c 25.2 (£1.9) 40.1 (x0.8) 34.9 (£3.7)

13d 40.1 (+3.2) na‘ =

13g 37.9 (£2.2) na —

13h 11.0 (£0.6) na =

13i 8.5 (+0.8) na —

13j 15.4 (£1.4) na =

@ Concentrations of compound required to inhibit by 50% (ICso values) the met-
abolic activity of L1210, HL-60, and Pan02 tumor cells, using MTS:PMS assay at day
4 in vitro. ICso values were calculated from linear regression of the slopes of the log-
transformed concentration survival curves.

> Means + SD (n = 3).

¢ Value not available because the compound is unable to inhibit below 50% when
tested at 62.5-156.25 pM.
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ring-closing metathesis strategy combined with late-stage amine
derivitization with common pharmacophores. Other libraries
based on medium-ring templates are in progress and will be re-
ported as developments warrant.
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This communication describes the discovery of a novel series of Aurora kinase inhibitors. Key SAR and
critical binding elements are discussed. Some of the more advanced analogues potently inhibit cellular
proliferation and induce phenotypes consistent with Aurora kinase inhibition. In particular, compound
21 (SNS-314) is a potent and selective Aurora kinase inhibitor that exhibits significant activity in pre-clin-
ical in vivo tumor models.

© 2008 Elsevier Ltd. All rights reserved.

The Aurora family of serine/threonine kinases are key regulators
of mitosis."? There are three human isoforms (Aurora A, B, and C)
all of which have been strongly implicated in the onset and prop-
agation of cancer.>* For example, Aurora A is a putative onco-
gene>>® and is over-expressed in a number of human
malignancies including colon, breast, pancreatic, and ovarian tu-
mors.? Recent clinical success with kinase inhibitors in oncology
has prompted much interest in Aurora kinases as potential targets
for small-molecule intervention.” !° A few Aurora kinase inhibitors
are already undergoing clinical trials.>*6:1%-1¢ Herein, we report
our medicinal chemistry efforts that started with a low micromolar
hit (1, Fig. 1) and led to the selection of a potent and selective Aur-
ora kinase inhibitor (SNS-314) as a candidate for clinical
development.!”

In-house screening identified 2-aminoethyl phenyl benzamide
derivative 1 as a low micromolar inhibitor of Aurora A (Fig. 1).
The compound has modest molecular weight and was shown to
have acceptable in vitro metabolic stability and good cellular per-
meability. Screening against a larger panel of kinases (Upstate)
indicated that 1 is a fairly selective inhibitor of Aurora A, leading
to its selection for optimization.

The general synthesis of key analogues is outlined in Scheme
1.17 Reacting 2-aminothiazole derivative 2'® with Boc-anhydride

* Corresponding author. Present address: Nteryx, 560 Souht Winchester Blvd.,
San Jose, CA 95128, USA. Tel.: +1 408 938 5720.
E-mail address: joslob@nteryx.com (].D. Oslob).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.073

= Auvrora A, IC,, = 3200 nM
mLM (% @ 0.5h): 40

CFs  hIM (% @ 0.5h): 42

HN = o MDCK: 31 x 10 cm/s

(efflux ratio: 1.1)

M,,: 442 g/mol

Figure 1. Low micromolar Aurora A inhibitor that served as a starting point for
medicinal chemistry optimization.

followed by removal of the phthaloyl group using hydrazine
yielded mono-protected bis-amine 3 in 76% overall yield. Subse-
quent SyAr displacement employing 4-chloro-thienopyrimidine
in the presence of Hunig’s base followed by Boc-deprotection un-
der acidic conditions afforded intermediate 4 in moderate yield
(66%). Finally, urea formation was achieved by heating 4 in the
presence of various isocyanates to give the desired inhibitors in
variable yields. Alternatively, converting 4 into the corresponding
phenyl-carbamate derivative followed by reaction with various
amines afforded urea analogues in poor to good yields.

Initial structure-activity studies attempted to replace the 3-tri-
fluoromethylphenyl ring of 1, but failed to yield significant
improvements in activity (data not shown). We therefore focused
next on variations in the linker region (Table 1). Reversing the
amide linkage in 1 caused a complete loss of activity (5), whereas
the corresponding urea (6) displays activity similar to 1. Moving
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Scheme 1. Reagents and conditions: (a) Boc,O, DMAP, NEt3, MeCN, reflux, 86%; (b) H,NNH,, THF, 65 °C, 88%; (c) 4-chlorothieno[3,2-d]pyrimidine, DIEA, DMF, 90 °C, 75%; (d)
4 M HCl/Dioxane, 88%; (e) RNCO, Toluene, 90 °C, 20-80%; (f) PhOCOCI, NEt3, THF, 0 °C to rt, 80%; (g) RNH,, cat. DMAP, 80 °C, DMSO, 10-80%.

Table 1
Initial SAR of the linker moiety of 1%
y G
S | =N
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N N
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2 Typically average of at least two dose-response curves. Variation generally <100%. See Supplementary data and Ref. 17 for assay protocols.

the urea linkage from the 4 to the 3 position of the central aryl ring
abolishes biochemical activity (7), suggesting specific engagement
with the protein. By contrast, replacing the central ring with 3-
substituted imidazole is tolerated (8), and the corresponding tria-
zole analogue is about 10-fold more active than 1 (9, Table 1). Fi-
nally, introduction of a 2-aminothiazole moiety as the central
ring results in an even more active compound, 10, with an ICsq
against Aurora A in the low nanomolar range. Interestingly, the
regioisomeric 2-aminothiazole derivative 11 does not show any
appreciable activity.

Compound 10 was also shown to be a strong inhibitor of Aurora
B (ICso = 14 nM, Table 2). Consistent with other pan-Aurora kinase
inhibitors,512192 the cellular profile of compound 10 is dominated
by its inhibition of Aurora B. Compound 10 decreases phosphoryla-
tion of the Aurora B substrate histone H3 (pHH3) in cell culture
(HCT116, Fig. 2A) and also causes endoreduplication (appearance
of 8N DNA) in mitotic cells at low nanomolar concentrations (Fig.
2B). Furthermore, the compound inhibits cellular proliferation of
the HCT116 cell line with an ECsg of 13 nM as measured by incor-
poration of BrdU (Table 2).

Having verified the cellular phenotype, we next explored the
importance of the urea moiety in 10 (Table 2). Replacing the urea
with an amide results in significantly reduced activity (cf. 10 and
12), as does N-methylation (cf. 15 relative to 16), in both biochem-
ical and cellular assays (proliferation and cell-cycle analysis).
Replacing either NH moiety of the urea with a methylene also
abrogates activity (10 vs 13 or 14, Table 2). To further understand
the importance of the urea and the binding mode of compound 10,
an X-ray crystal structure of 10 complexed with humanized mouse
Aurora A was solved (Fig. 3, PDB code: 3d14). Inhibitor 10 binds the

kinase in the catalytic cleft and forms a hydrogen bond between
the thienopyrimidine N1 and the main chain NH of Ala226 in the
hinge region (Fig. 3A). The bi-aryl urea portion of the compound
extends deep into the selectivity pocket of the protein.?! Interest-
ingly, although the compound extends toward the o-C helix, the
DFG loop of Aurora A is in a conformation typically associated with
an activated state.?! The crystal structure also explains the impor-
tance of the urea moiety, which is involved in an intricate hydro-
gen-bond network with the protein (Fig. 3B). The urea oxygen is
within close proximity (2.9 A) of the catalytic lysine (Lys175),
while the two NH groups form a bidentate hydrogen-bond interac-
tion (3.0 and 2.9A) with the catalytic glutamic acid residue
(Glu194). This network is consistent with the structure-activity
relationships in Table 2. In addition, the endocyclic thiazole nitro-
gen forms a hydrogen bond with a water molecule which in turn
also coordinates the glutamic acid (Glu194) as well as the primary
amide moiety of glutamine 198 (Fig. 3B).

Understanding the importance of the 2-aminothiazole urea lin-
ker, we next turned our attention to modifications of the aniline
portion of the inhibitors (Table 3). Removal of the 3-trifluoro-
methyl substituent results in reduced biochemical- and cellular
activity (cf. compounds 15 and 10). Other 3-substituents are gen-
erally tolerated (e.g., 17-21), with the 3-chloro analogue 21 being
equipotent to 10. Moving the chloro-substituent from the 3 to the
4 position results in modest loss of activity (21 vs 22), whereas the
corresponding 2-substituted derivative is significantly less active
(21 vs 23). Di-substituted analogues, for example, compounds 24
and 25, generally show modest to good activity, but do not offer
any advantages over the mono-3 substituted versions. Heterocyclic
right-hand side moieties were also made and tested. For example,
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Table 2
SAR of the urea moiety in compound 10*
N
Iy
R
HN’A\V/A\S
S ] X JN
N
N/

Compound R Aurora A ICso [nM]

Aurora B ICso [nM] BrdU® ECso [nM] FACSE ECso [nM]

H
10 %’NYN CFs 22
o]
N
B ¥ CFs
o

2500
N
13 it CFy >10,000
(@]
4900

H
14 'E’WN CF3
o}
H H

15 "E’NE’N\Q 52
16 in\g/'\l'O

7200

14 13 <16

NT NT 1000-4000
580 >10,000 NT

442 NT NT

120 45 16-63

NT >10,000 NT

2 See Ref. 17 and Supplementary data for assay protocols.
b Cellular proliferation as determined by BrdU incorporation.

¢ Cell-cycle profile as determined by FACS analysis performed with 16, 63, 250, and 1000 nM concentrations of compound, cf. Figure 2B. ECsqs reported as a range when

>50% of the DNA content is 4 N or higher.
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Figure 2. Cellular characterization of compound 10. See Ref. 17 for experimental
details. (A) Western blot analysis of cell-extracts from HCT116 cells treated with
compound 10 for 16 h. (B) FACS analysis of HCT116 cells treated with 16 nM
compound 10 for 16 h.

indole-derivative 26 has good activity in both the biochemical and
the cellular assays. Alkyl-derived ureas were also examined, such
as compound 27. However, unsaturated analogues were found to
be less potent in general (e.g., 27, Table 3) and also tended to be
metabolically labile. We also evaluated compounds containing

amines. As expected, incorporation of an amine results in signifi-
cantly improved aqueous solubility at lower pH. Some amine con-
taining analogues also display modest to good activities (e.g., 28
and 29, Table 3), but unfortunately they tended to be heavily eff-
luxed and have less favorable in vivo pharmacokinetic profiles as
well (data not shown).

As mentioned above, modulation of histone H3 phosphorylation
is a useful biomarker for the assessment of Aurora kinase inhibi-
tors, and has been used in pre-clinical as well as clinical studies.'®
In initial PK/PD/activity assessments, we observed that anti-tumor
activity in xenograft models required extended suppression of his-
tone H3 phosphorylation in tumor tissue. Compounds with good
overall profiles were therefore further evaluated for their ability
to decrease the levels of pHH3 in HCT116 cell culture and in in vivo
HCT116 xenograft models (Target Modulation, Table 4) using Wes-
tern blot analysis (cf. Fig. 2).17 Generally, efficient reduction of
pHH3 levels in vivo requires both strong in vitro suppression of
pHH3 and high compound levels in the tumor. For example, com-
pound 20 strongly inhibits the formation of pHH3 in vitro but only
exhibits significant target modulation at the higher dose (100 mg/
kg, ip), correlating well with the amount of inhibitor present in the
tumor (Table 4). Halogen-substituted analogues, including 21 and
25, usually show high tumor concentrations and considerable tar-
get modulation. Interestingly, although indole-derived 26 has
modest cellular activity and yields relatively low tumor concentra-
tions, it surprisingly shows significant in vivo suppression of pHH3.
In contrast, amine containing analogues (e.g., 28 and 29) typically
show lower tumor concentration and also exhibit modest cellular
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. yLys175
W (Lys162)

Figure 3. Co-crystal structure of compound 10 (green) complexed to humanized mouse Aurora A, see the Supplementary data for details. Numbering based on mouse Aurora
A with the corresponding human numbers shown in parentheses. (A) Compound 10 binds Aurora A in the DFG-in conformation and makes a hydrogen bond with the hinge.
Phe288 (in the DFG triad) is highlighted in red. (B) Hydrogen-bonding network of the 2-aminothiazole urea moiety; see text for details. Molecular images were produced with

PYMOL (DeLano, W. L. (2004) PyMOL, http://pymol.sourceforge.net/).

Table 3
SAR of the urea substitution®

Compound R Aurora A ICso [nM] Aurora B IC5o [nM] BrdU® ECs, [nM] FACS® ECso [nM]
10 3-CF5-CgHy 22 14 13 <16
15 -Ph 52 120 45 16-63
17 3-Me-CgH4 9 54 19 <16
18 3-MeO-CgHy 50 NT 34 16-63
19 3-CCH-CgH4 41 NT 14 <16
20 3-F-CgH4 23 18 6 <16
21 3-Cl-C¢Hq 9 31 6 <16
22 4-Cl-CeHy 39 NT 30 16-63
23 2-Cl-CgH4 280 NT 376 >250
24 3,4-Cl,-CgH3 96 13 24 16-63
25 3-Cl-4-F-CgH5 11 51 5 <16
26 7-Indolyl 30 19 31 16-63
27 Cyclohexyl 270 61 72 63-250

CF,
28 -% 4 22 6 <16

N }

29 -EQ_/N(J 53 120 121 16-63

@ See Ref. 17 and Supplementary data for assay protocols.
b Cellular proliferation as determined by BrdU incorporation.

¢ Cell-cycle profile as determined by FACS analysis performed with 16, 63, 250, and 1000 nM concentrations of compound, cf. Figure 2B. ECsos reported as a range when

>50% of the DNA content is 4 N or higher.

(pHH3) activity. In accordance, they tend to display poor to modest
target modulation (Table 4).

Among the compounds evaluated in target modulation studies,
analogues 10, 21, and 26 had the most promising overall profiles
and were selected for head-to-head comparison in xenograft
anti-tumor models and toxicology studies. Although all three ana-
logues showed good activity in multiple models, analogue 21 (SNS-
314) was ultimately selected for development based on its tolera-
bility under multiple dosing schedules and ease of manufacturing
(data not shown).

A co-crystal structure of SNS-314 complexed with Aurora A
indicates that the compound has the same binding mode as ana-
logue 10, and the protein adopts the DFG-in conformation (see

Supplementary data). The hydrogen bonding interactions of the
urea are also conserved.

The selectivity profile of SNS-314 was determined against a
panel of 219 kinases (Upstate, Table 5). In this set, only 7 ki-
nases were found to be inhibited with ICsos within 100-fold
of Aurora A. In addition, SNS-314 induces a cellular phenotype
consistent with Aurora kinase inhibition and exhibits potent
anti-proliferative activity in a diverse panel of human cancer
cell lines.?? The compound also shows significant in vivo anti-
tumor activity in a number of pre-clinical xenograft models.
For example, intermittent dosing (150 mg/kg ip, biwx3) results
in 96% tumor growth inhibition (day 36) in an HCT116 mouse
xenograft model.??



http://pymol.sourceforge.net/
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Table 4
In vitro and in vivo target modulation: suppression of pHH3?
Compound Aurora B ICso [nM] pHH3 ECso [nM] Target modulation score:€ in vivo inhibition of pHH3
50 mg/kg (ip) 100 mg/kg (ip)
Score at 6 h Score at 10 h Score at 6 h Score at 10 h
(Tumor conc.)? (Tumor conc.)? (Tumor conc.)? (Tumor conc.)?
10 14 <16 4(NA) 3(NA) 4(NA) 4(NA)
20 11 <16 2(1.20) 1(<1.00) 4(101) 2(19.8)
21 31 <16 4(9.07) 3(3.72) 4(28.6) 4(31.6)
24 13 16-63 1(21.3) 1(12.5) 2(49.5) 2(54.8)
25 51 <16 4(25.8) 2(15.6) 4(112) 3(56.1)
26 19 16-63 4(4.82) 4(3.67) 4(16.9) 4(4.36)
28 22 16-63 2(NA) 1(NA) 3(6.20) 2(8.76)
29 120 63-250 1(<1.00) 1(<1.00) NA NA

@ See Ref. 17 for experimental details.

" In vitro suppression of pHH3 (S10) as determined by Western blot analysis performed with 16, 63, 250, and 1000 nM concentrations of compound using the HCT116 cell
line. ECsos reported as a range, cf. Figure 2A.

€ In vivo suppression of pHH3 (S10) as evaluated by densitometry of Western blots, cf. Figure 2A. Mouse HCT116 xenograft model was used. Score 1: 0-25% inhibition,
score 2: 25-50% inhibition, score 3: 50-75% inhibition, score 4: 75-100% inhibition.

4 Amount of compound [ptM] detected in the tumor at the indicated time.

Table 5 References and notes
Kinase selectivity profile of SNS-314 (21)*
Kinaoe ICso [NM] 1. Carmena, M.; Earnshaw, W. C. Nat. Rev. Mol. Cell Biol. 2003, 4, 842.

2. Marumoto, T.; Zhang, D.; Saya, H. Nat. Rev. Cancer 2005, 5, 42.
Aurora <1.0 3. Katayama, H.; Brinkley, W. R.; Sen, S. Cancer Metastasis Rev. 2003, 22, 451.
Trk B 5.0 4, Gautschi, O.; Heighway, ].; Mack, P. C.; Purnell, P. R.; Lara, P. N,, Jr; Gandara, D.
Trk A 12 R. Clin. Cancer Res. 2008, 14, 1639.
Flt4 14 5. Bischoff, J. R.; Anderson, L.; Zhu, Y.; Mossie, K.; Ng, L.; Souza, B.; Schryver, B.;
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Keen, N. J.; Taylor, S. S. J. Cell Sci. 2006, 119, 3664.
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The synthesis and biological evaluation of libraries of 8-biarylchromen-4-ones enabled the elucidation of
structure-activity relationships for inhibition of the DNA-dependent protein kinase (DNA-PK), with 8-(3-
(thiophen-2-yl)phenyl)chromen-4-one and 8-(3-(thiophen-3-yl)phenyl)chromen-4-one being especially

© 2008 Elsevier Ltd. All rights reserved.

The cellular response to DNA double-strand break (DSB) forma-
tion is an essential component of normal cell survival, following
exposure to DNA-damaging chemicals and ionising radiation.'
The DNA-dependent protein kinase (DNA-PK), a member of the
phosphatidylinositol (PI) 3-kinase-related kinase (PIKK) family,
plays an important role in DNA DSB repair via the non-homologous
end-joining (NHEJ) pathway.>™* The ability of DNA-PK to detect
and signal the repair of DNA damage may also protect cancer cells
from the cytotoxic effects of DNA-damaging cancer therapies.
Accordingly, inhibition of DNA-PK has been demonstrated to
potentiate the cytotoxicity of ionising radiation and a number of
DSB-inducing antitumour agents in vitro.>® A major objective of
our research is the development of potent and selective DNA-PK
inhibitors, suitable for clinical evaluation as chemo- and radio-sen-
sitisers in the treatment of cancer.

In the absence of suitable structural biology information for
DNA-PK, inhibitor design has been guided by a combination of
homology modelling, utilising the known crystal structure of PI
3-kinase,” and pharmacophore mapping based on the non-selec-
tive DNA-PK inhibitor LY294002 (1).8 These initial studies enabled
the elucidation of structure-activity relationships (SARs) for DNA-
PK inhibition, and the discovery of potent and selective chrome-
none inhibitors, exemplified by NU7026 (2).° Encouraged by the

* Corresponding author. Tel./fax: +44 191 222 8591.
E-mail address: r.j.griffin@ncl.ac.uk (RJ. Griffin).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.066

potency and kinase-selectivity of 2 and related compounds, a sys-
tematic variation of the substitution pattern on the chromenone



mailto:r.j.griffin@ncl.ac.uk

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

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



4886 M. Desage-El Murr et al./Bioorg. Med. Chem. Lett. 18 (2008) 4885-4890

morpholine
————— ring

chromen-4-one
scaffold

Figure 1. Structural components of 8-(biaryl-3-yl)chromen-4-one inhibitors of
DNA-PK.

pharmacophore was undertaken, employing a solution-phase
multiple-parallel synthesis approach for the preparation of focused
compound libraries.'®!! NU7441 (3) was prominent amongst sev-
eral hits emanating from the library screen, with an independent
resynthesis confirming the high potency (ICso = 12 nM) and DNA-
PK selectivity of this chromenone. Preclinical antitumour studies
with 3 have demonstrated that this DNA-PK inhibitor potentiates
the in vivo cytotoxicity of topoisomerase inhibitors in a human tu-
mour model.!?

Although less potent than NU7441 as a DNA-PK inhibitor, the 8-
(biphenyl-3-yl)chromen-4-one derivative (4; IC5o=180 nM) was
also identified from the library as a potentially interesting struc-
tural lead. In particular, the non-planar biphenyl motif of 4 offered
the opportunity to probe alternative regions of the ATP-binding
domain of the kinase. In this letter, we report the results of studies
designed to elucidate preliminary SARs for the 8-biarylchrome-
none pharmacophore varied with respect to three parameters as
shown in Figure 1, namely the substituent R on the 3’-phenyl
group, and the nature of the ‘proximal’ and ‘distal’ aryl groups.
For this purpose, the core chromen-4-one scaffold and the 2-mor-
pholin-4-yl substituent were retained. A solution-phase multiple-
parallel synthesis approach was employed for the preparation of
libraries of the required 8-biarylchromenones, several members

'
(@]

| i;70r10
v; 12
o
5k-5x 7; R = 0Bn, R' = B(OH),

8; R =0Bn :I . /O
i ‘R = 1o —
9:R=OH 10;R =OH, R .
:I i 12; R =R"=B(0OH),
11; R = OTf
iv
4, 5a-5j; R = Ar

of which were found to exhibit potency comparable with the
benchmark DNA-PK inhibitor NU7441 (3).

Our previous studies have utilised the chromenone triflate
derivative 6 as a key reagent for the preparation of 8-substituted
chromenone libraries, employing Suzuki-Miyaura palladium-
catalysed cross-coupling reactions.®>~ "3 This strategy was also
amenable for the synthesis of the target substituted 8-biaryl-3-
ylchromenones (5) through analogous reactions on the triflate
building block 11, which was readily accessible from 6 (Scheme 1).
For ease of manipulation, and with a view to preparing 11 on a con-
venient scale, initial studies utilised 3-benzyloxyphenylboronic
acid (7), which was available from 3-bromophenol by standard
methods. Coupling of 7 with 6 gave the chromenone 8 in high
yield, and subsequent removal of the benzyl protecting group by
hydrogenation afforded the required phenol 9.

Consistent with the known tolerance of the Suzuki-Miyaura
reaction to a wide range of aryl substituents,'* we subsequently
found that the commercially available 3-hydroxyphenylboronic
acid pinacol ester (10) could be coupled to 6, to give 9 directly
and in comparable yield. Smooth conversion of 9 into 11 was read-
ily achieved with the mild triflating agent N-phenyltriflimide. Prior
to undertaking library synthesis, a coupling reaction was con-
ducted between triflate (11) and phenylboronic acid under previ-
ously optimised reaction conditions (Pd(PPhs)s, K;CO3, dioxane,
reflux). The resulting 8-biphenylchromenone (4) proved identical
to that prepared previously by an alternative method.!' Analogous
cross-coupling reactions were conducted with 11 and 10 commer-
cially available arylboronic acids in a GreenHouse™ reactor (Rad-
leys) to furnish the target arylchromenones (5a-5j) (Scheme 1).

Given the commercial availability of 1,3-phenylene-bis-boronic
acid (12), the possibility of undertaking a ‘one-pot’ double Suzuki-
Miyaura coupling reaction with chromenone triflate (6) and the
appropriate bromoheterocycle (ArBr) was also investigated.!”
Again, a model reaction conducted with 12, the triflate 6 and bro-
mobenzene under microwave conditions (5 min at 150 °C) con-
firmed the viability of the reaction, with 4 being obtained in
good yield (60%). This approach was utilised for the preparation
of compounds (5k-5x) as shown in Scheme 1. Replacement of
the 8-phenyl substituent of 4 by a substituted thienyl, thiazolyl
or pyridyl group was achieved by coupling either the chromenone
triflate (6) or the chromenone-8-boronate (13) with the appropri-
ate heterocyclic boronic acid or dihaloheterocycle, respectively, as

O (0]
6; X = OTf 14; R =Bror Cl .
13; X =B(OH), :|vu
15a-15v; R = Ar
n=1or2

Scheme 1. Reagents and conditions: (i) (6 and 7) cat. Pd(PPhs)4, K>COs3, dioxane, reflux, 88%, (6 and 10) cat. PdCl,(dppf), Cs,COs, THF, 90%; (ii) H,, Pd/C, MeOH, 93%; (iii)
PhNTf,, EtsN, THF, 77%; (iv) cat. Pd(PPhs),, K,CO3, ArB(OH),, dioxane, reflux, 10-30%; (v) (6 and 12) ArBr, cat. PdACI(PPhs),, Na,CO3, DME/H,0/EtOH (7:3:2), microwave, 150 °C,
5 min, 50-70%; (vi) cat. Pd(PPhs)4, K,CO3, ArB(OH); or aryl halide, DMF, 150 °C, 10 min, 40-90%; (vii) cat. Pd(P'Bus),, K»CO3, ArB(OH),, DMF, 150 °C, 5 min, 50-60%. [See Tables

1 and 2 for the nature of R in 5a-5x and 15a-15v, respectively.]
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Table 1
Chemical structures and DNA-PK inhibitory activity of 2-morpholin-4-yl-8-phenyl-chromen-4-ones bearing a 3’-aryl substituent

(O
2

(0]
Compound R I1Cs0® (M) Compound R I1Cs0® (M)
Me
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S
Me
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2 1Csp values were determined in accordance with Ref. 9.
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Table 2
Chemical structures and DNA-PK inhibitory activity of 2-morpholin-4-yl-chromen-4-ones bearing 8-heteroaryl substituents
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Table 2 (continued)

Compound Ar ICs50” (LM) Compound Ar 1Cs50” (LM)
o' Y/
_ ) N
15§ = 0.24 15u H Z | 0.61
S\fN S
N
\_/
N
15k __ 0.51 15v | & | 445
S N N~ NS

@ ICso values were determined in accordance with Ref. 9.

shown in Scheme 1. Subsequent Suzuki-Miyaura arylation of the
intermediate 14 with a range of arylboronic acids afforded the tar-
get heterobiaryl-3-ylchromenones (15a-15v). In all cases, reaction
progress was monitored by LC-MS analysis and the products were
purified by semi-preparative HPLC. The DNA-PK inhibitory activity
of both compound libraries is summarised in Tables 1 and 2.

Results and discussion. Our ongoing programme to develop
inhibitors of DNA damage-activated kinases as radio- and chemo-
potentiators in cancer therapy has resulted in the identification
of a number of potent and kinase-selective inhibitors of DNA-PK,
most notably NU7441 (3). That significant inhibitory activity also
resides in the simple 8-biphenylchromenone (4) was surprising,
in light of our previous structure-activity studies indicating that
an extended planar aromatic system at the chromenone 8-position
is a prerequisite for potent DNA-PK inhibition. Previous studies had
also demonstrated that chromenones bearing a biphenyl-3-yl
group (e.g., 4) were more active than the corresponding biphe-
nyl-2-yl and biphenyl-4-yl isomers.!! This is consistent with the
likely disposition of the 3-phenyl group of 4 relative to the termi-
nal aryl ring of the dibenzothiophen-4-yl substituent in 3 within
the ATP-binding pocket. The fact that 4 is approximately 10-fold
more potent than the parent 8-phenylchromenone LY294002 (1,
IC50 = 1.6 uM) strongly suggests that the 3-phenyl substituent of
4 is making additional binding interactions within the ATP-binding
domain of DNA-PK. The overall objective of this study was thus to
probe this putative binding interaction further, with a view to
delineating SARs and improving potency.

For the small series of 4-substituted biphenyl-3-ylchromenones
evaluated (5a-5f), it is evident that substitution did not improve
activity, and with the exception of the 4-hydroxy derivative (5a),
which proved to be equipotent with the biphenyl-3-ylchromenone
(4), a 5- to 10-fold reduction in potency was observed (Table 1). A
modest improvement in activity over compounds 5b-5f was ob-
served for the 3,5-disubstituted derivatives (5g and 5h), but both
compounds were less potent than 4. By contrast, replacement of
the 3-phenyl group of 4 by an isosteric thiophen-2-yl (5i) or a thio-
phen-3-yl (5j) substituent improved DNA-PK inhibitory activity
approximately 10-fold, with 5i and 5j exhibiting ICso values of
18 nM and 20 nM, respectively. Interestingly, the introduction of
a methyl group onto the thiophene ring (5k-5n) proved detrimen-
tal to inhibitory activity, with a 50-fold reduction in potency being
observed for derivatives bearing a methyl group ortho to the het-
eroatom (5k and 5m). This is consistent with the evidence adduced
previously indicating limited steric tolerance at this position. The
high potency exhibited by the thiophene derivatives 5i and 5j
implies that a small electron-rich aryl ring is a prerequisite for
DNA-PK inhibitory activity, and this is supported by the activity
of phenol 5a. However, although the reduced potency of the corre-
sponding 3-furanylchromenones (50 and 5p), the thiazole (5r) and
the imidazole derivatives (5s and 5t) is consistent with this pro-

posal, the weak activity of the analogous pyrrole derivative (5q)
was unexpected. Perhaps not surprisingly, replacement of the pen-
dant phenyl ring of 4 by a pyridyl or pyrimidinyl heterocycle (5u-
5x) resulted in a loss of potency.

The activity of chromenones bearing heteroaryl groups at the 8-
position is summarised in Table 2. Replacement of the 8-phenyl
substituent of 4 by a thiophen-2-yl group (15a and 15b) did not
improve DNA-PK inhibitory activity, although the 4-phenylthio-
phen-2-yl derivative (15b), together with the bithiophene ana-
logue (15c), proved the most potent member of this series
(ICs0 =90 nM). With the exception of the indolyl derivative (15e),
larger heterocyclic groups on the thiophene ring were detrimental
to potency, and where direct comparisons were possible (15a with
15g, and 15c¢ with 15i), replacement of thiophen-2-yl by thiazol-2-
yl was not beneficial. Substitution of the 8-phenyl ring of 4 by a
2- or 4-pyridyl group (15m and 15n) resulted in a reduction in po-
tency, and derivatives bearing other heterocycles on the pyridyl
ring (150-15v) were all also less active.

In summary, we have identified a novel series of 8-biarylchro-
men-4-ones as inhibitors of DNA-PK that exhibit a range of poten-
cies against the isolated enzyme. Notably, 8-(3-(thiophen-2-
yl)phenyl)chromenone (5i), the most potent of these inhibitors,
was also found to potentiate the cell killing of 2 Gy of ionising radi-
ation by a factor of 1.6 when used at concentration of 500 nM in a
Hela cervical carcinoma cell-based assay.!? This demonstrates that
5i is cell permeable, and that cellular inhibition of DNA-PK is
achievable with this compound at pharmacologically relevant con-
centrations. Overall, the studies described in this letter have fur-
ther elucidated an understanding of SARs for DNA-PK inhibition,
and will provide a platform for ongoing efforts to optimise potency
and in vitro/in vivo activity for this chemotype.
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The cysteine-specific modifiers we reported previously, N-ethylmaleimide (NEM) and iodoacetanilide
(IAA), have been applied to label cysteine residues of peptides in combination with electrospray ioniza-
tion mass spectrometry (ESI-MS/MS), and their scope in proteomic studies was examined. Peptides mod-
ified with N-ethylmaleimide (NEM) or iodoacetanilide (IAA) showed significant enhancement in
ionization efficiencies. These modifiers were also found to remain intact in tandem mass spectrometry.
Both combinations of N-ethylmaleimide (NEM) and ds-N-ethylmaleimide (ds-NEM), and iodoacetanilide
(IAA) and '3Cg-iodoacetanilide (*3Cg-IAA) were also shown to be applicable to quantitative analysis of a

© 2008 Elsevier Ltd. All rights reserved.

Proteomics, which studies sets of proteins expressed under cer-
tain physiological conditions, is becoming important for solving
problems in biology that involve the malfunction of complex pro-
tein networks. In particular, identification and quantitative analy-
sis of proteins found under different external stimuli are
essential parts of proteomics research. Classical methods of quan-
titative analysis include densitometric analysis' of 2D gels or
radioisotope labeling.? More recent methods that have been pro-
ven to be effective include application of stable-isotope labeling
and subsequent mass spectrometric analysis for identification
and concurrent quantitative analysis of proteins.> To this end, we
have reported several sets of isotope-labeled and unlabeled small
organic molecules that specifically react with cysteine residues.*"
7 In combination with a soft ionization mass spectroscopy, MALDI
TOF, we demonstrated that these sets of reagents allow quantita-
tive analysis of proteins and peptides as well as identification of
proteins, and therefore are expected to be a useful tool for proteo-
mics research.

While MALDI is a very common type of soft ionization mass
spectrometry, ESI is also an equally common soft ionization meth-
od for biochemical studies. While MALDI has certain advantages
over ESI, such as ease of operation and tolerance to buffers and
other additives, ESI also has certain advantages over MALDI, such
as applicability to liquid samples, allowing direct connection to li-
quid chromatography (LC), and non-interference from matrices. In
addition, ESI is more commonly applied than MALDI to the studies
of ligand-protein or protein-protein interaction.®

* Corresponding author. Tel.: +1 806 742 3118; fax: +1 806 742 1289.
E-mail address: satomi.niwayama@ttu.edu (S. Niwayama).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.069

Therefore, among the above cysteine-specific modifiers we pre-
viously reported, we applied N-ethylmaleimide (NEM) and iodo-
acetanilide (IAA)® to modification of model peptides and
examined their effects by ESI-MS and ESI-MS/MS. In addition, we
performed quantitative analysis of a model peptide using N-ethyl-
maleimide (NEM) and ds-N-ethylmaleimide (ds-NEM), 1 and 2, as
well as iodoacetanilide (IAA) and '3Cg-iodoacetanilide ('3Cs-1AA),
3 and 4, in combination with ESI-MS in order to examine their
applicability to proteomics studies. In particular, we compared
the results with a well-known cysteine-specific modifier, iodoacet-
amide (IA), 5, which has been commercially available for a long
time. These modifiers, 1-5, are known to react with the sulfhydryl
group of the cysteine residues as shown in Figure 1. Herein we re-
port the results.

First we examined the ionization efficiencies of model peptides
with N-ethylmaleimide (NEM), 1, iodoacetanilide (IAA), 3, and
iodoacetamide (IA), 5. Structural modifications of peptides can of-
ten cause increase or decrease in the intensities of ionization effi-
ciencies.!® The enhancement of ionization efficiencies would
allow detection of the peptides in smaller amounts, and therefore
would be a great asset for proteomics research. With the use of
ESI, we noticed significant reproducible enhancement by these
modifiers. We therefore compared the enhancement with another
well-known commercial cysteine modifier, iodoacetamide
([A)'lOb,lOC

The three model peptides used were PEP 60, PEP 13, and PEP 31,
of which the amino acid sequences, molecular weight, and pl val-
ues are ALVCEQEAR, 1017.49 Da, 4.4; SDTCSSQKTEVSTVSSTQK,
2001.92Da, 6.2; and KEEPPHHEVPESETC, 1746.75Da, 4.5,
respectively. Each peptide has one cysteine residue. The alkylation
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Figure. 1. N-Ethylmaleimide, ds-N-ethylmaleimide, iodoacetanilide, *Cg-iodoace-
tanilide, iodoacetamide, and their reactions with cysteine.

reaction was carried out by the mixing of each peptide solution and
each modifier solution at room temperature followed by incuba-
tion for 1 h for completion of the reaction, and the reaction was
terminated by the addition of p-mercaptoethanol (BME).'" Alkyl-
ation of each peptide with iodoacetamide (IA), N-ethylmaleimide
(NEM), or iodoacetanilide (IAA) added 57, 125, or 133 Da, respec-
tively, to the peptide.

Figure 2 shows the ion chromatograms for the three model pep-
tides, PEP 60 (a), PEP 13 (b), PEP 31 (c) labeled with above three
modifiers. Each ion chromatogram was obtained from exactly the
same amount of each modified peptide (1 pmol).

Table 1 summarizes the masses observed for each modified
peptide obtained from the peaks in the ion chromatograms. The
modified peptides were identified with different charge statuses.
PEP 31 and PEP 13 were identified from the triply charged
([M+3H]**), and PEP 60 was identified from the doubly charged
ion ([M+2H]*").

As can be seen in the ion chromatograms, all the peptides
underwent the alkylation reactions to completion or near comple-
tion under these reaction conditions. In particular, PEP 60 was ob-
served to be the most reactive, as only the peaks corresponding to
IA-PEP 60, NEM-PEP 60, and IAA-PEP 60 were observed, showing
that the alkylation reactions were complete. Under the same reac-
tion conditions, however, the reaction mixture of PEP 13 and PEP
31 showed small peaks corresponding to the mass of unmodified
PEP 13 and/or those likely to correspond to the starting peptides
that reacted with B-mercaptoethanol (BME), although these ion
chromatograms still indicate that the reactions were near
complete.
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Figure. 2. The ion chromatograms obtained for the PEP 60 (a), PEP 13 (b), and PEP
31 (c), modified with iodoacetamide (IA), N-ethylmaleimide (NEM), or iodoacetan-
ilide (IAA).

Table 1
The observed masses for the model peptides modified with iodoacetamide (IA),
N-ethylmaleimide (NEM), or iodoacetanilide (IAA)

Peptides Modified with IA Modified with NEM Modified with IAA
PEP 31 602.3 625 627.7
PEP 13 687.3 710 712.8
PEP 60 538.4 572.3 576.3

Figure 3(a) and (b) shows the extent of the ionization efficien-
cies of the modified peptides (a) and the ratios of peak areas for
NEM-modified peptides/IA-modified peptides and IAA-modified
peptides/IA-modified peptides (b), which were obtained from the
above ion chromatograms.

As can be seen from Figure 3, remarkable enhancement in peak
intensity of the peptides modified with N-ethylmaleimide (NEM)
and iodoacetanilide (IAA) over those modified with iodoacetamide
(IA) was observed for all three peptides. In particular, PEP 60
showed the greatest enhancement when modified with N-ethyl-
maleimide (NEM) or iodoacetanilide (IAA) on the peak area in com-
parison to the same peptide modified with iodoacetamide (IA). The
ionization efficiency was 20 times greater with NEM-PEP 60 than
with IA-PEP 60, and 15 times greater with IAA-PEP 60 than with
IA-PEP 60 (Fig. 3). In the case of PEP 13, the enhancement for
NEM-PEP 13 was about eightfold, and that for IAA-PEP 13 was
fourfold compared to IA-PEP 13. Similar results were also observed
for PEP 31.
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Figure. 3. (a) Observed peak areas for PEP 60, PEP 13, and PEP 31 modified with N-
ethylmaleimide (NEM), iodoacetanilide (IAA), or iodoacetamide (IA). (b) Calculated
ratios of peak areas for NEM peptide IA-peptide and IAA-peptide/IA-peptide.

The reasons for such significant enhancement observed for
NEM-modified and IAA-modified peptides are not certain. How-
ever, in ESI ionization, charged droplets will form ionized analytes.
More precisely, the charged droplets will be evaporated as a result
of desolvation to produce smaller droplets.'>'3 As smaller droplets
are produced, the surface charge density of the droplets increases,
leading to enhancement of Coulombic repulsion and further explo-
sion of the droplets into less charged smaller droplets. It has been
proposed that the hydrophobicity of analytes is important in des-
olvation, as hydrophobicity may help a greater number of analytes
to desorb more readily during the explosion of the droplets to
smaller droplets by concentrating the hydrophobic group of the
analytes on the surface of the droplets.!* Therefore, it may be
speculated that the presence of more hydrophobic groups in
N-ethylmaleimide (NEM) and iodoacetanilide (IAA) than in
iodoacetamide (IA) helped a greater number of NEM-peptide or
IAA-peptide ions to desorb in the desolvation process.

Next, in order to see the influence of these modifiers on colli-
sion-induced dissociation (CID)-induced fragmentation, the MS/
MS spectrum of a model peptide modified with N-ethylmaleimide
(NEM) or iodoacetanilide (IAA) was compared with that of the
same peptide alkylated with a well-known modifier, iodoaceta-
mide (IA). Tandem mass spectrometry is a powerful tool for iden-
tification of amino acid sequences of peptides, and has become
increasingly popular among proteomics researchers in the last
few years.!” In particular, tandem mass spectrometry is more
indispensable for identification of peptides and proteins when
ESI instead of MALDI is utilized, as peptide mass fingerprinting

is more complex due to formation of multiple charges. In addi-
tion, although our method for proteome analysis, in combination
with IAA/'3Cg-IAA or NEM/ds-NEM and MALDI as well as electro-
phoresis, allows quantitative analysis and identification of pro-
teins by peptide mass fingerprinting without the need for
tandem mass spectrometry, for many applications tandem mass
spectrometry is still advantageous for analyzing more accurately
the amino acid sequences initially identified by peptide mass
fingerprinting.

Figure 4 shows the MS/MS spectra of the model peptide, PEP 60,
which was observed to be the most reactive in the above experi-
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ments, modified with N-ethylmaleimide (NEM) (a), iodoacetanilide
(IAA) (b), and iodoacetamide (IA) (c), respectively. Most of the b
and y fragments (except for by, y;, and yg) were identified for all
three modified peptides here, and it was observed that the frag-
mentation patterns for the NEM-modified peptide as well as the
IAA-modified peptide were similar to those found in the IA-modi-
fied peptide. The fragments obtained for IA, NEM, and IAA-peptides
were similar even with regard to their charge status. For example,
the y; fragments which contain cysteine residue modified with N-
ethylmaleimide (NEM), iodoacetanilide (IAA), or iodoacetamide
(IA) were identified as [M+H]|* and [M+2H]**, and the doubly
charged fragment was the most intensive fragment in all the spec-
tra. Therefore, both modifiers, iodoacetanilide (IAA) and N-ethyl-
maleimide (NEM), work in the same manner as the well-known
modifier, iodoacetamide (IA).

It is reported that many other relatively large modifiers often
undergo fragmentation by themselves during the CID-induced
fragmentation, which often complicates interpretation of the spec-
tra.3® Therefore, it is a special advantage that both N-ethylmalei-
mide (NEM) and iodoacetanilide (IAA) remained intact during the
CID-induced fragmentation. These results demonstrate the special
expedience of our modifiers. We did not observe additional unex-
pected fragmentation which often complicates interpretation of
the spectra.

We next performed quantitative analysis of a peptide using the
above modifiers we synthesized. Quantitative analysis of proteins
and peptides is also essential to proteomics research. Earlier we
demonstrated that quantitative analysis of peptides and proteins
using iodoacetanilide (IAA) or N-ethylmaleimide (NEM), and their
13Cs- or ds-labeled derivatives in combination with MADLI-TOF-
MS is possible.*>” Here, we report a similar approach using the
model peptide PEP 60 to investigate the applicability of these mod-
ifiers with ESI-MS to quantitative analysis.

The quantitative analysis of the peptide was performed with
different molar ratios of IAA-modified peptides/'3Cs-IAA-modified
peptides or NEM-modified peptides/ds-NEM-modified peptides,®
as previously reported.*~” The results are shown in Figure 5. Good
correlation was observed between the molar ratios applied for the
experiments and the peak areas of IAA-modified and !3Cg-IAA-
modified peptides as well as NEM-modified and ds-NEM-modified
peptides. As can be seen in Figure 5, the observed ratios and the
theoretical ratios for the isotope-labeled and unlabeled IAA-mod-
ified peptide are well correlated, expressed by R*=0.997 and
inclination = 1.1. Similar results were also observed for the quan-
titative analysis of the same peptide modified with NEM or ds-
NEM, showing R? =0.998 and inclination = 1.06. These correlation
parameters and inclinations indicate that the ionization efficien-
cies of the isotope-labeled and unlabeled NEM-modified PEP 60
or IAA-modified PEP 60 are the same within experimental errors,
and hence molar ratios of the peptides in two sample solutions
can be measured at a high accuracy in combination with ESI-
MS. In addition, the samples for ESI-MS measurement are solu-
tions and thus tend to be more homogeneous than the samples
for MALDI, and therefore smaller error ranges were observed with
ESI than with MALDI. Although primary isotope effects have
sometimes been reported for a combination of isotope-labeled
and unlabeled peptides in other LC-based quantification meth-
ods,*® we observed no isotope effect during the quantitative anal-
ysis of peptides in this study, as no differential elution was
observed in the ion chromatograms. The disadvantage is, how-
ever, that LC analysis is essential in general for analysis of pro-
teins in combination with ESI mass spectrometry and therefore
this LC-linked ESI-MS often requires several hours until detection
of the peaks becomes possible after the injection of the sample,
and thus requires a significantly greater amount of time com-
pared to the same quantitative analysis with MALDIL
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Figure. 5. Quantitative analysis of PEP 60 with IAA-PEP 60/'3Cs-IAA-PEP 60 (a) and
NEM-PEP 60/ds-NEM-PEP 60 (b).

In summary, we found that both iodoacetanilide (IAA) and N-
ethylmaleimide (NEM) have great advantages over iodoacetamide
(IA) for proteome analysis in combination with the ESI mass spec-
trometry. Significant enhancement of the ionization efficiencies of
the IAA- or NEM-modified peptides was observed. Among the three
modifiers, N-ethylmaleimide (NEM) showed the greatest enhance-
ment. By MALDI we find that iodoacetanilide (IAA)-modified pep-
tides tend to show greater enhancement in the ionization
efficiencies than N-ethylmaleimide (NEM)-modified peptides,
although the extent of the enhancement of the iodoacetanilide
(IAA)-modified peptides is rather smaller, which is around 2-6
times compared to that of iodoacetamide (IA)-modified peptides.!”
These findings make interesting contrast.

In the quantitative analysis of a peptide, these modifiers did not
show any isotope effects, although differential elution of isotope-
labeled and unlabeled peptides during liquid chromatography is
commonly reported due to primary isotope effects.3® We also re-
ported earlier that no isotope effects was observed in the quantita-
tive analysis of peptides or proteins with the use of these modifiers
in combination with MALDL*~7 As we discussed before, this non-
existence of isotope effects may be due to the use of small organic
molecules,” which possibly increase hydrophilicity, potentially
increasing the homogeneity of the aqueous reaction mixtures un-
like other larger modifiers such as the isotope-coded affinity tag
(ICAT),>" which consists of more than 20 carbon units. These mod-
ifiers, N-ethylmaleimide (NEM) and iodoacetanilide (IAA), allow
introduction of 5 or 6 isotope atoms unlike iodoacetamide (IA),
hence enabling more accurate quantitative analysis than iodoacet-
amide (IA) due to less overlap of the monoisotopic peak of the 3Cg
or ds-labeled peptide and isotope peaks of '3C or d-unlabeled pep-
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tides. In addition, the homogeneous nature of the sample for ESI
measurement is also a helpful asset. The small size of the modifiers
also demonstrated their advantages in the tandem mass spectra, as
they remained intact during the CID-induced fragmentation and
hence showing no unexpected fragmentation. Therefore, we expect
that identification of peptide or protein samples labeled with these
modifiers is relatively simple compared to other modifiers with
greater sizes. Although there are some disadvantages for ESI, such
as the fact that the measurement requires more time in combina-
tion with LC ESI, depending on the type of project and resources
available in the laboratories, the combination of iodoacetanilide
(IAA) or N-ethylmaleimide (NEM) and ESI is expected to serve as
a useful tool for analysis of proteomes in proteomics research. In
particular, the significant enhancement of peptide peak intensities
using ethylmaleimide (NEM) or iodoacetanilide (IAA) may lead to
identification and quantification of a greater number of proteins
in proteome mixture.
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A novel 5-[1,3,4-oxadiazol-2-yl]-N-aryl-4,6-pyrimidine diamine was synthesized and found to have
potent dual EGFR/HER2 kinase inhibitory activity. The structure-based drug design of this molecule as
well as the kinase and cellular inhibition of HER2 kinase dependent cell lines will be discussed.

© 2008 Elsevier Ltd. All rights reserved.

There is a need to identify safe and effective compounds to re-
duce the abnormal cell proliferation that is characteristic of cancer
by targeting the genetic basis for the disease. Small molecule ki-
nase inhibitors have potential to treat specific genetic alterations
that play a role in the pathogenesis of human malignancies, and
may provide effective, low-toxicity therapies to inhibit tumor
growth. Inhibition of protein kinase activity has been a successful
approach for treatment of cancer and inflammatory disease.!
HER1 and HER2 are members of the epidermal growth factor
receptor family that are involved in the development and progres-
sion of several human cancers including lung and breast.? These
receptors are regulated by kinase activity that can be inhibited
by small molecule inhibitors. To that end, we concentrated our ef-
forts to discover novel inhibitors of the HER kinases. The HER
receptors can be activated through homo- or heterodimerization
with other HER receptors resulting in phosphorylation events
and downstream signaling that produces excessive growth by
inducing cell proliferation and inhibiting apoptotic pathways. The
HER family of kinases can stimulate growth through heterodimer-
ization with other HER family members even when one of the

* Corresponding author. Tel.: +1 610 270 6561; fax: +1 610 270 6609.
E-mail address: hughe007@hotmail.com (T.V. Hughes).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.057

receptors, for example, HER1 (EGFR), has been inhibited by a small
molecule (or monoclonal antibody). Therefore, we focused on find-
ing a small molecule HER kinase inhibitor with activity against all
HER family members to prevent transactivation across all receptor
isoforms. Specifically, we screened our compound library for the
inhibition of EGFR and HER2 as they are hyper-activated in several
cancers, and their over-expression is frequently associated with
poor prognosis.>*

An intermediate in a related oncology program, compound 1
(Fig. 1), was identified as a hit for HER family kinase inhibition with

Figure 1. Screening hit compound 1.
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an ICsq value of 0.076 uM against EGFR and modest HER2 activity
(63% inhibition at 100 pM).> With 1 in hand we modified the sub-
stituent at the 5-position of the pyrimidine ring in an effort to im-
prove HER2 kinase activity in the series.

The synthesis of 1 is outlined in Scheme 1. The commercially
available dichloropyrimidine 2 was treated with ammonia gas
and warmed in toluene at 60 °C, leading to the selective displace-
ment of only one of the chlorine atoms.® The product, 4-amino-
6-chloro-pyrimidine-5-carbaldehyde (3), was reacted with com-
mercially available 4-benzyloxy-3-chloro-phenylamine in DMSO
at 100 °C in the presence of Et3N to give pyrimidine 1.

The conversion of 3 to 1 was highly dependent in the order of
addition for the reagents (Scheme 2). The conversion of 3 to 1 oc-
curred smoothly if the aniline is added last; however, if the EtsN
was added last or omitted 4 was a significant product of the reac-
tion (Table 1). Presumably, the small amount of HCl that was
formed from the desired conversion of 3 to 1 catalyzed the forma-
tion of the imine 4 as well as the formation of 5, which is the imine
of 1, unless the acid was neutralized by the addition of a base.
Remarkably, the formation of the imine 4 that occurred readily at
25 °C, in the absence of base, was not a significant product of the
reaction at 100 °C when Et;N was used as an acid scavenger.”

Initially the aldehyde functional group of 1 was used as a handle
to further explore the SAR of the series. We thought that conver-
sion of the aldehyde to a carboxylic acid derivative such as an ester
or an amide would be an efficient way to generate analogues. Our
synthesis of the corresponding esters and amides of analogue 1 is
shown in Scheme 3.

The aldehyde 1 was converted to the methyl ester 6 by treat-
ment with sodium cyanide and MnO, in MeOH/THF with one
equivalent of AcOH.® The ester was readily hydrolyzed to carbox-
ylic acid 7 by treatment with LiOH in MeOH/THF/H,O0. Initial at-
tempts at amide formation using EDCI were low yielding, with

cl cl cl NH
,\f)jCHO ] '\f)\/[CHO X NJ\/ECHO
kN/ cl kN/ NH, L

2 3

N~ NH,
1

Scheme 1. Reagents and conditions: (a) NH3 (gas), toluene, 60 °C, 87%; (b) DMSO,
EtsN, 100 °C, 4-benzyloxy-3-chloro-phenylamine, 61%.

R
Cl Cl “NH
N X R
NSO e NSRS
D P
N” > NH, N~ >NH, N” > NH,
3 4 5

Scheme 2. Reagent and condition: (a) DMSO, No Et3N, 25 °C, R = 4-benzyloxy-3-
chloro-phenyl.

Table 1

Relative ratio® of products 1, 4, and 5 without Et3N at 25 °C

Compound 6 min (%) 60 min (%)
1 12 10

4 39 46

5 2 20

@ The relative ratios of products were determined by HPLC analysis.

6 (R = CO,Me) 8
7 (R = CO,H) L

Scheme 3. Reagents and conditions: (a) NaCN, MnO,, MeOH, AcOH, reflux, 80%; (b)
LiOH, THF, MeOH, H,0, 25 °C, 81%; (c) HATU, EtN(i-Pr),, THF, R'NH(H) or R'OH,
25 °C, 60-80%.

only small amounts of amide 8 (R = CONHR! or CONR!R?) observed.
However, utilization of HATU as the coupling reagent and diisopro-
pylethylamine in THF efficiently coupled the carboxylic acid 7 with
a series of primary and secondary amines to afford various amides
8 (R=CONHR! or CONR'R?). Additionally, HATU was used to cou-
ple 7 with various alcohols to afford the corresponding esters 8
(R =CO,R"). The EFGR and HER2 kinase activity for a representative
number of analogues of 8 is shown in Table 2. Activity against Aur-
ora-A, CDK1, and VEGF-R2 kinases is also shown for comparison.

Although compound 1 (R =CHO) displayed good inhibition of
EFGR (ICs50=0.076 uM), it was only modestly potent against
HER2 kinase with an ICsg = 1.00 pM. Therefore, our objective was
to keep the EGFR potency and try to gain potency against HER2.
However, none of the amides synthesized (8b-8g and 8i) displayed
inhibition of EGFR or HER2. The carboxylic acid 7 exhibited excel-
lent potency against EGFR (ICso=41nM), and showed a slight
improvement in potency against HER2 (ICso =776 nM) compared
to the lead 1. The nitrile 8j displayed similar activity to the carbox-
ylic acid 7.° The methyl ester 6 still retained potent EGFR activity
(ICsp = 54 nM), and showed a marked improvement in HER2 po-
tency (ICso =100 nM). However, the bulkier ester 8a, which con-
tained a 2-(morpholin-4-yl)ethylamino group, showed a loss in
potency against both EFGR and HER2 (ICso=150nM and
1.53 uM, respectively). Both the amide and ester analogues contain
two heteroatoms capable of participating in H-bonds. The inactive
amide analogues contain H-bond accepting O and a H-bond donat-
ing NH moieties. However, unlike the amide analogues of 8, both
heteroatoms of the ester analogues are capable of being H-bond
acceptors. This difference may determine the ability of the substi-
tuent at the 5-position of 8 to be held in the same plane as the
pyrimidine ring via intramolecular H-bonds. It appears that the
ability of pyrimidine ring of 8 to be relatively coplanar with the
substituent in the 5-position parallels the HER2 kinase activity ob-
served. None of the analogues showed appreciable potency against
the non-HER kinases Aurora-A, CDK1, or VEGF-R2.

In an effort to expand upon the improved activity of the ester
analogues (Table 2) and to avoid ester related metabolism we
decided to explore isosteres of esters. The oxadiazole ring has been
reported as an isostere for the ester functional group.'® Specifically,
we thought that the 1,3,4-oxadiazole 11 would be an interesting
analogue to pursue. Similar to an ester, compound 11 could also
form two pseudocycles via intramolecular hydrogen bonds but
11 would be metabolically stable to hydrolysis.

Compound 11 was docked into a homology model of EGFR using
the software GLIDE.''"'> Molecular modeling of 11 shows two
intramolecular hydrogen bonds that hold the molecule in a rela-
tively flat pose in the ATP-site (Fig. 2).'* Compound 11 can exist
as two rotamers that are each capable of forming two intramolec-
ular H-bonds to the oxadiazole ring. While both rotamers are prob-
ably present in solution, or in the binding site of EGFR, the more
stable rotamer (~5 kcal/mol) is illustrated in Figure 2.'> The first
intramolecular hydrogen bond is between the O of the oxadiazole
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Table 2
Kinase activity for analogues from Scheme 2
Compound R EGFR EGFR HER2 Aurora-A CDK1 VEGF-R2
% inh. 2 uM ICs0™ (M) ICs0” (LM) ICs0* (M) ICs0™ (M) ICs0? (M)
1 CHO 79.9 0.076 63% at 100 pM 30% at 100 pM <10% at 100 pM <10% at 100 uM
7 COH 75.2 0.041 0.776 73% at 100 pM <10% at 100 pM 30% at 100 pM
6 CO,Me 83.6 0.054 0.100 50% at 100 pM ND ND
8a CO,CH,CH,(morpholin-4- yl) ND 0.150 1.53 55% at 100 pM <10% at 100 pM 11% at 100 pM
8b CONHGCgHs 55.9 >100 >100 >100 >100 >100
8c CONHCH,CH,(piperidin-1-yl) 424 ND 10.0 ~100 >100 >100
8d CONHCH,CH,(morpholin-4-yl) 353 ND 10.0 >100 >100 >100
8e CONHCH,CH,(4-methoxyphenyl) 283 ND >100 >100 >100 >100
8f CONHCH,CH,0Me 36.6 ND >100 >100 >100 >100
8g CON(CH,CH3), 35.9 ND >100 >100 >100 >100
8h CO,CH,(3-fluorophenyl) 34.1 ND >100 >100 >100 >100
8i CONH(4-methoxyphenyl) 36.5 ND >100 >10 >100 >100
8j CN 88.5 0.027 0.470 33% at 100 uM <10% at 100 M 37% at 100 uM

@ ICsp data are the average of at least two separate experiments. ICso values listed as >100 indicate no observed 50% inhibition at the highest dose tested, nor was an
inhibition maximum observed. ND indicates that the ICso experiment was not performed.

Intramolecular

hydrogen bond

Figure 2. Docking of compound 11 with EGFR kinase shows intramolecular
hydrogen bonds and intermolecular hydrogen bonds with Met793.

of compound 11 and NH, group of the amino-pyrimidine core. The
second intramolecular hydrogen bond is between the N-3 of the
oxadiazole ring and the NH of 11.

Synthesis of the 1,3,4-oxadiazole analogue 11 is shown in
Scheme 4. Methyl ester 6 was treated with hydrazine in ethanol
to give the hydrazide 9, which was coupled with 3-morpholin-4-
yl-propionic acid using EDCI in DMF to give 10. Dehydration of
10 with tosyl chloride and triethylamine in dichloromethane
formed the oxadiazole ring 11 in excellent yield.'®

RNH O
4 2 Nk/| NHNH, b

SN ONH,

9
R R
*NH O 0 NH N-N

| Y>—R!

N/| NHNH R' ¢ Nk/l (¢
k\N NH, N7 NH
10 1

Scheme 4. Reagents and conditions: (a) NH,NH,, EtOH, reflux, 58%; (b) EDCI, DMF,
R'CO,H, 88%; (c) tosylchloride, EtsN, DCM, 25 °C, 85% (R = 4-benzyloxy-3-chloro-
phenyl, R! = morpholin-4-yl-CH,CH,).

The EGFR and HER2 kinase data for analogues 9-11 are shown
in Table 3. The kinase selectivity of hydrazide 9 favored HER2 inhi-
bition with good HER2 kinase potency (ICso = 146 nM) and moder-
ate EGFR potency (ICs9 =458 nM). Surprisingly, the hydrazide 9
had better HER2 potency than any of the amides (Table 2, 8b-8g,
and 8i). However, acylation of the hydrazide 9 afforded compound
10 that displayed a significant loss in HER2 potency
(IC50=5.71 uM) accompanied by a mild loss in EGFR potency
(IC50 = 620 nM). Cyclization of 10 to the oxadiazole 11 was accom-
panied by a 20-fold increase in EFGR inhibition (ICsg = 30 nM) and
70-fold increase in HER2 inhibition (ICs9 =80 nM). Notably, the
isostere 11 was observed to be more active against EGFR (5-fold)

Table 3
Kinase activity for analogues 8a, 9-11
Compound R EGFR HER2 Aurora-A CDK1 VEGF-R2
1C50? IC50* IC50* IC50* IC50?
(uM)  (pM)  (pM) (uM) (uM)
8a — 0.150 1.53 55% at <10% at  11% at
100 pM 100puM 100 pM
9 0458 0.146 >10 >100 >10
10 Morpholin- 0.620 5.70 >100 >100 >100
4-yl-CH,CH,
11 Morpholin- 0.030 0.080 >100 >100 >100
4-yl-CH,CH,

2 ICsp data are the average of at least two separate experiments. ICsq values listed
as >100 indicate no observed 50% inhibition at the highest dose tested, nor was an
inhibition maximum observed. ND indicates that the ICso experiment was not
performed.

Figure 3. Compound 11 docked in to the ATP-site of EGFR1.
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and HER2 (19-fold) than the ester 8a after which it was designed.
Additionally, 11 was highly selective for HER family kinases as
demonstrated by its minimal activity against Aurora-A, CDKI1,
and VEGF-R2.

Compound 11 is potent inhibitor of the HER2 dependent cell
lines N87 (ICs50=411nM), BT-474 (IC50=312nM), and SK-BR3
(ICsp =325 nM), but does not inhibit the growth of the non-HER2
dependent Hela cell line (ICso > 100 uM).

When modeled in EGFR kinase, 11 sits in the ATP-binding cleft.
The amino-pyrimidine ring is hydrogen bonded to the hinge region
between the NH,- and COOH-terminal lobes of the kinase (Fig. 3).
N-1 of the pyrimidine is hydrogen bonded to the main chain NH of
Met793, whereas the amino group forms a hydrogen bond to the
main chain C=0 of Met793. The 3-chloro-4-(benzyloxy)aniline
group is oriented deep in the ATP-binding site and makes predom-
inantly hydrophobic interactions with the protein. The aniline
nitrogen and the ether oxygen do not pick up any direct hydrogen
bonding interactions with the protein. The 2-(morpholin-4-yl)eth-
ylamino group on the oxadiazole ring is positioned toward the sol-
vent interface, and provides a good handle to modify the
physicochemical properties of the series.

In summary, we have described the early SAR leading to a novel
5-[1,3,4-oxadiazol-2-yl]-N-aryl-4,6-pyrimidine diamine, which
represents a new and selective kinase inhibitor scaffold. The key
modification that improved the potency of these analogues was
the introduction of the 1,3,4-oxadiazole as an isosteric replace-
ment of an ester functional group. This scaffold could be viewed
as a mimic of the ubiquitous quinazoline scaffold for kinase inhibi-
tion. Extensive exploration of the SAR of this new scaffold and its
ability to inhibit different kinases is underway.
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Porcine liver esterase-catalyzed hydrolysis of 3,5,7,3',4’-pentaacetylated catechin was studied. The selec-
tivity of the enzyme in hydrolyzing the acetate moiety is time dependent. Careful control of the duration
of hydrolysis makes it possible to isolate the differentially protected catechins. Similar result was also
obtained in the epicatechin series. These results are important for elaboration of epicatechin or catechin
into different derivatives with defined regiochemistry. These include novel dimeric and trimeric

© 2008 Elsevier Ltd. All rights reserved.

The diverse array of pharmacological properties! as well as the
continuing industrial use? is the main reasons why procyanidin
oligomers have had considerable attention of scientists in recent
years. As a result, efforts are ongoing to synthesize structures with
more than one monomer unit (catechin or epicatechin), both nat-
ural and designed ones. We encountered a problem of deacetyla-
tion of per acetylated catechin or epicatechin or their oligomers
by hydrolysis while attempting to develop® a general method for
their synthesis in a region and in a stereocontrolled manner.*®
While deacetylation of phenolic esters is a simple base-mediated
hydrolysis, the situation, in these systems, is much more compli-
cated in flavonoid systems. The stereochemical integrity at C-2 is
lost” in the process, as shown in Scheme 1. Moreover, for regio-
specific coupling, one needs differentially protected catechin or
epicatechin derivatives. The free phenolic hydroxyl group acts as
an activator of the aromatic ring to which it is attached. Earlier
we have reported the preparation of 3,7,3',4'-tetraacetoxy cate-
chin/epicatechin by a Porcine Liver Esterase (PLE)-mediated hydro-
lysis of pentaacetylated monomers.? In this account, we describe
the isolation of differentially acetylated catechin/epicatechin. We
have shown that by controlling the time of hydrolysis, tetra and
diacetates can be obtained in decent yields and in regiochemically
pure forms. Only the triacetates were obtained as a mixture of

* Corresponding author. Tel.: +91 3222283300; fax: +91 3222282252.
E-mail address: absk@chem.iitkgp.ernet.in (A. Basak).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2008.07.058

regioisomers. Isolation of these partially protected catechin/epicat-
echin derivatives will help to synthesize higher oligomers in a reg-
iocontrolled manner preserving their stereochemical integrity,
which is a great challenge to the synthetic chemist.

In our earlier work,® we had shown that PLE-catalyzed hydroly-
sis of pentaacetyl catechin or epicatechin led to 3,7,3',4'-tetraacetyl
derivatives or 3-acetyl derivatives depending upon the duration of
hydrolysis (1 or 24 h, respectively) (Scheme 2). Moreover, the

Scheme 1. Base-catalyzed epimerization.
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Scheme 2. PLE-catalyzed hydrolysis for short and long duration.

hydrolysis was shown to be free from any epimerization. The spe-
cific question that we wanted to address is whether the phenolic
acetates are hydrolyzed in a sequential manner and whether it is
possible to isolate products corresponding to di or tri acetates if
the hydrolysis is carried out for intermediate duration. For this,
we needed to monitor the reaction at different time points.
When the reaction was allowed to proceed up to 9 h, a mixture
of triacetoxy compounds was isolated. The same mixture of com-
pounds was also isolated if the tetraacetoxy isomer was hydro-
lyzed separately for 8 h. The upfield shift of ring C-protons
indicated that the hydrolysis had taken place either at C-4’ or C-
3’. One of the compounds was 3,7,3'-triacaetoxy catechin/epicate-

4901

chin, while the other was 3,7,4'-triacetoxy isomer. Unfortunately,
these compounds could not be separated even by HPLC. When
the hydrolysis was allowed to proceed up to 18 h, only one diacet-
oxy compound was isolated (Scheme 3) whose structure was as-
signed as the 3, 7-diacetoxy catechin/epicatechin on the basis of
NMR studies. The upfield shift of both 2’- and 5’-protons pointed
out the hydrolysis of 3’ and 4’-acetoxy groups. No shift was ob-
served for the protons in ring A. All these results are summarized
in Table 1. The formation of similar hydrolysis products from both
catechin and epicatechin acetates ruled out the influence of C-3
acetate on the course of hydrolysis.

One application of this highly regioselective hydrolysis is man-
ifested in the synthesis of novel catechin and epicatechin-based di-
meric and trimeric molecules. Thus the tetraacetoxy catechin,
obtained from the corresponding pentaacetate by regioselective
PLE-catalyzed hydrolysis as described, when treated with mesitoyl
chloride (0.34 equiv) and triethyl amine (0.34 equiv) in methylene

Table 1

Result of PLE-catalyzed hydrolysis

Duration of Major product Isolated Ratio? of

hydrolysis (h) yield (%) penta:tetra:tri:di:zmono

acetates

1 Tetraacetoxy 70 1:5:1:nd:nd?*
catechin/epicatechin

9 Triacetoxy catechin/ 48 1:5:10:2:nd
epicatechin

18 Diacetoxy catechin/ 50 nd:nd:6:10:2
epicatechin

24 3-Acetoxy catechin/ 97 Mostly nono

epicatechin

2 Ratio determined by HPLC (ODS column, 15% H,0 in MeOH as the mobile phase;
nd means not determined.
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Scheme 3. Time dependent PLE-catalyzed hydrolysis.
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chloride, furnished the novel C3-symmetric trimer 7A in 85% yield
as a white solid (Scheme 4). The structure of 7A was unequivocally
established by thorough analysis of 'H, '*C NMR, and mass (MAL-
DI) spectral data. In a similar way, the epicatechin acetate-based
trimer 7B has also been prepared and characterized. In order to ex-
plore the possibility whether these trimers can act as dendrimeric
core, 7A and 7B were subjected to PLE-catalyzed hydrolysis. How-
ever, the hydrolysis led to a complex mixture of products demon-
strating poor selectivity.

The various dimeric catechin or epicatechins 8A-10A and 8B-
10B were prepared by treating 2 mol equivalent of the tetraacetate
with 1 mol equivalent of phthaloyl/isophthaloyl or terephthaloyl
chloride. The linked dimers were obtained in 90% yield after Silica
gel column chromatography.

In conclusion, we have developed an enzymatic method for
the sequential deprotection of phenolic acetates in catechin or
epicatechin series in regiospecific manner without any loss of
stereochemical integrity. The synthesis of novel catechin and epi-
catechin acetate-based dimeric and trimeric systems demon-
strated the utility of corresponding partially acetylated
derivatives. Currently, we are studying the antioxidant activity
of these novel polyphenols and the results will be reported in
due course.

Selected experimental procedure and spectral data. General
hydrolysis procedure: 3,5,7,3',4'-Pentaacetyl catechin (1) (200 mg,
0.4 mmol) was dissolved in acetone (10 ml). Phosphate buffer
(pH 8.0, 20 ml) was added followed by PLE as crude acetone pow-
der® (100 mg) and the mixture was stirred at room temperature for
1-24 h. It was then filtered through celite and the filtrate was ex-
tracted with ethyl acetate. The organic layer was dried, filtered,
and evaporated to leave a brownish solid from which the major
products were purified by Si-gel chromatography.

3,7,3-Triacetyl (+) catechin and 3,7,4'-triacetyl (+) catechin (mix-
ture) (5A and 6A): 5y (200 MHz, CDCl3) 6.79-7.05 (3H, m, H-2/, 5/,
6'), 6.29 (1H, d, J = 1.7 Hz, H-8), 6.14 (1H, d, J = 2.0 Hz, H-6), 6.10
(1H, d, J=2.1 Hz, H-6), 5.25 (1H, t, J=5.0 Hz, H-3), 5.15 (1H, d,
J=4.7Hz, H-2), 5.08 (1H, d, ] = 5.4 Hz, H-2), 2.44-2.60 (2H, m, H-
4), 2.38 (3H, s, 3'-0OAc or 4'-0Ac), 2.27 (3H, s, 7-OAc), 2.0 (3H, s,
3-0Ac), 1.98 (3H, s, 3-OAc); Mass (ESI) 416 (M*), 374, 355, 313.

3,7-Diacetyl (+) catechin (4A): 6y (200 MHz, CDCl3) 6.79-6.81
(2H, m, H-2/, €'), 6.69-6.74 (1H, m, H-5"), 6.29 (1H, d, J=2.0 Hz,
H-8), 6.09 (1H, d, J=2.2 Hz, H-6), 5.26 (1H, t, J=5.3 Hz, H-3),
5.09 (1H, d, J=5.2 Hz, H-2), 2.30-2.57 (2H, m, H-4), 2.28 (3H, s,
7-0Ac), 2.0 (3H, s, 3-OAc); Mass (ESI) 374 (M"), 355, 313.

3,7,3'-Triacetyl (—) epicatechin(10) and 3,7,4'-triacetyl (—) epicat-
echin (11) (mixture) (5B and 6B): 5y (200 MHz, CDCl3) 6.79-7.11
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Scheme 4. Synthesis of dimeric and trimeric architecture.





A. Basak et al./Bioorg. Med. Chem. Lett. 18 (2008) 4900-4903 4903

(3H, m, H-2', 5, 6'), 6.31 (1H, bs, H-8), 6.17 (1H, bs, Hz, H-6), 5.39
(1H, bs, H-3), 4.95 (1H, bs, H-2), 2.91 (2H, bs, H-4), 2.43 (3H, s, 3'-
OAc or 4-OAc), 2.27 (3H, s, 7-OAc), 1.89 (3H, s, 3-OAc), 1.80 (3H, s,
3-0Ac); Mass (ESI) 416 (M*), 374, 355.

3,7-Diacetyl (—) epicatechin (4B): 6y (200 MHz, CDCl3) 6.95 (1H,
s, H-5),6.83 (1H, s, H-2/,6'), 6.33 (1H, d, ] = 2.02 Hz, H-8), 6.19 (1H,
d,J=2.16 Hz, H-6), 5.42 (1H, bs, H-3), 4.97 (1H, s, H-2), 2.97 (2H, m,
H-4), 2.28 (3H, s, 7-0Ac), 1.92 (3H, s, 3-OAc); Mass (ESI) 374 (M*).

General method for the synthesis of dimers and trimers: To a solu-
tion of tetraacetyl catechin/epicatechin (1 equiv) in CH,Cl,
(15 mL), mesitoyl chloride (0.34 equiv) or phthaloyl/isophthaloyl/
terepthaloyl chloride (0.5 equiv) was added followed by Et3N
(0.34 equiv or 0.5 equiv, respectively). The mixture was stirred
for 2 h at 0°C. It was then poured into water and extracted with
CH,Cl,. The organic layer was dried and evaporated. The residue
upon Si-gel chromatography (hexane/EA 2:1) furnished the trimers
or dimers as white solids (85-90%).

Benzene-1,3,5-tricarboxylic acid tris-[3,7-diacetoxy-2-(3,4-diacet-
oxy-phenyl)-chroman-5-yl] ester (catechin) (7A): 6y (200 MHz,
CDCl3) 9.13 (3H, s, Ar-H), 7.29-7.17 (3H, m, H-6/, 5, 2’) 6.72 (2H,
ABq, ] = 1.8 Hz, H-8, 6), 5.29-5.16 (2H, m, H-3, 2), 2.89-2.75 (2H,
m, H-4), 2.27 (9H, s, 7, 3/, 4-0OAc), 1.96 (3H, s, 3-0Ac); dc
(50 MHz, CDCl3) 170.04, 168.83, 167.99, 162.06, 154.59, 150.05,
149.14, 142.07, 136.33, 135.97, 130.64, 124.38, 123.70, 121.78,
110.48, 108.76, 108.32, 68.07, 24.07, 21.06, 20.89, 20.59; Mass
(MALDI) 1548.1447 (M* +18).

Benzene-1,3,5-tricarboxylic acid tris-[3,7-diacetoxy-2-(3,4-diacet-
oxy-phenyl)-chroman-5-yl] ester (epicatechin) (7B): &y (200 MHz,
CDCl3) 9.18 (3H, s, Ar-H), 7.38 (1H, s, H-2'), 7.25 (2H, Abq,
J=8.2Hz, H-6/, 5) 6.75 (2H, Abq, J = 2.2 Hz, H-8, 6), 5.43 (1H, bs,
H-3), 5.17 (1H, bs, H-2), 3.09-2.98 (2H, m, H-4), 2.30 (9H, s, 7, 3/,
4’-0Oac), 1.99 (3H, s, 3-0ac); ¢ (50 MHz, CDCl;) 170.32, 168.92,
168.03, 168, 162.08, 155.19, 149.43, 142, 141.89, 136.37, 135.72,
130.68, 124.23, 122, 109.8, 108.77, 66.46, 26.18, 21.04, 20.76,
20.59; Mass (MALDI) 1548.1225 (M* +18).

Phthalic acid bis-[3,7-diacetoxy-2-(3,4-diacetoxy-phenyl)-chro-
man-5-yl] ester (catechin) (8A): 6y (400 MHz, CDCl3) 8.03 (2H, m),
7.69 (2H, m), 7.27 (6H, m), 6.74 (2H, bs) 6.70 (2H, bs), 5.26 (2H,
m), 5.14 (2H, d, J = 6.4 Hz), 2.94 (2H,dd, J = 5.2, 16.8 Hz), 2.74 (2H,
d, J=16.8 Hz), 2.28 (s, 18H), 1.94 (s, 6H); ¢ (100 MHz, CDCls)
170.0, 169.0, 168.1, 164.5, 154.4, 149.9, 149.2, 142.0, 141.9,
136.0, 135.9, 132.1, 131.0, 129.5, 125.7, 124.5, 123.6, 121.8,
110.4, 108.8, 108.1, 77.6, 68.1, 24.0, 21.1, 20.8, 20.6; Mass (ESI)
1047 (MH"); HRMS Calcd for CsqHs6020+H" 1047.2544. Found
1047.2547.

Phthalic acid bis-[3,7-diacetoxy-2-(3,4-diacetoxy-phenyl)-chro-
man-5-yl] ester (epicatechin) (8B): éy (400 MHz, CDCl3) 8.02 (2H,
m), 7.65 (2H, m), 7.37-7.19 (6H, m), 6.74 (2H, d, J=4.4 Hz,) 6.70
(2H, d, J=4.4 Hz), 5.36 (2H, bs), 5.18 (2H, s), 3.06 (2H,dd, ] = 4.4,
18.0 Hz), 2.50 (2H, d, J = 18.0 Hz), 2.29 (12H, s), 2.26 (6H, s), 1.89
(6H, s,); oc (100 MHz, CDCl5) 170.4, 169.01 168.1, 168.0, 164.7,
155.1, 149.7, 149.5, 141.9, 141.8, 136.0, 135.9, 132.2, 131.2,
131.0, 130.1, 129.5, 129.0, 124.4, 123.2, 122.0, 110.0, 108.8,
108.4, 77.6, 66.5, 26.0, 21.0, 20.7, 20.6; Mass (ESI) 1047 (MH"),
1069 (MNa™).

Isophthalic acid bis-[3,7-diacetoxy-2-(3,4-diacetoxy-phenyl)-chro-
man-5-yl] ester (catechin) (9A): 5y (400 MHz, CDCl3) 8.91 (1H, s),
8.41 (2H, d, J=8.0Hz), 7.68 (1H, t, J= 7.6 Hz), 7.28-7.18 (6H, m),
6.73 (4H, s) 6.70), 5.26 (2H, m), 5.18 (2H, d, J = 6.0 Hz), 2.92 (2H,

dd, J=5.2, 16.8 Hz), 2.73 (2H, dd, J=6.4, 16.8 Hz), 2.29 (12H, s),
2.28 (6H, s), 2.02 (6H, s); éc (100 MHz, CDCl;) 170.0, 169.0,
168.1, 164.5, 154.4, 149.9, 149.2, 142.0, 1419, 136.0, 135.9,
132.1, 131.0, 129.5, 125.7, 124.5, 123.6, 121.8, 1104, 108.8,
108.1, 77.6, 68.1, 24.0, 21.0, 20.8, 20.5; Mass (ESI) 1047 (MH");
HRMS Calcd for Cs4H4602,+H* 1047.2544. Found 1047.2540.

Isophthalic acid bis-[3,7-diacetoxy-2-(3,4-diacetoxy-phenyl)-chro-
man-5-yl] ester (epicatechin) (9B): 6y (400 MHz, CDCl3) 8.94 (1H, s),
8.44 (2H, dd, J = 1.6, 8.0 Hz), 7.71 (1H, t, ] = 7.6 Hz), 7.29-7.19 (6H,
m), 6.73 (4H, s), 5.41 (2H, bs), 5.16 (2H, s), 3.09 (2H, dd, J=4.4,
18.0 Hz), 2.94 (2H, d, J=18.0Hz), 2.30 (18H, s), 1.92 (6H, s); oc
(100 MHz, CDCl3) 170.5, 169.0, 168.1, 163.2, 155.2, 149.8, 149.0,
142.0, 1419, 136.0, 135.2, 132.0, 129.3, 129.1, 124.5, 123.3,
121.9, 110.0, 108.9, 108.5, 76.7, 66.8, 26.2, 21.0, 20.8, 20.5; Mass
(ESI) 1047 (MH"), 1069 (MNa*).

Terephthalic acid bis-[3,7-diacetoxy-2-(3,4-diacetoxy-phenyl)-
chroman-5-yl] ester (catechin) (10A): éy (400 MHz, CDCl3) 8.28
(4H, s), 7.28 (2H, bs), 7.18 (4H, m), 6.75 (2H, s) 6.73 (2H, s), 5.29
(2H, m), 5.20 (2H, m), 2.92 (2H, dd, = 4.8, 17.6 Hz), 2.71 (2H, dd,
J=6.0,17.6 Hz), 2.30 (18H, s), 2.28, 2.0 (6H, s); 6c (100 MHz, CDCl3)
170.1, 169.0, 168.1, 163.0, 154.4, 149.9, 149.2, 142.0, 136.0, 133.3,
130.4,124.3,123.7,121.7,110.2, 108.8, 108.0, 77.5, 68.0, 23.8, 21.1,
21.0, 20.9; Mass (ESI) 1047 (MH"), 1069 (MNa®).

Terephthalic acid bis-[3,7-diacetoxy-2-(3,4-diacetoxy-phenyl)-
chroman-5-yl] ester (epicatechin) (10B): 6y (400 MHz, CDCl3) 8.31
(4H, s), 7.37 (2H, d, J= 1.6 Hz), 7.27 (2H, dd, ] = 1.6, 8.4 Hz), 7.21
(2H, d, J=8.4Hz, 6.75 (4H, s), 6.75 (2H, s), 5.41 (2H, bs), 5.20
(2H, s), 3.05 (2H, dd, J=4.4, 17.2 Hz), 2.94 (2H, d, J=17.2 Hz),
2.30 (18H, s), 1.93 (6H, s); éc (100 MHz, CDCl3) 170.3, 169.0,
168.1, 168.0, 163.1, 155.1, 149.8, 149.6, 142.0, 141.9, 135.7,
133.3, 130.4, 124.3, 123.2, 122.0, 109.7, 108.8, 108.4, 77.2, 66.5,
26.1, 21.0, 20.7, 20.6; Mass (ESI) 1047 (MH"), 1069 (MNa*); HRMS
Calcd for Cs4Hg602,+H" 1047.2544. Found 1047.2549.
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The total synthesis of C25-benzyloxy epothilone C is described. A sequential Suzuki-Aldol-Yamaguchi
macrolactonization strategy was utilized employing a novel derivatized C8-C12 fragment. The C25-ben-
zyloxy analog exhibited significantly reduced biological activity in microtubule assembly and cytotoxic-
ity assays. Molecular modeling simulations indicated that excessive steric bulk in the C25 position may
reduce activity by disrupting key hydrogen bonds that are crucial for epothilone binding to p-tubulin.

© 2008 Published by Elsevier Ltd.

The epothilone class of natural products is a family of potent
cytotoxic polyketide marcolides first isolated in 1992 by Hofle
et al. from the myxobacterium Sorangium cellulosum.'* Like paclit-
axel, they disrupt microtubule dynamics, resulting in cell cycle ar-
rest and apoptosis.>* Most importantly, the epothilones maintain
impressive efficacy against several paclitaxel-resistant cancer cell
lines and they are now generally recognized as the next generation
of clinically relevant anti-mitotic agents. Some members of the
epothilone family contain an epoxide while others, typified by epo-
thilone C (1) and epothilone D (2), contain a double bond in place
of the epoxide moiety (Fig. 1).

Resistance to paclitaxel has arisen through three main mecha-
nisms: overexpression of P-glycoprotein (Pgp), which lowers the
intracellular concentration of the drug, overexpression of the B-
tubulin isotype B-III, and tubulin point-mutations in key amino
acid residues important to taxane binding.®> The epothilones appear
to be able to evade Pgp efflux and retain activity in cell lines that
have become resistant to paclitaxel because of mutations in B-
tubulin. This implies that, despite sharing a common binding site
on B-tubulin, the mode of binding of paclitaxel and the epothilones
is significantly different.° As a result, early attempts to find a
shared pharmacophore between paclitaxel and epothilone B were
unsuccessful.””'® The clinical importance of this class of com-
pounds has led to an explosion of synthetic activity’ and structural
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Figure 1. Structures of epothilones.

studies have led to two B-tubulin-epothilone binding models. The
first is based on electron crystallography (EC) of Zn?* induced tubu-
lin sheets,!! while the second is derived from NMR studies.!2

One approach to gaining supporting evidence for either of these
binding hypotheses is through photoaffinity labeling of microtu-
bules with an appropriate photoreactive epothilone analog. To-
ward this end we have synthesized the C25-benzyloxy derivative
3 (Fig. 1) as a potential precursor to a photoaffinity analog. We
now report the synthesis of 3 and the resulting microtubule assem-
bly and cytotoxicity studies.

The synthetic strategy for the synthesis of 3 is outlined in Figure
2 and involved the preparation and successive coupling of building
blocks 4, 5, and 6.'>'* We envisioned that the C11-C12 bond
would be formed by a Suzuki reaction, the C6-C7 bond by an Aldol
reaction, and the use of the Yamaguchi procedure to form the
macrocycle.
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Figure 2. Synthetic strategy for the construction of 3.
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Scheme 1. Synthesis of fragment 10.

Fragments 4 and 6 were synthesized as previously reported.'
The synthesis of the precursor to fragment 5 is outlined in Scheme
1.1® The oxazolidinone 7 was readily obtained through the acyla-
tion of the oxazolidinone core with pent-4-enoyl chloride. The C8
stereochemistry was then established through alkylation of 7 with
BOM-CI to furnish benzyloxy intermediate 8 in 76% yield. The aux-
iliary was then reductively cleaved on treatment of 8 with LiBH,4 to
provide alcohol 9 in 68% yield. The alcohol moiety of 9 was subse-
quently protected as the TBS ether 10 in preparation for the
planned Suzuki coupling (Scheme 2).

With fragment 10 in hand the synthesis of 3 was accomplished
as shown in Scheme 2. The alkene function of 10 was subjected to
hydroboration with 9-BBN, and the ensuing Sukuzi coupling with
vinyl iodide 4 delivered the desired cis alkene 11 in 92% yield.

1.9-BBN, THF s
2. 4, PdCly(dppf)-CH.Cl, —< |
Z N Z
BnOOVOTBS CsCOy,, PhgAs, H,0 | B8O
92% :
OTBS
10 1

20% TFA
-—

83%

5
O OR;O 6.
3 14 R, = TBS
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The primary TBS ether functionality of 11 was then selectively
cleaved in 82% yield on treatment with fluorosilicic acid
(H,SiFs),'*!7 and the resulting alcohol was subsequently oxidized
with 2-iodoxybenzoic acid (IBX) in EtOAc to give the aldehyde 12
in 95% yield. The stage was now set to install the final fragment.
Accordingly, ketone 6 was treated with LDA to generate the Z-eno-
late, which was subsequently treated with aldehyde 12 to deliver
the syn-Aldol product 13 in 54% yield.

The secondary alcohol function of 13 was protected as the TBS
ether. The primary TBS ether was then selectively deprotected
(84% yield) with fluorosilicic acid, and the resulting alcohol was
sequentially oxidized with Dess-Martin periodane (DMP) and per-
chlorate to the C1 acid in preparation for the Yamaguchi
macrolactonization.

The allylic alcohol group at C15 was deprotected and the subse-
quent Yamaguchi macrolactonization delivered the core epothi-
lone skeleton 14. Deprotection of the TBS groups furnished the
target compound 3 (Scheme 2).

With the desired probe in hand we could begin to test its suit-
ability for biological studies. As the two most commonly used
photoaffinity labels are aryl azide and aryl diazirines, the steric de-
mand of the benzyl function of 3 would serve as an acceptable sur-
rogate to probe the suitability of this approach.'® Unfortunately, at
a concentration of 100 M, compound 3 was completely inactive in
a microtubule assembly assay (ECsq for epothilone B =2.5 uM)'®
and was essentially devoid of cytotoxicity against the cancer cell
line MCF-7 (2.1 uM, EDso/EDsogpo 5= 1050).° The available evi-
dence suggests that the loss of activity is not due to a change in
the solution conformation of the free compound, but to an unfavor-
able interaction in the bound form. Comparison of the solution
NMR data of 3 with epothilone A,?° the C12-C13 B-epoxide of epo-
thilone C (1) indicates there are only local and relatively small con-
formational adjustments to the steric demand of the OBn group:
the H6-H7 coupling constant declined from 9 Hz to 7 Hz. This rep-
resents a change in the torsion angle of approximately 15 degrees.
Thus, both the C8 methyl group of the parent compound and the
OBn group in 3 essentially point away from the macrocycle and to-
ward a hydrophobic surface of the protein in the models of the
bound state. These data suggested that the OBn group was too
large to fit into this sterically constrained hydrophobic area.

To probe this hypothesis a molecular modeling study was con-
ducted. The pre-docked conformation of C25-benzyloxyepothilone
C was first prepared by modifying the experimental EpoA structure
and optimizing the resulting geometry using the MMFF94s force
field in MOE (Chemical Computing Group, Inc.). The optimized
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_—

s
—
N

=z
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OH
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Scheme 2. Synthesis of target compound 3.
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Figure 3. Docked configurations (Surflex-Dock, Tripos, Inc.) of epothilone A (a, left panel) and C25-benzyloxyepothilone C (b, right panel) are shown with MOLCAD (Tripos,
Inc.) electron density surfaces of the tubulin binding site (1TVK'"), onto which hydrogen bond donor and acceptor regions have been mapped. Red areas represent hydrogen
bond donors; blue areas represent hydrogen bond acceptors; and gray indicates regions in which no hydrogen bonding takes place. Key ligand-receptor interactions are
shown in both pictures. In (a), hydrogen bonding occurs between the EpoA thiazole nitrogen and the imidazole NH of His227; between the EpoA C1 carbonyl and two amino
groups in Arg276; between the EpoA C3 hydroxyl and the Thr274 backbone carbonyl; between the EpoA C5 carbonyl and the Thr274 backbone NH; and between the EpoA C7
OH and Arg282 and Pro272. In the docked configuration of C25-benzyloxyepothilone C (b), all of these interactions disappear due to sterically driven ligand rearrangement,
except for a single hydrogen bond between the epothilone C1 carbonyl and Arg276. Validation was performed by comparing the docked configuration of EpoA to the

experiment (RMSD = 1.575 A).

C25-benzyloxyepothilone C used for docking was in good agreement
with the predicted solution conformation of EpoA and with the NMR
experimental results. When the C25-benzyloxy analog was docked
into the tubulin binding site (Fig. 3), as predicted, the OBn group
proved too large. The subsequent reorientation of the molecule in
the binding site disrupted two crucial hydrogen-bonding interac-
tions: between the thiazole nitrogen and the imidazole NH of
His227 and between the C7-OH and Arg282 and Pro272.

In conclusion, we have synthesized the first C25 functionalized
epothilone derivative?! as a model to test the suitability of this po-
sition for the placement of a photoreactive function. Unfortunately,
this analog was inactive due to the steric demand at the C25 posi-
tion, which disabled key hydrogen bonds resulting in significantly
weaker ligand binding.
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Novel N°-arenethenyl purines, optimized potent dual Src/Abl tyrosine kinase inhibitors, are described.
The key structural feature is a trans vinyl linkage at N° on the purine core which projects hydrophobic
substituents into the selectivity pocket at the rear of the ATP site. Their synthesis was achieved through
a Horner-Wadsworth-Emmons reaction of N°-phosphorylmethylpurines and substituted benzaldehydes
or Heck reactions between 9-vinyl purines and aryl halides. Most compounds are potent inhibitors of
both Src and Abl kinase, and several possess good oral bioavailability.

© 2008 Elsevier Ltd. All rights reserved.

Src tyrosine kinase is the prototypical member of a family of ki-
nases (Src Family Kinases, SFKs) that modulate multiple intracellu-
lar signal transduction pathways involved in cell growth,
differentiation, migration and survival.! There is evidence that
aberrant Src kinase activity is associated with the invasive pheno-
type in both early and advanced solid tumors.>> Moreover, recent
data have demonstrated that Src inhibitors can enhance the antitu-
mor efficacy of hormonal and cytotoxic agents as well as regulate
angiogenesis through the control of VEGF expression.*> Bcr-Abl,
the constitutively activated fusion protein product of the Philadel-
phia chromosome (Ph) is the principal oncogene underlying the
pathology of chronic myelogenous leukemia (CML). Imatinib is a
potent inhibitor of Bcr-Abl, binding to an inactive confirmation of
the protein.® Despite its striking success in treating patients in
the chronic phase of the disease, responses are much less durable
in more advanced phases of the disease due to the emergence of
drug resistance. Although the most widely accepted mechanism
for imatinib resistance is the presence of kinase domain muta-
tions,” cells from patients resistant to imatinib express an activated
form of the SFK Lyn.® Moreover, Hck (another SFK) and Lyn are
over-expressed and activated in CML blast-crisis patients and their
up-regulation correlates with disease progression and resistance in
cell lines and patients treated with imatinib.® Therefore, com-
pounds that can inhibit both Src and Abl might be useful in the
treatment of patients who have relapsed on imatinib.

Abl shares significant sequence homology with Src and, in its
active conformation, bears remarkable structural resemblance
with most SFKs. As a result, ATP-competitive compounds originally

* Corresponding author.
E-mail address: Yihan.wang@ariad.com (Y. Wang).

0960-894X/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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developed as Src inhibitors frequently exhibit potent inhibition of
Abl kinase.!®!! Several second generation Bcr-Abl kinase inhibitors
target both Src and Abl kinases to combat imatinib resistance, and
include: dasatinib, bosutinib, AP23464, PD166326, AZD0530, and
CGP70630."2

Previously, we had described AP23464 as a potent inhibitor of
Src and Abl with ICsgs for both kinases <1 nM.!3 A crystal structure
of AP23464 bound to the active conformation of Src detailed the
molecular interactions responsible for its high potency including:
(a) two canonical H-bonds to the hinge region, (b) an extensive
network of H-bonds between the hydroxyl group on the phenethyl
substituent and amino acid residues in the selectivity pocket, and
(c) a water-mediated H-bond between the phosphine oxide and
the hydroxyl side chain of Y340.1“ To further probe the purine core
as a template for potent Src/Abl inhibitors, alternative 2-atom link-
ers between the template and a pendant hydrophobic substituent
were explored. Herein, we describe a vinyl group as one such link-
age leading to a series of stable, synthetically accessible, purine-
based dual Src-Abl inhibitors (Fig. 1).

The coordinates from the AP23464:Src crystal structure were
used to build a model of Src for docking studies. Docking revealed
that a trans double bond'® on N° of purine template could properly
orient a 2,6-disubstituted phenyl ring in the selectivity pocket in a
manner similar to dasatinib'® and PD166326 (Fig. 2A). Alterna-
tively, a vinyl-linked 4-substituted indazole was predicted to pre-
serve the intricate series of H-bonds observed in the AP23464
crystal structure (Fig. 2B).

Initially, a Horner-Wadsworth-Emmons (HWE) approach
between N°® phosphine oxides and substituted benzaldehydes was
pursued to obtain the target molecules.!” The synthesis (Scheme
1)'® was initiated from readily accessible 6-chloro-2-iodo-9-THP-
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Figure 2. Models of AP23464, compound A, compound B docked in Src. Green, carbon; blue, nitrogen; red, phosphorus. Dotted lines indicate H-bonds.

purine 1.'® SyAr reaction of 1 at C6 with 4-(dialkylphosphoryl)-
benzeneamine?® using standard conditions yielded intermediate
2. A subsequent Negishi coupling reaction at C2 with isopropylzinc
chloride furnished 3. Deprotection of the THP group yielded inter-
mediate 4 which was alkylated with dipropyl tosylmethyl phos-
phine oxide to give the HWE reagent 5. Coupling of 5 with
various aldehydes produced the desired trans isomers together with
small amount of the cis isomers. Although successful, the limited
availability of structurally diverse benzaldehydes, tedious prepara-
tion of HME reagents 5, together with low yields of the HWE reaction,
prompted us to pursue an alternative synthetic strategy.
Ultimately, a Heck coupling reaction between substituted 9-
vinylpurines and a series of diverse aryl halides was developed to
achieve the synthesis of 9-arenethenyl purines.?! Briefly, 9-vinyl-
purines 8'® were reacted with anilines in the presence of i-Pr,NEt
in DMF, to yield intermediate vinylpurines 9. Subsequent Heck
coupling of 9 (X =H, Cl) with aryl halides under standard condi-
tions furnished exclusively the desired trans isomer. This reaction
is high yielding and quite robust, tolerating a variety of R; and R,
groups, and without the need for protection and deprotection

strategies. Compound 10 could be further elaborated by substitu-
tion at C2 ( X =Cl) with amines or alcohols, thus generating com-
pounds 12a-j with either an N or O linkage. Where X = 1,
intermediate 9 was first reacted with alkylzinc reagents then sub-
sequently underwent a Heck reaction to generate 6c-e. Com-
pounds 6¢c-e have C-linked R; substitutions at C2. Direct Heck
coupling of iodo intermediates 9 with aryl halides was avoided
due to the concern that 2-iodopurines might compete with aryl ha-
lide substrates (Scheme 2).

All aryl halides employed in the Heck coupling step were
commercially available except for target compound 10g which
incorporated a substituted indazole. In this case, the required 4-bro-
mo-5-methylindazole intermediate was synthesized from 2,5-dim-
ethylbromobenzene according to Scheme 3.2 The synthesis of dialkyl
anilinophenylphosphine oxides has been previously reported.?®

Compounds were then evaluated for their Src?® and Abl?* kinase
inhibitory activity as previously described. Comparison of com-
pounds 6a, b versus 7a, b confirmed that the desired trans isomers
were more potent than the corresponding cis compounds against
Src and Abl enzymes by at least 10-fold (Table 1).
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Br Br Br and 3.58 nM, respectively. Utilizing 10a, various modifications at

a b R; were then evaluated including a simple chlorine atom substitu-
\d - \@ E—— \@ tion (10a vs 10b) which was equipotent. Deletion of the 6-methyl
NO NH; group from 10b confirmed the requirement for 2,6-disubstitution
as a key driver of potency (10b vs 10c) as 10c was >10-fold less po-
tent against both enzymes. We then evaluated the possibility of

c B, N d Br, N mimicking the H-bonding network observed in the AP23464:Src
— \@\N — N co-crystal structure by systematically adding in the observed
NH N hydrogen bonds (10d — 10e — 10f). While compounds 10d

Scheme 3. Reagents and conditions: (a) HNO3, AcOH, 90 °C, 1 h; (b) Fe/AcOH, EtOH,
105 °C, 2 h; (c) NaNO,, HBF, (40% aqueous solution), KOAc, 18-Crown-6, water,
CHCl5; (d) Boc,0, DMAP, THF.

Compound 10a, an early prototype and devoid of any Rz substi-
tution, was found to potently inhibit Src and Abl with ICsos of 8.31

showed marked decreases in potency against both enzymes rela-
tive to 10b, the indazole derivative 10e, was essentially equipotent
(see Table 1). Moreover, when we incorporated a 5-methyl substi-
tuent, the resulting compound (10f) was at least 10-fold more po-
tent than 10e. Extensive docking studies with 10f revealed that it
could mimic the hydrogen bonding network observed in the
AP23464 co-crystal structure and that the ortho methyl substituent
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Table 1
ICsp values for 9-arenethenyl purines
Compound R; Ry R3 or R3-Y ICso (nM)
Src Abl K562 Ba/F3(WT)
(0]
(A) & Me (B) B-Pr
6a “pr i-Pr 1.78 5.93 115 122
Me
HN
7a A B i-Pr 6.58 54.3 964
6b Ph B i-Pr 31.8 733 >1000
7b Ph B i-Pr 376 626 >1000
© Q
pcMe
10a A /©/ Me H 8.31 3.58 109 168
HN
S5 Cl
10b C H 5.56 2.77 109 200
Me
s Cl
10c @ C H 126 69.4 1394 2006
= ES
10d C H 198 16.7 954 1541
at
N St
10e / C H 17 2.36 355 850
NH
N SN
10f / C H <0.46 <0.46 10.5 373
Me NH
10g A B H 4.0 17.3 368 286
12a A C Me,N 3.74 17.6 217 269
12b A C 1-Pyrrolidine 1.43 19.5 89.1 123
12c A C 1-Morpholine <0.23 3.02 20.8
12d A C 4-Methyl-1-piperazine <0.23 6.8 23.5 73.7
12e A C 1-Imidazole <0.46 1.63 55.7
12f A C MeO <0.46 1.8 52.4 32.7
12g A C i-PrO <0.46 7.32 40.6 34.8
12h A C MeOCH,CH,0 <0.46 1.57 26.7 51.7
12i A C 4-(N-Me-piperidine) <0.46 <0.46 28.0 285
12j A C 3-Py0 <0.46 0.50 8.5 35.1
6¢ A C i-Pr 0.89 15.8 22.7 271
6d A C Cyclopentyl 1.29 323 224
Ge A C NCCH,CH, <0.46 <0.46 15.8 38.6
Table 2
PK properties of selected compounds
Compound Cinax (1v)* (ng/mL) t1j2 (iv) (h) Vass (L/kg) Cimax (p0)° (ng/mL) t12 (po) (h) F%
10a 4325 3.93 0.98 1277 5 20
10b 4589 2.74 2.74 1683 33 17
10f 7082 1.2 1.9 22 NA 0
10g 5142 1.2 2.7 NA NA 0
6¢c 1224 7.5 5.4 478 5.1 25

2 Formulation: 50% DMA, 50% 9:1 Peg400/Tween 80; Conc: 2.5 mg/mL; Dose: 5 mg/kg.

fits in a small hydrophobic pocket formed by residues A293, K295
and T338. The presence of the methyl group should also introduce
bias (orthogonality) toward the preferred binding conformation.
Next, we constructed a small focused library at C2 to establish
the SAR of various linkages including N, O, and C-linked deriva-
tives. In general, a wide variety of cyclic and acyclic derivatives
yielded potent, low nanomolar inhibitors against both Src and
Abl, although substitution tended to increase potency primarily
against Src. For example, comparison of 10a, where C2 is unsubsti-

tuted (Src and Abl ICsps of 8.31 and 3.58 nM, respectively) to com-
pounds 12c-12j revealed that Src potencies increased by ~10-fold
where Abl ICs50s remained the same or were improved only slightly.
Analysis of the Src/AP23464 crystal structure'® revealed that R3
substituents can make good hydrophobic contact with several res-
idues on the P-loop lining the ribose pocket. By contrast, the P-loop
in Abl is folded differently, such that the side chain of Tyr272 par-
tially fills the ribose pocket, potentially clashing with larger Rs
substituents.?®
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Table 3
Kinase selectivity profile of compound 10a

Kinase Enzyme ICso (nM) Kinase Enzyme ICso (nM)
Src (SFK) <03 Kit 414

Abl 1 Flt1 591

Fms 3 AbI(T315I1) >1000

EphB1 6 Aurora >1000

c-Raf 21 CDK2/CyclinA >1000

EphB4 30 EphA7 >1000

Flt4 151 Flt3 >1000

PDGFRa 221 InsR >1000

To assess the cellular activities of these compounds, we used
both K562 (a Bcr-Abl positive human derived CML cell line) and
Ba/F3 cells transfected with wild-type (WT) Bcr-Abl.>® Compound
10a inhibited the proliferation of K562 and Ba/F3 cell lines with
ICsps of 109 and 168 nM, respectively, which is similar to imatinib
(272 and 650 nM, respectively). The cellular activities of the com-
pounds with R; or R3 modifications generally track well with their
Abl enzyme inhibitory potencies. The only exceptions are com-
pounds 10e and 12b; their cellular data are more in line with their
Src inhibitory activities rather than that of Abl, the reason for
which is currently unknown. One of the most potent kinase inhib-
itors of this series, compound 10g, demonstrated a 10-fold increase
in cellular potencies relative to 10a (Table 1).

To probe the ADME properties of this series we evaluated sev-
eral compounds in a rat pharmacokinetics model. Interestingly, de-
spite our early concerns about the potential metabolic instability of
the vinyl linkage, several compounds possessed good PK proper-
ties. Compounds 10a, 10b, and 6¢ were all characterized as having
moderate to high volumes of distribution (Vgss) and when dosed
orally, they were rapidly absorbed and demonstrated favorable
half-lives (t12). On average, their oral bioavailability (F%) in these
studies was 20%. Compounds 10e and 10f, both of which contain
an indazole ring, were not orally bioavailable, presumably due to
the rapid bioconjugation of the indazole NH (Table 2).

To evaluate its selectivity profile, compound 10a was screened
in an enzymatic assay against a panel of 35 tyrosine and serine-
threonine kinases.?” The data confirmed the potencies against both
Src (SFK) and Abl, and revealed low to double digit nM potencies
against Fms, EphB1, c-Raf and EphB4. The compound was inactive
against those kinases with larger gate-keeper residues such as Aur-
ora (Leu), CDK2 (Phe), InsR (Phe), and Abl containing the T315I
point mutant (Table 3).

In conclusion, a novel series of 9-arenethenyl purines possess-
ing a trans double bond were identified as potent inhibitors of
Src and Abl tyrosine kinases. Several compounds in this class po-
tently inhibited the proliferation of cell lines driven by Bcr-Abl
with at least 10-fold greater potency than imatinib. Interestingly,
the N-linked double bond was not rapidly metabolized, yielding
compounds with good pharmacokinetic properties.
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Src enzymatic assay protocol. Inhibition of Src activity by ARIAD
Pharmaceuticals, Inc. compounds (AP compounds) was measured in a
homogeneous time-resolved fluorescence resonance energy transfer (TR-
FRET) assay using partially purified full length human Src from a baculovirus
expression system (Upstate Biotechnology Inc.) and a biotinylated phospho-
kinase substrate peptide (amino acid Sequence—Biotin-KVEKIGEGTYGVVYK-
NH,) as the substrate peptide (Pierce). Kinase reactions were carried out in
complete LANCE kinase buffer (LKB); 20 mM Na-Hepes, pH 7.4, 0.1 mg/mL
BSA, 1 mM ATP, 10 mM MgCl,, 0.41 mM DTT, in round-bottomed black 96-well
Microfluor plates (Dynex Technologies Inc.) pre-blocked with 1% BSA in PBS at
4 °C overnight. For the kinase reaction, compound dilutions were incubated
with Src (165 pM) and substrate peptide (50 nM) for 2 h at 37 °C in a total
volume of 0.1 mL LKB. The kinase reaction was terminated by addition of
0.05 mL of a kill/detection solution containing 15 uM of a potent ARIAD kinase
inhibitor, 6 nM Europium-labeled anti-phosphotyrosine mAb PT66 and 60 nM
allophycocyanin-labeled streptavidin (LANCE™ reagents from Perkin-Elmer
Inc.). Assay plates were incubated at room temperature in the dark for 20 min
prior to reading fluorescence at 615 and 665 nm on a Victor2V plate reader
(Perkin-Elmer). Positive and negative controls and a standard curve for
phosphorylated PKS1 peptide were included on each plate. Data values were
transferred to an Excel spreadsheet and ICsos were calculated from the
fluorescence at 665 nm by interpolation between the averaged duplicate well
data on 3-fold serial dilutions of AP Compounds. No compound effects on the
615 nm fluorescence were observed.

The Abl enzymatic assay protocol is described in Ref. 15.

K562 and Ba/F3 cell assay format. For the cell proliferation assay, the K-562
human wild-type Bcr-Abl CML cell line and the murine pro-B Ba/F3 cell line
stably transfected with a construct expressing wild-type Bcr-Abl were used. K-
562 was obtained from the American Type Culture Collection (ATCC) and
maintained in Iscove’s modified Dulbecco’s medium with 10% FBS. The Ba/F3
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cell line was obtained from Brian J. Druker (Howard Hughes Medical Institute,
Oregon Health and Science University, Portland, OR, USA) and was maintained
in RPMI 1640 growth medium with 10% FBS. All cells were incubated at 37 °C
in 5% CO,. After the compounds were incubated with the cells for 3 days, the
number of viable cells in each well in 96-well plate was measured using an
MTS assay (Promega). This assay is a colorimetric method for determining the
number of viable cells through measurement of their metabolic activity, which
can be detected by absorbance at 490 nm. MTS reagent was added to all wells

Y. Wang et al./Bioorg. Med. Chem. Lett. 18 (2008) 4907-4912

and then the plates were returned to the incubator at 37 °C for 2 h. The
absorbance in each well was then measured at 490 nm using a Wallac Victor2V
plate reader. The ICsy was calculated by determining the concentration of
compound required to decrease the MTS signal by 50% in best-fit curves using
Microsoft XLfit software, by comparing with baseline, the DMSO control, as 0%
inhibition.

27. The KinaseProfiler™ assay service from Millipore was used. Assay protocols are

available at http://www.millipore.com/drug discovery/svp3/profilerxl.
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