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Abstract—A series of 7-alkoxyl-4,5-dihydro-[1,2,4]triazolo[4,3-a]quinoline derivatives was synthesized using 6-hydroxy-3,4-dihydro-
1 H-quinolin-2-one as a starting material. Their anticonvulsant activities were evaluated by the maximal electroshock test (MES test)
and the subcutaneous (sc) pentylenetetrazol test (scMet test), and their neurotoxicity was evaluated by the rotarod neurotoxicity test
(Tox). MES and scMet tests show that 7-(4-fluorobenzyloxy)-4,5-dihydro-[1,2.,4]triazolo[4,3-a]quinoline 41 was found to be the most

potent with EDs value of 11.8 and 6.7 mg kg
© 2005 Elsevier Ltd. All rights reserved.

~Land protective index (PI = TDso/EDs) value of 4.6 and 8.1, respectively.

The derivatives of triazole exhibit a variety of biological
activities, such as antitumor,' antiinflammatory,” anti-
microbial,>* antithrombotic,’ antiplatelet,® antiviral,’
and anticonvulsant activities.® In our former work,’
a series of 1-substituted-7-benzyloxy-4,5-dihydro-
[1,2,4]triazolo[4,3-a]quinoline derivatives was synthe-
sized and tested for anticonvulsant activity, with the
compound 7-benzyloxy-4,5-dihydro-[1,2,4]triazolo[4,3-
dlquinoline showing the most potent anticonvulsant
activity with EDsy of 17.3 and 24.0 mgkg' in MES

and scMet tests, respectively.

In the present study, we report the synthesis and anticon-
vulsant activities of 7-alkoxyl-4,5-dihydro[1,2,4]triazolo-
[4,3-a]quinolines to investigate the contribution of
different alkoxy groups at position 7 of the 4,5-dihy-
dro[1,2,4]triazolo[4,3-a]quinoline to anticonvulsant ac-
tivity. The compounds synthesized were characterized
by IR, '"H NMR, MS, and elemental analy51s The anti-
convulsant activity was evaluated by using the maximal
electroshock (MES) test and the subcutaneous pentyl-
enetetrazol (sc-Met) test. Neurotoxicity was evaluated
by using the rotarod test.

Keywords: [1,2,4]Triazolo[4,3-a]quinolines; Anticonvulsant; Maximal

electroshock; Pentylenetetrazol; Neurotoxicity.
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Compounds were prepared according to Scheme 1.
Compound 2 was prepared by the reaction of compound
1 with phosphorous pentasulfide in acetonitrile in the
presence of triethylamine,'® which reacted further with
formic anhydrazine in cyclohexanol to afford compound
3.'" In the preparation of compound 3, the reaction
should be carried out under nitrogen atmosphere and
low boiling point solvents should not be used.
Compounds 4a—4p were obtained through a nucleophilic

Et3N

_HCONHNH,

ms Cyclohexanol

3 4a-4p
R:
4a=n-CyHsg 4g = CH,CgHs 4l = CH,CgHa4(p-F)
4b=n-CsH, 4h=CH,CeHa(p-CHs)  4m = CH,CeHa(0-F)
4c=n-CiHo 4i = CH,CeHa(p-Cl) 4n = CH,CeHa(2,6-F»)
4d= n-CeHis 4) = CHoCeHa(p-OCH3) 40 = CH,CeHa(3,4-OCH,0)
4e=n-CgHiy 4K = CH,CeH3(34-Cly)  4p = CH,CsHa(m-Br)
4f = n-CoHps

Scheme 1. Synthesis of compound 4a—4p.
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substitution reaction of compound 3 with alkyl halide in
ethanol in the presence of potassium carbonate in mod-
erate yield.'?

The MES test, scMet test, and rotarod test were carried
out by the standard described in the Antiepileptic Drug
Development Program (ADD) of the National Institutes
of Health (USA).'>'% All compounds, which were dis-
solved in polyethylene glycol-400, were evaluated for
anticonvulsant activities with C57B/6 mice in the 18-
25 g weight range.

In Phase I screening (Table 1), each compound was

administered at dose levels of 30, 100, and 300 mg/kg
for evaluating the anticonvulsant activity, and its neuro-

Table 1. Phase I anticonvulsant and toxicity data in mice (ip)*

Compound MES® ScMet® Rotarod

toxicity
0.5h 4h 0.5h 4h 0.5h 4h
4a — —° — — — —
4b 100¢ — 100 — 100 —
4c 100 — 100 — 100 —
4d 30 — 30 — 100 —
de 100 — 100 — — —
4f — — — — — —
4g 30 — 100 — 100 —
4h 30 — 30 — 100 —
4i 300 — 300 — — —
4j 100 — 100 — 300 —
4k — — — — — —
41 30 30 30 — 100 —
4m 300 — 300 — — —
4n — — — — — —
4o 100 — 100 — 300 —
4p 30 — 30 — 100 —

# All tested compounds were dissolved in polyethylene glycol-400.

®The maximal electroshock test was induced after 30 min past
administration of the tested compounds.

©Subcutaneous pentylenetetrazol (85 mg kg™") 30 min after the tested
compounds were administered for 30 min.

9Doses were denoted in mg kg™".

°__ no activity at 300 mg kg~ .

toxicity was measured at 30 min and 4-h intervals after
administration. Anticonvulsant efficacy was measured
in the MES and scMet tests. In the MES test, seizures
were elicited with a 60-Hz alternating current of
50 mA intensity in mice. The current was applied via
corneal electrodes for 0.2s. Protection against the
spread of MES-induced seizures was defined as the abo-
lition of the hind leg and tonic maximal extension com-
ponent of the seizure. The scMet test was carried out by
the subcutaneous injection of a convulsant dose (CDgy7)
of pentylenetetrazol (85 mg/kg in mice). The elevation of
pentylenetetrazol-induced seizure threshold was indicat-
ed by the absence of clonic spasms for at least 5-s dura-
tion over a 30-min period, following the administration
of the testing compound. An anticonvulsant drug-in-
duced neurologic deficit was detected in mice by using
the rotorod ataxia test.

The pharmacologic parameters estimated in phase I
screening were quantified for compounds 4d, 4g, 4h,
41, and 4p in phase II screening (Table 2). Anticonvul-
sant activity was expressed in terms of the median effec-
tive dose (EDsp), and neurotoxicity was expressed as the
median toxic dose (TDsy). For determination of the
EDso and TDsq values, groups of 10 mice were given a
range of intraperitoneal doses of the testing compound
until at least three points were established in the range
of 10-90% seizure protection or minimal observed
neurotoxicity. From the plot of those data, the respec-
tive EDsy and TDs, values, 95% confidence intervals,
slope of the regression line, and the standard error of
the slope were calculated by means of a computer pro-
gram written at the National Institute of Neurological
Disorders and Stroke.

As a result of preliminary screening, compounds 4d, 4g,
4h, 41, and 4p were subjected to phase II trials for quan-
tification of their anticonvulsant activities and neurotox-
icities in mice. This phase provides an evaluation of the
median effective dose (EDsp) and median neurotoxic
dose (TDsg). The 95% confidence interval, slope of the
regression line, and the SE of the slope were then calcu-
lated. These data are shown in Table 2, which also

Table 2. Phase Il quantitative anticonvulsant data in mice (test drug administered ip)

Compound EDs," PI®

MES scMet Tox, TDs,® MES scMet
4d 13.5 (11.5-15.8)° 17.7 (12.5-20.6) 30.3 (25.5-36.0) 2.2 1.7
4g 17.3 (14.8-20.4) 24.0 (21.6-26.7) 61.4 (51.4-73.3) 3.5 2.6
4h 20.5 (17.0-24.5) 11.1 (9.3-13.1) 65.8 (55.6-71.7) 32 5.9
41 11.8 (12.9-10.9) 6.7 (5.7-7.9) 54.5 (46.1-64.5) 4.6 8.1
4p 23.3 (19.5-28.0) 24.5 (21.4-28.2) 98.6 (87.3-111.3) 4.2 4.0
Phenytoin® 9.5 (8.1-10.4) >300 65.5 (52.5-72.9) 6.9 <0.22
Catrbamazepined 8.8 (5.5-14.1) >100 71.6 (45.9-135) 8.1 <0.22
Phenobarbital’ 21.8 (21.8-25.5) 13.2 (5.8-15.9) 69 (62.8-72.9) 3.2 5.2
Valproate? 272 (247-338) 149 (123-177) 426 (369-450) 1.6 29

2 Dose measured in mg kg~ .

b Pl = TDS()/ED5().

¢ Minimal neurotoxicity was determined by the rotarod test 30 min after the tested compounds were administered.

4Data from U. Huseyin et al., 1998.'°

“Data in parentheses are the 95% confidence limits.
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includes the control data with marketed antiepileptic
drugs, such as phenytoin, carbamazepine, phenobarbi-
tal, and valproate. Some of these derivatives showed a
high degree of protection against MES and scMet-in-
duced seizures.

The result of the initial evaluation (phase I) indicated
that the lengthening of the alkyl chain at position 7
led to an increase of anticonvulsant activity, in which
the n-hexyl-substituted compound was found to be the
most active, while a decreased activity was found if there
was an alkyl chain having more than six carbon num-
bers. In this series, compounds containing alkyl groups
bearing three to six carbon atoms at position 7 showed
a higher neurotoxicity than others. Among 7-aryloxyl
derivatives, benzyloxy-substituted compounds, such as
4-methyl benzyloxy, 4-fluorobenzyloxy, and 3-bromo-
benzyloxy derivatives, exhibited high activities against
seizure induced by both MES and scMet tests.

The result of phase II showed that compound 4d was the
only compound possessing anti-MES activity under a
dose of 30 mg/kg among those compounds bearing alk-
oxyl groups. Its EDso value was 13.5 and 17.3 mg/kg in
MES and scMet tests, respectively. Furthermore, it was
more potent than phenobarbital (EDsy = 21.8 mg/kg)
and valproate (EDsy = 272 mg/kg), although it had high
neurotoxicity (TDsq = 30.3 mg/kg). Compounds 4g, 4h,
41, and 4p exhibited anti-MES activity with EDs, of
17.3, 20.5, 11.8, and 23.3 mg/kg, respectively. And com-
pound 41, a 4-fluorobenzyloxy derivative, was found to
be the best, which was better than phenobarbital and
valproate, much closer to phenytoin (EDsy= 9.5 mg/
kg). Its PI value in the MES test was 4.6, superior to that
of phenobarbital (3.2), but inferior to those of phenytoin
(6.9) and carbamazepine (8.1). However, compounds 4m
and 4n, containing the substituents of 2-fluoro and 2,6-
difluoro groups, exhibited little or even no anticonvul-
sant activities.

4d, 4g, 4h, 41, and 4p exhibited moderate anti-Met activ-
ities with EDsy of 17.7, 24.0, 11.1, 6.7, and 24.5 mg/kg,
respectively, in which 41 was shown to be more potent
than phenobarbital, carbamazepine, phenobarbital,
and valproate. Its PI (8.1) was obviously higher than
those of the control drugs.
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Elsevier is pleased to announce the appointment of Pro-
fessor Stephen Neidle, who takes over from Professor
Léon Ghosez as Regional Editor for Europe of Bioor-
ganic & Medicinal Chemistry Letters on 1 September
2005.

Stephen Neidle is Professor of Chemical Biology at The
School of Pharmacy, University of London, UK, where
he also directs the Cancer Research UK Biomolecular
Structure Group. He was educated at Imperial College,
London, where he graduated in chemistry and then pro-
ceeded to do his Ph.D. thesis on crystallographic studies
of natural products and antibiotics. After a period as an
ICI Fellow, he joined the Biophysics Department at
King’s College. He was appointed as one of the first
Cancer Research Campaign Career Development Awar-
dees, becoming a Life Fellow on moving to the Institute
of Cancer Research. In 1990, he was appointed to the
Chair of Biophysics at the Institute of Cancer Research,
where he was academic dean from 1997 to 2002. He
moved to the new Chair of Chemical Biology at the
School of Pharmacy in 2002.

Professor Neidle’s research interests are primarily in
nucleic acid structure and recognition by small mole-
cules and in exploiting this information for the rational
design of new anticancer agents. In recent years this has
emphasised two principal classes of molecules: G-quad-
ruplexes and duplex DNA. Together with colleagues at
the University of Texas, he pioneered the concept of
the selective targeting of telomeric DNA with small mol-
ecules that stabilise G-quadruplex formation at the telo-
mere and inhibit the action of the enzyme telomerase,
which is up-regulated in the majority of human cancers.

doi:10.1016/j.bmcl.2005.08.031

Professor Stephen Neidle
Regional Editor for Europe
Bioorganic & Medicinal Chemistry Letters

More recently this work has led him and his group to the
design of a new class of anticancer molecules, telomere
targeting agents, which are currently in pre-clinical
development.

Starting 1 September 2005, papers from Europe should
be submitted to Professor Neidle via the journal’s online
submission page at www.ees.elsevier.com/bmcl.

Whilst welcoming the new editor, we would like to take
this opportunity to express our gratitude to Professor
Léon Ghosez and his editorial office for their dedication
and contribution to the journal during 13 years of
service.
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1-Amino-1,1-bisphosphonates derived from fatty acids were shown to be potent inhibitors of Trypanosoma cruzi farnesyl
pyrophosphate synthase activity.
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Introduction of cis-2,6-dimethyl substitution onto the piperazine ring of a mixed 5-HT; opp receptor antagonist offers a combination
of both excellent selectivity over 5-HT;5 and 5-HT;p receptors and low intrinsic activity.

Benzyl ether structure-activity relationships in a series of ketopiperazine-based renin inhibitors pp 4713-4716

Noel A. Powell,” Emma H. Clay, Daniel D. Holsworth, John W. Bryant, Michael J. Ryan,
Mehran Jalaie and Jeremy J. Edmunds

Inhibition of renin enzymatic activity by a series of ketopiperazine-based

H
N N
compounds containing a C6 benzyloxymethyl substituent correlated with a J/i LOJ/;J
o . o N

+(n+o) effect. A 3-pyridinyloxymethyl substituent was also found to be
equipotent as higher molecular weight analogs, and exhibited decreased
O\/\/O\/©
32 OMe

CYP3A4 inhibition levels and improved pharmacokinetic properties.

An efficient synthesis of argifin: A natural product chitinase inhibitor with chemotherapeutic potential  pp 47174721
Mark J. Dixon, Ole A. Andersen, Daan M. F. van Aalten and Ian M. Eggleston®
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Novel C2—C3’ N-peptide linked macrocyclic taxoids. Part 1: Synthesis pp 4722-4726
and biological activities of docetaxel analogues with a peptide side chain at C3'

Anne-Laure Larroque, Joélle Dubois, Sylviane Thoret, Geneviéve Aubert,
Daniel Guénard and Frangoise Guéritte*
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The synthesis and biological activities of docetaxel analogues possessing a peptide side chain at the C3'-N position are described.
The chosen amino acids are part of the a-tubulin loop that is equivalent to the paclitaxel binding pocket in B-tubulin.






Contents | Bioorg. Med. Chem. Lett. 15 (2005) 4637-4649 4641

High affinity ligands for the o7 nicotinic receptor that show no cross-reactivity with the S-HT3 receptor pp 4727—-4730

S. Richard Baker, John Boot, Michael Brunavs, David Dobson, Rachel Green,
Lorna Hayhurst, Martine Keenan™ and Louise Wallace

Certain quinuclidine 3-biarylcarboxamides are high affinity nicotinic o7 ligands with an excellent binding selectivity over the 5-HTj3
receptor.

Parallel synthesis and biological evaluation of 5,6,7,8-tetrahydrobenzothieno[2,3-d]pyrimidin-4(3H)-one pp 47314735
cytotoxic agents selective for p21-deficient cells

Lee D. Jennings,” Scott L. Kincaid, Yanong D. Wang, Girija Krishnamurthy, Carl F. Beyer,
John P. McGinnis, Miriam Miranda, Carolyn M. Discafani and Sridhar K. Rabindran

NH OMe
7\,
s N OMe
OMe

A novel series of anti-proliferative agents containing the thieno[2,3-d]pyrimidin-4-one scaffold and the structure—activity relationship
studies to improve potency is described.

Total and semisynthesis and in vitro studies of both enantiomers of 20-fluorocamptothecin pp 4736-4740

Raghuram S. Tangirala, Rachel Dixon, Danzhou Yang, Attila Ambrus, Smitha Antony, Keli Agama,
Yves Pommier and Dennis P. Curran®

Both enantiomers of 20-fluorocamptothecin and the racemate have been prepared by total synthesis. The

(R)-enantiomer is essentially inactive in a topoisomerase-I/DNA assay, while the (S)-enantiomer is much

less active than 20(S)-camptothecin. The lactone ring of 20-fluorocamptothecin hydrolyzes more rapidly +
than that of camptothecin in PBS. CD

Trifluoroethylamines as amide isosteres in inhibitors of cathepsin K pp 47414744
W. Cameron Black,” Christopher 1. Bayly, Dana E. Davis, Sylvie Desmarais,

Jean-Pierre Falgueyret, Serge Léger, Chun Sing Li, Frédéric Massé, Daniel J. McKay,

James T. Palmer, M. David Percival, Joél Robichaud, Nancy Tsou and Robert Zamboni

Replacing an amide bond with a trifluoroethylamine leads to potent and selective inhibitors of cathepsin K. The CF; group provides
a non-basic amine that makes a good hydrogen bond with the enzyme active site.
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Discovery of 4-aryl-4 H-chromenes as a new series of apoptosis inducers using a cell- and caspase-based pp 47454751
high-throughput screening assay. 2. Structure—activity relationships of the 7- and 5-, 6-, 8-positions

William Kemnitzer, Shailaja Kasibhatla, Songchun Jiang, Hong Zhang, Jianghong Zhao,

Shaojuan Jia, Lifen Xu, Candace Crogan-Grundy, Réal Denis, Nancy Barriault,

Louis Vaillancourt, Sylvie Charron, Jennifer Dodd, Giorgio Attardo, Denis Labrecque,

Serge Lamothe, Henriette Gourdeau, Ben Tseng, John Drewe and Sui Xiong Cai*

R A
The synthesis and SAR of a group of apoptosis inducing 4-aryl-4 H-chromenes with Re CN
modifications at the 7- and 5-, 6-, 8-positions are reported. |
R’ NH,
R
The discovery of fluoropyridine-based inhibitors of the Factor pp 4752-4756
VIIa/TF complex
Jeffrey T. Kohrt,” Kevin J. Filipski, Wayne L. Cody, Cuiman Cai, Danette A. Dudley,
Chad A. Van Huis, J. Adam Willardsen, Stephen T. Rapundalo, Kamlai Saiya-Cork,
Robert J. Leadley, Lakshmi Narasimhan, Erli Zhang, Marc Whitlow, Marc Adler,
Kirk McLean, Yuo-Ling Chou, Cecile McKnight, Damian O. Arnaiz,
Kenneth J. Shaw, David R. Light and Jeremy J. Edmunds HO.C HOC,

R o] RS R 0
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Potential antitumor agents: Flavones and their derivatives from Linaria reflexa Desf. pp 47574760

Rosa Tundis,” Brigitte Deguin, Monica R. Loizzo, Marco Bonesi, Giancarlo A. Statti,
Frangois Tillequin and Francesco Menichini
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HO OH

The antiproliferative activity of several flavonoids isolated for the first time from Linaria reflexa Desf. and their derivatives was
evaluated in vitro by the SRB assay against the tumor cell lines Caco-2, COR-L23, HepG-2, ACHN, C32, and normal cell line
MRCS.

Trifluoromethyl group as a pharmacophore: Effect of replacing a CF3 group on binding and agonist pp 47614769
activity of a glucocorticoid receptor ligand

Raj Betageri,” Yan Zhang, Renee M. Zindell, Daniel Kuzmich, Thomas M. Kirrane, Jorg Bentzien,

Mario Cardozo, Alison J. Capolino, Tazmeen N. Fadra, Richard M. Nelson, Zofia Paw,

Daw-Tsun Shih, Cheng-Kon Shih, Ljiljana Zuvela-Jelaska, Gerald Nabozny and David S. Thomson

s . . o OH
SAR describing the effect of replacing the trifluoromethyl group and modifying other parts n R OH

of the glucocorticoid receptor ligand (R =CF3) on binding and agonist activity are o
presented. o

0 F
R = CF;, benzyl and
cyclohexylmethyl
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New fluorinated pyrrolidine and azetidine amides as dipeptidyl peptidase IV inhibitors pp 47704773

Bernard Hulin,” Shawn Cabral, Michael G. Lopaze, Maria A. Van Volkenburg,
Kim M. Andrews and Janice C. Parker
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New dual inhibitors of EGFR and HER2 protein tyrosine kinases pp 47744779
Brian E. Fink,” Gregory D. Vite, Harold Mastalerz, John F. Kadow, Soong-Hoon Kim,

Kenneth J. Leavitt, Karen Du, Donald Crews, Toomas Mitt, Tai W. Wong,

John T. Hunt, Dolatrai M. Vyas and John S. Tokarski

A novel series of dual EGFR and HER?2 inhibitors based on the pyrrolo[2,1-f][1,2,4]triazine //@
nucleus is described. Biological evaluation in enzymatic and cell-based assays has identified a series N
of C-6 carbamates with potent biochemical and cellular activities. /@E//‘N
R HN
2> /TN
SRR NsN/)
Conformationally constrained /Vi-arylsulfonyltryptamine derivatives as 5-HT¢ receptor antagonists pp 47804785

Derek C. Cole,” William J. Lennox, Joseph R. Stock, John W. Ellingboe, Hossein Mazandarani,
Deborah L. Smith, Guoming Zhang, Gregory J. Tawa and Lee E. Schechter

11r: Ar = 3,4-diMeO-Ph
9a 11t: Ar = 5-Cl-thienyl
The discovery of Nj-arylsulfonyl-3-piperidin-3-yl-, -3-(1-methylpyrrolidin-2-ylmethyl)-, and -3-pyrrolidin-3-yl-1 H-indoles as high
affinity 5-HT¢ receptor ligands is described. N;-Benzenesulfonyl-3-piperidin-3-yl-1H-indole 9a is a 24nM full agonist, while
Ny-arylsulfonyl-3-(1-methylpyrrolidin-2-ylmethyl)-1 H-indole derivatives 11r and 11t behave as very potent antagonists.

Synthesis of potent and selective serotonin 5-HT ;g receptor ligands pp 47864789
Yiyun Huang,* Sung-A Bae, Bryan L. Roth and Marc Laruelle

R — 6a R=2-Cl; 6e R=4Ph
</__|-\>—N . N N-Me gh: R=2-F, 6f R=4CF,
— — @ 6c: R=4-Cl; 6g: R=4-SMe
o OMe 6d: R=4-F;

A series of serotonin 5-HT;g ligands were synthesized and evaluated for their potency and selectivity against other 5-HT receptor
subtypes. Many of these new compounds displayed high affinity and selectivity for the 5-HT;p receptor and compound 6¢ was found
to have the in vitro binding profile necessary for development as a PET radioligand.
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Synthesis and evaluation of 3-anilino-quinoxalinones as glycogen phosphorylase pp 47904793
inhibitors

Joseph Dudash, Jr.,” Yongzheng Zhang, John B. Moore, Richard Look, Yin Liang,

Mary Pat Beavers, Bruce R. Conway, Philip J. Rybczynski and Keith T. Demarest
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A series of 3-anilino-quinoxalinones has been identified as a new class of glycogen phosphorylase inhibitors.

Novel 3,4-diarylpyrazolines as potent cannabinoid CB; receptor antagonists with lower lipophilicity pp 47944798
Jos H. M. Lange,” Herman H. van Stuivenberg, Willem Veerman, Henri C. Wals,

Bob Stork, Hein K. A. C. Coolen, Andrew C. McCreary, Tiny J. P. Adolfs and

Chris G. Kruse

Novel 3,4-diaryldihydropyrazoles 1 as potent CB; receptor antagonists with lower lipophilicity are described. The key change is the
replacement of the arylsulfonyl group in the original series by a dialkylaminosulfonyl moiety.

Novel indole a-methylene-y-lactones as potent inhibitors for AKT-mTOR signaling pathway kinases pp 47994802

Huasheng Ding, Chao Zhang, Xihan Wu, Chunhao Yang,” Xiongwen Zhang,
Jian Ding and Yuyuan Xie
RO
N

A novel series of indole a-methylene-y-lactones with remarkable inhibition ability on phosphorylation of AKT, mTOR, p70S6
kinase, and 4E-BP1 has been synthesized.

Synthesis and anticonvulsant activity of 7-alkoxyl-4,5-dihydro-[1,2,4]triazolo[4,3-a]quinolines pp 4803-4805
Zhi-Feng Xie, Kyu-Yun Chai, Hu-Ri Piao, Kyung-Chell Kwak and Zhe-Shan Quan*

0 2)HCONHNH, N N KiCO, s

<y \—
1 3 4a-4p

A series of new 7-alkoxyl-4,5-dihydro-[1,2,4]triazolo[4,3-a]quinolines has been synthesized and evaluated as anticonvulsant agents.
The MES and scMet tests show that 7-(4-fluorobenzyloxy)-4,5-dihydro-[1,2.4]triazolo[4,3-a]quinoline 4] was found to be the most
potent, with EDs, values of 11.8 and 6.7mgkg™!, respectively.
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Synthesis and anthelmintic properties of arylquinolines with activity against drug-resistant nematodes pp 48064808
Sharon Rossiter, Jean-Marie Péron, Philip J. Whitfield and Keith Jones*
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A number of aryl-substituted 2,4-dimethoxyquinolines have been synthesized and tested against a range of nematodes. The
6-substituted compounds show significant activity against resistant strains.

Synthesis of [1,2,4]triazolo[1,5-a]pyrazines as adenosine A,, receptor antagonists pp 4809-4813
James E. Dowling,” Jeffrey T. Vessels, Serajul Haque, He Xi Chang, Kurt van Vloten,

Gnanasambandam Kumaravel, Thomas Engber, Xiaowei Jin, Deepali Phadke, Joy Wang,

Eman Ayyub and Russell C. Petter

Br p NH,
NH NN
NJ\( o N)\r/ Y
le\/N* />_(OE

This paper describes the preparation, by a novel route, of A, receptor antagonists containing the [1,2,4]triazolo[1,5-a]pyrazine
nucleus, which is isomeric with the [1,2,4]triazolo[1,5-c]pyrimidine core of a series of known A, antagonists with in vivo activity in
animal models of Parkinson’s disease.

Activity and QSAR study of baogongteng A and its derivatives as muscarinic agonists pp 48144818
Yin-Yao Niu, Li-Min Yang, Hui-Zhong Liu, Yong-Yao Cui, Liang Zhu,
Ju-Mei Feng, Jian-Hua Yao, Hong-Zhuan Chen, Bo-Tao Fan, Ze-Nai Chen and Yang Lu*

H_ OH

N
ACO\%

BGT-A

A new CoMFA model of baogongteng A (BGT-A) and its derivatives with agonistic activity to muscarinic receptors was
constructed, discussed, and examined. This model could provide solid basis for designing novel molecules with higher agonistic
activity to muscarinic receptors.

Synthesis and evaluation of '®F-labeled dopamine D3 pp 4819-4823
receptor ligands as potential PET imaging agents

Carsten Hocke,* Olaf Prante, Stefan Lober, Harald Hiibner,
Peter Gmeiner and Torsten Kuwert

R R'
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(0] \ N/

A series of dopamine D3 receptor radioligands were synthesized. The 6-fluoropyridin-3-yl derivative ['®F]8d displayed good D3
affinity (K;=1.1nM) and was used for receptor autoradiography studies on rat brain slices.
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A fluorogenic and chromogenic probe that detects the esterase activity of trace copper(Il)
Radoslaw M. Kierat and Roland Krimer™

pp 48244827

Synthesis and pharmacological evaluation of Tic-hydantoin derivatives as selective ¢, ligands. Part 2

Amaury Cazenave Gassiot, Julie Charton, Sophie Girault-Mizzi, Pauline Gilleron,
Marie-Ange Debreu-Fontaine, Christian Sergheraert and Patricia Melnyk”*

o

pp 4828-4832

Synthesis and pharmacological evaluation of Tic-hydantoin derivatives as selective ¢, ligands. Part 1

Julie Charton, Amaury Cazenave Gassiot, Sophie Girault-Mizzi,
Marie-Ange Debreu-Fontaine, Patricia Melnyk* and Christian Sergheraert

pp 4833-4837

Investigation of factor Xa inhibitors containing non-amidine S1 elements

Jeffry B. Franciskovich,” John J. Masters, Jennifer M. Tinsley, Trelia J. Craft, Larry L. Froelich,
Donetta S. Gifford-Moore, Valentine J. Klimkowski, Jeffrey K. Smallwood, Gerald F. Smith,
Tommy Smith, Richard R. Towner, Leonard C. Weir and Michael R. Wiley

Several non-amidino S1 derivatives of the 1,2-diaminobenzene-based scaffold were O._R
synthesized and evaluated for their ability to inhibit the human protease factor Xa.

pp 48384841
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Synthesis and biological evaluation of 1,3-diphenylprop-2-yn-1-ones as dual inhibitors of pp 48424845
cyclooxygenases and lipoxygenases
P. N. Praveen Rao, Qiao-Hong Chen and Edward E. Knaus”
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Synthesis of a biotinylated camptothecin derivative and determination of the binding sequence pp 48464849
by T7 phage display technology

Yoichi Takakusagi, Keisuke Ohta, Kouji Kuramochi, Kengo Morohashi,

Susumu Kobayashi, Kengo Sakaguchi and Fumio Sugawara*

. . . . NSSQSARR (A fusion peptide on the
Synthesis of CPT-20-B and peptide screening by T7 phage display method have been w surface of a T7 phage capsid)

reported.

o H H—H
CPT-20-B e
Camptothecin binds to a synthetic peptide identified by a T7 phage display screen pp 48504853
Yoichi Takakusagi, Susumu Kobayashi* and Fumio Sugawara®
10 - 0.01 uM
An analysis of non-biotinylated campotothecin (CPT) binding to the C-20- l 0.05uM
biotinylated CPT binding peptide was carried out using QCM and SPR. 0
= -10 4
<
5 20
-30 4
-40 . . . , ; ;
5 0 5 10 15 20 25
Time (min)
SAR, species specificity, and cellular activity of cyclopentene dicarboxylic acid amides as pp 48544857

DHODH inhibitors
Johann Leban,” Martin Kralik, Jan Mies, Michael Gassen, Karin Tentschert and Roland Baumgartner

O,
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R=F, Cl, O-Me, O-CFs3,..
X=C,0o0rS

Novel DHODH inhibitors were developed, based on a previously described series by introduction of heteroatoms into the
cyclopentene ring and hydroxyl groups attached to it. Also, the hydrophobic biphenyl side chain was replaced with benzyloxy
phenyl groups. Activities on human, rat, and mouse enzymes indicate a species specificity of these inhibitors.
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Conformationally restricted anti-plasmodial chalcones
Mogens Larsen, Hasse Kromann, Arsalan Kharazmi and Simon Feldbzk Nielsen™
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pp 48584861

Carbonic anhydrase inhibitors: Inhibition of the tumor-associated isozymes IX and XII
with a library of aromatic and heteroaromatic sulfonamides

Ozen Ozensoy, Luca Puccetti, Giuseppe Fasolis, Oktay Arslan,
Andrea Scozzafava and Claudiu T. Supuran *
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pp 4862-4866

Bicyclic heteroarylpiperazines as selective brain penetrant 5-HTg¢ receptor antagonists

Mahmood Ahmed, Michael A. Briggs, Steven M. Bromidge, Tania Buck,
Lorraine Campbell, Nigel J. Deeks, Ashley Garner, Laurie Gordon,

Dieter W. Hamprecht, Vicky Holland, Christopher N. Johnson,*

Andrew D. Medhurst, Darren J. Mitchell, Stephen F. Moss, Jenifer Powles,
Jon T. Seal, Tania O. Stean, Geoffrey Stemp, Mervyn Thompson,

Brenda Trail, Neil Upton, Kim Winborn and David R. Witty

The selective, brain penetrant and orally bioavailable 5-HT¢ receptor antagonist 12
(699929) is described.

pp 48674871
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Carbonic anhydrase inhibitors: Inhibition of cytosolic/tumor-associated carbonic
anhydrase isozymes I, II, and IX with benzo[b]thiophene 1,1-dioxide sulfonamides
Alessio Innocenti, Raquel Villar, Victor Martinez-Merino, Maria J. Gil,
Andrea Scozzafava, Daniela Vullo and Claudiu T. Supuran®

pp 4872-4876
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Trifluoromethyl group as a pharmacophore: Effect of replacing
a CF; group on binding and agonist activity
of a glucocorticoid receptor ligand
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Abstract—Compound 1, a potent glucocorticoid receptor ligand, contains a quaternary carbon bearing trifluoromethyl and hydrox-
yl groups. This paper describes the effect of replacing the trifluoromethyl group on binding and agonist activity of the GR ligand 1.
The results illustrate that replacing the CF3 group with a cyclohexylmethyl or benzyl group maintains the GR binding potency.
These substitutions alter the functional behavior of the GR ligands from agonists to antagonists. Docking studies suggest that
the benzyl analog 19 binds in a similar fashion as the GR antagonist, RU486. The central benzyl group of 19 and the C-11 dime-
thylaniline moiety of RU486 overlay. Binding of compound 19 is believed to force helix 12 to adopt an open conformation and this
leads to the antagonist properties of the non-CF; ligands carrying a large group at the center of the molecule.

© 2005 Elsevier Ltd. All rights reserved.

The glucocorticoid receptor (GR) belongs to the family
of steroid receptors that include the mineralocorticoid
(MR), progesterone (PR), estrogen (ER), and androgen
(AR) receptors. The anti-inflammatory effects of endo-
genous steroids have stimulated the development of glu-
cocorticoid (GC) derivatives, such as dexamethasone
and prednisolone,!* which have found wide use in the
treatment of various inflammatory, immune, and aller-
gic disorders including rheumatoid arthritis, COPD,
Crohn’s disease, systemic lupus erythematosus, and

Keywords: Glucocorticoid receptor; Glucocorticoid receptor ligand;

Trifluoromethyl group; Pharmacophore; Glucocorticoid receptor

antagonist; RU486; Helix 12.

* Corresponding author. Tel.: +1 203 798 5428; fax: +1 203 791
6072; e-mail: rbetager@rdg.boehringer-ingelheim.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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osteoarthritis.> However, use of GCs is associated with
a number of side effects that include edema, weight gain,
muscle weakness, diabetes mellitus, and osteoporosis.®’
Recent investigations have led to an understanding of
the molecular mechanisms that mediate GC effects.
The anti-inflammatory and immune suppressive proper-
ties of GCs have largely been attributed to transrepres-
sion, whereas some of the side effects (such as
diabetes, glaucoma) have been ascribed to transactiva-
tion. In addition, cross-reactivity of GC ligands with
other steroid receptors may also lead to a number of side
effects.>” GR agonists showing dissociation between
transactivation and transrepression activities could
provide therapeutic agents with a reduced side-effect
profile.'®?3 Furthermore, GCs stimulate the production
of glucose in the liver and this can exacerbate Type 2
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diabetes.>* Studies with the prototype GR antagonist
RU486 have shown that GR antagonism could be an
effective way of regulating peripheral glucose metabo-
lism. A liver-selective GR antagonist could decrease
the hepatic glucose production without the risk of
peripherally driven side effects and may find therapeutic
utility in treating Type 2 diabetes.?> The discovery of
dissociated GC agonists, as well as liver-selective GR
antagonists, has been the focus of many drug discovery
programs in the recent years.”>3* Studies directed to-
ward understanding the structural basis for the agonist
and antagonist activities will aid in the design of GR li-
gands with the desired functional profile.

Several classes of ligands for the glucocorticoid receptor
have been described in the scientific and patent litera-
ture.?%733 For example, compound 13! and more recent-
ly, analog ZK 2163483 (Fig. 1) have been reported as
GR agonists demonstrating dissociation between trans-
repression and transactivation activities.

Our attention was drawn to the central quaternary cen-
ter containing trifluoromethyl and hydroxyl groups, in
the GR ligand 1. A similar structural feature, that is, a
quaternary center containing methyl and hydroxyl
groups is present in the androgen antagonists, bicaluta-
mide,?* and hydroxyflutamide?®’ (Fig. 2). The quaternary
center has shown to be an essential pharmacophore*® for
the biological activity of these ligands. Replacing the
central methyl group with a CF; affects the functional
activity and the CF3 analogs behave as partial agonists.
We were intrigued by the role of the CF; group in the
GR ligand 1 and asked the following questions: are
CF; and hydroxyl groups required for the biological
activity? How does replacing CF; and modifying other

fluticasone propionate

HCF;. OH OH
N
(0]
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0 F

compound 1

CH, HCF;. OH 0
NZ N
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0 0
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Figure 1. GR agonists reported in the literature.

I
_N

mifepristone (RU486)

HHsc, OH o
CF, N\[Au
O

o 0o

bicalutamide
nHC oH

CF, N

e

ON 0
hydroxyflutamide

Figure 2. GR and AR antagonists.

parts of the molecule, such as the backbone amide bond
and/or the anilide moiety, affect the biological activity?
We present here our results on investigating the effect
of these modifications on the binding potency, nuclear
receptor selectivity, and the agonist activity of com-
pound 1.

Structure—activity relationships (SAR) were driven by
the GR-binding affinities of the ligands. The ICs, values
for binding to GR, PR, MR, and ER were determined
using a fluorescence polarization competitive binding as-
say.?’ Initially, we focused on exploring lipophilic CF;
substituents, such as alkyl and cycloalkyl groups, and
the SAR are shown in Table 1. Compound 1 has an
ICso of 6 nM in the GR-binding assay. To quickly assess
the effect of replacing the CF3; group in 1, SAR was ini-
tiated with the preparation of readily accessible analogs
containing an unsubstituted phenyl ring at the right side
of the molecule. Toward this goal, we prepared the
phenyl analog 2 and the data showed that this com-
pound retains a good binding potency (ICsy 79 nM).
Replacing CF; by a hydrogen atom (3) leads to a signif-
icant loss in GR binding, whereas a CF5 to CH; substi-
tution (4) leads to a 5-fold loss in the GR binding. These
results clearly indicate that in compound 3, the central
secondary-hydroxyl group alone is not sufficient to con-
fer good GR binding. Isopropyl analog 5 was similarly
potent compared to the methyl analog 4. Increasing
the size of the CFj; substituent from isopropyl (5) to
cyclohexylmethyl (6) leads to a dramatic improvement
in the GR binding potency. With an ICsy of 9 nM,
ligand 6 is 9-fold more potent than the corresponding
CF; analog 2. These results clearly demonstrate that
the CF; group is not essential for potent GR binding
and this prompted us to investigate further the CF; sub-
stitution SAR. The optically active enantiomers (7 and
8) of 6, separated by chiral HPLC,*® showed a 35-fold
difference in the GR binding potencies, indicating a
stereochemical preference of the hydroxyl and cyclo-
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Table 1. Receptor binding data; alkyl, cycloalkyl, and arylalkyl CF3

replacements
R OH
o

ZT

= O?OE

Compd ICsp (nM) mean * SD
GR PR

18 — 6+2 16+2

2 CF; 79 £8 36+3

3 H >2000 >2000

4 CH; 370 £ 10 85+ 22

5 j{ 200 + 47 210 £ 70

6 (E 9+3 19+12

7° (E 320 + 60 210 + 70

8° (E 9+2 35+6

9 Q 460 + 40 240 + 40
10 (? 13+1 30£6
11 ®\< 57+18 59 + 14
12 @ 7215 330 + 70
13 O 740 £ 310 180 + 40
14 O 110 + 20 48+ 10

#See Figure 1.
® Optically active enantiomers of 6.

hexylmethyl groups for optimal GR binding. A similar
(50-fold) difference in the GR binding affinities has been
reported®? for the optically active enantiomers of the
CF; compound ZK 216348.

Next, we focused our attention on replacing the CF;
group in 2 with aryl or arylalkyl groups. Data for the

analog 10 show that replacing the CF; in 2 with a benzyl
group (10) (Table 1) results in a 6-fold improvement of
the GR binding. However, attaching a phenyl group
directly to the central carbon decreases the binding affin-
ity (9). A slight loss in GR binding is observed when the
central phenyl ring is attached by a two-carbon atom
spacer (11). Analogs 12 and 14 carrying 4-tert-butyl
phenyl and 2-naphthyl groups, respectively, bind to
GR with ICsgs of 70-110 nM. These results suggest that
the effect of the bulkier substitutions is not dramatic
(6- to 8-fold loss in the GR binding compared to 10).
In contrast, the biphenyl analog 13 is significantly less
active than 10, pointing to a limitation in the size of
the hydrophobic group tolerated at this position.

Encouraged by the initial results, we extended the SAR
to evaluate analogs of 10 in which various substituents
have been introduced on the central phenyl ring. Either
2-hydroxy-5-fluorophenyl, the preferred right side in
the CF; series (Table 1), or an unsubstituted phenyl
group was employed for the right side of the molecule.
The SAR on the selected analogs having substituents at
the ortho or meta positions are given in Table 2. We have
shown earlier (Table 1) that analog 10, having an unsub-
stituted phenyl ring at both the center and the right side
of the molecule, is a potent GR ligand. In contrast to the
CF; analogs 1 and 2, incorporating 2-hydroxy-5-fluor-
ophenyl at the right side of the molecule decreases the
GR binding affinity (19 and10). Small hydrophobic
groups, such as CHj, are tolerated at both ortho and
meta positions (20, 21). However, meta-disubstitution
leads to an 8-fold loss in GR binding (22). Introducing
a hydroxyl group at the ortho or meta positions decreases
the GR binding affinity (15, 16). Analogs bearing a polar
3,5-bis-hydroxybenzyl (17) or 2-pyridylmethyl side chain
(18) are significantly less potent than 10. These results
suggest that the central benzyl ring in 10 binds in a lipo-
philic environment. Data for the methyl substituted ana-
logs reflect the spatial constraints of the binding pocket.

The CF; compound 24 containing a benzoxazinone ani-
lide moiety binds to GR with an affinity similar to the
corresponding phthalide 1 (Table 3). To expand the
scope of CF; replacement SAR, we investigated the ef-
fect of incorporating the phenolic group, as well as the
benzoxazinone anilide moiety, on the affinities of our
most potent cyclohexylmethyl and benzyl analogs. The
CF; analog 2 with an unsubstituted phenyl ring at the
right side is 15-fold less potent than the 2-hydroxy-5-
fluoro analog 1. Methylation of the phenolic group in
1 leads to a 40-fold loss in the GR binding (23). These
results suggest that the phenolic group may be involved
in hydrogen bonding interactions, which may account
for a higher binding affinity of the CF3; compound 1
compared to 2 and 23. In contrast, incorporating the
right side phenolic group does not improve the GR
binding in the non-CF; series as illustrated by the data
for the cyclohexylmethyl analogs (6, 25), (26, 27) and
benzyl analogs (10, 19), (28, 29). In fact, results with
the phthalides (6, 25) and (10, 19) indicate a trend to-
wards a slight decrease in GR affinity when a phenolic
group is introduced at the right side of the molecule.
A slight improvement in GR binding is observed when
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Table 2. Receptor binding data; substituted benzyl analogs
y R OH

N R?

0.0
o
2

Compd. R! ICso (nM) mean * SD
GR PR
10 (? \© 1341 30+6
15 \© 61 %11 4746
OH
OH
16 (E( \© 120 £ 10 4440
HO OH
17 \(?/ \© >2000 160
\ 7
18 N \© 760 +230 400 30
. OH
19 (? \© 60+ 1 35+ 11
/, F
OH
20 EELCHQ \© 48+ 33 36+ 16
X F
CH, ) OH
21 (?/ \© 5245 3449
X F
HC CH, OH
2 \(E( \© 470£230  S51+17
// F

the left side phthalide is replaced with benzoxazinone
(analogs 27, 25 and 29, 19). This trend is seen only with
the non-CF; analogs having a phenolic group at the
right side. The SAR shown in Table 3 suggests that
the right side phenolic group in the non-CF; analogs
is not involved in hydrogen bonding interactions, unlike
CF3; compounds 1 and 24, supported by the docking
studies of the compounds 19, 1,3* and 24%33° (vide mod-
eling section at the end).

To assess the influence of the central hydroxyl group on
GR binding potency, the hydroxyl group in the benzyl
analog 10 was replaced with a hydrogen atom. This sub-
stitution leads to a poor GR ligand (30) (Table 4). We
have shown earlier that the presence of a central hydrox-
yl group alone will not lead to potent GR binding (3,
Table 4). Taken together, binding data for 3, 10, and
30 clearly indicate that the central quaternary center in
10 (and the other non-CF; analogs) is essential for
potent GR binding. Both the hydroxyl group and the
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Table 3. Receptor binding data; R', R% and R® modifications

y R? OH
RN R3

o
Compd. R! R? R? ICso (nM)
mean = SD
GR PR
o * >
2 ;’:©/ CF, \<© 79+8  36+3
(o]
N OH
1 °;,:©/ CF, \<© 6£2 162
(@]
F
N OMe
23 O;,:@/ CF, \<© 230450 85+48
(o]
F
CH, OH
24 g?@* CF; \<© 441 2+15
0 F
6 °;©/ @ 93 19%12
o) .
N OH
o} * >
25 ;©/ \<© 20+8 4248
(o] ’
F
CH,
26 ¥ ' (E \<© 9+6 40+ 22
T ,
CH, OH
N*= \ 7
27 6)7‘:©) (E \<© 741 3549
o) F
10 0;;©/ @ 131 30%6
(0] X
. OH
19 0;:©/ \<© 60+1 3511
0 X
F
CH,
NZ \\ 7
28 ¥ (? @ 743 3045
o X
CH, OH
29 g?@* \<© 8+2  32+13
o) x F

CF; substituent (benzyl or cycloalkyl group) are in-
volved in important interactions with GR and function
as essential pharmacophores. Comparison of the bind-
ing data for the analogs 31 and 32 suggests that the
backbone carbonyl is not involved in critical interac-
tions with the GR.
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Table 4. Receptor binding data; backbone modifications and CF3

replacements
R! R?
oy
o

ZT

(e}
Compd R! R*> R* X ICso (nM)
mean £ SD
GR PR

>2000 2000

w
jas
o
jan
Q
e}

10 (P OH \<© co 1341 30+6
30 (? H \<© coO  >2000 2000
OMe
31 (P on Y CH, 81+6 80+20
X F
OMe
R OH @ co 5243 3541
X F

The following observations were made on the GR/PR
selectivity. Binding data show that the CF; analogs 1
and 24 have similar affinities toward GR and PR (Tables
1 and 3). Replacing CF; with a cyclohexylmethyl or ben-
zyl group (6, 10) leads to a slight improvement in the
GR/PR selectivity (Table 1). Introducing a bulky or po-
lar group on the central phenyl ring decreases the GR
binding affinity. However, the PR binding is not signif-
icantly altered (Tables 1 and 2). Both the right side phe-
nolic group and the left side anilide moieties do not
influence the GR/PR selectivity (Table 3). Overall,
replacing the CF3 group and modifying other parts of
the molecule do not improve the binding selectivity over
PR. Similarly, selectivity over MR and ER is not affect-
ed by the CF; replacements and other modifications de-
scribed in the present work. Nuclear receptor selectivity
data for selected compounds are shown in Table 5.

Non-CF3; compounds with the GR binding affinities less
than 2 pM were tested for their agonist and antagonist
activities. The agonist activities were determined by
measuring the transcriptional repression of IL-6 produc-
tion in IL-1-stimulated human foreskin fibroblasts.*
Mifepristone (RU486) is shown to compete with
dexamethasone and inhibit the dexamethasone-induced
GR transactivation. This assay>>*!4> was employed to
evaluate antagonist activities of GR ligands by measur-
ing the inhibition of the dexamethasone-induced GR
transactivation of the mouse mammary tumor virus
(MMTYV) luciferase gene in HeLa cells.*> Dexametha-
sone and RU486 were used as standards for GR agon-
ism and antagonism, and have ECsps of 1 and 2 nM,

Table 5. Nuclear receptor selectivity; GR, PR, MR, and ER binding
data for selected compounds

Compd. 1Cs5o (nM) mean * SD
GR PR MR ER
1 6x2 16+£2 306 n.b.?
2 798 36+3 215+ 35 n.b.
24 4+1 22+15 417 n.b.
4 370 £ 10 85+ 22 60+ 16 n.b.
5 200 + 47 210 £ 70 31550 n.b.
6 9+3 19+12 170 + 30 n.b.
10 131 306 160 + 14 n.b.
12 72+ 15 330+ 70 175 £ 55 n.b.
19 60 £ 1 35111 190 = 42 n.b.
25 20+ 8 42 +8 140 + 26 n.b.
27 7x1 35+9 104 + 14 n.b.
29 8+2 32+13 104+ 9 n.b.
31 816 80 + 20 195 + 29 n.b.

“n.b.: no detectable binding at 2 uM.

respectively. A dissociated GR ligand is expected to
block the dexamethasone-induced transactivation in
the MMTYV assay, while maintaining the transrepression
activity. CF; compounds 1 and 24 do exhibit such a pro-
file in these functional assays. Both compounds 1 and
24 show potent agonist activities with ECs¢s of 45 nM
(efficacy 59% of dexamethasone) and 10 nM (efficacy
87% of dexamethasone), respectively (Table 6). In the
antagonist assay, while compound 1 has an ECsy of
150 nM and was able to completely antagonize the
MMTYV transactivation, 24 gave a maximum inhibition
of 60% at 5 uM. Interestingly, replacing the 2-hy-
droxy-5-fluorophenyl group in the agonist 1 with an
unsubstituted phenyl ring leads to the full antagonist 2
with an ECsy of 150 nM. Thus, compound 2 showed
no IL-6 agonism at 2 uM, while completely inhibiting
the transactivation. Non-CF3; compounds behaved sim-
ilarly, showing no agonist activity at a similar concen-
tration (Table 6). Potent antagonist activities with
ECsos of 120-760 nM and 100% inhibition at 5 uM were
observed for most of the non-CF; compounds tested

Table 6. IL-6 agonism and MMTV antagonsim data for selected
compounds

Compd IL-6 MMTV

ECso (MM) % efficacy ECso (nM) % inhibition
mean £ SD at 2 uM mean £ SD at 5 uM

Dex. 1 100
RU486 — 44 2%1 100% at 100 nM
1 459 59 15035 100
2 — n.d.? 150+90 100
24 10£3 87 — 60
4 — n.d. 2370 £ 580 70
5 — n.d. 620£200 95
6 — n.d. 140+ 65 100
10 — n.d. 205110 100
12 — n.d. 760 £270 90
19 — n.d. 420+ 170 100
25 — n.d. 130+90 100
29 — n.d. 13090 100
27 — n.d. 120£40 100
31 — n.d. 610 £ 160 100

“n.d.: no detectable inhibition at 2 uM.
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(Table 6). Lack of agonist activity of the methyl analog
4 could be due to the poor GR binding affinity. In con-
trast, the non-CF; compounds with a large group at the
center of the molecule are potent GR ligands and the
lack of agonist activity of these compounds cannot be
attributed to poor GR binding affinities. For example,
analogs 6, 25, 27, and 29 bind to GR with affinities com-
parable to that of dexamethasone (ICso 6 nM) and yet
have no agonist activities. Similar to RU486, these
compounds 6, 25, 27, and 29 behave as potent GR
antagonists by completely inhibiting the dexametha-
sone-induced MMTYV transactivation with ECsos in the
range of 120-140 nM. The benzyl analogs 10 and 19 also
showed 100% inhibition at 5 uM and had ECsgs of 205
and 420 nM, respectively. These results clearly demon-
strate that replacing the CF; group in 1 and 24 with a
large lipophilic moiety affects the functional profile
and imparts antagonist properties to these ligands.

Our results on the non-CF; analogs of compound 1 and
24 indicate that: (i) the CF3 group can be replaced with a
cyclohexylmethyl or benzyl group and potent GR bind-
ing can be retained; (ii) the central hydroxyl group is
essential; (iii) the central quaternary center is required
for binding to GR; (iv) the backbone carbonyl can be re-
placed with a methylene group and good GR affinity can
be maintained; (v) the right side phenolic group does not
improve the GR binding; (vi) the selectivity over PR,
MR, and ER is not affected dramatically by the CF;
substitutions. The CF; group, by increasing the acidity
of the central hydroxyl group, could enhance its hydro-
gen bond donor ability. Replacing the CF; with a cyclo-
alkyl or arylalkyl group weakens the ability of the
central hydroxyl moiety to be involved in hydrogen
bonding interactions.’>3%* Consequent loss in GR
binding could be compensated by a gain in the binding
energy due to the hydrophobic interactions of the CF;
substituents (benzyl or cyclohexylmethyl groups) with
the receptor. In addition, replacing the CF; group with
a cyclohexylmethyl or benzyl moiety changes the func-
tional behavior of these compounds from agonists to
antagonists.

To gain insight into the structural reasons for the ob-
served agonistic and antagonistic behavior, we have
docked the CF3 compound 1 and the benzyl analog 19
into the GR-ligand binding domain (GR-LBD) binding
pocket.?*4 Compound 1 can be docked into the
binding pocket observed in the co-complex X-ray struc-
ture of GR-LBD/fluticasone.?? The docking study shows
that compound 1 occupies a similar space as the known
GR agonist, fluticasone propionate. The binding mode
is highlighted by the position of helix 12 (H12) that sits
on the binding pocket (Fig. 3A). This position of helix
12 has shown to be a salient feature of the agonist con-
formation. Benzyl analog 19 cannot bind in the same
fashion, as the large benzyl moiety requires the reloca-
tion of helix 12. Compound 19 was docked into the
binding pocket using the co-complex X-ray structure
of GR-LBD/RU486.4¢ The docking study shows that
19 and RU486 occupy similar space and the benzyl moi-
ety of 19 overlays with the C-11 dimethylaniline group
of RU486 (Fig. 3B). The benzyl group, like the C-11
dimethylaniline group of RU486, forces helix 12 to
adopt an open conformation. In the case of RU486,
the helix 12 is displaced into a coactivator recognition
surface known as activation function-2 (AF-2) domain.
The displaced helix 12 blocks the recruitment of coacti-
vators and provides a molecular basis for RU486 antag-
onsim of GR.*' Our docking studies indicate that
binding of compound 19 to GR induces similar confor-
mational changes, which may account for the antagonist
activity of the benzyl analog 19 and other non-CF; ana-
logs that contain a large group at the quaternary center.

A more detailed analysis of the binding interactions of
the agonist 1 and the antagonist 19 shows similarities,
as well as differences (Figs. 4A and B). The left side het-
erocyclic group of the CF3; compound 1 overlays with
the A-ring of fluticasone and is likely to interact with
GIn570 and Arg611. The central hydroxyl of 1 overlays
with the C-11 hydroxyl of the steroid and similarly
forms a hydrogen bond with the amide side chain of
Asn564. The ligand amide nitrogen is suggested to form
an additional hydrogen bond with the backbone

Figure 3. (A) Docking of compound 1 into the GR-LBD using the GR-LBD/fluticasone co-complex X-ray structure. (B) Docking of compound 19

into the GR-LBD using the GR-LBD/RU486 co-complex X-ray structure.
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carbonyl of Leu563. No hydrogen bond interaction is
observed between the ligand amide carbonyl group
and the GR-LBD. The right side phenol is engaged in
potential hydrogen bonding interactions with the side
chain of Thr739. This is in line with the SAR reported
in Table 3 where substitution of the 2-hydroxy-5-fluor-
ophenyl right side by phenyl (2) or 2-methoxy-5-fluor-
ophenyl (23) leads to a loss in GR binding. We believe
that compounds 1, 2, and 24 bind in a similar fashion
with helix 12 capping the binding pocket. Absence of
the key interaction between Thr739 and compound 2
stabilizes an inactive GR conformation, which accounts
for the lack of the agonist activity of 2. But the non-CF;
compounds discussed in this paper carry a bulky group
at the center of the molecule, which pushes the helix 12
out of the agonist position, leading to a classical RU486-
like mode of GR antagonism.

The antagonist binding mode of 19 shows potential
interactions between the left side heterocyclic ring and
the side chains of GIn570 and Arg6l1, similar to the
agonist 1. The central hydroxyl of the benzyl analog
19 could be involved in forming a hydrogen bond with
the amide side chain of Asn564, although at 4 A this dis-
tance is large for a normal hydrogen bond. The amide
group of the antagonist 19 shows similar interactions
with the GR-LBD as the agonist 1. The SAR shown
in Table 4 is supported by the presence of a potential
hydrogen bond between the amide nitrogen and the
backbone carbonyl of Leu563, and a lack of hydrogen
bonding interaction between the ligand amide carbonyl
and the GR-LBD. Different interactions were observed
between the GR-LBD and the right sides of the agonist
1 and the antagonist 19. Repositioning of helix 12 in the
antagonist binding mode alters the location of Thr739,
which is no longer able to form a hydrogen bond with
the ligand. This could explain why no increase in the
GR binding affinity and no agonist activity were ob-
served for 19 when a phenolic group was introduced
on the right side phenyl ring in 10 (Table 3). This is in
contrast to analogs 1 and 2 where the presence of the
phenolic group at the right side phenyl ring has an effect
on the functional profile (Table 6). These results further
lend support to our suggestion of different binding
modes for the CF; and non-CF; analogs presented in

Compound 1

Q570 r‘ y

{ N
L563 M

.,
v,
.,
LI

T739

the paper. The central phenyl ring of the antagonist 19
is surrounded by the side chains of the hydrophobic
amino acids Val571, Trp600, Met604, and Phe737.
The spatial constraints of this pocket could explain the
effect of the methyl substitutions on the central phenyl
ring (Table 2). The model suggests that groups extend-
ing out from the para position of the central phenyl ring
are pointing toward the protein surface. The poor bind-
ing affinity of the biphenyl analog 13 could be due to ste-
ric interactions of the para phenyl group with the nearby
amino acid side chains. Perhaps, introducing a spacer
group between the two phenyl rings will extend the para
phenyl group and may improve the GR binding of 13. In
this context, it is interesting to note that large groups
have been introduced in RU486 using the amine group
on the C-11 phenyl ring as the point of attachment with-
out significantly affecting the GR binding.?> In conclu-
sion, these modeling studies suggest that replacing the
CF; group in 1 and 24 by large substituents changes
the position of helix 12, leading to the antagonistic activ-
ity of these ligands. The observed binding interactions
between 19 and GR-LBD also offer explanations for
the SAR of other regions in these non-CF; compounds.

The syntheses of the compounds described in the pres-
ent work have been published elsewhere.>® Analogs with
an unsubstituted phenyl ring at the right side of the
molecule were synthesized using commercially available
2-phenyl-2,2-dimethylethylmagnesium bromide. The
reaction of this Grignard reagent with diethyl oxalate
and hydrolysis of the resulting ester gave the desired
keto-acid. The keto-acid (35) was synthesized, accord-
ing to a modified literature procedure®! (Scheme 1).
Organolithium reagent generated from 2-bromo-4-flu-
oroanisole (33) was quenched with acetone to give the
tert-alcohol (34). Tin chloride-mediated coupling of this
alcohol (34) with the trimethylsilyl enol ether of ethyl
pyruvate and hydrolysis of the resulting ester led to
the keto-acid (35). The keto-acids were converted into
the corresponding acid chlorides and reaction with the
appropriate anilines gave the keto-amides. Treatment
of the keto-amides with a corresponding Grignard (or
organolithium) reagent, followed by demethylation of
the anisole intermediates, led to the desired para-fluoro-
phenols (36).

Compound 19

Figure 4. (A) Binding mode of compound 1. (B) Binding mode of compound 19. Solid lines indicate potential hydrogen bonds.
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Scheme 1. Reagents and conditions: (a) n-BuLi, THF, —78 °C, acetone, 85%; (b) trimethylsilyl trifluoromethanesulfonate, di isopropylethylamine,
CH,Cl,, 0°C, 90%; (c) SnCly, CH,Cl,, —78 to —50 °C, 35%; (d) KOH, aq. ethanol, reflux, 93%; (e) thionyl chloride, dimethylacetamide, 0 °C,
ArNH,, 0 °C to rt, 60%; (f) Grignard reagent, 0 °C to rt, 60%, (g) BBr;, CH,Cl,, 0 °C to rt, 75%.

In conclusion, we have discussed our efforts in probing
the pharmacophoric elements required for binding to
GR with a focus on the role of CF3 group in the ligands
1 and 24. Although, further work is needed to fully
understand the role of the CF3 group and its effect on
the agonist activity we believe our work sheds light on
the binding modes of agonists and antagonists based
on the compounds 1 and 24. Docking studies suggest a
binding mode similar to that of RU486, wherein the
conformational changes involving the repositioning of
helix 12 explain the observed GR antagonism. We have
shown that by introducing a large group in a non-steroi-
dal GR ligand, functional activity can be altered from
agonism to antagonism. These observations may be
applicable to other potential GR scaffolds wherein
appropriate modifications of the size and shape, while
maintaining the key interactions, could be an effective
way of modulating the functional activity.
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Abstract—Starting from the pharmacophore model for HDAC inhibitor design, a novel series of hydroxamates bearing a uracil
moiety as connecting unit (CU) has been prepared and tested. Almost all compounds exhibited HDAC inhibiting activity at low
nanomolar concentrations, the N-hydroxy-6-(3,4-dihydro-4-oxo-6-benzyl- and -6-phenyl-2-pyrimidinylthio)hexanamides 1d and
11 being more potent than SAHA in enzymatic assays. Such compounds also caused hyperacetylation in NTH3T3 cell core histones
and were endowed with interesting antiproliferative and cytodifferentiating effects in human leukemia (HL-60) cells.

© 2005 Elsevier Ltd. All rights reserved.

Truly selective destruction of malignant neoplastic cells
without killing normal cells remains a crucial and elusive
goal for cancer chemotherapy in the 21st century. One
recent and promising strategy' is the use of agents that
can differentiate cancer cells to either a nonproliferating
or normal phenotype, an approach that has the poten-
tial to be tissue-specific and avoid the side effects of cur-
rently used drugs. Most compounds that are presently
known to differentiate cancer cells are histone deacetyl-
ase (HDAC) inhibitors.? The opposing functions of his-
tone acetyltransferases (HATs) and HDACs in both
activating and repressing transcription by controlling
the tightness of nucleosomal integrity reflect the regula-
tory processes that are involved in turning genes on or
off. In mammals, both these acetylating/deacetylating
enzymes are components as catalytic subunits of multi-
protein complexes containing other proteins known to
function in transcriptional activation/repression.>¢
Such multiprotein complexes are recruited to specific
regions in the mammalian genome and generate a
unique spectrum of expressed and silenced genes.

* Corresponding authors. Tel.: +396 4991 3392; fax: +396 491491
(A-M.); tel.: +0512 507 3608; fax: +0512 507 2866 (G.B.); e-mail
addresses: antonello.mai@uniromal.it; gerald.brosch@uibk.ac.at

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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To date, 18 distinct human HDACs have been report-
ed, classified into three classes (I, II, and III)
depending on their primary homology to three
Saccharomyces cerevisiaee  HDACs (RPD3, HDAI,
and SIR2, respectively).”-

Class I and IT HDACs show some degree of homology
in their catalytic domain and have a zinc ion-
dependent mechanism of deacetylation, whereas class
IIT HDACs (SIRT1-7, sirtuins) show no homology to
class I/Il enzymes and catalyze the deacetylation reac-
tion through NAD™ as a cofactor.®!?

It is now well documented that the aberrant transcrip-
tion (i.e., epigenetic modulation) of genes that regulate
cellular differentiation, cell cycle, and apoptosis is due
to altered expression or mutation of genes that encode
HATs, HDACs, or their binding and recruiting
partners. Such histone modifications are key events
in tumor onset and progression.'"'> From these
findings, compounds that are able to inhibit HDAC
activity (i.e., trichostatin A (TSA)' or suberoylanilide
hydroxamic acid (SAHA)'#) can reverse inappropriate
HDAC-mediated transcriptional repression and can
induce re-expression of differentiation-inducing
genes,'> resulting in antiproliferative effects in vitro
and antitumor effects in vivo.'®!'® However, most of



mailto:antonello.mai@uniroma1.it;

mailto:gerald.brosch@uibk.ac.at



A. Mai et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4656-4661 4657

HDAC inhibitors known to date are of low potency
or suffer from low bioavailability, rapid metabolism,
reversible differentiation, and no selectivity for cancer
cells over normal cells,!” so suggesting that more
potent and selective differentiating agents should be
studied.

Despite the variety of their structural characteristics
(hydroxamates, carboxylates, benzamides, electrophilic
ketones, thiols, o-ketoamides, and cyclic peptides),'®
the class I/Il HDAC inhibitors can be broadly charac-
terized by a common pharmacophore.”-'® This phar-
macophoric model consists in a cap (CAP) group
able to interact with the rim space at the entrance
of the catalytic tunnel of the enzyme,?*?? linked to
a hydrophobic spacer (HS) through a polar connec-
tion unit (CU). At the end of the hydrophobic spacer,
a zinc-binding group (ZBG) assures the inhibition of
enzyme activity (Fig. 1).” While CAP is an extremely
variable moiety, ranging from a simple benzene ring
to a more complex cyclic tetrapeptide, structural
requirements for CU, HS, and ZBG are very restrict-
ed. CU is often a sp*-hybridized group, such as ke-
tone, amide, or sulfonamide, although some oxazole
and thiazole rings have been reported.>> HS can be
represented by linear or cyclic structures, either satu-
rated or unsaturated, and to date the most widely

-CO-, -CONH-, -SO,NH-, E})

Figure 1. Pharmacophore model for HDAC inhibitors.

O

| NH
= X NHOH
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X =CH=CH, (CH ,),;;n=2-7

Figure 2. Novel uracil-based hydroxyamides 1a-m.
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used ZBG is the hydroxamate. A comparison of ami-
no acid sequences of the class I/Il HDAC active site
showed that its structural features are well-conserved
across all the HDACs, except for the rim of the cata-
lytic pocket.?®22 Therefore, it has been reasoned that
changes of CAP and/or CU, assumed to interact with
the rim space at the entrance of the tubular catalytic
pocket, could provide potent and possibly class I- or
II-selective HDAC inhibitors.

From these evidences, pursuing our studies on hydroxa-
mate-based HDAC inhibitors,>* 32 we performed the
synthesis of compounds la-h bearing a uracil moiety
as novel CU, a benzyl group as CAP, and differently
sized thioalkyl aliphatic chains as HS (Fig. 2).

In an effort to establish the preliminary structure—
activity relationship (SAR), samples obtained by
removal (1i) or replacement of the benzyl group at the
pyrimidine-C6 position with small aliphatic moieties
(1j,k), as well as with phenyl (11) or 2-phenylethyl (1m)
groups, were prepared (Fig. 2).

The reaction of (C6-substituted)-2-thiouracils 2a—f (2a,
6-H; 2b, 6-Me; 2¢, 6-n-Pr; 2d, 6-Ph; 2e, 6-Bz; 2f, 6-phen-
ethyl) with the appropriate ethyl w®-bromoalkanoates
in alkaline medium afforded the corresponding

~-CONHOH, - CONH(2-NH ,)Ph,
-COCF;, -COCONHCH 3, -SH
A

T

\J

linear or cyclic,
saturated or unsaturated

NHOH

1h
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ethyl ®-(3,4-dihydro-4-ox0-6-(un)substituted-2-pyrimid-
inylthio)alkanoates 3a—f,i-m. Treatment of 6-benzyl-2-
thiouracil 2e with ethyl propiolate in the presence of tet-
rabutylammonium fluoride (TBAF) under Michael con-
ditions furnished the related propenoic ethyl ester 3g,
while by reaction between 2e and ethyl 4-bromocroto-
nate the ethyl 7-benzyl-2,3-dihydro-5-oxo-5H-thiazolo-
[3,2-a]pyrimidine-3-acetate (3h) was obtained via tan-
dem S-alkylation/N3-Michael addition (Scheme 1).
Some of these esters (3a—f,h,1,m) were converted into
the corresponding N-hydroxyamides (la—f,h,1,m) by
reaction with hydroxylamine hydrochloride and potassi-
um hydroxide. Differently, ethyl esters 3g,i-k were
hydrolyzed in alkaline medium to the carboxylic acid
intermediates 4g,i-k (see Supporting Information),
which were then converted into the desired N-hydroxya-
mides 1g,i-k by our reported one-pot, three-step proce-

dure3!3% (Scheme 1).
)\ aorb o b f‘\)\

2a-f 3a-g,i-m
X = CH=CH, (CH,),; n = 2-7

R = H (2a), Me 2b),
n-Pr (2¢), Ph (2d),
Bz (2e), 2-Ph-ethyl f)

3h Y = OEt

1h Y = NHOH

s/ \COOEt

Uracil-based hydroxyamides (UBHAs) la-m were
evaluated for their ability to inhibit maize HDACs:.
The maize system offers the advantage that three dif-
ferent types of HDACs can be biochemically separat-
ed: class 1 (HD1-B)**3* and class II (HDI1-A)*>-3¢
enzymes and the plant specific form HD2.3” Despite
HD2 showing an apparent structural diversity from
class I/II enzymes, it exhibits very similar kinetic prop-
erties when compared to classical HDAC families.
Furthermore, a good linear correlation between HD2
and HDACI1 inhibitory data has been recently
described.®

The majority of tested compounds exhibited inhibiting
activity at nanomolar concentrations (Table 1), the
only exceptions being 1g,h that showed too short
HSs for efficient enzyme inhibition. The most active
C6-benzyl derivative, 1d, was 2.5-6 times more potent

cord

)\s/ “CONHOH

la-g,i-m

Scheme 1. Reagents and conditions: (a) Br—X-COOEt, K,CO;, DMF, rt; (b) ethyl propiolate, TBAF, THF, 70 °C; (c) NH,OH-HCI, KOH, EtOH,
rt; (d) 1—KOH, EtOH, H,O, rt, 2—CICOOC,Hs, (C,Hs);N, THF, 0°C, then NH,OC(CH3),OCHj;, rt, 3—Amberlyst 15, CH30H, rt; (e)

BrCH,CH=CHCOOEt, K,CO3;, DMF, rt.

Table 1. HDAC (maize HD2, HD1-B, and HD1-A) inhibiting activity of compounds 1a-m®

Compound R X 1Cs50, nM SI®
HD2 HDI-B HDI1-A Class 1 Class 11
la Bz (CH,), 38 41 126 3.1
1b Bz (CH,)s 229 251 885 3.5
1c Bz (CHy), 125 130 181
1d Bz (CH,)s 18 18 29
le Bz (CH»)¢ 37 76 53
1f Bz (CH,), 61 193 64 3.0
1g Bz CH =CH 9000 7400 13,300
1h 31,800 30,200 38,200
1i H (CH»)s 213 239 132
1j Me (CH,)s 110 112 78
1k n-Pr (CH»)s 135 116 66
1 Ph (CHy)s 12 19 6 3.2
1m 2-Ph-ethyl (CHy)s 35 48 25 2
TSA 7 0.4 0.8 2
SAHA 50 28 178 6.3

#Data represent mean values of at least three separate experiments.
bgI, selectivity index.
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than SAHA and 2.6-45 times less potent than TSA
(Table 1). On the whole, the inhibitory data indicate
that in such novel series of derivatives the best activity
is associated with a fully saturated, five carbon unit-
containing HS. The removal (1i), as well as the
replacement, of the C6-benzyl moiety with small ali-
phatic groups (1j,k) was detrimental to inhibitory
activity, while the insertion of a phenyl ring at C6
led to a derivative (11) that was 1.5 to 4.8 times more
potent than 1d in inhibiting maize enzymes. By
increasing the distance between the phenyl ring and
the C6 uracil position (Im, C6-phenethyl derivative),
a slight decrease of activity was observed.

a-acetyl H4
H4 L —
op Ponceau
E%E — red staining
H4 —

Control  Control
(- DMSO) (+ DMSO) d 1
Figure 3. Hyperacetylation caused by 1d and 11 in NIH3T3 cell core
histones.

Because HDI1-B and HD1-A enzymes are homologues
of mammalian class I and class II HDACS, the class 1
or class II selectivity ratio for 1a-m is calculated. In gen-
eral, the novel UBHASs showed no or little selectivity to-
ward class I (SIs: 1a, 3.1; 1b, 3.5) or class II (SIs: 1f, 3.0;
11, 3.2) HDACs (Table 1).

Compounds 1d and 11 were the most potent members of
this series, and their hyperacetylation effect on core his-
tones in NIH3T3 cells was analyzed by immunoblotting.

Exponentially growing cells were incubated for 8 h with
1d and 11 at final concentrations of 6 and 2 uM, respective-
ly. After isolation of nuclei, equal amounts of nuclear ex-
tracts were subjected to SDS 14%-PAGE and blotted
onto nitrocellulose membranes. Membrane strips were
incubated with antibodies against acetylated histone
H4. As control, cells were also grown in the presence
and absence of DMSO (£DMSO) (0.1% v/v). Position
of acetylated H4 is indicated and the Ponceau red-stained
blot is shown. Immunodetection was performed with
alkaline phosphatase-conjugated secondary antibody.

Treatment of cells with 1d and 11 leads to highly increased
acetylation levels of H4 as compared to control histones,
1d and 11 giving significant immunoreactions, whereas in
control only a very faint signal is visible (Fig. 3).

Moreover, the capability of 1d and 1l to induce anti-
proliferative and cytodifferentiating effects in human
leukemia HL-60 cells in comparison with TSA
(30nM) and SAHA (1.2 uM) has been investigated.
As shown in Figure 4A, 1d and 11 showed significant

A cell growth
120000 ~
100000 ¢
80000
S 600001 B1d
<
|1l
40000 A
20000 A
04
vehicle TSA SAHA 2.5mcM 5 mcM 10mecM 15 meM
drug concentration
B viability index, %
100
904
80+
704
604"
5047 Hd
40./ @1l
30]/
204
1047
04

vehicle TSA SAHA

25mecM 5 mcM 10 meM 15 mecM

drug concentration

Figure 4. Antiproliferative (A) and cytotoxic (B) effects of 1d and 11 on HL-60 cells.
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A PMA-stimulated cells

*k

30+

x
S 251
£ ®1d
£ 2l

15 .

104

54
ol : :
vehicle TSA SAHA  25mcM 5 mcM 10 mecM 15 meM
drug concentration
B zymosan-stimulated cells
-

x
5
£ B1d
|
o @1l

vehicle TSA SAHA 2.5mcM 5mcM 10mcM 15 mcM

drug concentration

Figure 5. Cytodifferentiating effects of 1d and 11 on PMA- (A) or zymosan-stimulated (B) HL-60 cells.

dose-dependent inhibitory effects on the growth rate of
HL-60 cells, cultured for 96 h. These inhibitory effects
do not seem to depend on a direct cytotoxic action of
the inhibitors, the viability indexes (VIs) appearing
significantly modified only by 11 at 10 and 15uM
concentrations (VIs=78% and 64%, respectively)
(Fig. 4B).

The restoration of so-called respiratory burst was evalu-
ated as fundamental functional marker of differentiation
in human leukemia cell lines. This aspect of phagocyte
oxidative metabolism has been analyzed by chemilumi-
nescence (CL)3 in HL-60 cells, incubated with different
concentrations of 1d and 11 for 96 h, and stimulated by
phorbol-12-myristate-13-acetate (PMA) and zymosan.
TSA (30 nM) and SAHA (1.2 uM) have been used as
reference drugs. Results clearly showed a dose-depen-
dent recovery of reactive oxygen species (ROS) metabo-
lism when the cells were stimulated by PMA or
zymosan, reaching the maximum CL activity (p < 0.01)
with 5 uM of 11 or with 15 uM of 1d (Fig. 5).

It could be interesting to underline the fact that in hu-
man myeloid tumor cell lines, restoration of the respira-
tory burst permitted us to study a lot of differentiating
agents (i.e., all-tfrans-retinoic acid, 13-cis-retinoic acid,
la,25-dihydroxyvitamin D3, hexamethylene bisaceta-
mide, but also interferon, interleukin-6, and so on).*
PMA- and zymosan-stimulated ROS metabolism, essen-
tially due to the activity of NADPH oxydase system,
analyzed by CL represents a sensible, specific, and
reproducible method to qualitatively and quantitatively
evaluate leukocytic oxidative burst.*! In particular,

PMA-stimulated ROS metabolism, by directly acting
on protein kinase c, showed the correct assembly of
the NADPH oxidase system, while opsonized zymo-
san-stimulated ROS metabolism attests the presence of
a functional Fc receptor on the leukocyte membrane,
thereby pointing to the correct assembly of the signal
transduction pathway involved in the activation of the
leukocytic oxidative burst.3%4!

Further molecular modelling, synthetic, and biological
studies are in progress to optimize the potency and
selectivity of UBHAs against HDAC enzymes.
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Abstract—A series of novel docetaxel analogues possessing a peptide side chain at the C3’-N position was synthesized. These
compounds were designed to mimic a region of the a-tubulin loop that is equivalent to the paclitaxel binding pocket in B-tubulin.
Eight new peptidic taxoids were obtained and evaluated as inhibitors of microtubule disassembly, as well as for their cytotoxicity.

© 2005 Elsevier Ltd. All rights reserved.

Taxol® (gaclitaxel)1 1a and its semi-synthetic analogue
Taxotere™ (docetaxel)® 1b are two complex diterpenoids
useful as chemotherapeutic drugs in the treatment of
breast, ovarian, and nonsmall-cell lung cancers,® and
are also active against prostate cancer.* Their therapeu-
tic effect is due, at least in part, to their interaction with
microtubules. In vitro, paclitaxel and docetaxel promote
the assembly of tubulin into microtubules® and inhibit
the disassembly of microtubules.® Microtubules are
cytoskeletal elements essential in all eukaryotic cells,
with functions extending from cellular transport to cell
motility and mitosis. They are made of repeating of3-tu-
bulin heterodimers that bind head to tail into protofila-
ments. In 1998, the structure of tubulin was determined
by electron crystallography on zinc-induced sheets of
tubulin stabilized with paclitaxel 1a.”

(e}
A

P Y Son
OH

NH O

HO
laR'= Ac, R%*= Ph OBz
1b R'= H, R?= OtBu

Keywords: Microtubules; Docetaxel; Paclitaxel; Taxoids.
* Corresponding author. Tel.: +33 1 69 82 45 80; fax: +33 1 69 07 72
47; e-mail: gueritte@icsn.cnrs-gif.fr

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.069

The 3.7 A resolution allows localization of the paclitaxel
1a binding site on the B-subunit and also to visualize the
region of a-tubulin that is equivalent to the paclitaxel
binding pocket.®* Depending on their secondary struc-
ture, o- and B-tubulins could be superimposed with only
few differences. One of these is that the paclitaxel site on
B-tubulin is occupied in a-tubulin by a series of eight
amino acids, which form part of a loop connecting
strands B9 and B10 (Fig. 1).%°

We performed molecular modeling to study the super-
imposition of the o- and B-tubulin structures in this
region, and we observed conformational similarities
between the octapeptide Val362-Val-Pro-Gly-Gly-Asp-
Leu-Ala369 and the structure of paclitaxel when it is
bound to B-tubulin (Fig. 2). Thus, six amino acids,
Val363-Pro-Gly-Gly-Asp-Leu368, of the a-tubulin octa-
peptide showed a good insertion between positions 3’
and 2 of paclitaxel 1a, while the other amino acids mim-
ic a part of the paclitaxel skeleton. Moreover, this super-
position could be related to that of the conformationally
restricted macrocyclic taxoids synthesized in our group
to mimic the ‘nonpolar’ and ‘T-shaped’ conformation
of paclitaxel and docetaxel.!?!?

As shown earlier, bioactive taxoids bind to the B-tubulin
subunit in a specific binding conformation, and several
studies (X-rays, NMR, and molecular modeling)
have been performed to elucidate the nature of the

bioactive conformation as ‘nonpolar’,'>!* ‘polar’!> or
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Figure 1. The paclitaxel binding site in B-tubulin (A) and the B9-B10 loop in a-tubulin (B).”

Figure 2. Overlapping of paclitaxel (green) and octapeptide A362-A369 (magenta) after manual superimposition of o- and B-tubulin secondary
structures, followed by an optimization of the position of the octapeptide (Sybyl software).

“T-shaped™-'® forms. Our previous studies were based on
the synthesis of macrocyclic docetaxel analogues with
bridges linking the C3’ nitrogen to the C2 oxygen using
variable chain sizes to describe the ‘active’ conforma-
tion.'%"!2 The results obtained from this work seem to
confirm that the ‘T-shaped’ form is preferred for a good
interaction with the B-tubulin binding pocket.!? With
the goal of synthesizing novel macrocyclic docetaxel
analogues, we designed new derivatives by insertion of
specific amino acids of the a-tubulin loop between the
3’-NH and the 2-C positions of docetaxel 1b (Fig. 3).
These could constitute another approach to lock the

HO.

o

T AcO

h NH HO &5
o>\(AA)n/<o

p

Figure 3. Macrocyclic peptidic taxoids (AA, amino acids of the
a-tubulin region equivalent to the paclitaxel binding site).





4724 A.-L. Larroque et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4722-4726

docetaxel conformation and improve the taxoid B-tubu-
lin interaction in the same way that the octapeptide
interacts within a-tubulin.

In this paper, we describe, as a preliminary result, the
synthesis of novel taxoids 2a-2d bearing at the 3'N po-
sition from one to four amino acids (Val-Pro-Gly-Gly)
which are part of the a-tubulin loop that is equivalent
to the B-tubulin paclitaxel binding site. The variable
length of the peptide allows us to correlate step by step
the biological activities to the number of added amino
acids and to verify if the addition of amino acids pos-
sessing a free or a protected amino group at the C3’
position is not deleterious to the antitubulin activity.
To confirm the specificity of the interaction between
tubulin and the peptide analogues, we also synthesized
three other compounds in which the amino acids at C3’
(Val-Phe-Met-OMe, Gly-Ser(OBn)-Tyr(OBn)OBn, and
Gly-Ser-TyrOH) are different from those constituting
the octapeptide residue. To our knowledge, no taxoids
bearing a peptide side chain directly linked to the C3’
position have been previously described. However,
linking of amino acids to taxoids at positions 2’, 7,
and 10 has been reported with the goal of promoting
water solubility or of obtaining prodrugs of antitumor
taxoids.!”?!

Our retrosynthetic scheme of C3’ taxoid analogues
linked to amino acids 2a-2d is shown in Scheme 1. Com-
pounds 2a-2d could be obtained from compounds 3a—
3d, respectively, after deprotection of the C7, C10, and
C2’ hydroxyl groups and hydrogenolysis of the benzyl
ester protecting the acid group of the amino acids, which
have been added step by step to compound 4. The latter
can be readily synthesized from docetaxel 1b through
double protection at C7 and C10, and removal of the
Boc group.'?

To mimic the desired a-tubulin loop, it was necessary to
have the N-terminal part of the peptide linked to the 3'-
position and the C-terminal part to the 2-position. Thus,
the connection of 4 to the first amino acid (valine) was
realized by introduction of a urea function using car-
bonyldiimidazole (CDI) (Scheme 2).

(0]
HO (0] OH
R)J\QJH (0]

HO - AcO
2a R= Val-OH OBz
2b R= Val-Pro-OH

2c¢ R=Val-Pro-Gly-OH

2d R= Val-Pro-Gly-GlyOH

= Ph/;\”/ﬂ\ov

Optimization of the conditions for the addition of valine
benzyl ester gave compound 3a in 54% yield. Hydrogen-
olysis of 3a led to the deprotected amino acid taxoid Sa
in 93% yield. The second amino acid (proline) was then
added by creation of a peptide bond with the free acid
function of valine using 1-ethyl-3-(3’-dimethylamino-
propyl)carbodiimide hydrochloride®?> (EDCI) as the
coupling reagent and 1-hydroxybenzotriazole?* (HOBt)
to limit undesirable side reactions.?* Moreover, we used
a low dielectric constant solvent, such as CH,Cl,, to
minimize possible racemization via formation of an oxa-
zolone intermediate.>> Thus, proline benzyl ester was
added to valine to give compound 3b (91%). To increase
the peptide chain length further, the benzyl ester was re-
moved by hydrogenolysis, and the other amino acids
were introduced using the same pathway (Scheme 2).
All these compounds were deprotected at C7, CI10,
and C2’ by HF/pyridine with good yields, affording
compounds 6a—6d, while the terminal amino acids were
all deprotected by hydrogenolysis, leading to com-
pounds 2a-2d in 57-98% yields. In the same way, we
also prepared analogues 8 and 11 bearing the tripeptides
Val-Phe-Met-OMe and Gly-Ser(OBn)-Tyr(OBn)-OBn,
respectively (Scheme 3). Compound 8 was obtained by
addition of the dipeptide Phe-Met-OMe?° to 5a. Prepa-
ration of compound 11 was initiated from the glycine
derivative 9 resulting from the attachment of glycine
to 4 by a urea function, as described earlier for the
formation of 3a (Scheme 2). Coupling of 9 with the
dipeptide Ser(OBn)-Tyr(OBn)-OBn led to 11 after
deprotection of the hydroxyl groups (Scheme 3). Final-
ly, the peptide part of taxoid 11 was deprotected by
hydrogenolysis to give 12.

The new compounds 2a-2d, 6a—6d, and 8, 9, and 12 as
well as docetaxel 1b, were evaluated for their inhibition
of cold-induced microtubule disassembly?’ and for
their cytotoxicity against the KB cancer cell line?®
(Table 1). In the series 2a-2d and 6a—6d, most of the
compounds exhibited very good interaction with
microtubules, showing ICs, values similar to that of
docetaxel. Except for analogue 2b, which is three to
four times less active than docetaxel, there were no
crucial differences in the antitubulin activity of

OTBDMS

3a R=Val-OBn
3b R= Val-Pro-OBn
3c R= Val-Pro-Gly-OBn
3d R= Val-Pro-Gly-GlyOBn

Scheme 1. Retrosynthetic pathway of docetaxel analogues containing amino acids at 3’-NH.
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Ph/\)LO'-'

OTBDMS

: AcO
HO 6Bz
6a R=Val-OBn ((75%)
6b R=Val-Pro-OBn (76%)
6c R= Val-Pro-Gly-OBn (60%)
6d R= Val-Pro-Gly-GlyOBn(80%)

Ib

2a R=Val-OH (42%)

2b R= Val-Pro-OH (83%)

2c R= Val-Pro-Gly-OH (57%)

2d R= Val-Pro-Gly-GlyOH (98%)

T ACO
OBz

l ¢ (91%)

HO

OBz
3b R=Pro-OBn
y b (93%),c (79%)
3c R=Pro-Gly-OBn
¥ b (97%),c (80%)
3d R= Pro-Gly-Gly-OBn

Scheme 2. Reagents and conditions: (a) Val-OBn (10 equiv), CDI (20 equiv), NMM (33 equiv), CH,Cl,/CH3;CN (1/1), 60 °C; (b) Pd/C 10%, H,,
MeOH/AcOH (9/1), rt; (c¢) AA-OBn (5 equiv), EDCI (5 equiv), HOBt (5 equiv), CH,Cl, rt; (d) HF/pyridine 70% (45 equiv), CH;CN, 0 °C and rt.

HO

OBz

5a R= Val-OH 2= 7 R= Val-Phe-Met-OMe

(56%)

9 R= Gly-OH -£» 10 R= Gly-Ser(OBn)-Tyr(OBn)-OBn
51%

S\ _O
: AcO
HO &g,
8 R= Val-Phe-Met-OMe
(33%)

11 R= Gly-Ser(OBn)-Tyr(OBn)-OBn
(71%)
+ d

12 R= Gly-Ser-Tyr-OH
(28%)

Scheme 3. Reagents and conditions: (a) Phe-Met-OMe (5 equiv), ECDI (5 equiv), HOBt (5 equiv), CH,Cl,, rt; (b) HF/pyridine 70% (45 equiv),
CH;CN, 0 °C and rt; (c) Ser(OBn)-Tyr(OBn)-OBn (5 equiv), ECDI (5 equiv), HOBt (5 equiv), CH,Cl,, rt; (d) Pd/C 10%, H,, MeOH, rt.

protected and unprotected analogues, showing that
hydrophobicity of the side chain is not necessary for
the interaction with tubulin. We also noted a slight
systematic increase in antitubulin activity, following
the step-by-step addition of amino acids. With regard
to cytotoxicity, compounds 2a-2d bearing a deprotec-
ted amino acid side chain are less cytotoxic than their
corresponding protected analogues 6a—6d. This is
probably due to the presence of the free acidic func-
tion in compounds 2a-2d that hampers cell penetra-
tion. Among these compounds, 6a has a cytotoxicity
comparable to that of docetaxel, and it is noteworthy
that the cytotoxic effects of the compounds decrease
with the length of the amino acid side chain. Com-
pounds 8 and 12 also interact with microtubules but
to a lesser extent than the previous series, and, curi-
ously, compound 11, which was found inactive on
microtubules, showed significant cytotoxicity toward
KB cells.

Table 1. Microtubule disassembly inhibition and cytotoxicity of
docetaxel 1b and compounds 2a-2d, 6a—6d, and 8, 11, and 12

Compounds  Microtubules disassembly  Cytotoxicity against
ICso (LM)* KB ICso (uM)°

Docetaxel 1b 0.5 0.001

2a 0.8 0.67

6a 0.8 0.004

2b 1.7 4.50

6b 0.5 0.05

2c 0.6 >10

6¢c 0.4 0.10

2d 0.5 >10

6d 0.3 4.00

8 2.6 1.10

11 Inactive 0.09

12 1.0 1.05

#1Cs is the concentration that inhibits 50% of the rate of microtubule
disassembly.

®ICso measures the drug concentration required for the inhibition of
50% cell proliferation after 72 h incubation.
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In summary, we have synthesized 11 new taxoids with a
peptide side chain at C3’, and we observed that the sub-
stitution of the Boc group of docetaxel by these amino
acids does not induce any loss of activity on microtubule
disassembly but leads, except for compound 6a, to a de-
crease in cytotoxicity, especially when the groups are
hydrophilic. These preliminary results have encouraged
us to continue our work on the synthesis of macrocyclic
peptide analogues of docetaxel mimicking the amino
acid region of a-tubulin that is similar to that of the taxol
binding site. This study will be presented as the second
part of this research program in a future publication.
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Abstract—Starting from the potent and selective but poorly brain penetrant 5-HTg receptor antagonist SB-271046, a successful
strategy for improving brain penetration was adopted involving conformational constraint with concomitant reduction in hydrogen
bond count. This provided a series of bicyclic heteroarylpiperazines with high 5-HTg receptor affinity. 5-Chloroindole 699929
combined high 5-HT¢ receptor affinity with excellent brain penetration and also had good oral bioavailability in both rat and dog.

© 2005 Elsevier Ltd. All rights reserved.

5-HTg¢ receptor mRNA is almost exclusively expressed
within the brain, and many CNS drugs have high affinity
for the 5-HTg receptor. Hence, there has been consider-
able interest in elucidating the role of the 5-HT¢ receptor
in CNS disorders through the development of selective
agents. Several classes of agonists and antagonists have
been disclosed in recent years,' including the highly
potent and selective 5-HTg receptor antagonist
SB-271046 1.2 Following the discovery that 5-HTg
receptor antagonists have a beneficial effect on memory
consolidation in animal models of cognitive enhance-
ment such as the Morris water maze and Novel Object
Recognition paradigms,* a possible role has been sug-
gested for 5-HTg receptor antagonists in the treatment
of learning and memory disorders.” The proposed
involvement of 5-HTg receptor antagonism in memory
consolidation is further supported by the effect of 1 on
neuronal cell adhesion molecule (NCAM) polysialyla-
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Christopher_N_Johnson@gsk.com

627735; e-mail:

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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tion in rat brain.® NCAM polysialylation is a process
that contributes to learning-associated dendritic remod-
elling in the adult central nervous system. Acute and
chronic administration of SB-271046 has been shown
to increase the frequency of NCAM polysialylated neu-
rons activated in the entorhinal and perirhinal cortex, in
response to water maze spatial learning.” These data im-
ply that 5-HT¢ receptor antagonists may have a benefi-
cial effect on synaptic plasticity, a property which may
underpin their broad spectrum of activity in preclinical
models of cognition enhancement.

Although 1 had good oral bioavailability and showed
activity in centrally mediated animal models of cogni-
tion, its brain-blood ratio in rat was low (0.05:1) and
the compound was shown to be a substrate for the
P-glycoprotein (P-gp) efflux pump. This combination
of low brain penetration in rat and P-gp substrate liabil-
ity was considered to give a high risk for poor brain
penetration in human. Increased brain penetration and
reduced P-gp liability were, therefore, key requirements
for a back-up drug candidate.
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SB-271046, 1 2

To identify compounds with improved brain—blood
ratio, a strategy was adopted involving conformational
constraint of the SB-271046 template with resultant
removal of an acidic NH group as in 2. In addition, a
rat ex vivo binding assay® was used as a key early stage
filter to identify compounds with inherently good oral
exposure and high brain—blood ratio. This article de-
scribes the optimisation of a series of bicyclic heteroaryl-
piperazines related to 2.

Novel compounds 5-22; 26-29, 32 and 35 (Tables 1
and 2) were prepared as described in Schemes 1-4.
Compounds 5-10 were prepared in two steps from
Boc-piperazinylindole 3a by reaction with the appro-
priate arylsulfonyl chloride under basic conditions,
followed by deprotection (Scheme 1). Introduction of
substituents into the indole moiety could be carried
out on either 3a or on the arylsulfonated derivative
4a.° Thus, chlorination of 3a with N-chlorosuccini-
mide in 1,4-dioxane at room temperature gave a
mixture of 3-, 5- and 7-chloro derivatives 3b—d, from
which the major component 3¢ was separated by chro-

Table 1. 5-HTg receptor binding affinity (pK;): 4-piperazinyl indoles®

®

SO,Ar
Compound® Ar R pKi
Cl Me
5 \©\—/\( H 8.5
IS

6 Ph H 9.5

7 CsHy(2-C)) H 9.4

8 CgH4(3-Cl) H 9.6

9 CsH4(4-Cl) H 8.7
10 2-Pyridyl H 9.0
11 CsHy(3-C)) 3-Cl 9.5
12 CgH4(3-Cl) 5-Cl 8.6
13 CsHa(3-Cl) 7-Cl 9.5
14 CsH4(3-Cl) 3-Me 9.2
15 CsH4(3-Cl) 2-Me 9.4
16 CsH4(3-C)) 5-CN 8.3
17 Ph 5-Cl 8.8
18 CsH4(2-Cl) 5-Cl 9.0
19 CgsH4(4-Cl) 5-Cl 8.2
20 2-Pyridyl 5-Cl 9.3
21 1-Naphthyl 5-Cl 8.1
22 2-Naphthyl 5-Cl 7.6

% All pK; values represent the mean of at least three experiments, each
within 0.3 of the mean. In this assay, SB-271046 1 gave pK; 8.9.

® All new compounds gave satisfactory analytical and/or mass spectral
data.'®

Table 2. 5-HT¢ receptor binding affinity (pKj;): alternative core

templates®
H
o
N
|

TEMPLATE
éOZCGHA(R)
Compound® Template R pK;
N
26 ) 3-Cl 9.5
27 N\\ p H 7.6
AN
28 - ‘ ) H 8.1
N
Me
29 @ 3-Cl 8.6
32 @ H 8.9
\
35 S/ H 9.3
\

# All pK; values represent the mean of at least three experiments, each
within 0.3 of the mean. In this assay, SB-271046 1 gave pK; 8.9.

® All new compounds gave satisfactory analytical and/or mass spectral
data.'

E] ] E]

(i) (i)
N 15-81% 100%
N
H

SOZAr SOzAr
3a-e 4a-g 5-22

3a E— 4a E— See Table 1
3b 3-Cl 4b 3-Cl
3c 5-Cl 4c 5-Cl
3d 7-Cl 4d 7-Cl
3e 3-Me 4e 3-Me

4f 2-Me

4g 5-CN

Scheme 1. Reagents and conditions: (i) 1. KOBu', THF, rt, 2h;
2. ArSO,CI, rt, 15 h. (ii) CF3CO,H, CH,Cl,, rt, 4 h.

matography. The mixture of 3-chloro and 7-chloro
isomers was treated with the appropriate arylsulfonyl
chloride as described above and the resultant mixture
of 4b and 4d was separated by chromatography. A
3-methyl substituent was introduced by treatment of
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Boc FT’»oc

E ] )
N

/ﬁ/NO i

‘\ 11- 51% \

H H
N (i) (i) 2N
J 8-56% ‘\\Y Ly

23a-c¢ 24a-c 25a - c802C6H4(R)
X Y X Y X Y R
23a CH CH 25a CH CH 3-ClI
23b N CH 25b N CH H
23¢ CH N 25¢ CH N H
l(iv), 100%
H
)
N
§
See Table 2 X~ ‘
~ /
Y
S0,C,H,(3-Cl) SO,CH,(R)
29 26 - 28

Scheme 2. Reagents and conditions: (i) CH,=CHMgBr, THF,
—40°C, 0.7h. (ii)) 1. NaH, DMF, rt; 2. [(R)CsH,4S]p, rt, 2 h. (iii)
3-chloroperbenzoic acid, CH,Cl,, rt, 18 h. (iv) HCI, 1,4-dioxane, rt,
2 h. (v) Me,SOy4, K,COs3, acetone, EtOH, reflux, 18 h.

®

2 2
OH
CHO 55% 2%
H SO,Ph SO,Ph
30 31 32, Table 2

Scheme 3. Reagents and conditions: (i) CICH,SO,Ph, KOBu', DMF,
rt, 2 h. (ii) concd H,SO4, AcOH, 60 °C, 10 h. (iii) H,, Pd/C, DMF,
EtOH, rt, 18 h. (iv) MeN(CH,CH,Cl), - HCI, Na,COs, BuOH, 120 °C,
48 h. (v) 1. MeCH(C1)OCOCI, CICH,CH,Cl, 70 °C, 1 h; 2. MeOH,
reflux, 1 h.

U

Br Br
S (i), (i) (i), (iv)
/) 45% 27%
OH SO,Ph SO,Ph
33 34 35, Table 2

Scheme 4. Reagents and conditions: (i) PhSH, p-TsOH, C¢Hs, 80 °C,
16 h. (ii) monomagnesium peroxyphthalate, CH,Cl,, rt, 16 h. (iii)
N-Boc-piperazine, Pd(OAc),, BINAP, Cs,COs;, 1,4-dioxane, 100 °C,
16 h. (iv) HCI, 1,4-dioxane, rt, 2 h.

3a with sodium hydride in tetrahydrofuran followed
by chlorotriisopropylsilane to give the 1-triisopropylsi-
Iyl indole, treatment of the latter with Eschenmoser’s
salt in acetonitrile and subsequent catalytic hydroge-
nation over palladium on charcoal to give 3e, after
chromatography. A 2-methyl substituent was intro-
duced by treatment of 4a with tert-butyllithium in

hexane/tetrahydrofuran at —78°C followed by
quenching with iodomethane. 5-Cyano 4g was ob-
tained by treatment of 4a with chlorosulfonyl isocya-
nate in acetonitrile at 0 °C followed by addition of
triethylamine. Conversion of indole-substituted deriva-
tives 3b—e, 4f and 4g to final products 11-22 was car-
ried out using methods analogous to those used for
the synthesis of compounds 5-10.°

To prepare 7-piperazinyl indole isomer 26, routes were
initially investigated involving palladium-catalysed
reaction of a suitable 7-bromoindole derivative with
N-Boc-piperazine.'® This approach proved unsuccessful
whether or not the indole NH was protected, for exam-
ple, with a Boc group. A far more successful strategy in-
volved use of the Bartoli indole synthesis,'! involving
reaction of an aromatic nitro compound with an alkenyl
Grignard reagent (Scheme 2). We reasoned that a piper-
azine group, suitably protected on the distal nitrogen,
should serve as an appropriate large moiety to force
the nitro group out of plane, reportedly a prerequisite
for a successful outcome.!? Nitro derivative 23a, ob-
tained by reaction of 2-fluoronitrobenzene with N-Boc-
piperazine, was treated with a solution of 3.2 molar
equivalents of vinylmagnesium bromide in tetrahydrofu-
ran at —40 °C to afford 7-piperazinyl indole 24a in 11%
yield.'* The 3-arylsulfonyl group was introduced by
reaction with the appropriate aryl disulfide under basic
conditions, followed by oxidation with 3-chloroperben-
zoic acid to give 25a. Acid-mediated deprotection gave
desired target 26. Corresponding N-methyl indole 29
was obtained from 25a by alkylation with dimethyl
sulfate under basic conditions prior to removal of the
Boc-protecting group. The success of this approach
prompted us to investigate the Bartoli synthesis for the
preparation of azaindoles 27 and 28. Nitropyridines
23b and 23c (obtained by reaction of the appropriate flu-
oro compound with N-Boc-piperazine) were successfully
treated with vinylmagnesium bromide as described
above to afford desired azaindoles 24b and 24c¢ in 17%
and 51% yield, respectively, and these were converted
into final products 27 and 28 as shown in Scheme 2.

Benzofuran 32 was prepared as shown in Scheme 3.
Nitroaldehyde 30 was treated with the anion
derived from chloromethylphenyl sulfone to give
dihydrobenzofuran 31 in moderate yield, the reaction
proceeding via rearrangement of an initially formed
epoxide.'* Dehydration of 31 followed by catalytic
hydrogenation gave the 7-aminobenzofuran and
subsequent piperazine ring formation with bis-(2-chlo-
roethyl)methylamine hydrochloride gave, after demeth-
ylation with 1-chloroethylchloroformate, the desired
NH-piperazine 32. The low overall yield of this sequence
was primarily due to low recovery from the piperazine
ring forming stage, though this step was not optimised.
Benzothiophene 35 was prepared as shown in Scheme 4.
7-Bromo-3-hydroxybenzothiophene 33 was condensed
with thiophenol under acid conditions and then oxidised
with monomagnesium peroxyphthalate to give sulfone
34. Displacement of the 7-bromo substituent by N-
Boc-piperazine was then carried out using palladium
catalysis and a final deprotection gave the desired target
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35. All final compounds were purified by chromatogra-
phy and isolated as hydrochloride salts.

All compounds were evaluated by displacement of
[*H]LSD from human cloned 5-HTj receptors expressed
in HeLa cells with data expressed as pK; values (Tables 1
and 2).

Conformational constraint as described above led to a
series of sulfonylated piperazinyl indoles 5-10 with high
affinity for the 5-HT¢ receptor (Table 1). In all, over 130
Ar groups were investigated of which 96 had pK; > 8,
with 3-chlorophenyl 8 giving the highest affinity (pK;
9.6). A selection of these was profiled in a steady-state
CNS penetration assay in the rat'> and, encouragingly,
brain-blood ratios between 2:1 and 4:1 were obtained.
However, all compounds evaluated suffered from high
in vivo blood clearance due to poor metabolic stability.
Substitution of the indolyl moiety was investigated for
Ar = 3-chlorophenyl to block potential sites of metabo-
lism. A range of substitution patterns was tolerated with
respect to 5-HTg receptor affinity. Introduction of elec-
tron-withdrawing groups at C-5 reduced 5-HTjy affinity
to some extent (12, 16) but improved selectivity against
other 5-HT receptors to >100-fold. In a rat steady-state
CNS penetration assay, 5-chloro derivative 12 had sig-
nificantly reduced blood clearance (CLb 44 mL/min/
kg) compared to the C-5 unsubstituted compound and,
importantly, maintained a 3:1 brain-blood ratio. Varia-
tion of the arylsulfonyl group was investigated in the 5-
chloroindole series and a selection is shown in Table 1.

For Ar = substituted phenyl, an ortho substituent, for
example, 2-Cl 18, was most beneficial for 5-HTy affinity,
while a para substituent reduced affinity, for example, 4-
Cl 19. 2-Pyridylsulfonyl 20 gave the highest affinity in
this series and also achieved >1000-fold selectivity over
other 5-HT receptors. However, this compound gave
poor exposure following oral dosing in the rat. Bicyclic
arylsulfonyl groups were poorly tolerated in this series,
for example, 1- and 2-naphthyl (21 and 22, respectively).
An isomeric 7-piperazinyl indole series together with
alternative 6,5-bicyclic replacements for the indole unit
were investigated (Table 2).

Isomeric 7-piperazinyl 3-arylsulfonyl indole 26 retained
good affinity (pK; 9.5), which was reduced 10-fold by
indole N-methylation 29. The corresponding 6- and
4-azaindoles had markedly lower 5-HTg affinity (27
and 28, respectively). Replacement of indole by benzofu-
ran 32 and benzothiophene 35 was, by contrast, well
tolerated but these compounds had low in vitro meta-
bolic stability as determined using rat and human liver
microsomes. In the rat steady-state CNS penetration as-
say, 7-piperazinyl indoles 26 and 29 had moderate blood
clearance (41 and 34 mL/min/kg, respectively). Howev-
er, the brain-blood ratio of N-methyl 29 was significant-
ly higher than that of NH derivative 26 (2.6:1 vs 0.7:1),
reflecting the increased number of H-bond donors pres-
ent in 26. In the rat ex vivo binding assay,® 12 and 29
had EDsq 3 and 5 mg/kg po, respectively. In comparison
SB-271046 was significantly less potent, with EDjs,
11 mg/kg.

Compound 12 (699929) was selected for further profil-
ing. The native tissue 5-HT affinity of 12 in rat striatum
(pK; 7.9) and human caudate (pK; 8.1) was lower in
comparison with affinity at the human recombinant
receptor (pK; 8.6). The compound was shown to be
>100-fold selective across a range of 50 receptors and
ion channels. In a cCAMP accumulation assay using hu-
man cloned 5-HT¢ receptors expressed in HeLa cells, 12
was an antagonist with apparent pKy, 7.2. The pharma-
cokinetic profile of 12 was further investigated and the
compound was found to have 49% oral bioavailability
in rat and 90% in dog, together with a long plasma half
life (6 and 17 h, respectively). The P-gp substrate liabil-
ity for 12 was assessed using MDCK cell monolayers
expressing human multi-drug resistance (MDR) pro-
tein.!” In this assay, 12 was shown to have reduced
P-gp liability in comparison to SB-271046 1.

Conformational constraint of the SB-271046 template
with concomitant reduction of hydrogen bond count
proved to be a successful strategy for obtaining com-
pounds with improved brain penetration. The resulting
series of bicyclic heteroarylpiperazines had high affinity
for the 5-HT¢ receptor and compounds such as 12 and
29 had improved potency in an ex vivo binding assay
compared to SB-271046 1. From this series, 5-chloro-
4-piperazinyl indole 12 (699929) was identified, with a
brain-blood ratio of 3:1 in rat and good oral bioavail-
ability in two species, and was selected for further
progression.
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Abstract—The P2-P3 amide of dipeptide cathepsin K inhibitors can be replaced by the metabolically stable trifluoroethylamine
group. The non-basic nature of the nitrogen allows the important hydrogen bond to Gly66 to be made. The resulting compounds
are 10- to 20-fold more potent than the corresponding amide derivatives. Compound 8 is a 5 pM inhibitor of human cathepsin K

with >10,000-fold selectivity over other cathepsins.
© 2005 Elsevier Ltd. All rights reserved.

Cathepsin K (Cat K) is a lysosomal cysteine protease
thought to be the principal enzyme responsible for deg-
radation of type I collagen in osteoclastic bone resorp-
tion. Thus, an inhibitor of Cat K may be effective as
an anti-resorptive for treatment of osteoporosis. A
number of Cat K inhibitors have been previously
reported, many of which contain multiple amide bonds.

Replacement of amide bonds with appropriate isosteres
is a classic approach in medicinal chemistry. Many
amide replacements are known which retain the geome-
try of the amide bond or maintain the hydrogen bond-
accepting properties of the amide.! However, there are
a few functional groups, which are capable of preserving
the hydrogen bond-donating properties of the amide.
Sulfonamides, anilines, secondary alcohols, hydrazines,
and certain heterocycles constitute this list. The problem
of identifying an NH amide replacement can be recast as
how to minimize the basicity of an NH donor so that a
NH," moiety is not formed in the biological milieu.
Such charged groups are poorly tolerated deep in the ac-
tive site of a protein where binding interactions cannot
compensate for the energetic cost of desolvation. In this
paper, we describe that a trifluoromethyl group can

* Corresponding author. Tel.: +1 514 428 3073; fax: +1 514 428
4939; e-mail: blackc@merck.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.071

replace the carbonyl of an amide and generate a meta-
bolically stable, non-basic amine that maintains the
excellent hydrogen bond of an amide.

Replacement of this functional group has been previous-
ly explored by Zanda and coworkers> who have used it
to replace both a glycine amide bond and a malonamide
of a partially modified retropeptide.® These authors suc-
cinctly note that the trifluoroethylamino group features
‘low NH basicity, a CH(CF3;)—NH—CH backbone
angle close to 120°, [and] a C—CF; bond substantially
isopolar with the C=0O’. A report on the use of a
CH(CN)—NH group to replace an amide bond in
CCK-B has also been presented.*

Much of the published literature on Cat K inhibitors de-
scribe peptide-based molecules. Dipeptide nitrile inhibi-
tors have been reported with good pharmacokinetics in
preclinical species and anti-resorptive activity in animal
models of osteoporosis.® Nonetheless, we felt that the
overall properties of these inhibitors could be improved
by decreasing their peptidic nature.

X-ray crystallography of the irreversible dipeptide inhib-
itor 1 bound to Cat K shows that the P1-P2 amide forms
hydrogen bonds to the protein with both its NH and
carbonyl components (Fig. 1). In contrast, the P2-P3
amide bond forms only one hydrogen bond to Gly66
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Figure 1. Structures of peptidomimetic cathepsin K inhibitors.

with the NH, while the carbonyl projects into solution.®
This implies that the P2-P3 amide bond might be re-
placed with an isostere without dramatic loss of potency.
Our first attempt at such a replacement was to introduce
a phenyl ring in place of the amide.” The resulting com-
pound 2 had modest potency but excellent pharmacoki-
netics, justifying further pursuit of amide replacements.
The potency of these compounds could be improved by
using an aminothiophene group as in compound 3 to
take advantage of the hydrogen bond acceptor at
Gly66.8 Other methods of introducing the H-bond (alco-
hols, sulfonamides) were attempted without success.

In the context of developing the piperazine SAR of the
aminothiophene derivatives, we found that an N-triflu-
oroethyl group resulted in a dramatic decrease in the
basicity of the piperazine. It became quickly apparent
that this could be a method for replacing an amide car-
bonyl, while maintaining a neutral nitrogen H-bond.

The prototype molecule 6 was prepared by condensation
of trifluoroacetaldehyde with leucinol to form oxazoline
4 as a 3:1 mixture of diastereomers.’ This oxazoline was
added to three equiv of 4-bromophenyl magnesium bro-
mide to give trifluoroethylamino alcohol 5 as a 1:1 mix-
ture of diastereomers. More recently, an efficient
diastereoselective method for the synthesis of this type
of molecule has appeared.'® Alcohol 5 was oxidized to
the carboxylic acid using periodic acid catalyzed by
chromic acid.!! Coupling of the aminoacetonitrile was
carried out using conventional methods to give 6
(Scheme 1). Trifluoroethylamine 6 behaved as a neutral
molecule on TLC (Ry=0.40, 40% EtOAc/1% HOAc/
hexanes) and could not be extracted from ethyl acetate
with dilute acid. Titration against Cat K showed that
6 was 5-fold more potent than the corresponding dipep-
tide derivative 7, even as a 1:1 mixture of diastereomers
(Table 1).

Previous work in other series had shown that a phenyl-
piperazine provides optimal binding in S3.” This P3
fragment was added to 6 using a Suzuki coupling, as
previously described.® The resulting compound was sep-
arated by HPLC into its pure diastereomers 8 and 9.
Compound 8 has a Cat K ICs, of <5 pM, the most po-
tent compound ever obtained in this program. Only an
upper bound for this ICso could be determined due to
limitations of the assay.!? Diastereomer 9 was 1000-fold
less potent in this assay with poor selectivity over Cat L.

HoN MgBr
CN
/@/k /¢ c, /@N OH
H

/‘/‘)\ + RS dlastereomer
HN\)

Scheme 1. Reagents and conditions: (a) trifluoroacetaldehyde ethyl
hemiacetal, benzene, Dean-Stark, 18 h; (b) THF, 0 °C, 1 h; (c) HsIOg
(3 equiv), CrO;, CH;CN, 2h; (d) PyBOP, aminoacetonitrile - HCI,
Et;N, DMF, 14 h; (¢) BocPipPhB(OH),, PdClL,dppf, Na,CO;, DMF,
90 °C, 6 h; (f) MsOH, THF, 14 h; (g) HPLC separation.

Table 1. Potency of inhibitors in purified enzyme assays

Compound I1Cso (nM)*
Cat K° Cat B® Cat L® Cat §°
2 11 3950 3725 2010
3 1.0 123 352 102
6 13 3353 34 121
7 7.3 2477 84 145
8 <0.005¢ 1111 47 451
9 4.6 >10,000 68 902
10 0.015¢ 344 26 120
12 0.6 1050 3903 >10,000
13 5.0 >10,000 >10,000 >10,000
14 0.4 614 2274 >10,000

#1Csps are an average of at least two independent titrations. See Ref 15
for assay conditions.

® Humanized rabbit enzyme.

¢Human enzyme.

4 Low enzyme conditions—see Ref 12.

A direct comparison of 8 to the corresponding dipeptide
10 (not shown) has demonstrated that both potency and
selectivity were increased by replacing the amide bond
by a trifluoroethylamine moiety (Table 1).

To determine the stereochemistry of the active diastereo-
mer, we turned to X-ray crystallography. The diastereo-
mer of intermediate 5, which led to the active
compounds, was derivatized as an imidazole carboxylic
ester 11. A single crystal X-ray structure revealed that
the CF; center was in the S configuration (Fig. 2).'3

In the dipeptide nitrile series of inhibitors, the optimal
P2 substituent had been found to be a 1,1-cyclohexyl
group, as exemplified by 12 (L-006235/CRA-013783).3
When this P2 group was used to replace leucine in the
trifluoroethylamine compounds, the resulting com-
pound 13 (Fig. 3) was found to be 1000-fold less active
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Figure 2. ORTEP representation of 11. Non-hydrogen atoms are
represented by ellipsoids corresponding to 30% probability. Hydrogen
atoms have been drawn at an arbitrary size.

Rlsip

12 (L-006235/CRA-013783)

_ N%/

1R2

R [3 N
/‘/‘1(1(:':3 RZ=H

14R'=R2=0

HN\)

Figure 3. Optimized dipeptide inhibitor L-006235/CRA-013783 and
P2-cyclohexyl derivatives 13 and 14.

than the corresponding amide derivative 14. Molecular
modeling analysis indicated that a steric clash between
the CF; group and the cyclohexyl ring prevents the
molecule from adopting the conformation required for
binding. This suggests that only a single substituent
will be tolerated at P2 when a CF3 group replaces
the amide carbonyl.

The role of the CF3 group was explored in a brief SAR
study (Table 2). No substitution (15) or a simple methyl
substituent at this position (16) resulted in a dramatic
loss of activity. Pentafluoroethyl (17) gave similar poten-
cy to CF;. Aromatic substituents were generally quite
potent, as illustrated by the phenyl sulfone substituent
(18). With the exception of the hydrogen and methyl
cases, these amine derivatives tended to have neutral
properties, as determined by their non-polar behavior
on TLC analysis. This behavior was qualitatively

Table 2. Comparison of CF; replacements

R H
jeasts
H

Br ©
Compound 1C5o (nM)

R Cat K* R pK.C

6 CF; 0.9 0.40 1.3

15 H 802 0.05 6.7
16 CH; 988 0.03 6.7
17 CF,CF; 2.4 0.42 1.8
18 4-MeSO,Ph 2.5 0.38 4.6
19 CN 30 0.67 0.7

# Humanized rabbit enzyme.
®TLC on SiO, plates with 40% EtOAc/1% HOAc/hexanes.
¢ Calculated using ACD/pK,.

captured by the pK, of the amine, as calculated by
ACD/pK,.'"* Most interestingly, a nitrile substituent
(19), which also gave a non-basic compound, showed a
30-fold loss in activity, implying that the substituent effect
was more complex than simply neutralizing the amine.

Compound 6 has been modeled into a Cat K crystal
structure (Fig. 4). This model shows that the CF; group
does not form any lipophilic interactions with the en-
zyme, but rather is directed away from the active site
into water. The hydrogen bond closely mlmlcs the
hydrogen bond of the amide, but due to the sp> hybrid-
ization of the nitrogen, it is oriented better toward the
Gly66 carbonyl, potentially forming a stronger hydro-
gen bond. The aromatic substituent is situated over
the glycine shelf in essentially the identical orientation
as the aromatic group of the dipeptide inhibitors.

The sum of the above data allows us to propose a ration-
ale for the increased potency of the trifluoroethylamine,

Figure 4. Compound 6 modeled into the active site of human Cat K
(pdb entry IMEM) showing the interaction of the P2-P3 trifluoroeth-
ylamine moiety.
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relative to the amide. The sp> atoms of the amide impose
a suboptimal conformational restraint on the aromatic
ring and the hydrogen bond. In contrast, the CF; group
attached to an sp’ carbon orients itself perpendicular to
the aromatic ring and stabilizes the aromatic ring in its
bioactive conformation. The sp® hybridized nitrogen al-
lows the simultaneous formation of an optimal hydro-
gen bond. In the case of compound 19, the nitrile
substituent is considerably smaller than the CF; group
resulting in a low barrier to rotation for the aromatic
ring. As long as a substituent in this position is large en-
ough to enforce the conformational preference of the
aromatic ring, and can prevent protonation of the amine
group at physiological pH, a potent compound will be
obtained.

This replacement of an amide with a trifluoroethylamine
leads to advantages other than potency and selectivity.
In the dipeptide nitriles, while the P2-P3 amide bond
was found to be metabolically stable, the P1-P2 amide
bond can be hydrolyzed to give the carboxylic acid. This
was especially apparent in dipeptide inhibitors contain-
ing leucine in P2. Replacing the leucine with cyclohexyl
effectively blocked this route of metabolism. When the
P2-P3 amide is replaced by the phenyl ring of compound
2, this P1-P2 amide hydrolysis is not observed. Similarly,
in the case of trifluoroethylamine derivatives described,
we found no evidence of a P1-P2 amide cleavage, even
though these compounds contain leucine in P2.

In conclusion, we have found that trifluoroethylamine is
an excellent surrogate for the P2 amide bond in the
inhibitors of Cat K. Not only does this functional group
enhance potency and selectivity over other cathepsins,
but the resulting compounds are stable to P1-P2 amide
bond cleavage that is observed in analogous dipeptide
inhibitors. The fully elaborated inhibitor 8 is a ~5 pM
inhibitor of Cat K and is >10,000-fold selective over
other cathepsins.
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Abstract—DFT (B3LY/6-31G(d) and B3PW91/6-31G(d)) calculations are performed for L-adrenaline and adrenalinequinone. The
calculated IR spectrum of L-adrenaline is used for the assignment of IR frequencies that are observed in the experimental IR spec-
trum. Cyclic voltammetry with a platinum electrode of L-adrenaline solutions in phosphate buffers at pH 1 shows that standard
electrode potential of half reaction for L-adrenaline and adrenalinequinone is 0.803 V. Standard electrode potential of half reaction
for L-adrenaline and adrenalinequinone is calculated using the energies of solvation and the sum of electronic and thermal free ener-

gies of L-adrenaline and adrenalinequinone.
© 2005 Elsevier Ltd. All rights reserved.

L-Adrenaline is known to be an important hormone
secreted by the medulla of the adrenal gland, which also
serves as a chemical mediator for conveying the nerve
pulse to efferent organs. Numerous observations on elec-
trochemical behavior of catechols and its analogs, such
as epinephrine, often called L-adrenaline, have been
carried out in many research groups.'~!°

Standard electrode potential is a very important param-
eter in biochemistry, analytical chemistry, etc. There-
fore, the prediction of standard electrode potential is
very important. The previous paper!! gave literature val-
ues of standard Gibbs energies of formation (A.G°) and
standard enthalpies of formation (AH’) for 72 species
involved in enzyme-catalyzed reactions. These values
were used to calculate standard transformed Gibbs ener-
gies of formation (AG°) and standard transformed
enthalpies of formation (A¢H°) for reactants (sum of
species) at 298.15K, pH 7. Some of the AG° and
AcH® values were obtained from the literature,'? while
the others were derived from the interpretation of

Keywords: 1-Adrenaline; Adrenalinequinone; DFT; IR spectrum;

Cyclic voltammetry; Standard electrode potential.

* Corresponding author. Tel.: +86 517 3766342; fax: +86 517
4926385; e-mail: songyuanzhi@sina.com.cn

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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apparent equilibrium constants (K’) of biochemical reac-
tions where the acid dissociation constants were known
for all the reactants. The previous article!? attempted to
include all the literature data on the species of interest in
biochemical reactions because its objective was to show
how A:G° and A:H° values for species could be used to
calculate A;G'° and AH° values for reactants at pH 7
and to demonstrate the calculation of apparent equilib-
rium constants (K’) at pH 7. The A;G° values calculated
from A;G° values were tested by calculating apparent
equilibrium constants for reactions for which there are
good ex/gerimental data. Since that test was satisfactory,
the A¢G " values were then used to calculate the standard
transformed Gibbs energy of reaction values for 11
more reactants by use of experimental K’ values for
reactions. These new A¢G° values are calculated using

AG’ = —RTIn K' = vAGY,

where A,G° is the standard transformed Gibbs energy
of the reaction of the reactant i at pH 7 and v/} is the
stoichiometric number of reactant i (positive for prod-
ucts and negative for reactants) in the biochemical
reaction.

The standard transformed Gibbs energy of reaction is
also related to standard electrode potential. Thus, the
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theoretical calculation of standard electrode potential is
significant.

Figure 1 shows the reaction scheme for the L-adrenaline
case. The oxidation of L-adrenaline at a relatively low
hydrogen ion concentration represents an example of
the so-called ECC mechanism'4!> (which shows that
an electrode reaction follows a chemical reaction).

In this paper, the vibrational frequencies for L-adrena-
line are calculated for validation of the structure because
the molecular parameters are controlled by the struc-
ture; furthermore, standard electrode potential of half
reaction for L-adrenaline and adrenalinequinone is also
calculated using the optimized structure at the same
level.

Many study results have indicated that density-function-
al theory is a powerful method for predicting the geom-
etry and hormonic vibration of organic compounds.'®2°
Therefore, the DFT-B3LYP/6-31G(d) and DFT-

OH
OH 0
HN
OH CH
L-adrenaline
OH
OH
|eucoadrenochrome

o) f .
% “adrenalinequinone

B3PW091/6-31G(d) were carried out to study the molec-
ular structure, solvation energies, sum of electronic and
thermal free energies, and the vibrational frequencies of
both L-adrenaline and its oxidized form (adrenalinequi-
none) at electrode (Fig. 2).

The DFT calculations (B3LYP and B3PW912!) were per-
formed using the 6-31G(d) basis set with Gaussian 98
program.?’> The geometry optimizations of investigated
L-adrenaline and adrenalinequinone were performed un-
der relaxation of all internal degrees of freedom, assum-
ing planarity of benzene ring of the molecules (Cs
symmetry). The harmonic vibrational frequencies, as
well as infrared intensities, were subsequently calculated
by using the numerical differentiation of analytical gradi-
ents. The visualization of atom movement was made pos-
sible by using the gaussView2.1.2> The energies of
solvation of vr-adrenaline and adrenalinequinone at
298.15 K, 1 atm were calculated by the Polarized Contin-
uum (overlapping spheres) model (PCM) of Tomasi and
co-workers for analytic energies at the same levels.>*2°
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+ 2HY+2e
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\
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+
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Figure 1. Reaction scheme for the electrochemical oxidation of L-adrenaline.
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Figure 2. The IR spectrum of L-adrenaline.
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Figure 3. Numbering in both L-adrenaline and adrenalinequinone and geometries of L-adrenaline and adrenalinequinone optimized at the B3LYP/6-

31G(d) level.

The geometries and numeration of atoms in both
L-adrenaline and adrenalinequinone are shown in
Figure 3. All atoms of the benzene ring with OH and
O atoms in both L-adrenaline and adrenalinequinone
are in planar configuration.

The bond lengths and bond angles of both L-adrenaline
and adrenalinequinone optimized at the BLYP/6-31G(d)
and B3PW91/6-31G(d) levels are given in Table 1. It can
be seen from Table 1 that the bond lengths and bond an-
gles of the same molecule at the BLYP/6-31G(d) level
are in good agreement with that at the B3PYW91/6-
31G(d) level. From Table 1 the band lengths of C5C;
and C,C,, in adrenalinequinone are shorter than in
L-adrenaline because of the form of two carbonyls; how-
ever, the band lengths of C;C4, C5C4, and CC, in
adrenalinequinone are longer than in L-adrenaline. So,
the bond angles of C4CsCq, CsC4C;, CsCC;, and
C,C,Cs5, as well as the dihedral angles of C4Cs5CgCo,
CeCsCgCy, C1oCsCoCyy, CyCsCsChp, and CeCsCsCig
also change markedly with the changes in bond lengths.

Because adrenalinequinone, as an intermediate in an
electrode process, is unstable, only an experimental
spectrum of L-adrenaline is shown in Figure 2. The ordi-
nate is the IR relative intensity, while the abscissa repre-
sents the frequency (cm™'). The calculated vibrational
spectrum shows that there are systematic errors between
predicted bonds and experimental spectrum. Scaling of
the force constants according to the methods reported
by Schaefer I1I et al.?” and Paulay et al.?® is a very useful
way to account for systematic errors such as the neglect
of harmonic effects, basis set defects, and election corre-
lation. In many cases, the typical values for the scaling
factors range from 0.7 to 0.99, while the scaling factors
of B3LYP/6-31G(d) and of B3PW91/6-31G(d) are
0.9614 and 0.9753,%° respectively, for predicting the
vibrational spectrum of L-adrenaline. The calculated fre-
quencies and experimental frequencies are shown in
Table 2 and Figure 4.

The predicted spectrum for L-adrenaline at the B3LYP/
6-31G(d) level gives 72 vibrational modes. The good
overall appearance agreement with experimental data
for L-adrenaline, particularly for low-frequency modes,

confirms the reliability of the presented band assign-
ment. The strongest peak in the calculated spectrum ap-
pears at 1274 cm™!, whereas the experimental bond is
located at 1282 cm™'; in both cases of experimental
and theoretical, the vibration is benzene ring breathing.
Three modes are associated with the bands of OH
stretching, which are located at 3627, 3575, and
3434 cm™'; however, only a band at 3304 cm ! is found
in the experimental spectrum on account of vibration
coupling in the solid state. The intensities of N H
stretching in experimental are so weak that they cannot
be found in the IR spectrum, the results indicating that
errors do exist at higher frequencies between calculated
spectrum and experimental frequencies.>* Four modes
refer to the bands of CH stretching, which appeared at
2832, 2871, 3010, and 3030 cm ™' in the predicted spec-
trum but were located at 2800, 2872, 2916, and
2974 cm™~! in the IR spectrum. Modes 32, 33, 35, 57,
and 59 were assigned to the bands of CC stretching,
which were located at 931, 1008, 1086, 1517, and
1613 cm ™!, whereas they appear at 939, 1010, 1082,
1532, and 1610 cm ™! in the IR spectrum, respectively.
The region from 612 to 1485 cm ™' in a predicted spec-
trum mainly represents the bands of CH rock and NH
rocks, benzene ring torsion, benzene ring breathing,
and CC bond bending, which are in good agreement
with that observed in the IR spectrum.

In adrenalinequinone, the frequencies of OH and NH
stretching in the predicted spectrum at the B3LYP/6-
31G(d) level are located at 3395 and 3398 cm ™', while
the bands of CO stretching appear at 1687 and
1685 cm™'. Modes 64, 63, and 62 represent the bands
of CH stretching in the benzene ring, which are located
at 3083, 3071, and 3104 cm™'. The frequencies of CH
stretching of methyl and methylene appear at 3017,
2978 and 2973, 2887, 2871 cm ., respectively.

The predicted frequencies for L-adrenaline and adrenal-
inequinone at the B3PYWO91/6-31G(d) level are slightly
higher than at the B3LYP/6-31G(d) level.

Thus, the structures optimized at the B3LYP/6-31G(d)
and B3PYWO91/6-31G(d) level are reliable and
reasonable.
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Table 1. The geometry parameters of L-adrenaline and adrenalinequinone

L-Adrenaline

Adrenalinequinone

B3LYP/6-31G(d)

B3PYW91/6-31G(d)

B3LYP/6-31G(d) B3PYWO91/6-31G(d)

Bond length (A)

r(2-12) 1.366 1.360
r (3-7) 1.381 1.374
r (8-10) 1.416 1.409
r (9-11) 1.467 1.460
r(1-2) 1.392 1.390
r(2-3) 1.405 1.403
r(3-4) 1.390 1.388
r (4-5) 1.402 1.400
r (5-6) 1.397 1.395
r (1-6) 1.397 1.395
r (5-8) 1.515 1.511
r (8-9) 1.548 1.544
r(9-11) 1.467 1.460
r (11-13) 1.462 1.456
Bond angle (°)

o (12-2-3) 120.5 120.4

o (2-3-7) 115.0 114.9

o (7-3-4) 124.5 124.6

o (4-5-6) 118.8 118.9

o (5-6-1) 120.8 120.8

o (1-2-3) 119.1 119.1

o (4-5-8) 120.0 120.1

o (5-8-10) 110.6 110.9

o (10-8-9) 108.4 108.2

o (5-8-9) 111.2 110.9

o (8-9-11) 109.8 109.5

o (9-11-13) 114.6 114.6
Dihedral angle (°)

D (6,1,2,12) -179.9 —179.5
D (6,1,2,3) —0.4 —0.4
D (4,5,8,9) —85.8 —85.6
D (4,5,8,10) 154.0 153.5
D (6,5,8,9) 91.7 91.2
D (6,5,8,10) —28.6 -29.0
D (5,8,9,11) —168.8 —169.6
D (10,8,9,11) —47.0 —47.5
D (8,9,11,13) —84.1 —84.3

1.219 1.217
1.220 1.218
1.413 1.405
1.463 1.456
1.473 1.470
1.559 1.555
1.469 1.466
1.354 1.353
1.469 1.466
1.349 1.348
1.512 1.508
1.555 1.551
1.463 1.456
1.464 1.458
120.0 120.0
119.9 119.8
123.0 123.0
121.0 121.0
122.7 122.7
116.8 116.9
121.3 121.3
110.3 110.6
108.8 108.6
110.6 110.2
108.9 108.6
114.8 114.8
179.5 179.4
—-0.5 -0.5
-92.3 -933
147.7 146.4
85.1 84.1
-34.9 —36.2
—165.9 —167.0
—44.6 —45.8
—84.8 —85.1

The highest occupied molecular orbital (HOMO), the
lowest unoccupied molecular orbital (LUMO), and the
energy gap of HOMO and LUMO for L-adrenaline
and adrenalinequinone calculated at the B3LYP/6-
31G(d) and B3PYWO91/6-31G(d) levels are shown in
Table 3 and Figure 5.

The eigenvalues of LUMO and HOMO and their energy
gap reflect the chemical activity of the molecule. LUMO
as an electron acceptor represents the ability to obtain
an electron, while HOMO as an electron donor repre-
sents the ability to donate an electron. The smaller the
energy gap of LUMO and HOMO, the easier it is for
the electrons of HOMO to be excited; the higher the
energies of HOMO, the easier it is for HOMO to donate
electrons; the lower the energies of LUMO, the easier it
is for LUMO to accept electrons.

From Table 3 and Figure 5, the results show that the
energies of LUMO of adrenalinequinone are lower than
that of L-adrenaline and the energy gap of adrenaline-

quinone is smaller than that of L-adrenaline; therefore,
transfer of electrons from HOMO to LUMO in adrenal-
inequinone is relatively easier than that in L-adrenaline,
and the LUMO in adrenalinequinone accepts electrons
easily with the decrease of the energies of LUMO. As
a result, the oxidation of r-adrenaline at a relatively
low hydrogen ion concentration represents an example
of the so-called ECC mechanism.

Voltammograms for the oxidation of 5.0mM L-
adrenaline in 0.1 M phosphate buffer at pH 1.0 are
shown in Figure 6 at a platinum microelectrode. Sim-
ilar data are obtained at a glassy carbon microelec-
trode. The voltammograms obtained at a relatively
high hydrogen ion concentration (low pH) exhibit a
chemically reversible oxidation process, as indicated
by similar-sized peaks for the forward and reverse
scans, with an oxidation peak potential (E°*) of
0.66V and a reduction peak potential (E™%) of
044V at pH 1.0 versus Ag/AgCl. Compared with
previous work, the results are in agreement with the
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Table 2. Experimental (v.xp) and calculated (ve,) vibrational wavenumbers (cm™"), IR absorption intensities (7, km/mol)
Mode L-Adrenaline Adrenalinequinone
veat (em™") (1) veat (cm ™) (1) Vexp (cm ™)™ veat (em™) (1) veat (cm ™) (1)
B3PYW91/6-31G(d) B3LYP/6-31G(d) B3PYW91/6-31G(d) B3LYP/6-31G(d)
Unscaled Scaled Unscaled Scaled Unscaled Scaled Unscaled Scaled
1 34(1.1) 33 34(1.1) 33 37(1.8) 36 38(1.8) 37
2 61(0.2) 59 61(0.2) 59 56(2.5) 55 56(2.5) 54
3 73(0.6) 71 74(0.6) 71 68(0.7) 66 67(0.7) 64
4 113(1.2) 110 113(1.2) 109 93(0.2) 91 96(0.2) 92
5 174(8.4) 170 174(12.0) 167 1212.1) 118 121(2.1) 116
6 200(0.5) 195 200(3.6) 192 193(1.3) 188 195(1.1) 187
7 207(41.7) 202 205(77.6) 197 209(7.4) 204 210(5.8) 202
8 213(117.2) 208 210(72.3) 202 213(1.7) 208 215(3.5) 207
9 255(0.8) 249 254(0.5) 244 290(3.2) 283 291(3.7) 280
10 303(5.3) 297 305(5.0) 293 329(7.3) 321 325(6.7) 312
11 324(9.8) 316 319(9.3) 307 346(2.7) 337 345(2.9) 332
12 333(7.8) 325 331(7.3) 318 349(10.2) 340 350(9.2) 336
13 390(5.7) 380 391(4.8) 376 408(1.6) 398 410(1.3) 394
14 422(5.9) 411 422(1.9) 406 448(2.6) 437 450(2.8) 433
15 435(61.2) 424 429(64.8) 412 474(0.7) 462 476(1.0) 458
16 452(18.0) 441 452(12.7) 435 547(12.1) 533 545(12.8) 524
17 469(6.0) 457 469(4.0) 451 579(11.7) 565 579(9.6) 557
18 554(5.8) 540 551(6.3) 530 604(8.1) 589 605(4.4) 582
19 597(31.6) 582 596(30.2) 573 617(9.8) 602 615(11.8) 591
20 617(9.0) 602 612(35.3) 588 675(75.0) 658 653(77.5) 628
21 630(11.2) 603 630(16.3) 606 704(12.8) 687 698(13.6) 671
22 654(62.9) 638 637(36.3) 612 619 768(65.2) 749 765(64.6) 735
23 705(1.2) 688 704(1.0) 677 695 788(11.4) 769 788(8.6) 758
24 772(85.2) 753 769(84.7) 739 733 809(13.4) 789 808(13.4) 777
25 802(12.9) 782 798(12.7) 767 776 833(36.3) 812 834(31.7) 802
26 817(8.0) 797 816(7.1) 784 906(2.8) 884 904(14.3) 869
27 838(1.3) 817 839(2.0) 807 808 915(24.5) 892 911(18.9) 876
28 842(46.8) 821 843(38.5) 810 836 938(2.5) 915 934(1.5) 898
29 914(46.5) 891 907(51.5) 872 873 953(11.5) 929 942(9.0) 906
30 945(2.6) 922 936(1.8) 900 1024(0.17) 999 1024(0.3) 984
31 956(2.6) 932 954(1.2) 917 1024(19.9) 999 1039(20.5) 999
32 973(5.1) 949 968(5.5) 931 939 1116(14.3) 1088 1105(15.1) 1062
33 1049(10.0) 1023 1046(10.9) 1008 1010 1139(12.7) 1111 1133(9.5) 1089
34 1119(80.7) 1091 1110(65.7) 1058 1059 1161(6.0) 1132 1151(46.0) 1107
35 1134(8.5) 1105 1130(29.1) 1086 1082 1167(33.0) 1138 1163(13.2) 1118
36 1162(17.9) 1133 1151(38.4) 1106 1102 1184(24.2) 1155 1177(55.9) 1132
37 1170(33.4) 1141 1167(16.9) 1121 1188(55.5) 1159 1184(19.1) 1138
38 1182(90.6) 1150 1178(38.0) 1132 1130 1206(37.6) 1176 1199(12.7) 1153
39 1192(30.6) 1162 1186(76.7) 1140 1141 1285(34.7) 1253 1282(100.0) 1233
40 1199(17.3) 1169 1192(11.5) 1145 1291(96.4) 1259 1287(30.7) 1237
41 1232(78.5) 1201 1229(75.9) 1182 1180 1314(1.6) 1281 1313(2.8) 1263
42 1284(44.5) 1252 1284(55.3) 1234 1216 1344(5.6) 1311 1394(5.3) 1340
43 1301(27.4) 1256 1296(70.3) 1246 1379(47.6) 1345 1379(50.0) 1326
44 1315(70.9) 1282 1314(69.1) 1263 1257 1392(17.2) 1358 1396(17.7) 1342
45 1338(237.2) 1305 1326(178.9) 1274 1282 1441(54.8) 1405 1440(51.2) 1384
46 1357(4.0) 1310 1356(13.7) 1303 1463(72.0) 1427 1461(67.4) 1405
47 13849(89.3) 1349 1384(95.7) 1330 1338 1478(11.8) 1441 1482(4.7) 1425
48 1393(8.7) 1358 1396(2.5) 1342 1498(2.4) 1461 1450(2.3) 1394
49 1438(27.3) 1315 1425(26.3) 1370 1379 1508(5.4) 1471 1514(2.9) 1456
50 1465(55.4) 1429 1463(67.2) 1400 1420 1522(18.5) 1484 1526(14.8) 1467
51 1478(24.0) 1441 1481(11.9) 1425 1541(8.8) 1503 1545(7.7) 1485
52 1497(26.5) 1460 1494(87.9) 1436 1440 1645(12.7) 1604 1631(11.8) 1568
53 1499(62.2) 1462 1499(6.4) 1441 1707(14.4) 1665 1698(12.9) 1632
54 1507(18.6) 1469 1513(6.4) 1454 1448 1773(263.2) 1729 1755(255.1) 1687
55 1522(17.9) 1484 1525(13.5) 1466 1446 1800(48.6) 1756 1784(47.4) 1715
56 1541(8.2) 1503 1545(7.3) 1485 1488 2994(30.2) 2920 2986(29.6) 2871
57 1587(123.4) 1447 1578(106.6) 1517 1532 3006(69.4) 2932 2994(21.5) 2878
58 1678(26.4) 1636 1666(24.4) 1601 1610 3015(42.0) 2940 3003(52.4) 2887
59 1692(17.3) 1650 1678(17.1) 1613 3105(21.3) 3028 3092(52.3) 2973
60 2953(57.0) 2880 2946(56.1) 2832 2800 3111(26.4) 3034 3098(28.2) 2978
61 2990(66.7) 2916 2978(56.4) 2863 3153(23.3) 3075 3138(25.6) 3017

(continued on next page)
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Table 2 (continued)

Mode L-Adrenaline Adrenalinequinone
vear (cm™") (1) vear (cm ™) (1) Vexp (cm ™)™ vear (cm™") () vear (cm™") (1)
B3PYWO91/6-31G(d) B3LYP/6-31G(d) B3PYWO91/6-31G(d) B3LYP/6-31G(d)
Unscaled Scaled Unscaled Scaled Unscaled Scaled Unscaled Scaled
62 2997(67.7) 2923 2986(79.8) 2871 2872 3203(4.4) 3124 3194(5.1) 3071
63 3103(29.5) 3026 3091(31.6) 2972 3216(0.5) 3137 3207(1.1) 3083
64 3109(20.4) 3035 3097(22.2) 2977 3233(5.6) 3153 3226(5.9) 3104
65 3146(26.8) 3068 3131(30.3) 3010 2916 3523(232.7) 3436 3531(126.9) 3395
66 3161(17.6) 3082 3152(19.0) 3030 2974 3565(2.4) 3477 3534(70.4) 3398
67 3219(6.3) 3139 3209(7.6) 3085
68 3240(2.7) 3160 3231(3.1) 3106
69 3558(5.8) 3470 3525(0.6) 3389
70 3571(165.2) 3483 3573(136.7) 3435 3304
71 3747(90.6) 3654 3719(81.9) 3575
72 3810(58.5) 3716 3773(50.6) 3627
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Figure 4. The theoretical spectrum of L-adrenaline and adrenalinequinone at the B3LYP/6-31G(d) level; the wavelength is not scaled.

Table 3. The eigenvalues of LUMO and HOMO and energy gaps of HOMO and LUMO

Enowmo (€V) ELumo (eV) Erumo—Enomo (V)
B3LYP B3PYWO1 B3LYP B3PYWO1 B3LYP B3PYWO1
L-Adrenaline —5.41 —-5.47 0.29 0.24 5.70 5.71
Adrenalinequinone —6.53 —6.56 -3.32 —-3.41 3.21 3.24
literature.'>®  Thus, the conditional potential pH=1.0,E=(0.66V+044V)/2=0.550V.

E = (E™ + E™%)/2;3! therefore
So, the standard electrode potential (EY) versus Ag/AgCl
E is calculated as can be written as
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Figure 5. The eigenvalues of LUMO and HOMO of adrenalinequinone and r-adrenaline at the 6-31G(d) level.
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30pA

0.0 02 0.4 0.6 0.8 1.0
E(V)(V.SAgAQCI)

Figure 6. Voltammograms for the oxidation of 5.0 mM r-adrenaline in
0.1 M phosphate at pH 1.0. The voltammograms are obtained in a
stationary solution with a 0.8 mm radius platinum disk as a working
electrode and using a potential scan rate of 0.1 V s~

E = E° +0.0591g[H*] (25 °C).

Then
pH = 1.0,E} = 0.609 V (25 °C).

Standard electrode potential (E3) versus normal hydro-
gen electrode (NHE) is given as

ES = E} + Eag/agci(3M KCI)»

Eng/agaiam ke = ERyeya, — 0.0591g[Cl7]
— 0222V — 0.059 1g[3]
— 0.194 V (25°C),

where E} 5, represents the standard electrode poten-
tial for Ag/AgCl;*? therefore, EY is calculated as

pH=1.0,E5 =0.609V +0.194 V = 0.803 V (25 °C).

Half reactions for L-adrenaline and adrenalinequinone,
as well as normal hydrogen electrode (NHE), can be
written as

Adrenalinequinone, +2e” +2H/, =r-adrenaline ),

2e” +2H, = Ha(g).
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ArGl

Adrenalinequinone(g) + Hyg L-adrenaline(g)

Aer l AI’G3

. . ArG
Adrenalinequinone(solu) + Hog=—— L -adrenaline(solu)

Figure 7. Design of redox reaction of L-adrenaline and adrenalineq-
uinone in solution; g and solu denote gas and solution, respectively.

Then

Adrenalinequinone,, + H,, = r-adrenaliney). (1)

The transformed Gibbs energy of (1) is written as
AG(298.15K) = Gy.-adrenaline — Gadrenaiinequinone — Gy
= (&9 + Georr), -adrenaline
— (80 + Georr) Adrenalinequinone — (60 + Georr ), -

The redox reaction in solution was designed as in
Figure 7.

So, the standard transformed Gibbs energy of reaction
in solution is written as

ArG(29815 K, 1 atm) = ArGl — Aer + ArG3,

where A,G, and A,Gj; are energies of solvation of adren-
alinequinone and L-adrenaline in water at 298.15 K,
1 atm, respectively. G, is given as

Georr = Heorr — TStol;

H o = Eyor + kBT7

Stot :S1+Sr+SV+S57,

The Gibbs free energy includes APV = ANRT, so when
it is applied to calculated A.G for a reaction,
ANRT = APV is already included. This means that
A.G will be computed correctly when the number of mo-
les of gas changes during the course of a reaction. The
next equations are estimates of the total energy of the
molecule, which is written as

sum of electronic and zero-point energies = & + &zpE,
sum of electronic and thermal energies = ¢y + E\q,
sum of electronic and thermal enthalpies = &y + Hcorr,

sum of electronic and thermal free energies = ¢y + Geoy-

Standard electrode potential (E°) of half reaction for
L-adrenaline and adrenalinequinone is calculated as

A.G(298.15 K) = —nFE°.

The physical means of descriptor mentioned above is
listed in Table 4.

Calculated thermochemistry values from Gaussian 98
for reaction (1) are given in Table 5. The
A;G(298.15 K) for reaction (1) and standard electrode
potential (E°) of half reaction for r-adrenaline and
adrenalinequinone are also calculated. The zero-point
energies (¢zpg) of L-adrenaline and adrenalinequinone
are scaled by 0.9614 at the B3LYP/6-31G(d) and

Table 4. Physical mean of descriptor

Descriptor  Physical mean

E. Internal energy due to electronic motion

E; Internal energy due to rotational motion

Ei, Total internal energy (E, + E, + E, + E,)

E, Internal energy due to translation

E, Internal energy due to vibrational motion

Georr Correction to the Gibbs free energy due to internal
energy

Heorr Correction to the enthalpy due to internal energy

N Number of moles

P Pressure (1 atmosphere)

Se Entropy due to electronic motion

S; Entropy due to rotational motion

Stot Total entropy (S; + S: + Sy + Se)

St Entropy due to translation

Sy Entropy due to vibrational motion

T Temperature (298.15 K)

14 Volume

kg Boltzmann constant = 1.380662 x 1072 JJK

F Faraday constant = 96.485 C mol ™!

£7PE Zero-point energy of the molecule

& The total electronic energy

0.9753 at B3PW91/6-31D(d) levels, respectively. From
Table 4 all energies, the transformed Gibbs energy of
reaction (1) and standard potential calculated at
B3LYP/6-31G(d) level, are in agreement with that cal-
culated at the B3PYW91/6-31G(d) level. The predicted
standard electrode potentials of 0.57 V at the B3LYP/
6-31G(d) level and 0.67 V at the B3PYW91/6-31G(d)
level are close to experimental values of 0.802 at pH
1.0. The method at the B3PYW91/6-31G(d) level is
superior to that at the B3LYP/6-31G(d) level.

The parameters of L-adrenaline and adrenalinequinone
are controlled by molecular geometry. The predicted
frequencies of L-adrenaline are consistent with the
experimental spectrum, indicating that the geometries
of L-adrenaline and adrenalinequinone are reasonable
and reliable. However, there is an error between the
predicted standard potential (0.57 V at the B3LYP/6-
31G(d) and 0.67V at the B3PWO91/6-31G(d) levels)
and experimental data (0.803 V at pH 1.0). The errors
may have arisen from the experimental result and the
calculational methods. However, this method is very
useful to predict the unknown standard potential of
compounds because the theoretical method is very sim-
ple and cheap.

Experimental. In Figure 2, the experimental IR spectrum
of L-adrenaline in solid state is from the literature.??

Phosphate buffers were prepared by titration of analyti-
cal reagent grade phosphoric acid with sodium hydrox-
ide until the required pH value reached. A polarograph
(Jiangsu Electrochemistry Analysis Instrument Corp.,
China) with a MEC-12B analytical software is per-
formed for testing the electrochemical behavior. Con-
ventional voltammetric experiments in phosphate
buffers were performed at a scan rate of 0.1 V s~ (step
width 1 mV) with either a 1.5 mm radius carbon disk or
a 0.8 mm radius platinum disk working electrode and a
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Table 5. Calculated thermochemistry values, the A.G(298.15 K) and standard electrode potential (E°)

Adrenalinequinone H, L-Adrenaline
B3LYP B3PYWO1 B3LYP B3PYWO1 B3LYP B3PYWO1
¢o (Hartree) —629.937602 —629.697778 —1.175482 —1.174562 —631.175024 630.9410400
¢zpg (Hartree) 0.193071 0.193654 0.010145 0.010130 0.216490 0.217337
E,o (Hartree) 0.205572 0.206144 0.012505 0.012491 0.229598 0.230403
H.,, (Hartree) 0.206516 0.207088 0.013450 0.013435 0.230542 0.231347
G.orr (Hartree) 0.153158 0.153720 —0.001342 —0.001358 0.176489 0.177380
& + ¢zpg (Hartree) —629.744530 —629.504124 —1.165337 —1.164432 —630.958534 —630.723703
€0 + Eior (Hartree) —629.732030 —629.491634 —1.162977 —1.162071 —630.945426 —630.710637
&0 + Heorr (Hartree) —629.731086 —629.490690 —1.162033 —1.161127 —630.944482 —630.709693
€0 T Georr (Hartree) —629.784443 —629.544058 —1.176825 —1.175920 —630.998535 —630.763660
A.G; (B3LYP) (kJ/mol)
—97.84
A.G1(B3PYWO1) (kJ/mol)
—114.69
A:G5(B3LYP) (kJ/mol)
—65.79
A:G;3(B3PWOI) (kJ/mol)
—70.14
A:G>(B3LYP) (kJ/mol)
—53.63
A G>(B3PWOI) (kJ/mol)
—55.43
A.G(B3LYP) (kJ/mol)
—110.00
A.G(B3PWI1) (kJ/mol)
—129.40
E° (B3LYP) (V)
0.57
E° (B3PYWOI) (V)
0.67

Ag/AgCl 3M KCl) reference electrode. A platinum
wire served as the auxiliary electrode. The working elec-
trode was polished with 5 um and then 1 um alumina
slurries before each series of experiments.
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Abstract—The first synthesis of the cyclopentapeptide family 18 chitinase inhibitor argifin has been achieved by a combination of
solid phase and solution chemistry. Synthetic argifin is a nanomolar inhibitor of chitinase B1 from Aspergillus fumigatus and the
high-resolution X-ray structure of the synthesized material in complex with the same enzyme is identical to that previously obtained

for the natural product.
© 2005 Elsevier Ltd. All rights reserved.

The glycopolymer chitin, a homopolymer of B(1,4)-
linked N-acetyl-p-glucosamine residues, is a key constit-
uent of many organisms that are pathogenic to humans.
Chitin is the main structural component of the cell wall
of fungi! and the exoskeletons of insects,> and is also
found in the eggshells of nematodes.? Since these organ-
isms depend on the ability to hydrolyse chitin at key-
points in their lifecycles, inhibitors of chitinases are of
considerable interest as potential fungicides and insecti-
cides.* Furthermore, although chitin is not a component
of mammalian cells, recent studies have shown that
mammalian chitinases may be implicated in the allergic
response associated with asthma and related diseases,’
as well as glycolipid storage disorders, such as Gaucher’s
disease.®

Chitin metabolism is a very attractive target for drug de-
sign, but until recently relatively few effective inhibitors
of chitinases were known. The pseudotrisaccharide nat-
ural product allosamidin’ has been most widely studied
and is a potent inhibitor of many chitinases of glycosyl
hydrolase family 18 that contains enzymes from mam-
mals, insects, nematodes and fungi.® However, the syn-
thesis of allosamidin is complex,® which limits its
availability as a biological tool and potential as a drug
lead, and thus has prompted the search for other novel

Keywords: Natural product; Chitinase inhibitor; Cyclic peptide; Solid

phase synthesis.

* Corresponding author. Tel.: +44 1382 344319; fax: +44 1382
345517; e-mail: i.m.eggleston@dundee.ac.uk
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inhibitors that are more synthetically accessible and
amenable to rational structure-based optimisation.’

Argifin (1, Fig. 1), originally isolated from a Gliocladium
fungal culture,”*® is a cyclopentapeptide composed of
two B-linked Asp residues, an N-methyl Phe residue, a
D-Ala residue and an unusual N-methyl carbamoyl-de-
rivatised Arg residue. Although 1 shows low micromolar
inhibition of several family 18 chitinases,’>!° no synthe-
sis has so far been achieved, thus preventing a more de-
tailed evaluation of the potential of such peptide-based
inhibitors. In this paper, we therefore describe the first
preparation of 1 and its characterisation against a repre-
sentative family 18 chitinase.

Our synthetic approach to 1 first involved Fmoc-based

solid-phase synthesis of the orthogonally protected line-
ar pentapeptide 2 (Scheme 1). Peptide 2 was assembled

Q H =
HO N— o]
)% X NH O
(e} y NH )k
HN N™ N d

N
o o

N

AN
< N
HO—\ H
B W

1

Figure 1. Argifin 1.
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2-chlorotrityl polystyrene resin

i(i) 46%

H-BAsp(Bu')-D-Ala-Arg(Pmc)-MePhe-BAsp(But)-OH 2

l(ii) 95%

I—[3Asp(Bu‘)-D-AIa—Arg(F’mc)-MePhe-BAsp(Bu‘)J 3

l(iii) 28%

L BAs p-D-AIa-Arg-MePhe-BAspJ 4

i(iv) 65%

1

Scheme 1. Reagents and conditions:'® (i) Fmoc solid-phase peptide
synthesis; (ii)) PyBOP, DIPEA, DCM, 16 h; (iii) TFA/thioanisole/
DCM/H,0O (16:2:1:1), 2h; (iv) N-Succinimidyl-N-methylcarbamate
(3 equiv), DBU (6 equiv), DMF, 40 °C, 2 h.

on 2-chlorotrityl polystyrene resin using 2equiv of
Fmoc-protected amino acids and PyBOP activation,!!
except for the coupling of Fmoc-Arg(Pmc)-OH to the
hindered MePhe residue that required the use of Py-
BrOP.!? Cleavage from the resin with 1% TFA/DCM
gave 2 in 46% yield based on the original resin loading.
The choice of Asp protecting group was found to be
critical in the assembly of the linear precursor; in preli-
minary studies with the alternative sequence H-p-Ala-
Arg(Pmc)-MePhe-BAsp(OBn)-BAsp(OBn)-OH, HPLC
and ESMS analysis revealed an essentially quantitative
formation of a product resulting from aspartimide for-
mation at the non-terminal Asp residue. The subsequent
choice of 2 as linear precursor limited the exposure of

the sensitive Asp residue to a single cycle of Fmoc syn-
thesis, while the use of tert-butyl rather than benzyl ester
protection was expected to significantly reduce base-
induced aspartimide formation.'3

The cyclisation of 2 to the fully protected cyclic penta-
peptide 3 proceeded remarkably efficiently in dilute
DCM solution using PyBOP activation and DIPEA as
base. Optimum results were obtained with a single
equivalent of PyBOP and a final peptide concentration
of 1 mM giving an isolated yield of 96% after a simple
extractive work-up. Under these conditions, HPLC
and ESMS analysis revealed almost quantitative forma-
tion of 3 after 16 h, with no evidence of oligomeric side
products (Fig. 2). The remarkably efficient cyclisation
presumably stems from the judicious choice of linear
precursor sequence that maximises the possibility of
favourable ‘precyclised’ conformations by placing po-
tential turn-inducing residues (MePhe, p-Ala) in the sec-
ond and fourth positions of the sequence, respectively.'*

To complete the synthesis, removal of the Pmc and zert-
butyl protecting groups from 3 was first effected using a
cleavage cocktail of TFA/thioanisole/DCM/water
(16:2:1:1) for 2 h. HPLC analysis of the crude reaction
product revealed several impurities and the rather low
isolated yield (28%) of this step therefore partly reflects
difficulties experienced in the HPLC purification of 4.
Introduction of the N-methyl carbamoyl group onto
the N® position of the Arg side chain was then achieved
by the reaction of 4 with 3 equiv of N-succinimidyl-N-
methylcarbamate in DMF at 40 °C with DBU as base.
This gave 1 in 65% yield after HPLC isolation and in
17% overall yield from linear peptide 2. No diacylated
or isomeric products were observed. The identity of 1
was confirmed by ESMS (caled mass 676.3049 Da,
observed mass 676.3048 Da), and 'H and '?C NMR
spectra, which were identical to those reported by Arai
et al.”¢ for the natural product.'”

L
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Figure 2. HPLC traces of linear partially protected peptide 2 (lower trace) and crude cyclised peptide 3 (upper trace).'®
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Figure 3. Lineweaver—Burk plots of synthetic 1 measured against
AfChiB1 at different concentrations of the inhibitor: no inhibitor (O);
40 nM (@); 80 nM (O); 120 nM (M). A fit of all the data against a
competitive inhibition model resulted in a K; of 17 = 1 nM with a Vi,
of 2.7+ 0.1 nM/s and a K, of 10.4 £ 1.1 uM.

The inhibitory properties of synthetic 1 against the
secreted chitinase Bl from Aspergillus fumigatus (Af-
ChiB1) were also investigated using a fluorometric assay
with  4-methylumbelliferyl-B-p-N,N’-diacetylchitobiose
as substrate.!® Steady-state kinetic measurements in
the presence of increasing amounts of synthetic 1 show
that it inhibits the enzyme competitively with a K; of
17nM (Fig. 3). Significantly, and in accordance with
X-ray structure data (see below), when 4, which differs
from 1 only in the absence of the N-methyl carbamoyl
moiety, was evaluated against AfChiB1, no inhibition
was observed up to a concentration of 1 mM. This high-

lights the importance of the derivatised Arg residue for
binding of 1 to family 18 chitinases and hence the inhib-
itory potency of the natural product.

As a further verification of the correct structure and ste-
reochemistry of synthetic 1, a complex with 4fChiBI
was obtained by soaking AfChiB1 crystals in a solution
of 1, as described previously.!” Diffraction data on a
soaked crystal were collected to 1.95 A resolution, and
the unbiased F,—F. map was inspected together with
the partially refined structure, starting from the previ-
ously published AfChiBl-1 complex (PDB entry
1W9V).!0 This shows that synthetic 1 is identical in both
structure and conformation to the AfChiBl-natural
product complex previously described by Rao et al.
(Fig. 4).'% As 1 binds to AfChiB1 mainly through active
site residues that are strongly conserved in all family 18
chitinases, most notably through interactions of the N-
methyl carbamoyl moiety with the Glu, Asp, and Trp
side chains highlighted in Figure 4, it therefore offers a
very attractive new scaffold for the development of novel
inhibitors of this class of enzymes.

In summary, the first total synthesis of the natural prod-
uct family 18 chitinase inhibitor argifin has been achieved
utilising a combination of solid- and solution-phase
chemistry, and the synthetic compound has been shown
to be a low nanomolar, competitive inhibitor of a repre-
sentative family 18 chitinase. The synthesis is significantly
simpler than currently available routes to other potent
family 18 chitinase inhibitors and lends itself to the rapid
generation of analogues via straightforward solid-phase
peptide synthesis. Efficient access to 1 and related com-
pounds should greatly facilitate further investigation into
both the role of family 18 chitinases in human conditions
(such as asthma and Gaucher’s disease), as well as the
development of new drugs against a range of human
pathogens. Further studies on the synthesis and screening

all

Figure 4. Stereo image of the partially refined crystal structure of 4fChiB1 (grey ribbon and sticks with grey carbon atoms) in complex with synthetic
1 (sticks with magenta carbon atoms, model extracted from the previously published 4fChiBl-argifin complex, PDB entry 1W9V).!° Unbiased
|Fo| — |Fels ¢eatca electron density maps are shown in cyan, contoured at 2.5¢.
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of analogues of this natural product are currently being
pursued and will be reported in due course.

Acknowledgments

This work was supported by a project grant from the
Wellcome Trust (to IME and DvA). DvA is supported
by a Wellcome Trust Senior Research Fellowship and

the
the

EMBO Young Investigator Programme. We thank
EPSRC National Mass Spectrometry Service for

accurate mass analysis.

10.

11.

12.

13.

14.

References and notes

. Cabib, E.; Silverman, S. J.; Shaw, J. A. J. Gen. Microbiol.

1992, 138, 97.

. Merzendorfer, H.; Zimoch, L. J. Exp. Biol. 2003, 206,

4393.

(a) Fuhrman, J. A.; Piessens, W. F. Mol Biochem.
Parasitol. 1985, 17, 93; (b) Araujo, A. C.; Souto-Padron,
T.; de Souza, W. J. Histochem. Cytochem. 1993, 41, 571.

. (a) Hollis, T.; Monzingo, A. F.; Bortone, K.; Ernst, S;

Cox, R.; Robertus, J. D. Protein Sci. 2000, 9, 544; (b)
Sandor, E.; Pusztahelyi, T.; Karaffa, L.; Karanyi, Z.;
Pocsi, I.; Biro, S.; Szentirmai, A.; Pocsi, 1. FEMS
Microbiol. Lett. 1998, 164, 231; (c) Sakuda, S.; Isogai,
A.; Matsumoto, S.; Suzuki, A. J. Antibiot. 1987, 40, 296.

. Zhu, Z.; Zheng, T.; Homer, R. J.; Kim, Y. K.; Chen, N.

Y.; Cohn, L.; Hamid, Q.; Elias, J. A. Science 2004, 304,
1678.

Hollak, C. E.; van Weely, S.; van Oers, M. H.; Aerts, J. M.
F. G. J. Clin. Invest. 1994, 93, 1288.

Sakuda, S.; Isogai, A.; Matsumoto, S.; Suzuki, A.; Koseki,
K. Tetrahedron Lett. 1986, 27, 2475.

. Berecibar, A.; Grandjean, C.; Siriwardena, A. Chem. Rev.

1999, 99, 779.

For example: Diketopiperazines: (a) Izumida, H.; Imam-
ura, N.; Sano, H. J. Antibiot. 1996, 49, 76; (b) Houston, D.
R.; Eggleston, I.; Synstad, B.; Eijsink, V. G. H.; van
Aalten, D. M. F. Biochem. J. 2002, 368, 23; Cyclic
pentapeptides: (¢) Omura, S.; Arai, N.; Yamaguchi, Y.;
Masuma, R.; Iwai, Y.; Namikoshi, M.; Turberg, A.;
Kolbl, H.; Shiomi, K. J. Antibiot. 2000, 53, 603; (d) Arai,
N.; Shiomi, K.; Iwai, Y.; Omura, S. J. Antibiot. 2000, 53,
609; (e) Shiomi, K.; Arai, N.; Iwai, Y.; Turberg, A.; Kolbl,
K.; Omura, S. Tetrahedron Lett. 2000, 41, 2141; (f) Arai,
N.; Shiomi, K.; Yamaguchi, Y.; Masuma, R.; Iwai, Y.;
Turberg, A.; Kolbl, H.; Omura, S. Chem. Pharm. Bull.
2000, 48, 1442; Brominated tyrosine derivatives: (g)
Tabudravu, J. N.; Eijsink, V. G.; Gooday, G. W.; Jaspars,
M.; Komander, D.; Legg, M.; Synstad, B.; van Aalten, D.
M. F. Bioorg. Med. Chem. 2002, 10, 1123; Complex
alkaloids: (h) Kato, T.; Shizuri, Y.; Izumida, H.; Yokoy-
ama, A.; Endo, M. Tetrahedron Lett. 1995, 36, 2133.
Rao, F. V.; Houston, D. R.; Boot, R. G.; Aerts, J. M. F.
G.; Hodkinson, M.; Adams, D. J.; Shiomi, K.; Omura, S.;
van Aalten, D. M. F. Chem. Biol. 2005, 12, 65.

Coste, J.; Le Nguyen, D.; Castro, B. Tetrahedron Lett.
1990, 31, 205.

Frérot, E.; Coste, J.; Pantaloni, A.; Dufour, M.-N.; Jouin,
P. Tetrahedron 1991, 47, 259.

Nicolas, E.; Pedroso, E.; Giralt, E. Tetrahedron Lett. 1989,
30, 497.

Humphrey, J. M.; Chamberlain, A. R. Chem. Rev. 1997,
97, 2243.

15. Experimental conditions, general information: NMR spec-

tra were acquired on a Bruker Avance DPX 300 spec-
trometer, operating at 300 MHz for 'H and 75 MHz for
13C. All coupling constants (J values) were measured in
hertz. Low-resolution ES mass spectra were recorded on
an ABI Mariner TOF Electrospray Ionisation mass
spectrometer in the University of Dundee Post-Genomics
and Molecular Interactions Centre. High-resolution ES
mass spectra were recorded at the EPSRC National Mass
Spectrometry Service (University of Wales, Swansea).
Analytical RP-HPLC was performed on a Dionex HPLC
system equipped with a Dionex Acclaim 3 um C-18
(150 x 4.6 mm) column with a flow rate of 1 mL/min.
Semi-preparative RP-HPLC was performed on a Dionex
HPLC system equipped with a Phenomenex Gemini 5 pm
C-18 (250 x 10 mm) column with a flow rate of 2.5 mL/
min. Mobile phase A was 0.1% TFA in water, mobile
phase B was 0.1% TFA in acetonitrile. Gradient 1 was
T=0min, B=5%; T=10min, B=95%; T =15min,

B=95%; T=151min, B=5%. Gradient 2 was
T=0min, B=5%; T=20min, B=60%; T =22min,
B=95%; T=27Tmin, B=95%; T=271, B=5%;

T =32 min, B = 5%. Gradient 3 was 7 =0 min, B = 5%;
T=30min, B=30%; T=32min, B=95%; T =37 min,
B=95%; T=37.1min, B=5%; T=42min, B=5%.
Synthesis of 2: Loading of the resin was achieved by
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tection was achieved by treatment with piperidine/DMF
(v/v, 1:4) for 4 x 3 min, except in the final deprotection
step where HOBt (0.1 M) was also included. Peptide
couplings were performed using Fmoc-amino acid
(2 equiv), PyBOP (1.9 equiv), HOBt (2 equiv) and DIPEA
(4 equiv) in DCM/DMF (v/v, 3:1) for 90 min, except in the
case of coupling to MePhe when Fmoc-Arg(Pmc)-OH
(2 equiv), PyBrOP (2equiv) and DIPEA (4equiv) in
DCM/DMEF (v/v, 3:1) for 3 x 90 min were used. Cleavage
from the resin was achieved by treatment with TFA/DCM
(vlv, 1:99) for 10 x2 min. The cleavage solutions were
immediately neutralised by addition to pyridine/MeOH
(vlv, 1:9). Solid-phase reactions were monitored by use
of a qualitative Kaiser test'® for the detection of primary
amines and the chloranil test?® for detection of secondary
amines. The crude peptide was isolated by precipitation
from cold water, collected by centrifugation, dissolved in
DCM (20mL), washed with water (20 mL), dried
(MgS0O,) and concentrated in vacuo to yield a white solid
(238 mg, 0.24 mmol, 46%). RP-HPLC (analytical, gradient
1, A =220 nm): g = 9.5 min (100%). MS (ES+) m/z: 508.3
(100%) [M+2HJ**, 1015.6 (30%) [M+H]".

Synthesis of 3: Peptide 2 (113 mg, 0.11 mmol) and PyBOP
(60 mg, 0.11 mmol) were dissolved in DCM (110 mL), and
the solution was adjusted to pH 8 by the addition of
DIPEA and stirred for 16 h. The reaction mixture was
concentrated in vacuo, the residue taken into EtOAc (20
mL) and washed with 5% aq citric acid (15 mL), 5% aq
NaHCOj; (3x 15 mL), satd aqg NaHCO; (3x 15 mL), dried
(MgSO,) and concentrated in vacuo to yield a white solid
(107 mg, 0.11 mmol, 96%). RP-HPLC (analytical, gradient
1, A=220nm): fg =10.6 min (100%). MS (ES+) m/z:
997.7 (100%) [M+H]".

Synthesis of 4: Peptide 3 (107 mg, 0.11 mmol) was
dissolved in TFA/thioanisole/DCM/H,0O (16:2:1:1, 5mL)
and stirred for 2 h. The reaction mixture was concentrated
in vacuo, the resulting residue was dissolved in TFA and
precipitated by a dropwise addition to ice-cold Et,O. The
precipitate was collected by centrifugation and purified by
semi-preparative HPLC (gradient 3, fg =23.1 min) to
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yield a white solid (20 mg, 0.03 mmol, 28%). RP-HPLC
(analytical, gradient 2, A =220 nm): fg = 7.9 min (100%).
MS (ES+) m/z: 619.4 (100%) [M+H]".

Synthesis of 1: Peptide 4 (20 mg, 0.03 mmol) and DBU
(29 uL, 0.19 mmol) were dissolved in DMF (600 uL) and
stirred at 40 °C. A solution of N-succinimidyl-N-methylc-
arbamate (17 mg, 0.1 mmol) in DMF (100 pL) was added
and the reaction mixture was stirred at 40 °C for 2 h. The
crude product was purified by semi-preparative HPLC
(gradient 3, tg = 26.7 min) to yield the natural product as
the TFA salt as a white solid (14 mg, 0.02 mmol, 65%).
oy (300 MHz, D,0): 8.59 (1H, d, J 5, Asp NH), 8.33 (1H,
d, J 6.5, Arg o-NH), 7.38-7.21 (5H, m, MePhe
2x06CH,2x¢CH, (CH), 5.12 (1H, dd, J 11, 3, MePhe
aCH), 4.73 (1H, m, Asp aCH), 4.52 (1H, dd, J 12, 2, Asp
aCH), 4.31 (1H, m, Arg oCH), 4.15(1H, q, J 7, Ala aCH),
3.18-2.89 (6H, m, MePhe BCH,, Arg 8CH,, Asp BCH>)
2.87 (3H, s, MePhe NCH3), 2.81 (1H, m, Asp BCHH), 2.75
(3H, s, MeCbmCH3), 2.50 (1H, t, J 12, Asp BCHH), 1.40
(1H, m, Arg yYCHH), 1.30 (3H, d, J 7, Ala BCH3), 1.25—
1.04 2H, m, Arg YCHH, Arg BCHH), —0.31 (1H, m, Arg
BCHH). oc (75 MHz, D,0): 175.2 (C), 174.2 (C), 171.4
(C), 171.1 (C), 170.2 (C), 155.0 (C), 153.5 (C), 137.3 (O),
129.6 (CH), 129.0 (CH), 127.2 (CH), 62.2 (CH), 50.7
(CH), 50.6 (CH), 49.5 (CH), 48.6 (CH), 40.6 (CH,), 37.8
(CH,), 35.0 (CH,), 33.2 (CH,), 29.8 (CH3y), 26.5 (CH»),
25.9 (CH3), 23.9 (CH,), 16.7 (CH3). RP-HPLC (analytical,
gradient 2, A =220 nm): ¢tz = 9.1 min (100%). MS (ES+)
miz: 676.4 (100%) [M+H]*. HRMS (ES+) CH4,NoO
(calcd) 676.3049; (found) 676.3048 [M+H]".

AfChiB1 inhibition was studied using the fluorogenic
substrate 4-methylumbelliferyl-B-p-N,N’-diacetylchitobi-
ose (Sigma), as described previously.!? Briefly, in a final
volume of 50 ul., 2 nM of enzyme was incubated with
5-30 uM substrate in Mcllvain buffer (100 mM citric
acid, 200 mM sodium phosphate, pH 5.5) containing
0.1 mg/ml BSA, for 10 min at 37 °C in the presence of
different concentrations of the inhibitor. After the
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addition of 25 uL. of 3 M glycine-NaOH, pH 10.3, the
fluorescence of the liberated 4-methylumbelliferone was
quantified using a Flx 800 microtitreplate fluorescence
reader (Bio-Tek Instruments Inc.), with excitation and
emission wavelengths of 360 nm and 460 nm, respective-
ly, using 40 nm slits. Experiments were performed in
triplicate. Production of 4-methylumbelliferone was lin-
ear with time for the incubation period used, and less
than 10% of available substrate was hydrolysed. The
mode of action was determined by plotting the data as
Lineweaver—Burk plots, and by fitting all data to the
standard competitive inhibition equation with GraFit®
software.?!

AfChiBl was expressed, purified and crystallised, as
previously described.'® Crystals used for soaking experi-
ments were washed three times in 0.1 M sodium citrate,
pH 5.5, and 1.4 M Li,SOy, and thereafter soaked for 3 h in
mother liquor containing 1 mM 1. Crystals were cryopro-
tected by a 10 s immersion in 3 M Li,SO,4 and frozen in a
nitrogen cryostream for data collection. Data were
collected on a rotating anode (1.95 A resolution with
97% overall completeness and an overall Ryerge 0f 0.063),
processed with the HKL suite of programs® and partially
refined with CNS?? to an R-factor of 0.201 (Rpee = 0.224).
Images were generated with PyMol (www.pymol.org).
HPLC conditions: see Ref. 15, gradient 1.
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Abstract—Imidazole-based structures of p38 inhibitors served as a starting point for the design of JNK3 inhibitors. Construction
of a 6,7-dihydro-5H-pyrrolo[1,2-a]limidazole scaffold led to the synthesis of the (S)-enantiomers, which exhibited p38/JNK3 ICsq
ratio of up to 10 and were up to 20 times more potent inhibitors of JNK3 than the relevant (R)-enantiomers. The JNK3 inhibitory
potency correlated well with inhibition of c-Jun phosphorylation and neuroprotective properties of the compounds in low

K*-induced cell death of rat cerebellar granule neurones.
© 2005 Elsevier Ltd. All rights reserved.

Contribution of apoptotic mechanisms to neurodegen-
erative diseases, such as Alzheimer’s,! Huntington’s,?
and Parkinson’s diseases,® as well as amyotrophic lat-
eral sclerosis (ALS),* is becoming increasingly appreci-
ated.> Therefore, the JNK pathway, which controls
apoptosis in various cell death paradigms, has devel-
oped into an attractive drug target for neurodegenera-
tive disorders.®” Inhibitors of this pathway, such as
SP600125% and TAT-fused peptide inhibitor of JNK
substrate binding,” exhibited neuroprotective proper-
ties in preclinical studies, and CEP-1347, an inhibitor
of the JNK pathway, had advanced to Phase III for
Parkinson’s disease.'?

Although this pathway can be inhibited at multiple
steps, we focused on c-Jun N-terminal kinase 3
(JNK3) due to its relatively selective expression in
brain tissue!' and an expected better drug safety pro-
file. Validity of JNK3 as a target for neurodegenera-
tive disorders has been supported by the resistance
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2074131121; e-mail: piotr_graczyk@eisai.net
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of hippocampal CA3 neurones of JNK3 knockout
mice to kainic-acid-induced injury.'? These mice are
also protected against cerebral ischemia-hypoxia'3
and partially against toxicity due to MPTP, which
serves as a model of Parkinson’s disease.'* Important-
ly, the JNK3 knockout animals exhibit normal pheno-
type.!? Furthermore, mice in which the endogenous
substrate of JNK, c-Jun, is replaced by a mutant
Jun allele, which cannot be phosphorylated by JNK,
are viable and fertile, and resistant to neuronal apop-
tosis induced by kainic acid.'’

At the initial stages of the JNK3 program at Eisai, we
decided to obtain a JNK3 inhibitor by modification of
known structure acting in an ATP-competitive manner,
similar to the approach adopted by others.” As the imid-
azole-based p38 inhibitor SB203580 had been recog-
nized to inhibit JNK3al with a submicromolar ICsg
value,'® we decided to use a more structurally attractive
p38 inhibitor, SB227931 (p38 ICsy 0.046 uM),!” as a
starting point for our initial drug design, hoping that
it, too, would inhibit JNK3. To verify this assumption,
we synthesized 1, which showed inhibition of JNK3
with an ICsy value of 0.13 uM.
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To increase inhibitory potency, we decided to modify
structure 1 by reducing conformational flexibility of
the side chain. This could be achieved by introducing
an additional ring (n = 1, 2) linking imidazole C(2) with
the side chain, as shown in structure 2. We also expected
that formation of a chiral center in 2 would enable
further control of selectivity, particularly against p38,
as this kinase contributes to synaptic plasticity within
the CNS.!8

Furthermore, the target structure would possess several
points for derivatization, which may be utilized to opti-
mize potency and ADME properties of the compounds.
Herein, we describe the synthesis of three enantiomeric
pairs 3-5, their biological properties and rationalization
of the results based on an in silico approach.
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(5)-3 R'=H, R =p-MeOC¢H,CH, (R)-3
(S)-4 R'=n-Pr, R=p-MeOC¢H,CH, (R)-4
(S)-5 R'=n-Pr, R=H (R)-5

Preparation of (S)-4 and (S)-5, which are representative
examples of the series, is given in Scheme 1. Synthesis of
amine 8, from a commercially available pyrrolidinone 6,
was performed by modification of the methodology
developed by Leutenegger et al.'”

Amine 8 was reacted with bromoketone 10, which was
readily available by bromination of ketone 9 with
CuBr,.2° Formation of the imidazole ring occurred
during reflux of an ethanolic solution of salt 11 in the
presence of catalytic amount of hydrobromic acid.
Treatment of the product with TBAF afforded alcohol
12, which was then protected under phase-transfer con-
ditions to form the MPM ether 13. Stannylation of 13,
followed by Stille coupling with 4-iodo-2-methylthiopyr-
imidine, gave di(hetero)aryl-substituted imidazole 14.
Substitution of the methylthio group with the n-propyla-
mino was achieved by oxidation of sulfur to the relevant
sulfoxide and reacting it at room temperature with neat
propylamine (liquid ammonia in a sealed tube in the
case of (S)-3 and (R)-3). The MPM group in (S)-4 could
be removed under acidic conditions to provide (S)-5.
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Scheme 1. Reagents and conditions: (a) (i) TBDPSCI, imidazole, DMF,
rt, 2 h; (if) Lawesson’s reagent, THF, rt, 2 h, 81%; (b) (i) Mel, CH,Cl,, rt,
5h; (i) NH4Cl, MeOH, 50 °C, 3.5 h; (iii) NaOH, (87%); (c) CuBry,,
AcOEt, reflux, 5 h, 73%; (d) AcOEt, rt, 16 h; (e) (i) cat HBr/AcOH, 33%
aq EtOH, reflux, 5.5 h, (ii) TBAF, THF, 0 °C—rt, 1 h, 62% (overall for
steps d and e); (f) p-methoxybenzyl chloride, 50% aq NaOH, n-
BuyNHSOy (cat), rt, 12 h, 99%; (g) (i) n-BuLi, THF, —78 °C, 30 min;
(1) Bu3Snl (neat); (iii) 4-iodo-2-methylthiopyrimidine, DMF, Pd(PPh;),
(cat), 80 °C, 4 days, 48%; (h) (i) H,O,, CH;COOH, 48 h; (ii) n-PrNH,
(neat), rt, 36%; (j) (i) 6 N HCl,q), MeOH, 125 °C, 1 h; (ii)) NaOH, 78%.
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Table 1. Inhibitory activities (ICsq) of enantiomeric pairs 3-5 and the relevant p38/JNK3 selectivity ratios

Compound JNK3 ICs¢* (nM) p38 I1Csy* (nM) p38/JNK3 ICs,
(S)-3 61.2 (£ 12) 295 (+27) 48

(R)-3 270 (£ 47) 116 (£ 17) 0.43

(S)-4 10.9 (= 3.6) 54 (£ 4) 5.0

(R)-4 233 (£ 46) 217 (£ 26) 0.93

(S)-5 2.5(x0.1) 28 (£ 2) 11

(R)-5 3.0 (£0.1) 31 (+2) 10

#Values are means of three experiments, standard error is given in parentheses. ATP concentration in both enzyme assays was 1.0 uM.

None of the synthetic stages was accompanied by
racemization, which was verified by determination of
the optical purity of final compounds and key
intermediates.?!

Inhibitory activities of compounds 3-5 against JNK3
and p38 are given in Table 1.

The (S)-enantiomers of MPM ethers 3 and 4 are more
potent JNK3 inhibitors than their (R) counterparts. In
particular, the JNK3 ICs, value for (S)-4 is about 20
times lower than that for (R)-4. This observation can
be rationalized by docking (S)-4 and (R)-4 within the
JNK3 ATP-binding site using published coordinates
for the protein.??

Compound (S)-4 fits the ATP-binding site of INK3 very
well (Fig. 1A) and participates in several binding inter-
actions identified by Scapin et al.?? for analogous com-
pounds. Furthermore, the methoxybenzyl group in
(S)-4 binds to the glycine-rich loop in the N-terminal
domain of JNK3. In contrast, the methoxybenzyl group
in (R)-4 is shifted toward the C-terminal domain
(Fig. 1B). Some of the hydrophobic interactions are lost
and as a consequence (R)-4 would exhibit a weaker
JNK3 inhibition than (S)-4.

In agreement with this explanation, enantiomeric alco-
hols (S)-5 and (R)-5, in which the methoxybenzyl group
is absent, display virtually the same inhibitory potencies
against JNK3. A very low ICsq value for both enantio-
mers can be attributed to the possible hydrogen bond
formation between the hydroxyl group of both enantio-
mers and enzyme Asnl52 and/or Ser193. As these
hydrogen bonds can also be formed with p38, there is
virtually no difference in selectivity against p38 between
isomeric alcohols (p38/JNK3 ICsq 11 vs. 10 for (S)-5 and
(R)-5, respectively).

Figure 1. View of (A) (S)-4 and (B) (R)-4 within the JNK3 ATP-
binding site (arrows point to the methoxybenzyl group in both
molecules).

Docking simulations suggest that (R)-3 and (R)-4 fit the
ATP-binding site of p38 better than the ATP-binding
site of JNK3 because Vall96 in JNK3 is replaced with
a smaller Alal57 in p38. Furthermore, the (R)-enantio-
mers may participate in larger hydrophobic interactions
with the C-terminal domain of p38. This may explain
why (R)-3 inhibits p38 more strongly than JNK3,
although no such difference can be seen for (R)-4. Inter-
estingly, the (S)-enantiomers inhibit p38 lesser than
JNK3 because the methoxybenzyl group is located at
the ribose binding site of p38 where it undergoes desta-
bilizing interactions with Tyr35. The above differences
are reflected in the selectivities, for example, p38/JNK3
1C5q 4.8 for (S)-3 and p38/INK3 ICsq 0.43 for (R)-3.

Due to similar cell membrane permeability, enantiomer-
ic compounds with different selectivity profiles offer a
very useful tool to study the importance of alternative
signaling pathways for biological phenomena in cell sys-
tems. As the relative contribution of JNK- and p38-de-
pendent pathways in different cell death mechanisms is
still a matter of debate,>®> we examined the effect of the
three enantiomeric pairs 3-5 on neuroprotection in cer-
ebellar granule neurones (CGN). In this model, incuba-
tion of cells in the presence of 25 mM KCI prevents cell
death. Reducing the KCI concentration to 5 mM induc-
es c-Jun phosphorylation and apoptosis.?*

The transcription factor c-Jun is suggested to be a JNK
substrate involved in neuronal death.?’ Therefore, effica-
cy in ¢c-Jun phosphorylation inhibition should follow the
JNK3 inhibition profile.?® As can be seen in Figure 2,
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Figure 2. Inhibition of c-Jun phosphorylation by enantiomeric pairs
3-5 at concentrations of 10 and 1 uM. Phospho-c-Jun band intensity in
immunoblot is expressed as a percentage of the signal at low K* in the
absence of drug. Hi, 25 mM KCl; Lo, 5 mM KCI. The data are average
of four experiments; error bars represent standard deviation.
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compound (S)-3 almost completely suppressed the phos-
phorylation of c-Jun at a concentration of 10 pM, while
its enantiomer, (R)-3, a weaker JNK3 inhibitor (ICs,
270 nM), was ineffective at this dose. A much more
potent JNK3 inhibitor, (S)-4 (ICso 10.9 nM), showed
clear effect, even at 1 uM concentration (Fig. 2), while
its enantiomer was less active. Alcohols (S)-5 and (R)-
5, both very potent JNK3 inhibitors (ICso of about
3 nM), exhibited a virtually complete suppression of
c-Jun phosphorylation in the range of studied concen-
trations (Fig. 2). Therefore, the degree of inhibition of
c-Jun phosphorylation in this system reflects the JNK3
inhibitory potency. Furthermore, the effects on c-Jun
phosphorylation for (S)-3 and (R)-3 are opposite to
what could be anticipated based on p38 inhibition
(ICsp 295 and 116 nM, respectively).

To determine whether inhibition of JNK3 and c-Jun
phosphorylation correlate with neuroprotection, we fol-
lowed the survival of cerebellar granule neurones by
MTT?’ or lactate dehydrogenase (LDH)?® colorimetric
assays. The results for enantiomeric pairs 3-5 are given
in Figure 3 as a percentage of survival at three drug
concentrations: 0.1, 1, and 10 uM.

Compounds (S)-3 and (R)-3 had no effect on survival up
to a concentration of 1 pM, regardless of the assay used
(Fig. 3A). At a concentration of 10 uM, the neuropro-
tective properties of the (S)-enantiomer were significant-
ly stronger than those of (R)-3, as expected based on a
lower JNK3 ICsq value for (S)-3 (61.2 nM vs. 270 nM,
Table 1) and in agreement with a stronger inhibition
of c-Jun phosphorylation by (S)-3 (Fig. 2). Since (5)-3
is a weaker p38 inhibitor than (R)-3 (ICsy 295 and
116 nM, respectively), the survival effects indicate that
p38-dependent pathway is unimportant in this cell death
paradigm, in agreement with Cao et al.>

Both enantiomers of 4 exhibited clear dose-dependent
effects on survival. Neuroprotective properties of (S)-4
and (R)-4 correlate very well with their JNK3 ICs, val-
ues. Just as inhibitory potency of (S)-4 is stronger than
that of (S)-3 (10.9 nM vs. 61.2 nM, respectively), so a
clear protective effect of (S)-4 could already be seen at
a concentration of 1 uM (Fig. 3B). The effects of (R)-4
were weaker (JNK3 ICs, 233 nM).

Alcohols (S)-5 and (R)-5, which do not differ in terms of
JNK3 inhibitory activity (ICsy values of 2.5 and 3.0 nM,
respectively), showed survival profiles that were very
similar. Due to their high inhibitory potency against
JNK3, the compounds showed an almost complete
neuroprotection at a concentration of 1 pM.

In conclusion, starting from the structures of known
p38 inhibitors we designed a series of compounds
based on the 6,7-dihydro-5H-pyrrolo[l,2-a]imidazole
scaffold. Decoration of the scaffold enabled us to in-
crease the JNK3 inhibitory potency and achieve ICs
values in the very low nanomolar range and up to
10-fold selectivity for INK3 over p38. At submicromo-
lar concentrations, these compounds exhibited strong
neuroprotective properties, which were attributable to
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Figure 3. The effect of enantiomeric pairs 3-5 on the survival of
cerebellar granule neurons, as measured by MTT and LDH assays (in
triplicate, error bars represent standard deviation). Death was induced
by withdrawal of K*. Complete survival (100% of mean values)
corresponds to the assay reading at high K* concentration, while 0%
survival (cell death) is the reading at low K*. (A) (S)-3 and (R)-3; (B)
(S)-4 and (R)-4; (C) (S)-5 and (R)-5.

the JNK pathway inhibition. The results of additional
SAR studies on this template will be reported in due
course.
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Abstract—Novel 3,4-diarylpyrazolines 1 as potent CB; receptor antagonists with lipophilicity lower than that of SLV319 are
described. The key change is the replacement of the arylsulfonyl group in the original series by a dialkylaminosulfonyl moiety.
The absolute configuration (4S) of eutomer 24 was established by X-ray diffraction analysis and 24 showed a close molecular
fit with rimonabant in a CB, receptor-based model. Compound 17 exhibited the highest CB, receptor affinity (K; = 24 nM) in this
series, as well as very potent CB; antagonistic activity (pA4, = 8.8) and a high CB;/CB, subtype selectivity (~147-fold).

© 2005 Elsevier Ltd. All rights reserved.

Cannabinoids have been used as medicinal agents for
centuries.!> However, only within the past 10 years
has research in the cannabinoid area revealed vital infor-
mation about CB receptors and their (endogenous) ago-
nists. The discovery and subsequent cloning®* of two
subtypes of cannabinoid receptors (CB; and CB;) have
enabled the development of CB receptor screening as-
says. Recent data suggest that there may be a third can-
nabinoid receptor>® (CB;). Wide distribution of the CB,
receptors in the brain and their apparent role in media-
tion of neurotransmission’-® make the CB, receptor an
interesting molecular target for CNS-directed drug dis-
covery in the areas of both psychiatric and neurological
disorders.”!? Several reviews provide a comprehensive
overview! 12 of the current status in the fast-moving
cannabinoid research area including CB; receptor
antagonists.!'31°

The invention of SR141716A (rimonabant) by Sanofi-
Synthelabo?’ as a CB,/CB, subtype selective and orally
active CB; receptor antagonist has stimulated the search
for novel pyrazoles*!' 23 and bioisosteres thereof?*2¢ as
cannabinoid CB; receptor antagonists. Rimonabant is
in Phase III clinical development for the treatment of
obesity and the facilitation of smoking cessation.

* Corresponding author. Fax: +31 29 4477138; e-mail: jos.lange@
solvay.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.054

Recently, we disclosed?” the CB; receptor antagonists
SLV319 and SLV326. Both compounds exhibit high
CB,/CB, subtype selectivities and are orally active in
CB, receptor-mediated pharmacological in vivo models.
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cl cl e
NR'R
HCl
Cl
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Rimonabant SLV319 (R=Cl) 1

SLV326 (R = CFy)

In general, the known cannabinoid CB; receptor ligands
are lipophilic compounds,®®?° which limit their water
solubility and may require sophisticated formulation
methodology. In this paper, the design and synthesis
of less lipophilic*®3! structural analogues of SLV319
and SLV326 are described. It was envisaged that
replacement of the arylsulfonyl group in the original ser-
ies by a dialkylaminosulfonyl moiety would result in
compounds of general formula 1 with lower lipophilicity
and retained cannabinoid CB; antagonistic activity.
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The novel CB; antagonists of general formula 1 were
prepared via synthesis routes A-D.

Route A constitutes the coupling of 3,4-diarylpyrazo-
line’> 2 with chlorosulfonylisocyanate, followed by
nucleophilic attack of dimethylamine to produce the
intermediate 3 in 58% yield (Scheme 1). Chlorination of
3 and subsequent reaction with methylamine gave com-
pound 4. Although this route seemed to be straightfor-
ward and the chlorination/amination sequence worked
quite well in the synthesis of SLV319,%7 the conversion
of 3 into 4 gave a disappointingly low yield of 18%.

An alternative approach started from aminosulfona-
mides*? 5, which were converted into the corresponding
dithioimidocarbamates 6 in yields ranging from 71 to
95% and subsequently reacted with diphosgene (Scheme
2). The isothiocyanates 7 were formed in 55-86% yield
and reacted with pyrazoline 2 to furnish the intermedi-
ates 9 in 22-90% yield. The target compounds 11-17
were obtained from 9 by amination in the presence of
HgCl, in 38-89% yield (Scheme 3, route B).

In route C, the intermediate 9 was S-alkylated®* with
methyl iodide to afford 10 in 78— 95% yield. Subsequent
nucleophilic attack by an amine R*NH, gave the target
compounds 19-22 in 81-95% yield (Scheme 3). Analo-
gously, compound 18 was easily prepared from 3-(4-
chlorophenyl)-4-(3-pyridyl)-4,5-dihydro-(1 H)-pyrazole.
Target compound 23 was synthesized via a slightly mod-
ified route (Scheme 3, Route D). The pyrazoline 2 was
reacted with 8 (which was obtained from 6 by double
S-methylation (Scheme 2)) to give intermediate 10 in
78% yield, which was reacted with methylamine to give
23 in 95% yield.

Since the 3,4-diarylpyrazoline moiety contains a chiral
centre at its 4-position, the prepared target compounds
4 and 11-23 are racemates. It was reported?’ that the
interaction of the structurally related SLV319 with the
CB; receptor is highly stereoselective. Furthermore, it
is interesting to note that both compound 21 and rimo-
nabant contain a piperidin-1-yl moiety, which is antici-
pated to bind in the same region of the CB; receptor.
To investigate further the stereochemical requirements
for binding to the CB; receptor in this pyrazoline series,
the racemic 21 was resolved by applying chiral prepara-
tive HPLC (stationary phase: Chiralpak AD (20 um);

00 00 00

. d
Route A
o N)/—NH(:H3
H'}‘ =S=
0=3=0 N(CH
N(CH), (CHy),
2 3 4

Scheme 1. Reagents and conditions: (a) CISO,N=C=0, CH,Cl,,
0°C, 2 h; (b) (CH3),NH, 0 °C, 2 h; (c) PCls, chlorobenzene, reflux, 1 h;
(d) CH3NH2, CH2C12, rt, 2 h.
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Scheme 2. Reagents and conditions: (a) CS,, KOH, DMF, rt, 4 h; (b)
diphosgene, CH,Cl,, rt, 20 h; (c) CH3I, DMF, 0 °C, 2 h.
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Scheme 3. Reagents and conditions: (a) 7, CH,Cl,, rt, 2 h; (b) R’NH,,
HgCl,, CH5CN, rt, 4 h; (c) CHsl, Et3N, acetone, rt, 16 h; (d) R3NH2,
MeOH, rt, 2 h; (e) 8, pyridine 100 °C, 40 h.

mobile phase: CH;0OH/0.1% diethylamine) to furnish
the optically pure enantiomers (—)-24° and (+)-25.

An X-ray diffraction analysis of 24 (which was crystal-
lized from absolute ethanol) revealed® the 45 configura-
tion at its C4 pyrazoline ring atom. A stereoview of the
X-ray diffraction result is shown in Figure 1.

The prepared set comprising of 16 target compounds for
pharmacological evaluation is given in Table 1.

The CB; receptor affinities of the key compounds 4 and
11-25 were assessed in CB; and CB, receptor binding
studies?’ (displacement of the specific binding of
[’H]CP-55,940 in CHO human CB; or CB, receptor
transfected cells). CB; receptor antagonistic activities
were determined in a functional cell assay?’ (blockade
of CP-55,940 induced arachidonic acid release in CHO
human CB; receptor transfected cells). CB; and CB,
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Figure 1. Stereoview of the X-ray diffraction result of 24.

Table 1. Structural formula of prepared CB; receptor antagonists 4 and 11-25 and pharmacological in vitro results

Cl
\
|
N‘N .
'}l)/—NHR
o0,

NR'R
Compound X R! R? R? CB; ™" CB; ,*° CBy funet™®
Rimonabant 25015 (11.5)" 1580 % 150 (1640)"3 8.6+0.1
SLV319 78+ 14 7493 + 126 9.9+0.6
4 C CH; CH; CH; 223 + 103 3835 % 1015 83+03
11 C C,H; C,H; CH; 30 + 14 3270 + 1208 8.6%0.2
12 C CH; i-C3H; CH; 32+ 12 1126 + 237 83%0.3
13 C CH; C,H; CH; 117 + 81 1871 + 1061 82403
14 C (CH,)4 CH; 231 % 66 1601 * 577 7.6%0.2
15 C (CH))s CH; 155+ 69 1032 + 401 8.9+0.2
16 C (CH,), CH; 125 + 54 2584 + 787 8.4%0.1
17 C (CH»),S(CH>), CH; 24+ 14 3526 + 1015 8.8+0.2
18 N C,H; C,H; CH; 141 + 48 9077 + 923 75%0.3
19 C C,H; C,H; i-C3H; 60 + 20 2755 + 1148 8.7+0.1
20 C C,H; C,H; C,H; 209 + 113 2864 + 1080 8.5%0.3
21 C (CH,)s CH; 152 + 68 1321 + 264 8.7+0.3
22 C (CH,),O(CH>), CH; 75+ 36 5372 + 1392 8.0%0.2
23 C (CH,),S(0,)(CH,), CH, 832+ 168 nd® 8.1%0.2
(S)-(—)-24 C (CH,)s CH; 58+ 19 3495 + 968 8.7%0.2
(R)-(+)-25 C (CH,)s CH; 763 + 148 n.de 7.540.1

#CBj 1, Displacement of specific CP-55,940 binding in CHO cells stably transfected with human CB, receptor, expressed as K; + SEM (nM); CB; 4,
displacement of specific CP-55,940 binding in CHO cells stably transfected with human CB, receptor, expressed as K; * SEM (nM); CBy unet, CBy
functional cell assay; [*H]arachidonic acid release in CHO cells, expressed as pA» = SEM values.

® All K; and pA4, values are mean values from at least three independent experiments.

°n.d., not determined.

receptor binding results are expressed as K; values. The
CB; antagonistic potencies of the compounds are ex-
pressed as pA4, values.

The pharmacological results of the target compounds 4
and 11-25 and the reference compounds rimonabant
and SLV319 are given in Table 1.

The CB, receptor binding data of the target compounds
4 and 11-13 revealed that their affinities depend on the
NR'R? substitution pattern. N,N-Diethyl and N-meth-
yl-N-isopropyl substitution gave rise to strongly binding
compounds. The target compounds 14-17 and 21-23
wherein the substituents R' and R? together with the at-
tached nitrogen atom form a heterocyclic ring all elicited
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CB, receptor affinity. The thiomorpholine analogue 17
displayed the highest affinity, whereas its SO, congener
23 was found to be considerably less active. The S-enan-
tiomer 24 elicited a 13-fold higher affinity than its mirror
image 25 for the CB, receptor, which is in line with ear-
lier reported results in the original?’ pyrazoline series
wherein SLV319 (which has the S configuration) showed
an approximately 100-fold higher CB; receptor affinity
than the corresponding R enantiomer.

Interestingly, the pyridyl analogue 18 has a substantially
lower CB; receptor binding affinity than its phenyl-
substituted counterpart 11.

Variation in R* (compounds 11, 19 and 20) showed that
the methyl group is superior to larger alkyl groups.

In general, the compounds in this series elicited consid-
erable CB/CB, receptor subtype selectivities. Com-
pound 17 showed the highest CB; binding affinity and
was also found to be the most selective. Its selectivity
(~147-fold) is comparable to the reported®® selectivity
of Sanofi’s frontrunner rimonabant (~143-fold).

The results from the functional arachidonic acid release-
based assay clearly revealed the strong CB,; antagonistic
properties of our target compounds. The azepanyl deriv-
ative 15 exhibited the strongest antagonistic potency
(pA2 = 8.9) in this series. The antagonistic potency of
the eutomer 24 was found to be considerably higher
than its mirror image 25, which is in agreement with
the observed CB, receptor affinity data.

The in vivo activity of the key dihydropyrazoles 11, 18,
22 and 24 was investigated in two mechanistic pharma-
cological models, viz. a CB; agonist (CP-55,940) in-
duced hypotension?’ rat model and a CB; agonist
(WIN-55,212-2) induced hypothermia®’ mouse model,
and compared with the known selective CB; receptor
antagonists SLV319%7 and rimonabant. The log P value
of the compounds was determined by a validated HPLC
method.?” The P-glycoprotein transport factor’” of the
compounds was also determined in vitro. The results
are given in Table 2. They reveal that compounds 11,
22 and 24 elicited in vivo activities after oral administra-
tion in both the hypotension rat and hypothermia
mouse models that are in line with their in vitro CB;
activities.

The pyridyl analogue 18 was found to be inactive in the
hypotension test, which is in line with its relatively low
potency in our in vitro functional assay (Table 1). More-
over, 18 was identified as a P-glycoprotein substrate
in vitro, which generally results in reduced CNS penetra-
bility. The other compounds in this series lacked this
undesirable property. This is in proper agreement with
their in vivo activities in our (CNS-mediated) hypother-
mia mouse model.

The obtained log P values of compounds 11, 18, 22 and
24 are all lower than those of rimonabant and SLV319
(Table 2). Compound 18 displayed the lowest logP
value due to the presence of its 3-pyridyl moiety.

Table 2. Pharmacological in vivo results and log P of key compounds

Compound CBgp* CBremp’ PGP log P4
Rimonabant 32 3 1.2 5.5
SLV319 5.5 3 1.4 5.1
11 20 3 1.5 4.8
18 >30 - 34 3.2
22 27 3 1.8 3.8
(S)-(—)-24 8 10 1.4 438

# Antagonism of CP-55,940 induced hypotension in rat expressed as
EDso (mg/kg po administration).

® Antagonism of WIN 55,212-2 induced hypothermia in mice expressed
as least effective dose (LED, mg/kg po administration).

¢ P-glycoprotein-based membrane transport factor, expressed as the
ratio of the bottom to top transport and top to bottom transport.

9Log P determination using a validated reverse-phase HPLC method.

The reported model for the binding of rimonabant in the
CB, receptor,’® based on the 2.8-A X-ray structure® of
bovine rhodopsin (Rho), was reconstructed. The origi-
nal template was modified to the putative inactive R-
state. The optimal receptor-based alignment of rimona-
bant?’ in this model was used as the starting point for
aligning the minimized energy conformation of 24 with
SLV319. The result is shown in Figure 2. The molecular
fit of 24 and SLV319 revealed a high degree of overlap in
this protein-based receptor model with comparable
modes of interaction with the crucial Asp366-Lys192
salt bridge that has been reported® to govern CB; in-
verse agonistic activity. Further comparison with rimo-
nabant (Fig. 3) reveals a closer overlap with the

Tyr275 _
o Trp2s5 Asp366-Lys192
e o
1 ~
\ . - Vall96
\ S<
“\.\ \\
Phe278 Y\ Phel70
\
1
/ Leuss?
Trp279 -~ T P
/7 Met384

Ser383

Trp3se~._ .- Phe200

Figure 2. Alignment of SLV319 and 24 in the CB, receptor binding
site.
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Figure 3. Alignment of rimonabant, SLV319 and 24 in the CB,;
receptor binding site.
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exception of the 4-methyl group that is present in rimo-
nabant and is lacking in both SLV319 and 24. Further-
more, the amidine NHCH; moiety that is present in
both SLV319 and 24 clearly has no counterpart in this
molecular fit with rimonabant.

In conclusion, a series of novel 3,4-diarylpyrazolines
with lower lipophilicity than the parent compounds
SLV319, SLV326 and rimonabant was identified in vitro
as potent and CBj, subtype selective CB; receptor
antagonists. Representative compounds shared favour-
able activities in vivo after oral administration.
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Abstract—The activated Factor VII/tissue factor complex (FVIIa/TF) plays a key role in the formation of blood clots. Inhibition of
this complex may lead to new antithrombotic drugs. An X-ray crystal structure of a fluoropyridine-based FVIIa/TF inhibitor bound
in the active site of the enzyme complex suggested that incorporation of substitution at the 5-position of the hydroxybenzoic acid
side chain could lead to the formation of more potent inhibitors through interactions with the S1'/S2’ pocket.

© 2005 Elsevier Ltd. All rights reserved.

The activated Factor VII/tissue factor complex (FVIla/
TF) is known to play a key role in the formation of
blood clots.! Theoretically, inhibition of either the
FVIIa/TF complex formation or its active site responsi-
ble for the cleavage of Factor X (FX) to activated Fac-
tor X (FXa) will block the key extrinsic coagulation
pathway, but keeping intact the intrinsic pathway to sus-
tain normal hemostasis. This may lead to enhanced anti-
thrombotic drugs with decreased bleeding side effects.?
There are several strategies for disruption of the
FVIIa/TF complex formation and function,® but work
still seems to be incomplete with regard to the develop-
ment of small molecule, FVIIa/TF active-site inhibi-
tors.* In this communication, we describe the
exploration of the structure/activity relationships of a
series of fluoropyridine-derived, small molecule inhibi-
tors that appeared to utilize the S1'/S2’ binding pocket
of the FVIIa/TF active site.

From a focused screening of compounds previously syn-
thesized as potential FXa inhibitors,> we identified 1
(ICso = 1200 nM) as a modest FVIIa/TF inhibitor with

* Corresponding author. Tel.: +1 734 622 1371; fax: +1 734 622
3909; e-mail: jeffrey.kohrt@pfizer.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.059

no measurable inhibition of FXa (ICsy> 10 uM,
Fig. 1). Synthesis of a subsequent analog substituted
at the 5-position of the hydroxybenzoic acid side chain
of 1 led to a more potent S5S-dimethylamino 2
(ICso = 190 nM). This result suggested that substitution
at the 5-position could be optimized further to enhance
the binding affinity of a new class of FVIIa/TF inhibi-
tors. Also in this series, a limited optimization of the
4-position of the central pyridine ring led to the potent
FVIIa/TF inhibitor 3 (ICso = 86 nM).

Ph

%,
Ff\f FﬁF

‘ P
(0] N

‘ —
o O” N O
CO,H CO,H
HoN HoN
NH R NH R
5-position
1R=H 1C50 = 1200 M 3R=H IC50=86nM

2R=NMe, ICg=190nM

Figure 1. Lead inhibitors of FVIIa/TF.
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Analysis of the X-ray crystallography data of a complex
of 3 (R = H) with TF/FVIla showed that the R-methyl
enantiomer 4-R (coordinates deposited in the RCSB
database as PDB ID code 2AEI) crystallized with the
phenylamidine pharmacophore hydrogen bonding to
the Aspl89, Ser190, and Gly219 in the S1 pocket of
the FVIIa active site, while the benzoic acid moiety
interacted with Ser195, Gly193, and His57 in the oxy-
anion hole (Fig. 2). The 1-methyl-3-phenyl-propylamine
side chain was shown to be filling the S2 and S3 binding
pockets through hydrophobic interactions with the
(R)-methyl and phenyl groups, respectively.

The crystal structure also revealed a potential binding
pocket close to the carboxylate group bound in the
oxy-anion hole. This area of the active site is made up
of both the S1’ and S2’ pockets (Fig. 3). Therefore, ana-
logs that could access this S1'/S2" pocket via incorpora-
tion of a substituent at the 5-position on the benzoic
acid side chain should result in more potent FVIIa/TF
inhibitors.

The synthesis of these analogs started with the 5-substi-
tuted salicylates 6 and 8 (Scheme 1). Formation of
5-alkyl substituted 6 resulted from heating a carbon tet-
rachloride solution of 4-alkyl-phenol 5 (R'= alkyl
group) in the presence of copper and base, followed by
acid-catalyzed esterification.®  5-N,N-Dialkylamino
substituted 8a was formed by reductive amination of

S1'/s2! ) s1
ANt Ser190
er.
F F
pede U
P NH,
® o
NH, ©
Og ™0 z o)k
Glyl93 OH r
SEr195 HN HisS7 G'V219
Oxy-anion
Hole

Figure 2. Crystal structure of 4-R in the active site of the FVIla/TF
complex.

Oxy=Anion
Hole

Figure 3. Connolly surface depicting the binding pockets of the FVIIa/
TF active site with respect to 4-R. The enzyme is colored by residue
electrostatic charge: red, negatively charged residue; blue, positively
charged residue; white, residue of negligible charge.

OH OH
a, b CO,Me
—_—

Rt R R'=Alkyl

5 6

OH OH

CO,Me cordore ©/COZM9

[ j -

R? R?  R3=N(Alkyl), = 8a

7 8 OAlkyl =8b

Ph=8c

Scheme 1. Reagents and conditions: (a) R! = alkyl group; CC14, Cu,
KOH, H,0, reflux; (b) H,SO4, MeOH, reflux; (c) R* = NH,; R*CHO,
HOAc, NaBH(OAc);, DCE, RT; (d) R?=OH; Alkyl-I, K,COs,
acetone, reflux; (¢) R?>=1; PhB(OH),, K;PO,, Pd(PPhs;);, DMF,
110 °C.

an alkylaldehyde, and 7 (R>= NH,), while 5-alkoxy
substituted 8b was synthesized by heating 7
(R*>=OH), an alkylhalide, and dlmethylformamlde in
the presence of sodium hydride.” Finally, formation of
the 5-phenyl analog of 8¢ was dependent on the palladi-
um-catalyzed Suzuki coupling of 7 (R*=1) and phen-
ylboronic acid.®

(¥)-1-Methyl-3-phenyl-propylamine 9 was added to
pentafluoropyridine in the presence of triethylamine to
provide a 4-amino-substituted pyridine (Scheme 2).
Addition of the salicylate side chains was effected in a
two-step procedure by first adding the trifluoromethy-
loxadiazole-phenol 10* in the presence of potassium
carbonate to give the aryl ether 11. Subsequent addition
of a 5-substituted salicylate 6 or 8 in the presence of cesi-
um carbonate produced the trisubstituted pyridine 12.
Hydrogenation of the oxadiazole over Raney nickel
revealed the amidine.* Final hydrolysis of the methyl
ester with lithium hydroxide produced analogs 15-29.
All inhibitors were isolated by reverse-phase preparative
HPLC as TFA salts.
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Scheme 2. Reagents and conditions: (a) pentafluoropyridine, Et;N,
CHQClz, RT, (b) 10, KzCOg, DMSO, 70 OC; (C) 6 or 8, CS2CO3,
DMSO, 80 °C; (d) Raney nickel, H,, Et;N, MeOH, RT; (e¢) LiOH,
water, dioxane, RT.

Synthesis of the isophthalamic acid derivatives 30-41
was achieved via a Pd(0)-catalyzed carboxylatlon of
5-iodo 13 to yield carboxylic acid 14 (R* OH) Using
p-methoxybenzyl (PMB) protected 9, formed via reduc-
tive amination with 4-methoxy-benzaldehyde and sodi-
um triacetoxyborohydride, the 5-iodo 13 was prepared
in a similar manner to 12. The use of this protecting
group was necessary to obtain good yield in the subse-
quent carboxylation step. The amides were formed with
amines via a HOAt/HATU mediated coupling reac-
tion.* Raney nickel reduction of the oxadiazole to the
amidine and LiOH hydrolysis of the ester were followed
by TFA-mediated deprotection of the PMB protecting
group to reveal the analogs 30-41 (Scheme 3).

To enhance the binding affinity of this series of inhibi-
tors, investigation of analogs with substitution at the
5-position of the hydroxybenzoic acid side chain was
undertaken (Table 1). Substitution of the 5-hydrogen
with a 5-methyl group on the hydroxybenzoic acid ring
resulted in 16 with a 4-fold increase in binding
(IC50 = 20 nM) from our lead 3. Compared to 16, addi-
tion of a larger tert-butyl group 17 (21 nM), phenyl
group 29 (23 nM), or isopropyl group 15 (15 nM) did
not substantially increase the binding. Unsubstituted
hydrogen-bond-donating groups, such as the 5-amino
analog 18 and 5-hydroxy analog 23, decreased the bind-
ing from 16 by 3.5- and 2.5-fold respectively, but alkyl-
ation of the respective nitrogen or oxygen atom regained
potency. For example, mono- or dialkylation of 5-amino
18 produced analogs 19-22 with an increased potency of
approximately 2- to 5-fold over 18. Similarly, alkylation
of 5-hydroxy 23 produced alkoxy analogs 24-27 with in-
creased potency. Finally, incorporation of a 4-substitu-
ent on the hydroxybenzoic acid ring did not increase
the binding. For example, analog 28 (15 nM) substituted
by a 4-methyl substituent showed potency similar to the

Ph Ph

X e X e
T

p ©/COMe p ?oom
-

NH
P A F
P
o N0
CO,H
HoN
TFA NH X
30-.41 O R

Scheme 3. Reagents and conditions: (a) CO, Pd(OAc),, K,CO;, DMF/
H,0 (4:1), 100 °C; (b) amine, HOAt, HATU, Et;N, DMF, RT; (c) H,,
Raney nickel, MeOH, Et;N, RT; (d) LiOH, MeCN, H,0O, RT; (e)
TFA, CH,Cl,, RT.

Table 1. 5-Substituted FVIIa/TF inhibitors®
FVIIa/TE R FVIIa/TF 2xPT FXa

inhibitors ICso" (M) (uM)  ICs'? (uM)
3 H 0.086 35 55
4-R H 0.045 29 51
15 iPr 0.015 28 4.8
16 CH; 0.020 ND 29
17 -Bu 0.021 24 3.3
18 NH, 0.079 ND 11
19 NMe, 0.013 49 6.8
20 NEt, 0.016 83 9.6
21 NHMe 0.017 41 8.0
22 NBu, 0.036 ND ND
23 OH 0.056 ND 11
24 OiPr 0.017 52 12
25 OPr 0.019 95 26
26 OEt 0.029 94 17
27 OMe 0.039 ND 11
28 NMe, 4-Me  0.015 16 4.5
29 Ph 0.023 112 17

# All compounds tested as racemic mixtures except where noted.

4-H analog 19 (13 nM). In all cases, these inhibitors
maintained selectivity for the inhibition of FVIIa/TF
over that of FXa.

Molecular modeling did not provide clues as to addi-
tional interactions that led to higher binding affinities
observed for the 5-substituted inhibitors, but it did
indicate that the S1’/S2’ pocket was potentially a deep-
er binding site than was assumed initially. Additional
attempts to fully exploit this binding pocket to gain
more potent FVIIa/TF inhibitors were explored
through the synthesis of analogs containing an amide
at the 5-position of the hydroxybenzoic acid side chain
(Table 2).410
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Table 2. 5-Benzamide FVIIa/TF inhibitors

FVIIa/TF R* FVIIa/TF 2xPT FXa

inhibitors ICso (uM)  (uM)  ICso (LM)
OMe

30 HNU 0.008 5395
OH

31 HNU 0.039 49 4.1
OH

n HN /\@ 0.140 ND  ND
OH

33 HN/ﬁ/ 0.010 22 9.6

34 HN%< 0.014 15 43

35 HN SO0 0.067 16 20

36 HN 0ol 0.071 12 ND

37 HNX/OH 0.016 11 5.9

38 }\/ 0.023 10 5.7
HN OH

39 L 0.046 90 13
OH
HN
40 OH 0.200 ND ND
HO (o]
4 T 0.730 ND ND
.//OH

HN

A substantial increase in FVIIa/TF binding affinity was
obtained by the formation of 3-methoxybenzyl-amide 30
(8 nM). All other substituted benzyl-amides showed de-
creased binding affinity from 30. Interestingly, the isobu-
tyl-amide 33 (10 nM) was of similar potency to analog
30, while the trimethylpropyl-amide 34 (14 nM) showed
only a small loss in activity. Reduced binding was also
observed in the hydroxyalkyl-amides 35 and 36, but
the alkyl-hydroxyalkyl-amides 37-39 helped to regain
some binding activity. The serine-based amide 41
(730 nM) was an exception displaying significantly re-
duced activity potentially as a result of the presence of
the free carboxylic acid. Likewise, the incorporation of
a carboxylic acid 40 (200 nM) directly at the 5-position
also significantly decreased binding.

Testing of these inhibitors in the in vitro assay for pro-
longing prothrombin time (PT), which is a measure of
the anticoagulant effect of a drug on the extrinsic coag-
ulation pathway, showed that the parent 5-H analog 3
had a doubling of PT (2x PT) at 34 uM (Table 1).'3
Inhibitors 5-O-isopropyl 24 (52 uM), 5-isopropyl 15
(28 uM), and 5-N,N-dimethylaniline 19 (49 uM) all
had 2x PT values similar to or higher than that of the
parent 3, despite their higher binding affinities. Only

the 4-methyl substituted 28 (16 uM) had a significant
lowering of the 2x PT value from the parent 3.

While it appeared that the amide series of inhibitors fa-
vored branched alkyl and benzyl-amides for a modest
increase in binding affinity, a more significant relation-
ship was apparent in regard to the lowering of 2x PT
potency (Table 2). Branched alkyl-amides had a superi-
or doubling of PT than the benzyl-amides. While both
the isobutyl amide 33 and 3-methoxybenzyl-amide 30
had similar binding affinities, the former analog was
2.5-fold more potent for the doubling of PT. Another
2-fold improvement in 2x PT potency was gained in
the alkyl-hydroxyalkyl-amide series. For example,
weaker binding inhibitors, such as diol 39
(IC50 = 46 nM), offered a better 2x PT profile (9.0 uM)
than the stronger binding 3-methoxybenzyl-amide 30
(ICso = 8 nM, 2x PT = 53 uM). While we are uncertain
as to the reasons for the variations in the observed
2x PT data, it has been suggested that the changes in
pharmacological parameters (clog P, solubility, perme-
ability, protein binding, etc.) resulting from the hydroxyl
groups are accounting for some of the differences.!*

Examination of 5-substituted hydroxybenzoic acid side
chains of a fluoropyridine-based series of FVIIa/TF
inhibitors showed a modest improvement in binding
affinity for this enzyme complex. Enhancement of the
interactions needed for increased binding affinity that
can lead to inhibitors that also display a more potent
2x PT profile has not yet been fully optimized. Further
investigations into the synthesis of analogs that continue
to probe the S1'/S2’ pocket are in progress.
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450 nm.
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Abstract—A series of fluoro substituted aryl carboxamides was synthesized revealing high affinity for the dopamine D3 receptor. In
contrast to 2-methoxy substitution, a 2,3-dichloro substitution pattern at the phenylpiperazine moiety induces a 10-fold increase of
D3 affinity which is expressed by K; values of 0.53, 1.1, and 9.0 nM for 8b, 8d, and 8f. Applying aromatic '*F-for-Br(Cl) substitution,
high radiochemical yields between 76-82% were obtained for ['*F]8c—f. The most promising ligand, ['*F|8d, was used as imaging
agent of the D3 receptor in vitro. However, due to the lack of specific binding, further studies should aim at the development of

radioligands with improved D3 receptor selectivity.
© 2005 Elsevier Ltd. All rights reserved.

The dopamine D2-like receptors are involved in numer-
ous physiological processes and are supposed to be key
players in disorders such as schizophrenia, Parkinson’s
disease, and cocaine addiction.' This is also illustrated
by the high affinity of antipsychotic drugs, such as hal-
operidol (1), to the D2-like receptors (Fig. 1).

The D2-like receptor family comprises of D2, D3, and
D4 receptors. The dopamine D3 receptor was identified
and cloned by Sokoloff et al.,* and is mainly found in the
mesocorticolimbic system, whereas the D2 subtype is
accumulated in the striatum.>® The physiological role
of the D3 receptor is as yet unclear. However, the loca-
tion of this receptor subtype in brain regions implicated
in emotion and cognition makes it an attractive candi-
date for research aimed at elucidating the pathogenesis
of the above-mentioned psychiatric diseases.”” To vali-
date this hypothesis, the synthesis of potent and selective
D3 receptor ligands represents an important goal.
Recently, various series of arylpiperazines with high
affinity and selectivity for the D3 receptor were charac-
terized.'®'* These include BP 897 (2), which acts as a

Keywords: Dopamine; D3 receptor; Radioligand; PET.
* Corresponding author. Tel.: +49 9131 85 33411; fax: +49 9131 85
39262; e-mail: Carsten.Hocke@nuklear.imed.uni-erlangen.de

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.037

partial agonist with a D2/D3 suptype selectivity of 66-
fold.?

As part of our drug discovery and SAR investigations
on selective dopamine D3 receptor ligands, we devel-
oped the superpotent benzothiophene derivate FAUC
365 (3), displaying a neutral antagonistic behavior and
a 7200-fold selectivity over the D2 subtype.!> Further-
more, we synthesized radioiodinated derivatives of
FAUC365 for non-invasive single-photon emission
tomography (SPET).!® The development of specific
and potent radioligands as positron emission tomogra-
phy (PET) tracers for D3 receptors is an important step
to investigate the role of this receptor subtype in the
pathophysiology of numerous diseases.

Based on the results of Murray et al.,!” we chose the 4-
bromophenyl carboxamide 4 as an interesting lead com-
pound for the development of '®F-labeled PET tracers.
Recently, this potent D3 receptor ligand (pK; 9.3) was
radioiodinated to allow its application as a SPET
tracer.!®

This paper reports the synthesis and in vitro evaluation
of a series of fluoro substituted analogs of 4, represent-
ing our target compounds for the radiosynthesis of '*F-
labeled tracers potentially suitable for PET imaging.
Herein, we prepared a series of respective haloaryl
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Figure 1. Potent dopamine D3 receptor ligands.

carboxamides and assessed their suitability in '*F-for-Br
and '8F-for-Cl nucleophilic substitution.

The syntheses of the series of compounds are shown in
Scheme 1. The commercially available N-phenylpipera-
zines 5a,b were converted to the respective aminobutyl
derivatives by alkylation with 4-bromobutyronitrile
and subsequent reduction with LiAlH,4 in THF affording
the primary amines 6a,b in more than 60% overall yield.
Acylation of 6a,b with 4-bromobenzoyl chloride, 6-chlo-
ronicotinoyl chloride, 6-bromopicolinic acid chloride, or
4-bromobenzenesulfonyl chloride in CH,Cl, in the pres-
ence of triethylamine afforded the respective amides 7a—
h (53-82% yield) bearing leaving groups (chloride or
bromide) for the nucleophilic substitution with ['*F]fluo-
ride.'” Condensation of the amines 6a,b with the
appropriate fluorobenzoic acid chlorides gave the corre-
sponding amides 8a—h in yields of 43-64%.%° These com-
pounds were subjected, after identification®!, to receptor
binding studies, as described below to determine the
pharmacological potency of the aspired radiolabeled
analogs.

The radiosynthetic approach and results of radiochemi-
cal yields (RCYs) for the aromatic substitution of 7a—h
with no-carrier-added (n.c.a.) ['*F]fluoride are given in
Table 1 and Scheme 2. Alternative solvents (DMF or

R R
ﬁj )
i, i iii
N —_— -5 .
N |
HNT T, X
A: X=Br, Y= CH, Z= CO
5a: R= OMe, R'=H 6a: R= OMe, R'=H B: X=F, Y=CH, Z= CO
5b: R, R'= Cl . [ C: X=Cl, Y=N, Z= CO
6b: R, R'=Cl D: X=F, Y=N, Z= CO
E: X=Br, Y= CH, Z= SO,
F:X=F, Y=N, Z= SO,
L
‘ —Z

Scheme 1. Reagents and conditions: (i) 4-bromobutyronitrile, DMF, 100 °C, 5 h'®; (ii) LiAlH4, THF, 0 °C—reflux, 5 h'®; (iii) acid chlorides A—H,

CH,Cl,, NEts, rt (43-82%).

L

o
K/N\/\/\N OO
H
(2 BP8OT
Nﬁ o
RSSO
H
Br
4

acetonitrile) were examined, but the best results were ob-
tained employing the reaction conditions described in
Scheme 2. The RCYs of radiofluorinated nicotinamides
(['®F]8¢,d) and picolinamides (['*F]8e,f) were about 76—
82%. Significant differences in radiochemical yields
between both heteroaromatic systems could not be ob-
served. The RCY's were not significantly influenced by
the substitution pattern (2-methoxy or 2,3-dichloro) of
the N-phenylpiperazinyl moiety of the molecules. The
nucleophilic aromatic substitution with (n.c.a.)
['"®F]fluoride requires aromatic activation in ortho- or
para position. This is usually realized by electronic with-
drawal groups, such as carboxamides and sulfonamides
in para position or ortho halogen-substituted pyri-
dines.?? The radiolabeled compounds (['*F]8c-f) could
be obtained in sufficiently high yield to investigate the
tracer behavior in vivo and in vitro for further studies.
In strong contrast to these results, apparently low or
negligible RCYs of the benzamide and benzenesulfona-
mide derivatives ['®F]8a,b and ['®F]8g.h, respectively,
were obtained.

Radioligand binding assays were employed to investi-
gate the affinity and selectivity of the target compounds
8a-h to the different subtypes of dopamine receptors and
to the related biogenic amine receptors 5-HT1,, 5S-HT2,
and ol. Binding affinities at the human dopamine

7a: R= OMe, R'=H, Ar= 4-bromophenyl
7b: R, R'= Cl, Ar= 4-bromophenyl!

7c¢: R= OMe, R'=H, 6-chloropyridin-3-yl
7d: R, R'= Cl, 6-chloropyridin-3-yl

7e: R= OMe, R'=H, 6-chloropyridin-2-yl
7f: R, R'= Cl, 6-chloropyridin-2-yl

8a: R= OMe, R'=H, Ar= 4-fluorophenyl
8b: R, R'= Cl, Ar= 4-fluorophenyl

8c: R= OMe, R'=H, 6-fluoropyridin-3-yl
8d: R, R'= Cl, 6-fluoropyridin-3-yl

8e: R= OMe, R'=H, 6-fluoropyridin-2-yl
8f: R, R'= Cl, 6-fluoropyridin-2-yl

Ar-SO, N\)
Z\H/\(\/g

79: R= OMe, R'=H, Ar= 4-bromopheny!
7h: R, R'= Cl, Ar= 4-bromophenyl

8g: R= OMe, R'=H, 4-fluorophenyl

8h: R, R'= Cl, 4-fluorophenyl
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Table 1. Radiochemical yields (RCY) [%] of the radiofluorinated compounds ['*F]8a—h (500 uL DMSO, 140 °C, n.c.a. ['*F]fluoride (20-100 MBq),

Kryptofix®2.2.2. K,COs, ¢ = 20 min)

Compound R R’ Amide Ar Leaving group RCY [%] of ['*F]8a-h LogP? of 8a-h
8a CH;0 H Carboxamide 4-Fluorophenyl Br 2+2 3.63
8b Cl Cl Carboxamide 4-Fluorophenyl Br 3t£2 5.27
8c CH;0 H Carboxamide 6-Fluoropyridin-3-yl Cl 815 2.76
8d Cl Cl Carboxamide 6-Fluoropyridin-3-yl Cl 82+4 4.39
8e CH;0 H Carboxamide 6-Fluoropyridin-2-yl Br 76+ 6 3.11
8f Cl Cl Carboxamide 6-Fluoropyridin-2-yl Br 785 4.74
8g CH;0 H Sulfonamide 4-Fluorophenyl Br 0 3.79
8h Cl Cl Sulfonamide 4-Fluorophenyl Br 0 5.43

# Calculated value using the program Clog P; log P of the reference FAUC365 was 5.34.

R' R’
L. —
Nﬁ Nﬁ
SUL PO SULMF
H H
o =

O, (e} —
H >*Br »—Cl
\ N
7a:R=MeO,R' = H 7c:R=MeO, R'= H
7b:R=Cl, R'=Cl 7d:R=Cl, R'=Cl

o

7e:R=MeO,R'=H
7f: R=Cl, R'=Cl

79:R=MeO,R'=H
7h:R=Cl, R'=Cl

['8F] 8a:R=MeO, R'=H  [*®F] 8c: R=MeO, R'=H
[8F18b:R=Cl, R'=cl [*®F]8d:R=Cl, R'=Cl

o /= o
o A

18F
[*8F] 8e:R=MeO, R'=H  [*®F] 8g: R=MeO,R'=H

[8F 8f: R=Cl, R'=Cl [*F]8h:R=Cl, R'=Cl

Scheme 2. Radiosyntheses of ['®F]8a—h starting from the precursors 7a—h; reagents and conditions: (i) n.c.a. ['*F]fluoride, phase transfer catalyst

(Kryptoﬁx®2.2.2.), K,CO5;, DMSO, 140 °C, 20 min.

receptor subtypes D2jong, D2ghor,>> D3,%* and D4.4%°
were measured using membranes of CHO cells stably
expressing these receptors and the radioligand [*H]spip-
erone, as described previously.?® D1 receptor affinities
were determined utilizing porcine striatal membranes
and the DI selective radioligand [PH]SCH 23390.2¢
Binding properties to the serotoninergic receptors 5-
HT1, and 5-HT2, and to the adrenergic ol receptor
were evaluated utilizing porcine cortical membranes
and the selective radioligands [PH]8-OH-DPAT, [*H]ke-
tanserin, and [*H]prazosin, respectively. The results of
the binding experiments listed in Table 2 reveal only
weak affinity to the D1 receptor and a preferred binding
to the receptors of the D2 family. While the benzamide
derivatives 8a—f show a clear binding preference to the
D3 receptor in a low nanomolar range, high affinities
to the D4 receptor were determined for both benzensulf-
onamides 8g and 8h with K; values of 9.9 and 17 nM,
respectively. A privileged aromatic scaffold is the para
substituted benzamide substructure of the compounds
8a,b and the aza analoges of 8c,d recognizing the D3
receptor in low nanomolar or even subnanomolar con-
centrations (K; of 8b%7 for D3 =0.53 nM). Looking at
the influence of the phenylpiperazine moiety, the 2,3-
dichloro substitution, when compared to the 2-methoxy
derivatives, induces a 10-fold increase in D3 affinity,
which is expressed by K; values of 0.53, 1.1, and
9.0 nM for 8b, 8d, and 8f and 4.3, 14, and 86 nM for
the appropriate 2-methoxy derivatives 8a, 8c, and 8e,
respectively. Additionally, the 2,3-dichloro substitution
pattern also improves selectivity of D3 binding against

D4 with the factor of 10 when the selectivity ratios rise
from 7.9 to 83 (8a,b), 9.2 to 91 (8¢c,d), and from 0.88
to 11 (8e,f). However, all the developed fluorinated com-
pounds showed a lesser D3 selectivity as reference com-
pound FAUC365.

All test compounds showed good affinity (15-120 nM)
to the serotonin receptor 5-HT1,, but less binding to
the 5-HT2 subtype (84-3700 nM) when the affinity to
this receptor was strongly inferred by substituents of
the phenylpiperazine moiety. The 2-methoxy derivatives
show K; values only in the micromolar range, whereas
the 2,3-dichloro substitution induces an improved bind-
ing, indicated by an increase of affinity up to 45-fold (for
8¢/8d). Interestingly, for all compounds binding affinities
to the ol receptor were determined with low nanomolar
K; values when the benzenesulfonamide 8g showed best
binding with 3.9 nM.

The most promising radioligand ['®F]8d was used for
preliminary in vitro studies. ['*F]8d is structurally relat-
ed to 8b and also revealed a similar D3 receptor affinity
(ca. 1 nM), but significantly higher RCY's were obtained
in the case of ['®F]8d, so this radioligand was chosen for
initial receptor autoradiography studies on rat brain
slices. D3 receptor binding was conducted as described
in the literature.?® The results of this initial study could
not reveal a typical D3 receptor distribution, such as in-
creased binding in the brain area of the nucleus accum-
bens. The rat brain slices incubated with ['*F]8d showed
a homogeneous distribution and high nonspecific
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Table 2. Binding affinities of the fluorinated target compounds 8a—h to the human dopamine receptor subtypes D2,on, D2ghor; D3, D4, and the porcine D1 receptor, as well as the porcine 5-HT1,, 5-HT2

and ol receptors (2-4 experiments each performed in triplicate)

K; values (nM)

D3 selectivity within the D2 family
D21ne/D3-D2g10r/D3-D4/D3

23-32-7.9
32-34-83
11-17-9.2
19-26-91

Compound

[*H]prazosin

[PH]ketanserin

5-HT2
2300

[*HJ8-OH-DPAT
5-HT1,

[*H]SCH 23990

D1

[PH]spiperone

al

D2hort D3 D4.4

Dzlong

7.4

17
12
16

15
60
22

2700

43

140

98

8a

230
3700

920
6300
1300
4100

44
130

0.53
14

18

240

17
160

8b
8c
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84
3200

28

1.1 100

86

29
400

21
260

8d
8e

5.8
13

24
30
51
120
360

3.0-4.7-0.88

76
97

240
3500

910
3500
1800
8800

4.9-6.3-11

9.0

210

57
120

44
72
39
3600

8f

39
14
370

9.9 0.34-0.57-0.047
2.4-3.1-1.1

17
340

8g
8h

830
3000

16

49
2600

7200-5200-680

0.5

FAUC365

binding, indicating that this ligand may not be a useful
candidate for PET imaging studies. This result is also
in accordance with a recently published report of Tu
et al. describing a C-11-labeled benzamide.?’

In summary, we reported the syntheses, binding affini-
ties, ISF-radiosyntheses, and in vitro studies of selective
dopamine D3 receptor ligands. The compounds 8b and
8d were characterized with good affinities to the D3
receptor. Applying aromatic '®F-for-Br(Cl) substitution,
the obtained radiochemical yields of ['*F|8c—f were suf-
ficiently high. The most promising nicotinamide deriva-
tive ['*F]8d was characterized by an initial in vitro study
indicating undesirable pharmacologic properties. Thus,
future efforts in our laboratory aim at the development
of radioligands with improved D3 receptor selectivity.
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[lgFJﬂuoride on aromatics: [*F]Fluoride was produced by
the "*O(p,n)'®F reaction using a RDS 111 cyclotron (CTI)
at PET Net GmbH (Erlangen, Germany). A QMA-
cardridge with ['®F]Jfluoride (20-100 MBq) was eluted
with a solution of 15 mg Kryptofix 2.2.2.%/15 uL of 1N
potassium carbonate stock solution in 1 mL acetonitrile/
water (8:2). The solvent was evaporated under a stream of
argon at 80°C and the azeotropic drying step was
repeated two times using 500 pL acetonitrile. The dry
residue was resolubilized with a solution of 10-20 pumol
precursor 7a—e in 500 pL dry DMSO. The solution was
heated to 140 °C for 20 min. Samples of the solution
(25 pL) were isolated in periods of 2, 5, 10, 20, and 30 min.
These samples were used for determination of radiochem-
ical yields by reversed-phase HPLC. The identification of
radiofluorinated compounds ['®F]8a-h was performed by
gradient reversed-phase radio HPLC (RP 18 Select BS
column (250 x 4 mm)) eluted with acetonitrile/water (20/80
to 70/30 viv, 0.1% TFA, 1mL/min) using the UV
absorbance at 254 nm of standard compounds 8a-h as a
reference signal. Analytical HPLC was performed on the
following system: HPLC Hewlett Packard (HP 1100) with
a quaternary pump and variable wavelength detector (HP
1100) connected to a radio-HPLC detector D505TR
(Canberra Packard). Computer analysis of the HPLC
data was performed using FLO-One software (Canberra
Packard). Electronic autoradiography (InstantImager™,
Canberra Packard) was used to analyze radio-TLC data.
To a solution of 6ab (0.5 mmol) and triethylamine
(1 mmol) in CH,Cl, (10 mL) was added the appropriate
fluoro substituted benzoic acid chloride or sulfonic acid
chloride (1.1 equiv) at room temperature. The mixture was
stirred at room temperature overnight. After the addition
of aqueous NaHCOs solution, the mixture was stirred for
5 min and the organic layer was separated. The organic
phase was dried (Na,SQ,), filtered, and concentrated.
Product isolation was followed by column chromatogra-
phy on silica gel (CH,Cly/methanol 95/5) to give 8a—h (43—
64% yield).
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'"H NMR (DMSO-d,, 300,18 MHz), '°F NMR (DMSO-
ds, 282,41 MHz), 8a: '"H NMR § (ppm): 1.52 (m, 4H), 2.36
(m, 2H), 2.49 (m, 4H), 2.94 (m, 4H), 3.25 (m, 2H), 3.74 (s,
3H), 6.82-6.87 (m, 4H), 7.2-7.25 (m, 2H), 7.83-7.88 (dd,
2H), 8.37 (t, 1H), ’F NMR § (ppm): —110.423, 8b: 'H
NMR 6 (ppm): 1.53 (m, 4H), 2.36 (m, 2H), 2.52 (m, 4H),
2.96 (m, 4H), 3.26 (m, 2H), 7.09 (dd, 1H), 7.23-7.26 (m,
4H), 7.84-7.89 (dd, 2H), 8.37 (t, 1H), '°F NMR § (ppm):
—110.428, 8c: '"H NMR & (ppm): 1.7 (m, 4H), 2.5 (m, 2H),
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Abstract—Baogongteng A (BGT-A), a naturally occurring tropane muscarinic agonist isolated from Chinese medicinal plant, exhib-
its a bioactive effect different from those of many tropane alkaloids that are muscarinic antagonists. A series of racemic derivatives of
BGT-A was synthesized to study the structure—activity relationships (SAR). To explore further the SAR in this series and to ulti-
mately design muscarinic agonists for drug development, a Comparative Molecular Field Analysis (CoOMFA) was performed. The
values of the leave-one-out cross-validated correlation coefficient ¢* and the conventional correlation coefficient 7> for the model are
0.613 and 0.965, respectively. The regression analysis of the data indicated that the steric effect of N-substituted group on tropane of
analyzed compounds critically affected the agonistic activity to muscarinic receptors.

© 2005 Elsevier Ltd. All rights reserved.

Muscarinic receptors play an important role in choliner-
gic transmission, mediating most of the excitatory and
inhibitory effects of acetylcholine in the central and
peripheral nervous systems. Many tropane alkaloids
(such as atropine and scopolamine, Fig. 1) are potent
muscarinic antagonists, but BGT-A (1, Table 1) isolated
for the first time from the stem of a Chinese medicinal
plant baogongteng (Erycibe obtusifolia Benth) is a
muscarinic agonist and was used as a myotic agent in
clinics.! This unique bioactivity to muscarinic receptors
in the family of tropane alkaloids makes it interesting to
reveal the special interaction mechanism of BGT-A with
the muscarinic receptors. Review of the therapeutic po-
tential of BGT-A, the limited amounts of BGT-A avail-
able from the natural resources, and the low efficiency of
total synthesis of BGT-A? investigated a series of race-
mic derivatives of BGT-A for bioactive screening.>*
The bioassay result shows that some of these com-
pounds have certain agonistic activity to muscarinic

Keywords: COMFA; Baogongteng A; Muscarinic receptors; Agonistic.

* Corresponding author. Tel.: +86 21 63846590 776464; fax: +86 21
53065329; e-mail addresses: huaxue@shsmu.edu.cn; luyangssmu@
yahoo.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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RRS R'=R?=H Atropine

o |-‘|/C6H5 R'=R%*=0 Scopolamine
\C/C\
5 CH,OH

Figure 1. The structures of atropine and scopolamine.

receptors. The preliminary SAR of BGT-A and its
derivatives was acquired.’

The ligand-receptor interaction model can be construct-
ed by docking for the known 3D structure receptor.®
Muscarinic receptors, the guanine nucleotide binding
protein-coupled receptors (GPCR), are members of a
superfamily diverse group of receptors. At present, their
crystal structures measured by X-ray diffraction have
not been reported. To obtain a theoretical 3D-model
of receptors, the homology modeling can be applied.
But, it is a complicated work to construct an entire 3D
structure for muscarinic receptors by homology model-
ing because of their relatively low homology with the
putative template, bovine rhodopsin in the GPCR
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Table 1. Structures of BGT-A and its derivatives

H R,
\N OH N\ 1
ACO% R T g
1 6 R3

Compounds R! R?> R? R*

2 CH; H H AcO

3 CH; H AcO AcO

4 CH; H p-CH;PhCOO AcO

5 CH; H p-CH;PhSO,0 AcO

6 CH; CI H AcO

7 CH; O O AcO

8 CH; O O HO

9 CH; H AcO H
10 CH; H CH;(CH,),COO AcO
11 CH; H CH;(CH,)4COO AcO
12 CH; H CH;(CH,)sCOO AcO
13 CH; H CH;(CH,)6COO AcO
14 CH; H  CH;(CH)$3COO  AcO
15 CH; H CH;CH,COO CH;CH,COO
16 CH; H CH;(CH,)4COO CH3(CH,),COO
17 H H H AcO
18 H H PhCH=CHCOO AcO
19 CH; H p-CH;OPhCOO  AcO
20 CH; H PhCH=CHCOO AcO
21 CH; H PhSO,0 AcO
22 CH; H  m-CH;PhSO,0 AcO
23 CH; H p-OCH;PhSO,0 AcO
24 CH; H p-NO,PhSO,0 AcO

family, and too long sequences of amino acids.” In that
case, it is difficult to search the binding site of muscarinic
receptors for BGT-A and its active derivatives by dock-
ing. CoMFAS3 is usually applied as an effective method
to build the model of ligand-receptor interaction and
provide the information necessary for the understanding
of structural requirement to activity.® Up to date, quan-
titative structure—activity relationship (QSAR) studies
on the agonistic tropane ligands to muscarinic receptors
have not been reported. In this paper, we carried out the
CoMFA study of BGT-A and its agonistic active deriv-
atives, which were prepared and tested biologically in
our laboratory. The predictive 3D-QSAR model estab-
lished by analyzing these targetively selected compounds
could gain insight into the influence of their steric and
electrostatic properties on the activity, and intensify
our understanding on previous SAR studies of BGT-A
and its derivatives. The novel compounds with higher
agonistic activity could be designed by the results of
CoMFA analyses and prepared conveniently.

Guinea pigs (250-350 g) of either sex provided by Exper-
imental Animal Center of Shanghai Second Medical
University were killed by a blow to the head and exsan-
guinated. The ileal longitudinal muscle was rapidly taken
and gently cleaned off adhering connective tissue in a pre-
warmed (37 °C) and oxygenated (95%0, + 5%CO,)
medium of the Krebs solution (NaCl 6.6 g, CaCl,
0.28 g, KCl 0.35g, MgSO47H,O 0.294 g, KH,PO,
0.162 g, NaHCO; 2.1 g, and glucose 2.0 g in 1000 ml dis-
tilled water). Prepared strips of ileal longitudinal muscle
(1.5 cm) were transferred into 10 ml organ baths, loaded

with 500 mg tension, and then allowed to equilibrate for
30 min and the bath fluid was changed every 10 min.
Contractions were recorded isotonically with an electro-
mechanical transducer connected to Bridge amplifier and
Powerlab system recorder (Powerlab 8sp, ADInstru-
ment). Dose-response curves to carbachol (79HO0110,
Sigma corporation) were drawn by cumulative addition
of the agonist. The concentration of tested compounds
in the organ bath was increased approximately 3-fold
at each step, when the maximal and steady response to
the previous addition had been attained. Dose-response
curves were repeatedly established until constant
responses were obtained, allowing 30 min between each
curve. BGT-A and its derivatives were tested in the same
protocol as that described for carbachol. Effects were ex-
pressed as percentage of the maximum effect induced by
carbachol. —log ECs, (pECso) values were determined
graphically. All data represented average values for three
tests and analyzed by means of the ¢ test. A value of
p <0.05 was considered significant.

Twenty-four target compounds with the tropane ring,
whose structures and associated agonistic activity
(expressed as pECsg) to muscarinic receptors in ileal lon-
gitudinal muscle of guinea pigs are given in Tables 1 and
3, respectively, were divided into training set (com-
pounds in Table 1 minus 5, 9, and 22-24) and test set
(5, 9, and 22-24). The CoMFA study described here
was performed on a Silicon Graphics workstation using
Sybyl (version 6.9).!° The structures of entire sets of
BGT-A and its derivatives were drawn by the SYBYL/
SKETCH procedure. Although the lowest-energy con-
formation may not necessarily be the active conforma-
tion, the use of a reasonable low-energy conformation
in the alignment is a useful starting point for statistical
analysis. Structural energy minimization of each com-
pound was performed by using the standard Tripos
molecular mechanics force field with a 0.05 kcal/mol
energy gradient convergence criterion and a distance-de-
pendent dielectric constant (max iteration = 3000).
Charges were calculated by the Gasteiger—Hiickel meth-
od in the software. The alignment rule selected in CoM-
FA is often critical to the analytical result. Two
alignment rules were used in our study for the superim-
position of the target compounds (Fig. 2). In alignment
1 (Model A), the non-hydrogen atoms of the rigid tro-
pane ring were selected as the fitting centers because
the skeleton is almost unchanged. According to the pre-
vious SAR studies of BGT-A and its derivatives, their
pharmacophore atoms are N-C-C-O. Thus, in alignment
2 (Model B), target compounds, except for 9, were
aligned by fitting together N-C5-C6-O. For the two
alignments, all aligned compounds were superimposed
using an atom-by-atom least square. 13 was selected as
template in the SYBYL Fit option due to its highest

* *
N * * N
% * O\%
* * * B
Model A Model B

Figure 2. Two models for alignments.
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activity. In the CoOMFA analysis, the aligned molecules
were put into a 3D grid Wlth a distance-dependent con-
stant spacing of 2A, and sp’ carbon probe atom with
+1 charge was used to estimate the steric and electrostat-
ic fields. The energetic cutoff for both fields was 30 kcal/
mol. Regression analysis of the resulting matrix was per-
formed by partial least-squares (PLS) linear regression
for the tralnmg set. The cross-validated correlation coef-
ficient (¢°) of the training set determined by a leave-one-
out (LOO) was applied for the validation of the CoMFA
model, following the general understanding of this meth-
od, though calculating cross-validated values for predict-
ed pECsq of each compound in the training set will be
more accurate. The optimal components (N) is employed
to do no validated PLS analy51s to obtain the conven-
tional correlation coefficient (+°). The compounds of test
set were utilized for external model validation.

The analytical results of the two CoMFA models are

given in Table 2. The predicted values of pECsq to mus-
carinic receptors and the residuals of the analyzed com-

Table 2. CoMFA analytical results about BGT-A and its derivatives

Model A Model B

Cross-validated 1 (¢%) 0.607 0.613
Standard error of estimate 0.408 0.385
Conventional 0.960 0.965
Optimal component 6 6

F value 48.29 54.40
Relative steric contribution 0.727 0.733
Relative electrostatic contribution 0.273 0.267

pounds are hsted in Table 3. The optimum values of
cross-validated r* for six components of the training
set in the two models were almost identical, 0.607 and
0.613. In the case of alignment 1 (Model A), standard er-
ror and F value were 0.408 and 48.29. In the case of
alignment 2 (Model B), they were 0.385 and 54.40,
respectively. So, the following discussion only refers to
the model B, as it has lower standard error and higher
F value. In this analysis, the analyzed results have a
96.5% fitness compared to the biological test results
(r* = 0.965). The relative contributions of steric and elec-
trostatic fields were 73.3 and 26.7%, respectively, indi-
cating that the agonistic activity to muscarinic
receptors largely depended on the steric field. Figure 3
shows the plot of the observed activity versus the pre-
dicted one for the training set of model B. The resultant
CoMFA model had a fair predictive ability.

The CoMFA steric and electrostatic fields based on PLS
analysis are represented as 3D contour maps in Figures
4 and 5, using the training set as reference structures. In
Figure 4, the green regions indicate areas where steric
bulk enhances biological activity, while the yellow
regions indicate that the less steric bulk is favored to en-
hance activity. In Figure 5, the blue regions indicate
areas where electropositive groups enhance biological
activity, while the red regions electronegative groups
that enhance activity. The yellow and red polyhedrons
near N position in tropane ring indicate that substitu-
tion of less bulky and electron-donating group will im-
prove the agonistic activity. According to our previous
studies, different groups in tropane N, an important

Table 3. Observed and predicted agonistic activities of target compounds to muscarinic receptors by CoMFA

Compounds pECsq (Obs.) Model A Model B
pECso (Pred.) Res.(A) pECso (Pred.) Res.(B)
Training set
1 7.10 7.52 —0.42 7.50 —0.40
2 4.61 5.22 —0.61 5.17 —0.56
3 5.35 5.05 0.30 5.16 0.19
4 5.36 5.15 0.21 5.22 0.14
6 4.94 4.75 0.19 4.78 0.16
7 4.83 4.62 0.21 4.66 0.17
8 3.39 3.66 —0.27 3.55 —0.16
10 5.30 5.54 —0.24 5.54 —0.24
11 8.19 8.07 0.12 8.14 0.05
12 7.57 8.09 —0.52 8.10 —0.53
13 8.76 8.59 0.17 8.56 0.20
14 6.58 6.35 0.23 6.33 0.25
15 4.37 4.25 0.12 4.32 0.05
16 8.32 8.34 —0.02 8.26 0.06
17 8.21 7.40 0.81 7.44 0.77
18 5.70 5.90 —0.20 5.95 —0.25
19 4.52 4.63 —0.11 4.62 —0.10
20 3.93 3.84 0.09 3.71 0.22
21 7.30 7.40 —0.10 7.34 —0.04
Test set
5 6.98 7.09 —0.13 6.97 0.01
9 4.10 4.35 —0.24
22 7.05 6.87 —0.18 6.88 0.17
23 7.03 7.14 —0.11 7.20 —0.17
24 7.35 7.06 0.29 7.08 0.27
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Figure 3. Predicted versus observed agonistic activity for the training
set derived from the COMFA model B.

Figure 4. CoOMFA SD*coeflicient steric contour plots; green represents
regions where steric bulk is predicted to increase activity, and yellow
represents regions where an increase of steric bulk is predicted to
decrease activity.

pharmacophore atom, influence critically the agonistic
activity to muscarinic receptors.” Compared with H,
the methyl is an electron-donating, but a more bulky,
group. H replaced by methyl in tropane N may result
in sterical inhibition between the N atom and the bind-
ing site of muscarinic receptors, though it is beneficial to
the agonistic activity in electrostatic field. Considering
that the steric contribution to the agonistic activity to
muscarinic receptors was 73.3% from the CoMFA anal-
ysis, we speculated that the steric factor in tropane N
might dominantly control the agonistic activity of target
compounds to muscarinic receptors. 17 and 18
(pECso = 8.21 and 5.70), two derivatives with the least
bulk atom H in tropane N, have higher values of
pECs, than those of 2 and 20 (pECsy = 4.61 and 3.93),
respectively, which have methyl substitution in the N.
Also, in our previous works, we found that when H

Figure 5. CoMFA SD*coefficient Electrostatic contour plots; red
contours represent regions where high electron density (negative
charge) is expected to increase activity, and blue contours represent
regions where low electron density (partial positive charge) is predicted
to increase activity.

linked at N was replaced with certain steric bulky
groups no matter which donates or withdraws electrons,
no or less bioactivity to muscarinic receptors was ob-
served. Another large green area in the steric contour
map indicates areas where steric bulk enhances activity.
Three red polyhedrons near the carbonyl oxygen in C-6,
C-3a acyl, and C-2 positions suggest that electron-rich
groups are beneficial to the agonistic activity. One blue
contour surrounding the C-3p position in the electro-
static contour map indicates that positively charged sub-
stituents are favorable to increase the activity. Both red
and blue regions surrounding the substitution groups of
C-3a position imply that the substitution effect should
be complicated. To our knowledge, the “O atom in mod-
el B interacted with the positive charge part of muscarin-
ic receptors by donating electrons and the torsion angle
of N-C5-C6-0 was very important to the agonistic activ-
ity. It was found that different C-3 substituted groups in
these bioactive compounds contributed less steric effect
to the torsion angle from the superimpositions because
of the rigid skeleton of the tropane ring, but contributed
to an obvious difference of chemical shift of 6-H in their
'"H NMR.!""13 We deduced that the C-3 substituted
group may have a potent effect on the electron density
distribution of "0, which influenced the agonistic effect.

We have constructed the CoMFA model for BGT-A
and its analogs as muscarinic agonists. The 3D-QSAR
model gave good statistical results in terms of ¢~ and
r* values, and proved to have a relativly good predictive
ability. The contour diagrams obtained for the CoMFA
field contribution can account for the agonistic activity
trend among the analyzed molecules. It was found that
less steric bulky and electron-donating atom or group
substituted in tropane N would improve the agonistic
activity, but the steric effect in the N position dominant-
ly controlled the interaction between muscarinic recep-
tor and BGT-A derivatives. The C-3-substituted group
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may contribute to the electron density distribution of ac-
tive “O, which greatly influenced the agonistic activity to
muscarinic receptors. Further QSAR studies are needed
to elucidate this point. This model could provide a solid
basis for designing novel molecules with higher activity.
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Abstract—Both enantiomers of 20-fluorocamptothecin and the racemate have been prepared by total synthesis. The (R)-enantiomer
is essentially inactive in a topoisomerase-I/DNA assay, while the (S)-enantiomer is much less active than (20S)-camptothecin. The
lactone ring of 20-fluorocamptothecin hydrolyzes more rapidly than that of camptothecin in PBS. The results provide insight into
the role of the 20-hydroxy group in the binding of camptothecin to topoisomerase-I and DNA.

© 2005 Elsevier Ltd. All rights reserved.

Members of the camptothecin family are among the
most important current and prospective drugs for clini-
cal treatment of solid tumors.' Structure/activity studies
on (S)-camptothecin 1 (Fig. 1) and congeners have iden-
tified the hydroxy lactone E-ring as important for func-
tion,? and several suggestions have been made about
how the crucial 20-hydroxy group interacts in the topo-
isomerase/DNA cleavable complex that is responsible
for the anticancer activity.

A crystal structure of a ternary complex of topoisomer-
ase I/DNA and the drug topotecan (present in both
closed lactone and open hydroxy acid forms) shows a
lone hydrogen bond between the 20-OH and Asp533.3
A similar interaction was found for camptothecin lac-
tone.* Other models propose different H-bonding inter-
actions,'®> but again the 20-OH is a key group that
interacts with topo-1I. This hydroxy group is also pro-
posed to be an important factor in the pharmacodynam-
ics of camptothecin, which suffers rapid lactone opening
to an inactive hydroxy acid form 2 under physiological

Keywords:  Camptothecin; Topoisomerase I; Isonitrile radical

annulation.

* Corresponding author. Tel.: +1 412 624 8240; fax: +1 412 624
9861; e-mail: curran@pitt.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.074

conditions.® The 20-hydroxy group can activate the lac-
tone carbonyl group towards attack by water inductive-
ly and by intramolecular hydrogen bonding.

1, (S)-camptothecin
closed lactone form

2, lactone-opened
(hydroxy acid) form

the 20-hydroxy group is suggested to:
* bind to asp 533 in the topo I/DNA complex
- facilitate lactone opened in vivo by
(a) H-bonding and (b) induction

3, (R)-homocamptothecin

4, (S)-20-fluorocamptothecin
(20-deoxy-20-fluorocamptothecin)

Figure 1. Structures of (20S)-camptothecin and analogs.
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Hecht and others have prepared an assortment of E-ring
analogs of camptothecin, including 20-amino-, thio-,
chloro-, bromo-, and 20-deoxycamptothecin.” Most of
these analogs are not very active either against isolated
topoisomerase I/DNA complex or in cells, and for some
time the a-hydroxy lactone functionality was thought to
be indispensable. More recently, homocamptothecin 3
has been shown to be highly active,® and other non-lac-
tone analogs have also shown some activity.”! Both
homocamptothecins and the non-lactone analogs bear
a 20-hydroxy group.

Conspicuously missing from the list of camptothecin
analogs until very recently was 20-fluorocamptothecin
4."" From the activity standpoint, this is a crucial com-
pound to test since fluorine is generally considered to be
the closest substituent to hydroxy with respect to size
and electronic effects, but has very different hydrogen
bonding properties.'?

Sporadic recent reports of 20-fluorocamptothecin pro-
vide conflicting information. In their 2002 review,
Ulukan and Swaan state that 20-fluorocamptothecin
is inactive, but they do not provide a supporting ref-
erence.!® In another 2002 review, Zunino and cowork-
ers state that the compound is active and cite
unpublished results.!* As this work was being com-
pleted, Shibata, Toru, and co-workers reported a syn-
thesis of enantioenriched (S)-20-fluorocamptothecin by
asymmetric fluorination of (rac)-20-deoxycamptothe-
cin.!> They resorted to fluorination of the deoxy com-
pound after attempts to directly deoxyfluorinate
camptothecin itself failed. They also speculated that
the 20-fluoro substituent would deactivate the E-ring
toward opening relative to camptothecin, and stated
in a footnote that the compound was less active than
camptothecin.

We report here the synthesis of both enantiomers and
the racemate of 20-fluorocamptothecin. In contrast to
Shibata and Toru’s observations, we find that it is pos-
sible to directly fluorinate camptothecin and analogs,
but these reactions occur primarily with inversion to
give the 20R enantiomer. The racemate and both enan-
tiomers are accessed by total synthesis. The 20S enantio-
mer is only weakly active in a standard topo I/DNA
assay, but the fluorine atom is found to activate the lac-
tone toward opening relative to camptothecin. These re-
sults help to clarify further the key role of the 20-
hydroxy group in the camptothecin family of natural
products.

Semisynthesis of 20-fluorocamptothecin. The preparation
of 20-fluorocamptothecin by direct deoxyfluorination of
camptothecin is shown in Eq. 1. Diethylaminosulfur tri-
fluoride (DAST)'®!7 was added dropwise to a suspen-
sion of (S)-camptothecin S-1 in dichloromethane at
—78 °C. After 3 h, the reaction mixture was warmed to
room temperature, quenched, and worked up, and the
crude product was purified by flash chromatography
to give (R)-20-fluorocamptothecin R-4 as a yellow solid
in 61% yield. The structure was assigned by a detailed
spectroscopic analysis. Especially diagnostic were the

one- and two-bond couplings to '’F in the broadband
decoupled '*C NMR spectrum'® (see Supplementary
data for details). The ee of the sample was 89%, as mea-
sured by chiral HPLC, and 92%, as measured by optical
rotation; the absolute configuration was assigned as R
by the assays described below. This assignment is consis-
tent with both HPLC and optical rotation data of Shi-
bata, Toru, and co-workers!> who tentatively assigned
absolute configuration by the CD lactone sector rule.
Thus, the absolute configuration of 20-fluorocamptothe-
cin is confirmed, and the fluorination occurs with pre-
dominant inversion.

Et"'} )
HO O Et O

S-1R’=R¥®=H
S-5 R’ = Si('Bu)Me,, R1® = OH

R-4, 61% yield, 89% ee
R-6, 61% yield, ee not known

(1)

The important camptothecin analog DB-67'° S-5 was
also fluorinated under the same conditions to provide
20-fluoroDB-67 R-6 in 61% yield. The enantiomeric ex-
cess of this sample was not determined, but we presume
that it is predominantly the R-enantiomer.

Although not surprising, the inversion result is not
favorable since the 20S enantiomer of fluorocampto-
thecin is the more interesting one. Thus, we decided to
prepare both the S and R enantiomers and the racemate
by total synthesis.

Total synthesis of 20-fluorocamptothecin. The total syn-
thesis approach employs the cascade radical annulation
of isonitriles and N-propargyl iodopyridones that has
been so useful in preparing diverse analogs of campto-
thecin and homocamptothecin.?’ The synthesis of the
key radical precursor, iodopyridone 10, is shown in
Eq. 2. Enol ether 7 was subjected to dihydroxylation fol-
lowed by oxidation with NIS to provide the pivotal hy-
droxy lactone 8. The usual use of (DHQD),PYR in the
Sharpless asymmetric dihydroxylation?' reaction pro-
vided S-8 in 75% yield and 96% ee, while the use of
(DHQ),PYR provided R-8 in 76% yield and 91% ee.
The ee analysis was conducted by chiral hplc. The race-
mate of 8 was prepared in 76% yield by dihydroxylation
with DABCO.*?

Fluorinations of each of the subsequent intermediates in
the synthesis were attempted with DAST,!®!7 and the
best results in terms of yields, ees, and ease of analysis
were obtained in the fluorination of 8.'® Fluorination of
8 with deoxofluor?® was also possible, but DAST was
superior. Fluorination of R-8 with DAST at —78 °C, as
above, provided a clean crude product S-9 in 84% yield
and 91% ee, while fluorination of S-8 provided R-9 in
89% yield and 84% ee. As before, predominant but not
complete inversion of configuration was observed. The
racemate of 8 was also fluorinated to give rac-9.
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OMe OMe
N7 | o DAD N7 | o DAST
TMST N NS, Tvs” Ko cHuC
Et BuyNI HO 'Et -78°C
7 AD rgt cmd yld ee

(DHQ),PYR R-8  76% 91%
(DHQD),PYR S-8  75% 96%
DABCO rac-8 76% —

(2)
OMe o)
1) ICI, 10-40%
m 2) TMSCI, Nal, 71-76%///\m
™S” XS0 3)Nan, Lier, X0
Et F BrCH,CCH, 66-73% Et F

prec prod yld ee
R-8 S-9 84% 91%
S-8 R-9 89% 84%
rac-8 rac-9 92% —

S-10, shown
also, R-10, rac-10

Iododesilylation of 9 with ICl was problematic, and the
best results were obtained in runs of 1 h with 5 equiv ICI
where about 40% conversion was observed along with
recovered starting material (which was reused). In other
runs with different times and amounts of ICl, as low as
10% conversion to the iodide was observed. The purified
iodides from the various runs were pooled and taken
forward through demethylation and N-propargylation
to give 10 as both enantiomers and the racemate.

The results of the cascade radical annulation reactions
with 10 and several isonitriles are shown in Figure 2.
The reaction of phenyl isonitrile with S-10 provided
(S)-20-fluorocamptothecin S-4 and the reaction with
rac-10 provided the racemate of 4. Likewise, the reac-
tion of R-10 with phenyl isonitrile, 4-fluorophenylisonit-
rile, and 3,4-methylene-dioxyphenylisonitrile provided
(R)-20-fluorocamptothecin R-4 and the corresponding
analogs R-11a,b and R-12 in the indicated yields. The
crude product of the reaction with methylene-dioxyphe-
nylisonitrile was a 1/2.5 mixture of regioisomers 11a and
11b, which were isolated in pure form by chromatography.

Analysis of the ees of pure samples of (R)- and (.5)-20-flu-
orocamptothecin by chiral HPLC and optical rotation
provided somewhat differing results, with rotation pro-
viding a higher value. The (S)-enantiomer was 69% ee
by HPLC but 84% ee by rotation, while the (R)-enantio-
mer was 79% ee by chiral HPLC and 98% ee by rotation.
We presume that the HPLC numbers are more accurate,
and in that case there has been a slight decrease in ee over
the course of synthesis from 8. The source of that de-
crease is not clear. The ees of the derivatives 11a,b and
12 could not be determined because they did not resolve
under the chiral HPLC conditions and the rotations of
enantiopure samples are not known. However, based
on the results above, we presume that they are (R)-enan-
tiomers with at least 70% ee, possibly higher.

Topoisomerase I assays. The detailed procedures for the
topoisomerase I assays are contained in the supplementa-
ry data. Briefly, labeled DNA was incubated with recom-
binant topo I with and without drug. After 20 min, the
reaction was stopped and the samples were denatured
and analyzed for cleavage on a polyacrylamide gel.

CgHsNC
Me3zSnSnMej
hV, C6H6
S-10 prec prod yld ee
S-10 S-4 53% 69%
R-10 R-4 48% 79%

rac-10rac-4 29% -

from R-10 and 3,4-methylenedioxy isonitrile, 1/2.5 ratio

R-11a R-11b

from R-10 and 4-fluoroisonitrile

R-12

Figure 2. Radical annulations to make 20-fluorocamptothecin and
analogs.

The results of the topoisomerase assay of the 20-fluoro-
camptothecins are shown in Figure 3. Lanes 1 and 2 are
controls with no drug, while lanes 3-5 are the campto-
thecin standard at 1, 10, and 100 um. Lanes 6-11 are
the three samples at 10 and 100 uM. None of the 20-flu-
orocamptothecin samples shows much activity at
10 uM, but there is a clear trend at 100 uM with S-4
showing significant activity, rac-4 showing moderate
activity, and R-4 showing a trace of activity. These
results form the basis of the enantiomer assignment.

The analogs 6, 11a,b, and 12 of camptothecin are all (R)-
enantiomers and are therefore not expected to be very
active. This was confirmed by topoisomerase assays
(not shown); none of the samples showed activity at
10 uM, while a few showed slight activity at 100 pM. Be-
cause the samples are not enantiopure, the low activity
might be due to the residual (S)-enantiomer.

From these results, we conclude that the (R)-enantiomer
of 20-fluorocamptothecin is essentially inactive, while
the (S)-enantiomer is at least 100—1000 times less potent
than the natural product. Clearly, the seemingly small
substitution of hydroxy by fluoro has a significant detri-
mental effect on interactions of the drug with the topol/
DNA complex.

Kinetics of lactone ring opening. The stability and hydro-
lysis reaction of (S)-20-fluorocamptothecin S-4 were
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20-Fluoro-CPT

CPT RAD143 RAD131 RAD152
s
3

UM

Topl no drug
100 uM

=3 =3
o o
- —

Figure 3. Topoisomerase-I/DNA cleavage assays of S, R, and rac-20-
fluorocamptothecin. Lanes 1 and 2, controls; lanes 3-5, camptothecin
at 1, 10, and 100 pm; lanes 6-11 are the three samples at 10 and
100 uM. RADI143 is (20S)-fluorocamptothecin, S-4; RAD131 is R-4;
RAD-152 is rac-4.

investigated by reversed-phase high-performance liquid
chromatographic (HPLC) methods.®?* Figure 4 depicts
the progress of the hydrolysis reaction of S-4 in phos-
phate-buffered saline (PBS) solution at pH 7.4 and
37 °C. The HPLC method was optimized by using a mo-
bile phase consisting of 50% acetonitrile and 50% trieth-
ylamine acetate buffer (pH 5.5, 1% in water), such that
the retention times of the carboxylate and lactone forms
were approximately 2 and 4 min, respectively. This
allows enough data points for kinetic analysis of the
hydrolysis reaction of 20-F-CPT.

(S)-20-Fluorocamptothecin S-4 hydrolyzes with a half-
life (¢1/, value) of 7.8 min. In contrast, the ¢,,, of campto-
thecin under these conditions is 30 min.?> Accordingly,

12

0.8 +

0.6 1

0.4 +

0.2 A

Normalized lactone concentration

0 T T T
0 500 1000 1500 2000

Time (s)

Figure 4. Kinetic evaluation of the rate of opening of the lactone ring
for (S)-20-fluorocamptothecin in PBS (pH 7.4 £ 0.05) at 37 °C. Shown
are averages of at least three independent experiments with the same
time points. The standard deviation of each point is typically 5% or
less. Pseudo-first-order hydrolysis rate constant is: kops = 1.48 -
1073 £ 0.013 1/s. So the 7, is 7.80 £ 0.067 min.

the fluorine substituent accelerates the hydrolysis.
Moreover, 20-F-CPT is almost completely hydrolyzed
at pH 7.4 with an equilibrium lactone ratio of <0.5%,
while the equilibrium lactone ratio of CPT at pH 7.4
is about 20%.

The important analog 20-fluorocamptothecin has been
prepared in one step by semisynthesis from camptothe-
cin, but the reaction occur with predominant inversion
to give the (R)-enantiomer. Total synthesis by the
cascade radical annulation approach provides both
enantiomers of 20-fluorocamptothecin along with the
racemate. The (R)-enantiomer is essentially inactive in
a topoisomerase-I/DNA assay, while the (S)-enantiomer
is much less active than (20S)-camptothecin. This sug-
gests that the hydrogen bonding contribution of the
20-hydroxyl group is crucial in stabilizing the ternary
complex of camptothecin, topoisomerase I, and DNA.
The lactone ring of 20-fluorocamptothecin hydrolyzes
more rapidly than that of camptothecin in PBS. This
result suggests that the inductive effect of the 20-hydrox-
yl group of camptothecin is more important than its
intramolecular hydrogen bonding effect to the lactone
carbonyl group in hydrolytic lactone ring opening.
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Abstract—A novel series of dual EGFR and HER?2 inhibitors based on the pyrrolo[2,1-f][1,2,4]triazine nucleus is described. A gen-
eral route toward their synthesis, which enables functionalization at multiple sites, has been developed. Biological evaluation in
enzymatic and cell-based assays has identified a series of C-6 carbamates with potent biochemical and cellular activities.

© 2005 Elsevier Ltd. All rights reserved.

The role of receptor tyrosine kinases (RTK) as key reg-
ulators of the cellular processes governing proliferation
and differentiation has led to intensive efforts focused
on identifying selective inhibitors for use in cancer treat-
ments.! Among the known RTKs, the ErbB protein ki-
nases are one of the most studied cell signaling families.
The ErbB family consists of four receptors: epidermal
growth factor receptor (EGFR/ErbB-1), HER2 (ErbB-
2/neu), ErbB-3, and ErbB-4. There is considerable evi-
dence, both preclinical and clinical, associating EGFR
and HER2 with the occurrence and progression of cer-
tain cancers.? Current therapies using either monoclonal
antibodies (cetuximab and trastuzumab) or small mole-
cules (erlotinib) to selectively target EGFR or HER2
have demonstrated success in the clinic.> However, both
EGFR and HER2 may act in a synergistic manner
through the formation of heterodimers to produce mito-
genic signaling in excess of that produced from either
receptor alone.* Additionally, overexpression of either
or both EGFR and HER?2 is often correlated with poor
response to chemotherapeutic agents and overall poor
patient prognosis.” Targeting both EGFR and HER2
has therefore become a promising approach to cancer
treatment.

Recently, we identified the pyrrolo[2,1-f][1,2,4]triazine
nucleus as a novel scaffold for ATP-competitive kinase

Keywords: panHER; EGFR; Kinase inhibitor.
* Corresponding author. Tel.: +1 6092523420; fax: +1 6092526601;
e-mail: brian.fink@bms.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.027

inhibitors.® We demonstrated that variation of the C-4
aniline resulted in compounds with potent and selective
biochemical inhibition of VEGFR-2 or EGFR (Fig. 1).
In addition, earlier SAR indicated that the C-5 and C-6
positions were tolerant of substitution and might be
promising sites for introduction of functionality to mod-
ulate the physicochemical properties of the core. Here,
we report on our efforts to extend further the use of
the pyrrolotriazine core to the development of a com-
pound with dual EGFR and HER2 activities.

The goal of the present work was to improve on the
EGFR biochemical activity originally found in 1, while
incorporating HER2 activity and improving the overall
physicochemical properties of the molecule. A proposed
binding mode for 1, modeled after the erlotinib/EGFR
X-ray structure,’ is shown in Figure 2.

EGFR ICsp: 0.100 uM
VEGFR-2 ICsy: >10 pM

Figure 1. Novel kinase inhibitor template.
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a

Figure 2. Predicted binding mode of compound 1 in the X-ray
structure of HER1 based on co-crystal structures of similar kinase
inhibitors. A few select residues are shown for orientation.’

In this model, the pyrrolotriazine core is oriented in the
ATP-binding site such that N-1 makes a hydrogen bond
with the hinge region M769 carbonyl in a manner simi-
lar to the N-1 of the quinazoline core. The aniline por-
tion of the molecule is then oriented into a
hydrophobic pocket deep within the binding site. Pre-
sumably the size and functionality of this pocket are
important contributors to the selectivity of an agent
for a specific kinase. Substitution at the C-5 position is
directed into a smaller hydrophobic pocket flanked by
V702 and L820, and is roughly equivalent to the ribose
binding region of ATP. In this binding mode, the C-6
position points toward surface-exposed protein and
was deemed to be an appropriate position to incorpo-
rate polar/solubilizing functionality.

To simultaneously functionalize the 4-, 5-, and 6-posi-
tions, a general synthetic method was developed that
would allow for incorporation of additional functionality
at these positions (Scheme 1). The reaction of two equiv-
alents of ethylisocyanoacetate with a variety of aldehydes
in the presence of DBU afforded, in a single step, moder-
ate to good yield of pyrrolodiesters 2.8 Deprotonation of
2 and N-amination with O-(diphenylphosphinyl)-hy-
droxylamine® afforded a series of N-aminopyrroles 3,
that were readily cyclized in formamide to afford the
pyrrolotriazinone cores 4.

Activation of the 4-position of intermediate 4 via the
corresponding chloroimidate using neat POCl; was fol-
lowed by addition of an amine in acetonitrile to afford
pyrrolotriazines 5. Various functional groups were
investigated at the 6-position to determine their effect
on activity and their viability as linkers to append addi-
tional polar/solubilizing groups. Hydrolysis of 5 with
LiOH afforded the carboxylic acid 6, which was coupled
to amines or alcohols via the corresponding acid chlo-
ride to afford a series of amides 7 or esters 8 (Scheme
2). Alternatively, Curtius rearrangement of 6 with
DPPA and reaction of the intermediate isocyanate with
an alcohol afforded a series of carbamates 9. Reduction
of 5e with DIBAL-H to alcohol 10, followed by MnO,
oxidation and reductive amination, afforded amine 11
(Scheme 3). Alkylation of 10 with ethyl iodide afforded
an ether analog 12. Activation of 10 with neat SOCI,,
followed by treatment with NaCN and acidic hydrolysis,
afforded a separable mixture of 13 and 14, correspond-
ing to one carbon homologated analogs of 6 and 7.

In pursuit of our goal to improve both EGFR and
HER?2 activities in this series, biochemical activities were

1
o e DBU, THF, 50 °C R COEL
L+ onTcosm ~r 7
RY “H 30 - 60% B0\ NH
2
R! = See Table 2
Rl

thPOzNHZ’ NaH

formamide, 165 °C

4<\/\'/C02Et

~

Et0,C

DMF 22NN 87%

41% NH;
3
R! o Rl NHR?
1. POClg, 100 °C

EO.C S NH 0.0 SN
NN 2. NH,-R?, Et3N, CHsCN LT\,

N 77% N

4
. 3_
LiOH, 65 °C SR=Et
THF/MeOH/H,0— g R3 = H
89%

Scheme 1.

R? =See Table 1





4776 B. E. Fink et al. | Bioorg. Med. Chem. Lett. 15 (2005) 47744779

Et NHAr
o A
1. (COCI);, DMF ¢4, CH,Cl, \\ )N
N. =
NHAr | 2 RNHp of ROH, DIEA, CH,Cl,  RX N
Et _
10 - 64% 7 X =NH
N 8X=0
HO.C—4 —
N A Et NHAr
6 1. DPPA, Et3N, 50 °C, 1,4-dioxane =N
- \ N /)
2. ROH, 1,4-dioxane, 80 °C RO%\ N
25 - 40% o 9
Ar = N
%CQN
Scheme 2.
Et NHAr
EtHN
~I
NN~
»
11
1. MnOZ, CH2C|2, 87%
2. EtNH,, NaCNBH,
CH4CN, 39%
Et NHAr Et NHAr
o DIBAL-H HO ~ Xy NaHMDS, Etl  EtO ~ XN
THF, 23°C \ N\N/) 16% \ N\N/)
91%
10 12
1. SOCl,, NaCN, DMF, 53%
2. AcOH, H,S0,4/H,0, reflux, 77%
NHAr
" AcOH, H;SO4H0,, o E
N <~ N
\ N reflux N /)
61% N
14
/
U
Scheme 3.

assessed using in vitro enzyme assay methods previously
reported.®!°

Based on our proposed binding mode, substitution at
the C-4 position was seen as an area likely to influence
both the potency and selectivity of this series (Table
1). The SAR at position 4, relative to EGFR, indicates
that enzyme activity is effectively inhibited when the
C-4 substituent is a relatively small aniline or fused

5,6-bicyclic system (5a, 5b or 5c¢). However, this activity
was somewhat attenuated if the aromatic ring was dis-
placed by one carbon (5d). Additional lipophilic aryl
groups were tolerated (5e), but the nature and orienta-
tion of the added aryl group appear to be important
for potency (5f). The SAR, relative to HER2, is some-
what more straightforward. As the size increased, inhib-
itory potency versus HER2 followed in parallel. While
5a-5d showed modest activity against HER2, increasing
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Table 1. Structure-activity relationship for the C-4 position
Et NHR

<" SN
EtO,C \_N /)
°N

Compound R HER2%® EGFR®
ICso (WM) ICso (uM)
F
5a /@: 2.8 0.09
2y cl
sb O\ 3.0 0.06
U Br

N
Sc /CLN 33 0.05
/
%
5d “{\© 7.2 0.20

Se N : 0.18 0.12
SO
o)
5f /©/ \© 0.82 0.61
s

#Recombinant HER2 cytoplasmic sequence is expressed in Sf9 insect
cells as an untagged protein and purified by ion-exchange chroma-
tography. HER2 kinase activity is measured under the same condi-
tions as for EGFR. See Refs. 6 and 10 for assay conditions.

®1Cs, values are reported as the mean of at least three determinations.
Variability around the mean value was <15%.

steric bulk and overall lipophilicity, as with N-benzyl
indazole 5e or biaryl ether 5f, greatly improved activity.
A similar trend was recently reported in a quinazoline
series where increasing size at the C-4 aniline position
substantially reduced EGFR activity and moderately
improved HER2 activity.!!

The origins of this effect are unclear, given the sequence
similarities between EGFR and HER2 in this region, the
only difference being Cys775 (EGFR) versus Ser783
(HER2). It has been suggested that these residues, along
with two threonine residues, form a water-mediated
hydrogen bonding network that contributes to the shape
and polarity of the hydrophobic pocket.!'! Perhaps inter-
action with this network, in the Ser-containing HER2,
requires additional binding affinity that can only be at-
tained through incorporation of a second distal ring in
HER2. Given the overall plasticity of receptor tyrosine
kinases, sequence differences in regions distal to the
ATP-binding site may influence the size of this binding
pocket. Further explanation may have to await more
complete HER2 structural information.

Since good biochemical potency was achieved against
both receptors when the N-benzylindazole was used at
the C-4 position, further SAR was developed within that
series. A survey of substitution patterns at the C-5 posi-
tions showed that both receptors tolerate a variety of

Table 2. Structure-activity relationship for the C-5 and C-6 positions

R

2 /T N

RN, S
Compound R' R? HER2 EGFR

ICs" (M) 1Cs¢” (uM)

Se Et  CO,Et 0.20 0.20
5g H CO,Et 0.39 0.12
5h Me CO-Et 0.20 0.20
5i iPr  CO,Et 0.21 0.20
5j nPr  CO,Et 1.2 0.95
5k Bn  CO,Et >25 >25
6 Et CO,H 0.04 0.02
7a Et  C(O)NH, 0.11 0.12
7b Et  C(O)NHMe 0.13 0.07
7e Et  C(O)NMe, 0.50 0.20
9a Et  NHC(0)OBn 0.17 0.21
10 Et CH,OH 0.73 0.49
11 Et  CH,NHEt 9.7 7.4
12 Et  CH,OEt 1.4 0.95
13 Et  CH,C(O)NH, 2.4 1.1
14 Et  CH,CO.H 0.68 1.6

#1Cs values are reported as the mean of at least three determinations.
Variability around the mean value was <15%.

small alkyl groups, such as methyl, ethyl, and isopropyl
(Table 2).

Both HER2 and EGFR activity eroded with increasing
size/shape of the C-5 substituent, indicating a shape
preference of this pocket (compare 5i vs. 5j). While sub-
stitution at the C-4 and C-5 positions resulted in gains in
potency, overall they did not lead to the levels of activity
necessary for good cellular potency (data not shown).
Since our binding model indicated that the C-6 position
is directed toward solvent-exposed regions of the bind-
ing pocket, substantial gains in biochemical potency
were not expected. To our surprise, carboxylic acid 6
showed a ~10-fold improvement in activity against each
receptor. This result indicates that the nature of the link-
er group at C-6 dramatically impacts binding. Primary
and secondary amides 7a or 7b showed similar inhibito-
ry activity compared to the corresponding esters; how-
ever, the dimethylamide 7c¢ resulted in a loss of activity
within this series compared to 7a or 7b. Interestingly,
the benzyl carbamate 9a showed activity similar to both
esters and amides. Substituents lacking the ester or
amide carbonyl group, for example, the ethyl ether 12
or ethylamine 11, provided significantly reduced potency
as did one atom homologation in the amide 13 or car-
boxylic acid 14. These results taken together indicate a
distinct requirement for the immediate C-6 linker to be
planar or nearly planar (i.e., first atom attached at C-6
is preferentially sp2 hybridized) with the pyrrolotriazine
ring and to contain a hydrogen bond acceptor group.
These findings are reinforced by our modeling studies,
which suggest that the linker atoms at the C-6 position
occupy a constricted space between the N-terminal
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Table 3. Effect of linker on enzymatic and cellular activity'”

N,
N
HN

Et
R T N
N\_N. ~
B
Compound R 1Cs0* (uM)
HER2 EGFR BT474° Sal2¢
H (Y
7d F'\rr'\‘\/\/“‘\? 0.03 0.04 7.0 5.8
O —
o A//\N
8a J{n/ N 0.24 0.17 3.1 1.6
U
9 N 0.04 0.04 0.86 0.46

#1Csq values are reported as the mean of at least three determinations. Variability around the mean value was <15%.

°Cell line BT474 (breast carcinoma) overexpresses HER2.!?

©Cell line Sal2 (salivary gland carcinoma) contains a constitutively active HER2.'#

and C-terminal lobes. While this position is directed
toward the solvent, substituents can therefore still inter-
act with the protein.

Since simple amides, esters, and carbamates showed
equivalent activity, several small libraries were prepared
using these groups to append polar/solubilizing groups
to the core. Table 3 shows a representative series of
homologous imidazole-substituted compounds contain-
ing each of the three linkers. While the imidazole group
had modest effects when linked through an ester (8a),
improved biochemical potency was observed in both
the amide 7d and the carbamate 9b cases. In addition,
9b showed good anti-proliferative activity in both the
HER2-driven BT474 (breast carcinoma) and Sal2 (sali-
vary gland carcinoma) cell lines,'# with 10-fold better
potency over the analogous amide 7d. Given the similar-
ity of the two compounds, in terms of structure, physical
properties, and biochemical activity, the reason for the
improved cellular activity is unclear. Western blot anal-
ysis of phosphorylated HER2 protein in BT474 cells
showed significantly lower levels of phosphorylation
upon treatment with 9b, relative to 7d (data not shown).
Therefore, the improvement in cellular activity for 9b
may simply reflect improved cell penetration.

Compound 9b was screened against a small panel of
tyrosine and serine/threonine kinases. As shown in Ta-
ble 4, 9b showed >200-fold selectivity for EGFR and
HER2.

The pyrrolo[2,1-f][1,2,4]triazine nucleus has proven to
be a versatile scaffold for the development of potent
tyrosine kinase inhibitors. We have demonstrated that
potent and selective dual EGFR/HER2 inhibitors may
be prepared through modulation of the C-4 position,
while additional potency, physical properties, and

Table 4. Kinase selectivity profile for compound 9b

Kinase I1Cso" (M)
EGFR 0.04
HER2 0.04
Met >10

FAK >25

p38 >25
MAPKAP kinase 2 >25
IGF-1R >25

#1Cs values are reported as the mean of at least three determinations.
Variability around the mean value was <15%.

cellular activity may be modulated through the C-6 po-
sition. Use of a carbamate linker at the C-6 position
was found to be optimal for appending polar function-
ality, a combination of which contributed favorably to
the biochemical activity, as well as cellular activity in
the BT474 and Sal2 cell lines.
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Abstract—Inhibition of renin enzymatic activity by a series of ketopiperazine-based compounds containing a C6 benzyloxymethyl
substituent correlated with a +(n + o) effect. A 3-pyridinyloxymethyl substituent was also found to be equipotent as higher molec-

ular weight analogs, and exhibited decreased CYP3A4 inhibition levels and improved pharmacokinetic properties.

© 2005 Elsevier Ltd. All rights reserved.

Hypertension is a leading risk factor for cardiovascular
disease, such as congestive heart failure, stroke, myocar-
dial infarction, and is a major cause of death in the
Western world.! The renin angiotensin system (RAS) is
well-established as an endocrine system that is involved
in blood pressure regulation and fluid electrolyte balance
(Fig. 1).2 Activation of the RAS is stimulated by several
signals, including a drop in blood pressure, a decrease in
the circulating volume, or a reduction in plasma sodium
concentration. These signals stimulate the release of
renin, which cleaves angiotensinogen to angiotensin [
(Angl). Angiotensin converting enzyme (ACE) then
converts Angl into the vasopressor peptide angiotensin
IT (Angll). The binding of Angll to the AT, receptor
triggers a number of physiological effects, such as sodium
and water retention and vasoconstriction, ultimately
leading to an increase in blood pressure. Since renin is
the rate-limiting step in the RAS cascade, renin inhibition
is considered to be an attractive antihypertensive strategy.
Renin inhibitors have been predicted to be more
efficacious with fewer side effects than ACE
inhibitors and AT; receptor antagonists, which target
downstream events.?

Several pharmaceutical companies have attempted to
advance renin inhibitors to the clinic. Although potent
in vitro renin inhibitory activity was obtained, most of

Keywords: Renin inhibitor; Hypertension; Topliss tree.
* Corresponding author. Tel: +1 734 622 2151; fax: +1 734 622
3909; e-mail: noel.powell@pfizer.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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Figure 1. The renin angiotensin system (RAS).

the programs were based on peptidic or peptidomimetic
scaffolds. Poor pharmacokinetic properties, including
low oral bioavailability and high clearance, and a high
cost of goods for large-scale synthesis made these agents
unattractive as clinical candidates.*

In 1999, the first renin inhibitors based on a trans-3-
alkoxymethyl-4-arylpiperidine scaffold were disclosed.’
We have recently disclosed a similar series of non-pep-
tidic renin inhibitors that is based on a 6-alkoxymethyl-
l-aryl-2-ketopiperazine scaffold, as exemplified by 1.
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The ketopiperazine scaffold offers several advantages
over the frans-3-alkoxymethyl-4-arylpiperidine scaffold,
notably the ease of synthesis, removal of a chiral center,
and more amenability to modular SAR studies.

Although the ketopiperazine scaffold effected sub-
nanomolar renin inhibition and demonstrated in vivo
blood pressure reduction in transgenic mice,® these
inhibitors suffered from high molecular weights and
suboptimal PK properties. Our SAR studies indicated
that the A, B, and D-ring portions were required for
good renin inhibition activity, whereas the C-ring por-
tion was amenable to variation. Thus, we chose to
investigate if the substituted tetrahydroquinoline C-
ring in analog 1 could be replaced with a substituted
benzyl ether (2, Fig. 2), which would reduce molecular
weight, increase ease of synthesis, and potentially pro-
vide opportunities for improving pharmacokinetic
properties.

The analogs 5-29 described were synthesized by the
route exemplified with analog 5 (Scheme 1). The inter-
mediate alcohol 3 was prepared, as previously de-
scribed.® Deprotonation of the alcohol with NaH,
followed by alkylation of the resulting alkoxide with
benzyl bromide in the presence of 15-crown-5, yielded
the desired benzyl ether 4. The N-Boc-protecting
group was removed by treatment of 4 with cold anhy-
drous HCI generated by the addition of AcCl to anhy-
drous MeOH to yield analog 5 in good overall yield.
The additional analogs, as given in Table 1, were pre-
pared in a similar fashion using the appropriately

HNJK "
oé[gj"”/o H og:j”/oV©
08

o h ?Mp

OMe 2 OMe
1

ICs = 0.4 NM

Figure 2. Ketopiperazine-based renin inhibitors.
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Table 1. Renin inhibition activity for selected analogs

3
H R
e o4
v, O
[0) N e RS

R? R? R* R’ ICsy, =n° ¢° T+o

(nM)*

5 H H H H 7000 0.00 0 0

6 CF; 6800 088 054 142

7 OCHj3; 3900 —-0.20 —-0.27 —-0.47

8 F F 1600 029 04 0.688

9 CN 1200 —0.57 0.56 —0.01
10 OCH; 900 —0.02 —-0.27 -0.29
11 OCHj3; 600 —-0.20 0.12 —0.08
12 F 450 0.14 006 0.2
13 Cl F 410 087 0.44  1.308
14 OCF; 410 1.04 038 142
15 CH; 370 0.56 —0.07  0.49
16 CH; 340 0.56 —0.17  0.39
17 Cl 330 0.71 037 1.08
18 Cl 300 071 023 094
19 CH; F 270 0.64 —0.01 0.634
20 F CF; 270 1.03 049 1518
21 CF; 270 1.03 0.6 1.628
22 Cl CH; 260 1.21 03 1.514
23 F F 250 022 04 0.618
24 CF; 230 088 043 131
25 F 230 0.15 0.06 0.205
26 Cl Cl 180 125 052 1.77
27 Cl Cl 180 1.43 075 2178
28 CF; F 140 1.03 049 1518
29 CF; (l 120 1.59  0.66 225

2]Csp values obtained in duplicate using a fluorescent tGFP assay.®

® Non-literature = values were calculated by the formula 7 = (c logP of
the substituted benzene ring) —2.14.

€0 values for disubstituted rings are a sum of the o values of the
individual substituents.

substituted benzyl halide. The heterocyclic analogs giv-
en in Table 2 were prepared using the corresponding
heterocyclic methylene halide.

Replacement of the tetrahydroquinolinyl C-ring in 1
with a benzyl ether resulted in a dramatic loss of renin
inhibition (Table 1, 5 ICsy = 7000 nM). However, sub-
stitution on the benzyl ether led to greatly improved
renin inhibition. Increases in potency were achieved by
following the Topliss tree for substituents that have a
net +(n + o) effect on the lipophilic and electronic nature
of the aromatic ring.” For example, introduction of a 4-
Cl substituent led to a >20-fold improvement in renin
inhibition (18, ICsy = 300 nM). A further potency gain
was achieved by the addition of a second lipophilic elec-
tron-withdrawing group at the 3-position, such as the
3,4-dichlorobenzyl ether 26 (ICso=180nM), which
was almost 1.6-fold more potent than 18. As predicted
by the Topliss tree, the most active compounds in
this series were the 3-CF3-4-fluorobenzyl ether 28
(ICso = 140 nM) and the 3-CF;-4-chlorobenzyl ether
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Table 2. CYP3A4 inhibition and PK profile of selected analogs®

CYP3A4 % inhibition at 3 uM® Solubility® (ug/mL)

Caco-2 permeability A to B (x10~° cm/s) Log D at pH 7.4

28 87 7
29 97 3
32 44 100

NT¢ 3.7
NT¢ 3.7
13 2.9

#Reported data are an average of results obtained in duplicate.

® 7-Benzyloxy-4-(trifluoromethyl)-coumarin (BFC) was used as a fluorogenic substrate for the CYP3A4 isozyme.’

¢ Apparent solubility at pH 6.5 measured by laser nepholometric method.

9 Not tested due to low solubility.

3.51

3 -
2.51

2 4

b 1.51
£ 17
0.51

O 4
-0.51
14

2 22 24 26 28 3
log IC50
Figure 3. Graph showing the correlation between the log ICs, of the

analogs in Table 1 and © + ¢. Line is an orthogonal straight line fit
with r* = 0.58.

29 (ICs5o = 120 nM). A graph of the log ICs, of the ana-
logs in Table 1 (X axis) against @ + ¢ of the substituents
(Y axis) indicates a reasonable correlation between
potency and a +(n + o) effect (Fig. 3).” In this series, in-
creased renin inhibition was driven by aryl substituents
that led to a net increase in the lipophilic and electron
deficient nature of the aromatic ring. This result is not
surprising, as previous crystal structures of the ketopip-
erazine series bound to the renin active site indicate that
the benzyl ether occupies a large lipophilic S3 binding
pocket.©

In conjunction with the benzyl ether SAR, a series of
pyridinyl ethers was also examined to explore the effect
of basic groups in the S3 pocket (Fig. 4). While

H H
LNJ \/@ iNj \/(j\l
o N ,,,//O % o N '.,,/O —
I
OO0 O\/\/O\;©
30

31

ICso = >1000 NM ICso = >1000 NM

H
N N
o N O Z
_O
N N

32

ICso = 120 NM

Figure 4. Pyridinyl ether structure-activity relationships.

introduction of a N atom at the 2- and 4-positions led
to inactive compounds (30 and 31), the 3-pyridinyl ether
32 inhibited renin with an ICsq = 120 nM. This finding
was of significant interest since the 3-pyridinyl ether 32
achieved the same renin inhibitory potency as the 3-
CF3-4-chlorobenzyl ether 29, but with a substantially
lower molecular weight (32 MW =491 vs 29
MW = 593). Even more interesting was the observation
that 32 displayed a significantly less cytochrome P450
3A4 inhibition than either 28 or 29 in our primary
screens (Table 2). We believe that the decrease in
CYP3A4 inhibition is primarily a result of the lower
lipophilicity of 32, as measured by the logD at pH
7.4.8 In addition, 32 displayed improved solubility com-
pared to either 28 or 29, as well as measurable Caco-2
cell membrane permeability. To understand the basis
of this remarkable selectivity for the position of the N
atom in the benzene ring, we initiated docking studies
of 32 in the active site of renin in the flap-open confor-
mation (Fig. 5). !° These studies indicated that the 3-
pyridinyl ether extended into the S3 subpocket, where
it could potentially make hydrogen bond contacts with
the Ser219 hydroxyl and amide NH along the rim of
the S3 subpocket. Analogs 30 and 31 are less active be-
cause they are unable to make these potential hydrogen
bonds.

We recently reported that both enantiomers of the keto-
piperazine scaffold with bicyclic C-ring portions exhibit-
ed equipotent renin inhibition and followed similar SAR
trends.!® To examine if this trend held good for benzyl
ethers, we prepared several compounds of the S config-
uration (Table 3). Surprisingly, the benzyl ether analogs
of S configuration were found to be much less potent

Figure 5. View of analog 32 (blue atom coloring) docked in the flap-
open conformation of the renin active site.*!° Protein surface is
colored by atom (red, oxygen; blue, nitrogen). Residue Ser219 is
indicated by the green stick atom coloring.
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Table 3. Comparison of the activity of ketopiperazine benzyl ether
enantiomers

OLNJ',,//O\/AI’ OLNJ\/O\/AF
(R) ©)
OO O\/\/OM\Q

Ar group R analog ICsy (nM) S analog 1Csy (nM)
F

/©/ 12 450 33 5590
cl

/@: 29 120 34 594
CF,

N\
| 32 12 35 >10,000

against renin. Although the 4-Cl-3-CF3-benzyl ether 34
(S configuration) was only 5-fold less active than the
corresponding analog with R configuration 29, both
the 4-fluorobenzyl ether 33 and 3-pyridinyl ether 35
showed a >10-fold difference in renin inhibition activity
compared to the corresponding R configuration analogs
12 and 32. A vector change in the orientation of the C6
hydroxymethyl linker is required to orient the bicyclic
C-ring in the S3 pocket in the analogs with S configura-
tion.'® We theorize that a similar vector change cannot
be induced in our C6 benzyloxymethyl analogs because
the benzyl ether does not occupy enough steric space in
the S3 pocket and the hydroxymethyl linker between the
ketopiperazine and benzyl ether rings contains too many
degrees of rotational freedom.

In summary, we have reported our efforts to replace the
bicyclic C-ring portion of the ketopiperazine scaffold
with benzyl ethers in an effort to achieve renin inhibition
potency, while reducing molecular weight and for ease
of synthesis. Increased renin potency was guided by fol-
lowing the Topliss tree for substituents that give a net in-
crease in lipophilicity and electron deficiency (n + o) of
the C6 benzyloxymethyl moiety to match the lipophilic

and electronic nature of the S3 pocket. It was also dis-
covered that equivalent renin inhibition potency could
be obtained through the use of a 3-pyridinyl ether,
resulting in a substantial reduction in molecular weight,
decreased CYP3A4 inhibition, and improved cell mem-
brane permeability and aqueous solubility.
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Abstract—Several series of conformationally constrained N;-arylsulfonyltryptamine derivatives were prepared and tested for 5-HTg
receptor binding affinity and ability to modulate cAMP production in a cyclase assay. The 3-piperidin-3-yl-, 3-(1-methylpyrrolidin-
2-ylmethyl)-, and 3-pyrrolidin-3-yl-1H-indole arrays (8-13) appear to be able to adopt a conformation that allows high affinity
5-HTjg receptor binding, while the B-carboline array 14 binds with a significantly weaker (10- to 100-fold) affinity. N;-Benzenesulfo-
nyl-3-piperidin-3-yl-1 H-indole 9a is a high affinity full agonist with ECsy = 24 nM. Several of the N;-arylsulfonyl-3-(1-methylpyrr-
olidin-2-ylmethyl)-1 H-indole derivatives behave as very potent antagonists ((S)-11r, (S)-11t; ICso = 0.8, 1.0 nM).

© 2005 Elsevier Ltd. All rights reserved.

The human 5-HT¢ receptor was cloned in 1996 and con-
sists of a 440 amino acid residue, seven-transmembrane
protein, with <40% protein sequence homology with the
other 5-HT receptors.! The 5-HTg receptor is positively
coupled to adenylyl cyclase,” and located almost exclu-
sively in the central nervous system, with highest density
in the cerebral cortex, nucleus accumbens, caudate-puta-
men, and hippocampus, and moderate densities in the
thalamus and substantia nigra.®> A wide range of anti-
psychotic agents and antidepressants have high affinity
for the 5-HTg receptor,* stimulating considerable effort
to understand its role in treatment of CNS disorders,
including schizophrenia, depression, and impaired learn-
ing and memory.>1°

Among the first 5-HT¢ receptor antagonists was a series
of bismethylaminopyrimidinyl- and bismethylaminopy-
ridinyl-sulfonamides, Ro-04-6790 (1) and Ro-63-0563
(2) (Fig. 1).!' Subsequently, a series of piperazinyl-ben-
zenesulfonamide antagonists SB-271046 (3)!? and SB-

Keywords: Ni-Arylsulfonyltryptamine; 5-HT6; Serotonin; Receptor;

Antagonist.

* Corresponding author. Tel.: +1 845 602 4619; fax: +1 845 602
5561; e-mail: coledc@wyeth.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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357134 (4),'3 with improved affinity and physical prop-
erties, were reported. Nj-arylsulfonyltryptamines, such
as MS-245 (5; K; = 2.3 nM), have also been shown to

\ _NH S S \)
/N
OO
OMe
Br 3
NH, Q.0 7 NH
.S N\)
1:X=N F H
2: X =CH Br
OMe
4
\ H \
N— N N—
N\
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=0 ==0 «=0
o G0 T
5 6 7

Figure 1. Structures of 5-HTg receptor ligands.
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bind to the 5-HTg receptor with high affinity,'*!> as
have the conformationally constrained N;-arylsulfonyl-
3-(1,2,3,6-tetrahydropyridin-4-yl)-1 H-indole  (6; K=
2nM)'%17 and the (9-arylsulfonyl-2,3,4,9-tetrahydro-
1 H-carbazol-4-yl)-methylamine (7; K; = 1.5 nM).'®

In this report, we present the results of a study into the
structural-activity relationships of a series of conforma-
tionally constrained N;-arylsulfonyltryptamine deriva-
tives. The effect of indole substitution on 5-HTg
receptor binding affinity of N;-arylsulfonyltryptamine
derivatives has been studied and, in general, substitution
on the 4-, 5-, 6-, or 7-positions does not increase the affin-
ity, relative to the unsubstituted indole!*!6. Thus, the fo-
cus of this work is on the conformationally constrained
aminoethyl portion and the N;-arylsulfonyl substituents.

Seven arrays, represented by the generic structures 8-14
(Fig. 2), were prepared. Array 8 was prepared, as shown
in Scheme 1, by coupling indole with 1-benzyl-3-piperdi-
none hydrate in refluxing isopropylalcohol (IPA) with
excess 1 N KOH to give 3-(1-benzyl-1,2,5,6-tetrahydro-
pyridin-3-yl)-1H-indole 15.!° Removal of the benzyl
group was carried out by a modified version of a proce-
dure by Olofson et al.? in which the benzylamine was
stirred at room temperature with a-chloroethyl chloro-
formate (ACE-Cl) in dichloroethane (DCE) to give the
a-chloroethyl carbamate, which was cleaved to the free
amine by refluxing in MeOH. Subsequent protection
gives the N-Boc core 16, which was coupled with a set
of sulfonyl chlorides in THF with potassium ter¢-butox-
ide. Finally, the Boc group was removed by stirring with
2 N HCI in dioxane. The compounds were purified by
reverse-phase semi-preparative HPLC.?!

Coupling of indole with 1-Boc-3-piperdinone leads to
the formation of the enamine isomer 17, due to the
electron with-drawing nature of the N-substituent.??
Hydrogenation gives the reduced N-Boc-3-piperidin-3-
yl-1H-indole 18. Array 9 was then prepared, as de-
scribed above for array 8.

«=0 \S/’O -0
A7 O o) A7 O
8 9 10 (R=H)
11 (R = Me)
R
N
NH
A\ A\
N N
<=0 <=0
A’ o A7 0
12 (R = Me) 14
13 (R = Bn)

Figure 2. Conformationally constrained N,-arylsulfonyltryptamine
arrays.
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Scheme 1. Reagents and conditions: (a) 1-benzyl-3-piperidone, KOH,
IPA, A; (b) (i) ACE-Cl, DCE, rt; (ii) MeOH, A; (c) (Boc),0, K,COs;,
acetone, water, rt; (d) ArSO,Cl, -BuOK, THF, rt; (¢) 2N HCI,
dioxane, rt; (f) 1-Boc-3-piperidone, KOH, IPA, A; (g) H,, Pd/C
MeOH, rt.

The reaction of the magnesium salt of indole with either
(S)- or (R)-N-Cbz-proline acid chloride in toluene affor-
ded the 3-ketoindole 19 (Scheme 2: (S)-enantiomer
shown).?> Removal of the Cbz group was effected by
hydrogenation over palladium on carbon with formic
acid in methanol. The keto group was reduced with
LiAlH, in refluxing THF and the pyrrolidine protected
as the N-Boc derivative 20. Array 10 was prepared, as
described above for array 8. Reduction of 19 with
LiAlH, in refluxing THF afforded the 3-(1-methyl-pyrr-
olidin-2-ylmethyl)-1 H-indole 21, which was converted to
array 11 by sulfonylation.

The synthesis of the Nj-arylsulfonyl-3-(1-alkyl-pyrroli-
din-3-yl)-1H-indole arrays 12-13 was carried out by
coupling indole with N-methyl- and N-benzylmaleimide
in refluxing acetic acid, followed by reduction with
LiAlH, to give the 3-(1-methyl- and 3-(1-benzylpyrroli-
din-3-yl)-1H-indole cores 22-23 (Scheme 3)?? that were
sulfonylated.
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Scheme 2. Reagents and conditions: (a) (S)-N-Cbz-Pro-Cl, EtMgBr,
DCM, 0 °C; (b) HCO,H, Pd/C, MeOH, rt; (c) LiAlH,, THF, A; (d)
(Boc),0, K,CO3, acetone, water, rt; (¢) ArSO,Cl, -BuOK, THF, rt.





4782 D. C. Cole et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4780-4785
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Scheme 3. Reagents and conditions: (a) N-methyl- or N-benzylmalei-
mide, AcOH, A; (b) LiAlH4, THF, A; (c) ArSO,Cl, -BuOK, THF, rt.

The  9-arylsulfonyl-2,3,4,9-tetrahydro-1H-B-carboline
array 14 was prepared by Boc protection of the B-carb-
oline, followed by sulfonylation and deprotection, as
described for array 8.

All the conformationally constrained N;-arylsulfonyl-
tryptamine derivatives were assayed for their ability to
displace [°’H]-LSD from cloned human 5-HT receptors
stably expressed in HeLa cells.!® N;-Benzenesulfonyl-3-
(1,2,5,6-tetrahydropyridin-3-yl)- 1 H-indole 8a had excel-
lent affinity (K;=4.6nM) for the 5-HTg receptor.
Mono- and dihalo, alkyl and alkoxy substituted aryl-
sulfonamides (8b-8q; K;=8.5-48 nM) all had slightly
reduced affinity, as did the heteroaryl sulfonamides
(8t-8w; K; = 8-58 nM) (Table 1).

The racemic N;-arylsulfonyl-3-piperidin-3-yl-1H-indole
series 9 showed similar SAR trends with the unsubstitut-
ed benzenesulfonamide having high affinity (9a;
K;=2nM) and the substituted benzenesulfonamides
and heteroarylsulfamides having equal or slightly lower
binding affinity (9f-9x; K; = 2-44 nM). The enantiomers
of 9a were separated®* and showed a 3-fold difference in
binding affinity (Ki = 1 nM vs. 3 nM).

In general, the (S)-N;-arylsulfonyl-3-pyrrolidin-2-yl-
methyl-1H-indole series 10 had lower 5-HTg receptor
affinity (10a—10x; K; = 20-283 nM), with the exception
of 4-aminophenylsulfonamide (10m; K;=7nM). In-
creased binding affinity for 4-aminophenylsulfonamide
tryptamines has been previously reported.?> The corre-
sponding  (R)-N;-arylsulfonyl-3-pyrrolidin-2-ylmethyl-
1 H-indoles were not prepared. Both (R)- and (S)-enanti-
omers of Ni-arylsulfonyl-3-(1-methyl-pyrrolidin-2-ylm-
ethyl)-1H-indole series 11 had high affinity (11a-11x;
K; = 3-19 nM). The unsubstituted phenyl-, 3-, and 4-hal-
ophenyl-, 4-aminophenyl-, and 5-halothiophenesulfonyl
derivatives had the highest affinity. Interestingly, even
the large 5-chloro-3-methylbenzothiophene analog re-
tains high affinity (11x; K; = 11 nM).

All members of the racemic N;-arylsulfonyl-3-(1-meth-
yl-pyrrolidin-3-yl)-1 H-indole array 12 had excellent
5-HT¢ receptor affinity (12¢-12r; K;=1-5nM).
Surprisingly, members of the N;-arylsulfonyl-3-(1-ben-
zyl-pyrrolidin-3-yl)-1 H-indole array 13 also had high
affinity (13k-13y; K; = 1-9 nM), in spite of a large N-
benzyl substituent. This was in contrast to the N;-aryl-
sulfonyl-3-(1,2,3,6-tetrahydropyridin-4-yl)-1 H-indole
series where the larger N-Bn derivatives had

significantly weaker affinity than the corresponding
N-Me analogs.'®

The 9-arylsulfonyl-2,3,4,9-tetrahydro-1H-B-carbolines
(14a—14m; K; = 41-252 nM) had weaker 5-HT¢ receptor
affinity.

Each of the compounds 5-9, 11-12, and 14 was
expanded to a set of roughly 200 molecule conforma-
tions (OMEGA software, OpenEye Scientific), generat-
ing 2400 total molecule conformations that were
aligned (ROCS software, OpenEye Scientific) with each
other. An overlap score was assigned to each alignment
based on the molecule shape and pharmacophore ori-
entation. These alignments were analyzed to find out
the conformation that had the largest average overlap
with the remaining conformations. This conformation
was defined as the reference conformation. A consen-
sus of those conformations, which match that of the
reference conformation, was obtained and is shown in
Figure 3.

With the N)-phenylsulfonylindole groups aligned, the
basic amine of compounds 5-9 and 11-12 can adopt a
similar position. This is in contrast to 14 that cannot
adopt a conformation where the basic amine overlays
with the basic amine of the other molecules.

Glennon has shown that in the N;-arylsulfonylskatole
series absence of a basic amine results only in a 3-fold loss
in affinity, relative to the tryptamine with the
4-aminophenylsulfonyl group.?®> However, we show here
that compound 14m (K;= 116 nM), which has this
4-aminophenylsulfonyl group and where the basic amine
is restricted to a position that does not overlap with the
basic amines of the other cores, is about 100-fold less po-
tent than the corresponding N;-(4-aminophenylsulfonyl)-
3-(1-methyl-pyrrolidin-3-yl)-1 H-indole 12m (K; = 1 nM).

High affinity compounds were assayed for their ability
to modulate cAMP production in a cyclase assay (Table
1).1® None of the N;-arylsulfonyl-3-(1,2,5,6-tetrahydro-
pyridin-3-yl)-1 H-indole derivatives 8 showed any antag-
onist activity; however, several compounds of the series
did show a modest ability to stimulate cCAMP produc-
tion indication agonist activity. Several racemic N;-aryl-
sulfonyl-3-piperidin-3-yl-1 H-indole analogs had agonist
activity. Of particular interest is 9a that stimulated
cAMP production with an ECsq value of 24 nM and be-
haved as a full agonist, and although the enantiomers
had only 3-fold difference in affinity (K;=1nM vs.
3nM) all the agonist activity could be attributed to
one enantiomer, while the diastomer failed to show
any functional activity. The N;-(4-methoxybenzene)sul-
fonyl-3-piperidin-3-yl-1H-indole 91 (ICso =7 nM) be-
haved as a partial antagonist.

Several of the Nj-arylsulfonyl-3-(1-methylpyrrolidin-2-
ylmethyl)-1 H-indole derivatives were very potent antag-
onists in the cAMP stimulation assay, in particular,
(S)-11r and (S)-11t were full antagonists with ICs
values of approximately 1 nM. Members of the N,-aryl-
sulfonyl-3-(1-methyl- and Nj-arylsulfonyl-3-(1-benzyl-
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Table 1. 5-HT¢ binding affinity and functional activity of constrained N,-arylsulfonyltryptamines

Compound Ar-SO, K; (nM)?* cAMP assay ICso (nM)®  Iax (%) cAMP assay ECsy (nM)°  Epax (%)

8a Ph 46104 159.0 £8.5 410+ 1.4

8b 2-F-Ph 92+0.5 51.0+£0.7 52.0£0.0

8c 2-Cl-Ph 13.0+1.8

8d 2-CF5-Ph 21.7£09

8e 3-F-Ph 85+1.3 269.5 £ 159 51.5+04

8f 3-Cl-Ph 14.0 £ 0.6

8g 3-CF5-Ph 447121

8h 4-F-Ph 105+ 1.1 3445+ 11.0 62.0£0.7

8i 4-Cl-Ph 22.0£0.9

81 4-MeO-Ph 16.0 £ 0.6

8n 2,4-diF-Ph 13.0+14

8o 2,3-diCl-Ph 20.0£2.9

8p 3,4-diF-Ph 26.0% 1.5

8q 3,4-diCI-Ph 48.0+2.9

8t 5-Cl-thienyl 227%2.7

8v diMe-oxazole 58.0+24

8w 5-Cl-1,3-diMe-pyrazole 8.0%0.2 89.5+8.8 50.0£0.0

9a (racemic) Ph 2.0x0.1 240%3.5 100.0 £ 0.0

9a (enantiomer 1) Ph 3.0+0.1 0.0 0.0 0.0 0.0

9a (enantiomer 2) Ph 1.0 0.1 36.0+ 6.4 100.0 £ 0.0

of 3-Cl-Ph 2.0%0.1

9j 4-CF5-Ph 10.0£0.3

91 4-MeO-Ph 10.0 £ 1.0 73%+1.0 65.5%1.1

9p 3,4-diF-Ph 7.0+ 1.0 66.0£5.0 60.5+£04

9s thienyl 9.8%+2.6

9t 5-Cl-thienyl 3.0+0.3 58504 93.0t14

9x 5-Cl-3-Me-benzothiophene  44.0 £ 3.0

(5)-10a Ph 27.7£7.6

(8)-10c¢ 2-Br-Ph 43.0+7.0

(S)-10f 3-Cl-Ph 22.0£2.0

(S)-10i 4-CI-Ph 49.0+4.0

(5)-10§ 4-1-Ph 34.0+4.0

(S)-10k 4-Me-Ph 33.0£5.0

(S)-101 4-MeO-Ph 40.0£5.0

(S)-10m 4-NH,-Ph 7.0+ 1.0 7.6%0.3 79.2£0.1

(5)-10q 3,4-diCI-Ph 49.0£3.0

(S)-10r 3,4-diMeO-Ph 23.0£3.0

(S)-10t 5-Cl-thienyl 25.0£3.0

(S)-10u 5-Br-thienyl 20.0+ 1.0

(S)-10x 5-Cl-3-Me-benzothiophene 283.7 £ 4.5

(R)-11a Ph 8.0 1.0 0.6+0.1 75.0£0.7

(R)-11u 5-Br-thienyl 4.0%0.2 102.8 £ 18.5 76.5+£0.4

(8)-11a Ph 50£1.0 814x04 87.0x 1.4

(8)-11c 2-Br-Ph 70+1.0 76.5%10.2 87.5£1.0

(8)-11f 3-Cl-Ph 40+03 962+23 77.0 £0.0

(8)-11i 4-Cl-Ph 7.0+04 82+ 1.7 86.0 £0.0

(8)-11j 4-1-Ph 3002 49.5%+13.8 99.5+04

(S)-11k 4-Me-Ph 50£1.0 563%144 78.5£0.4

(S)-111 4-MeO-Ph 19.3+6.3

(S)-11m 4-NH,-Ph 30£0.1 245=%1.1 100.0 £ 0.0

(8)-11q 3,4-diCI-Ph 12.0 £3.0 7.3%£0.6 86.5%£0.3

(S)-11r 3,4-diMeO-Ph 8.0%£0.2 0.8%+0.2 100.0 £ 0.0

(S)-11t 5-Cl-thienyl 4.0x0.1 1.0£0.0 99.0£0.0

(S)-11u 5-Br-thienyl 3.0£0.1 1120127 96.0+ 1.4

(8)-11x 5-Cl-3-Me-benzothiophene  11.0£2.0 11.0£0.0 87.5%1.1

12¢ 2-Br-Ph 1.0+£0.1 533%122 98.5+1.1

12h 4-F-Ph 20+0.1 525+53 83.5£1.8

12i 4-Cl-Ph 1.0+£0.2 855%11.7 86.5%1.1

12§ 4-1-Ph 1.0£02 43.6%£53 93.5+£04

12m 4-NH,-Ph 1.0+£02 155%25 89.5+£1.8

12q 3,4-diCI-Ph 3.0+£04 107.1%£18.3 100.0 £ 0.0

12r 3,4-diMeO-Ph 50£1.0 93.7£03 100.0 £ 0.0

13c 2-Br-Ph 140£1.0 21.0x5.6 620+ 1.0

13k 4-Me-Ph 8.0x1.0 123.0%2.1 720+ 1.4

13m 4-NH,-Ph 1.0+£02 25.0%0.7 97.0£2.1

13q 3,4-diCI-Ph 150+0.3 61.0%£9.2 63.0t1.4

(continued on next page)
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Table 1 (continued)

Compound Ar-SO, K; (nM)? cAMP assay ICso (nM)° Lax (%) cAMP assay ECso (nM)°© Eax (%)
13u 5-Br-thienyl 9.0+1.0 110.0 £ 5.7 69.0 £ 0.7

13y 4-Me-2-NH,-thiazole 3.0%+0.1 110.0 £ 7.1 97.0+ 14

14a Ph 252.7 + 63.8

14f 3-CI-Ph 41.7 £10.7

14k 4-Me-Ph 271.3+37.3

14m 4-NH,-Ph 116.0 £ 5.5

2 Displacement of [PH]-LSD binding to cloned h5-HTg receptors stably expressed in HeLa cells. Mean of three determinations.'®
® Inhibition of cAMP production in HeLa cells stably transfected with human 5-HTg receptors. Mean of three determinations.
¢ Agonism of cAMP production in HeLa cells stably transfected with human 5-HTg receptors. Mean of three determinations.

Figure 3. Alignment of conformationally constrained N;-arylsulfonyl-
tryptamine derivatives 5, 6, 7 (R and S), 8, 9 (R and S), 11 and 12 (R
and S), and 14 (Ar = Ph). Compound 14 is shown in green, while
others are shown in grey.

pyrrolidin-3-yl)-1 H-indole array 12-13 functioned as
antagonists with modest I1Cs, values (15-100 nM).

In summary, several arrays of conformationally
constrained Nj-arylsulfonyltryptamines were prepared
and tested for 5-HTg receptor binding and functional
assessment. Similar SAR, as has been reported for the
Ni-arylsulfonyl-3-(1,2,3,6-tetrahydropyridin-4-yl)-1 H-
indole derivatives, was observed with various substi-
tuted phenyl-, heteroaryl-, and fused arylsulfonyl groups
being tolerated.!®

The 3-piperidin-3-yl, 3-pyrrolidin-2-ylmethyl, and 3-
pyrrolidin-3-yl constrained aminoethyl groups (8-13) ap-
pear to be able to adopt a conformation that allows high
affinity 5-HT¢ receptor binding, while the B-carboline 14
binds with a significantly weaker (10- to 100-fold) affinity.

Ni-Benzenesulfonyl-3-piperidin-3-yl-1 H-indole 9a is a
high affinity full agonist with an ECsy of 24 nM. Several
of the Nj-arylsulfonyl-3-(1-methylpyrrolidin-3-ylmeth-
yl)-1H-indole derivatives behave as very potent antago-
nists ((S)-11r, (S)-11t; ICso = 0.8, 1.0 nM).
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Abstract—A new class of 1,3-diphenylprop-2-yn-1-ones possessing a p-MeSO, COX-2 phamacophore on the C-3 phenyl ring was
designed for evaluation as dual inhibitors of cyclooxygenase (COX) and lipoxygenase (LOX). Among the group of compounds eval-
uated, 1-(4-fluorophenyl)-3-(4-methanesulfonylphenyl)prop-2-yn-1-one (11j) exhibited excellent COX-2 inhibitory potency (COX-2
IC50 = 0.1 uM) and selectivity (SI = 300), whereas 1-(4-cyanophenyl)-3-(4-methanesulfonylphenyl)prop-2-yn-1-one (11d) exhibited
an optimal combination of COX and LOX inhibition (COX-2 ICsy = 1.0 uM; COX-2 SI = 31.5; 5-LOX ICsy = 1.0 uM; 15-LOX

ICS() =3.2 HM)
© 2005 Elsevier Ltd. All rights reserved.

The introduction of selective cyclooxygenase-2 (COX-2)
inhibitors, such as celecoxib (1) and rofecoxib (2), in the
late 1990s provided novel anti-inflammatory-analgesic
agents with reduced gastrointestinal side effects.!> How-
ever, the recent market withdrawal of rofecoxib and val-
decoxib due to their adverse cardiovascular side effects
clearly delineates the need to develop alternative anti-
inflammatory agents with reduced toxicity.3

Lipoxygenases (LOXs), which are widely distributed in
both the plant and animal kingdoms, belong to a class
of non-heme iron-containing enzymes which catalyze
dioxygen incorporation into polyunsaturated fatty
acids, such as linoleic and arachidonic acid, to form
hydroperoxide products.* Currently, LOXs are potential
targets in the treatment of diseases such as asthma, ath-
erosclerosis, cancer, and a variety of inflammatory
conditions. For example, leukotrienes formed via the 5-
lipoxygenase (5-LOX) pathway are known to contribute
to the pathophysiology of osteoarthritis, asthma, and
prostate cancer. Metabolites formed via the 15-lipoxyge-
nase (15-LOX) pathway have been implicated in the oxi-
dative modification of low-density lipoprotein (LDL),
ultimately leading to atherosclerosis.>® The dual COX/
5-LOX inhibitor ML-3000 (licofelone, 3) is a potent
anti-inflammatory agent with excellent gastrointestinal
tolerance, demonstrating platelet function inhibition

* Corresponding author. Tel.: +1 780 492 5993; fax: +1 780 492
1217; e-mail: eknaus@pharmacy.ualberta.ca

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.036

and an anti-thrombotic effect.” Nordihydroguaiaretic
acid (NDGA, 4), a natural dicatechol exhibiting in vivo
anti-inflammatory activity, is known to inhibit the
LOX isozymes (5-LOX, 12-LOX, and 15-LOX).® As part
of our ongoing program to design novel anti-inflamma-
tory agents devoid of adverse side effects, we describe
herein the synthesis and biological evaluation of a novel
class of 1,3-diphenylprop-2-yn-1-ones possessing a p-
MeSO, COX-2 pharmacophore on the C-3 phenyl ring
as dual inhibitors of COXs and LOXs.

: _SO,NH, ! SO,;Me

N\
N
Fc— o |
I 10
Me
Celecoxib (1) Rofecoxib (2)
Me O
Me
~
N
—
HO
HO,C

ML-3000 (3)

NDGA (4)

The synthetic strategies used to prepare the target substi-
tuted-1,3-diphenylprop-2-yn-1-ones (11a-11k, 16a and
16b) are shown in Schemes 1 and 2. The precursor,
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9 (R' = H, OMe, F; R? = H, Me, CF5, CN, OMe, F;
R®=H, OMe)

-

10 (R =H, OMe, F; R? = H, Me, CF3, CN, OMe, F;
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Scheme 1. Reagents and conditions: (a) triethylamine, 2-methyl-3-
butyn-1-ol, [(C¢Hs);P],PdCl,, Cul, 70-75 °C, 5-6 h; (b) benzene, NaH,
100-110 °C, 1-1.5 h; (¢) THF, —78 °C, n-BuLi, and then at —78 °C to
25°C over night; (d) acetone, MnO,, 25°C, 2-3 h; (e) 1,4-dioxane,
aqueous Oxone®, 25 °C, 3-4 h; (f) BBry, CH,Cl,, —5 to 0°C, 1 h.

1-ethynyl-4-methylsulfanylbenzene (7), was prepared in
two steps by Sonogashira coupling of 4-bromothioani-
sole (5) with 2-methyl-3-butyn-1-ol in the presence
of triethylamine, Cul, and [(C¢Hs);P],PdCl, [dichlor-
obis(triphenylphosphine)palladium], which gave the
protected para-methylsulfanylphenylacetylene (6) in
good yield (70-75%). Subsequent removal of the isopro-
panol moiety using NaH afforded 7 in good yield
(40-55%, Scheme 1).° The condensation of 1-ethynyl-
4-methylsulfanylbenzene (7) with a substituted benzal-
dehyde (8) in the presence of n-BuLi afforded the
1,3-diphenylprop-2-yn-l-ols 9 (40-58%). Subsequent oxi-
dation of the alcohols 9 using activated MnO, afforded
the corresponding 1,3-diphenylprop-2-yn-l-ones 10
(44-56%) having a C-3 4-methylthiophenyl substituent.
Oxone® oxidation of 10 afforded the target 1,3-diphenyl-
prop-2-yn-1-ones 1la-11e,11g, and 11i-11k (72-85%)
possessing a C-3 4-MeSO,-CgHy-substituent, as shown
in Scheme 1.'° O-Demethylation of 11e and 11g using
boron tribromide afforded the respective phenol deriva-
tives 11f and 11h (50-55%), as shown in Scheme 1.

Rr! R!
5 a 5 b, c
R CHO —> R CHO ——>

13a (R' = OMe; R? = OTBDMS)
13b (R! = OTBDMS; R? = OMe)

12a (R = OMe; R? = OH)
12b (R = OH; R? = OMe)

= e

14a (R* = OMe; R? = OTBDMS)
14b (R! = OTBDMS; R? = OMe)
1

— , €
MeS — ﬁ R? —
o}

15a (R* = OMe; R? = OH)
15b (R! = OH; R? = OMe)

1

o= e

16a (R =OMe;R? = OH)
16b (R! = OH; R? = OMe)

Scheme 2. Reagents and conditions: (a) THF, NaH, TBDMSCI,
25°C, 2-3 h; (b) 4-MeS-CcH4C=CH, THF, —78 °C, n-BuLi, —78 °C
to 25 °C over night; (c) acetone, MnO,, 25 °C, 2-3 h; (d) EtOH, KOH,
25°C, 1h; (e) 1,4-dioxane, aqueous Oxone®, 25 °C, 3-4 h.

Compounds 16a and 16b were prepared according to
Scheme 2. The fert-butyldimethylsilyloxy benzaldehyde
regioisomers (13) were prepared by the reaction of the
respective benzaldehyde (12) with tert-butyldimethylsilyl
chloride (TBDMSCI) in the presence of NaH!" (65—
70%). Subsequent condensation of 13 with 7 in the pres-
ence of n-BuLi, and then oxidation of the intermediate
alcohol using activated MnO, afforded the 1,3-diphenyl-
prop-2-yn-1-ones 14 (45-54%). Deprotection of aryl
tert-butyldimethylsilyl (TBS) ethers (14) using KOH in
EtOH afforded the respective phenol (15, 45- 52%)10
which was then oxidized using aqueous Oxone® to
afford 16a and 16b (80-85%), as shown in Scheme 2.
The 1,3-diphenylprop-2-yn-1-ones (10, 11, and 14-16)
are expected to be useful Michael acceptors useful for
the synthesis of heterocyles.!%®

In vitro structure-activity relationships acquired for
these 1,3-diphenylprop-2-yn-1-ones (11, 16) showed that
they exhibit a broad range (potent-to-inactive) of COX/
LOX inhibitory activities (COX-2 ICs0=0.1 to
>100 uM range; COX-1 IC5p=1 to >100 uM range;
5-LOX 1IC5=03 to >10puM range; 15-LOX
ICs50 = 0.1 to >10 uM range; Table 1).

Compound 11a, having an unsubstituted C-1 phenyl
ring, exhibited moderate inhibition of COX-2 (COX-2
IC59 =10 uM), but it did not inhibit either 5- or 15-
LOX at a concentration of 10 uM. In contrast 1lc,
possessing a C-1 p-CFs-phenyl substituent, exhibited
COX-1 selectivity (COX-1 ICsy=3.1 uM; COX-2
ICs50 > 100 uM). Interestingly, introduction of a C-1
p-CN-phenyl substituent (11d) provided a dual COX
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Table 1. In vitro COX-1/COX-2 and 5-LOX/15-LOX isozyme assay data for 1,3-diphenylprop-2-yn-1-ones 11a-11k, 16a, and 16b

Compound R! R? R3 COX-1 ICsp* (uM)  COX-2 ICse* (uM)  COX-2 SI®  5-LOX ICsy* (M) 15-LOX ICsy* (UM)
11a H H H 1.0 10.0 — >10 >10
11b H Me H >100 33.0 >3.0 >10 >10
11c H CF; H 3.1 >100 — >10 >10
11d H CN H 31.5 1.0 31.5 1.0 3.2
11e H OMe H 31.5 31.5 1.0 >10 3.5
11f H OH H 3.5 10.0 — 0.3 0.32
11g OMe H H >100 10.0 >10 9.0 >10
11h OH H H >100 >100 — 0.3 0.5
11i OMe OMe OMe >100 >100 — 7.0 >10
11j H F H 30.0 0.1 300 >10 1.0
11k F F H 3.1 0.5 6.2 0.4 3.2
16a OMe OH H 1.1 30 — >10 0.1
16b OH OMe H 1.0 3.2 — >10 0.3
Luteolin — — — — 3.2
Caffeic acid — — — 3.0 —
NDGA — — — >10 35
Rofecoxib >100 0.5 >200 — —

#Values are means of two determinations acquired using an ovine COX-1/COX-2 and potato 5-LOX/soyabean 15-LOX, assay kits (Catalog No.
560101, 60401, and 760700, Cayman Chemicals Inc., Ann Arbor, MI, USA) and the deviation from the mean is <10% of the mean value.

®In vitro COX-2 selectivity index (SI, COX-1 ICso/COX-2 ICsp).

and LOX inhibitor with moderate COX-2 selectivity
(COX-2 ICs5p = 1.0 uM; SI =31.5) and a more potent
inhibition of 5-LOX (5-LOX ICsy = 1.0 uM; 15-LOX
ICso = 3.2 uM), as shown in Table 1.!' Introduction
of a C-1 p-MeO-phenyl moiety (11e) provided moder-
ate COX inhibition (COX-1/2 ICsy=31.5uM),
whereas incorporation of a C-1 m-MeO-phenyl substi-
tuent (11g) increased both COX-2 inhibitory potency
and selectivity (COX-2 ICso =10 uM; SI > 10) com-
pared to the regioisomer 1le. Compound 11g also
exhibited selective inhibition of 5-LOX (5-LOX
IC50=9.0 uM), relative to 15-LOX. The C-1 4-
hydroxyphenyl compound 11f, an equipotent inhibitor
of 5- and 15-LOX (5-LOX ICs0=0.3 uM; 15-LOX
ICs50 = 0.32 uM), was about a 9-fold more potent inhibi-
tor of 5-LOX than the reference drug caffeic acid (5-LOX
IC59 = 3.0 uM). Incorporation of a C-1 3,4,5-trimeth-
oxyphenyl substituent (11i, R' = R?=R*= OMe) led
to a complete loss of COX inhibitory activity, but 11i
did exhibit selective inhibition of 5-LOX (ICsy=
7.0 uM). Within this class of compounds, 11j possessing
a C-1 p-fluorophenyl substituent was a potent and selec-
tive inhibitor of COX-2 (COX-2 ICs5,=0.1 pM;
SI =300), being 5-fold more potent than rofecoxib
(COX-2 ICs50 = 0.5 uM; SI >200). On the other hand,
introduction of a C-1 difluorophenyl substituent (11Kk,
R! = R? = F) decreased both COX-2 inhibitory potency
and selectivity (COX-2 ICso = 0.5 uM; SI = 6.0), but in-
creased 5-LOX inhibition (5-LOX ICso= 0.4 uM).
Introduction of a methoxyphenol antioxidant moiety at
the C-1 position provided compounds 16a (R' = OMe,
R? = OH) and 16b (R' = OH, R? = OMe) that exhibited
moderate COX-1 selectivity, with preferential inhibition
of 15-LOX (Table 1). Compound 16a, which exhibited
potent inhibition of 15-LOX (15-LOX ICsy = 0.1 uM),
is 35-fold more potent than the reference drug NDGA
(15-LOX ICso = 3.5 uM).

A molecular modeling (docking) experiment was carried
out to investigate the binding interactions of the most

selective and potent COX-2 inhibitor 11j [1-(4-fluor-
ophenyl)-3-(4-methanesulfonylphenyl)prop-2-yn-1-one]
within the COX-2 binding site (Fig. 1).!%!2 The most
stable ligand-enzyme complex of 11j (Fig. 1) showed
that this ligand binds in the center of the COX-2 binding
site such that the C-3 p-MeSO,-phenyl substituent is
positioned in the vicinity of the COX-2 secondary pock-
et where it is surrounded by Phe518, Arg513, GInl92,
His90, Ser353, and Val523. One of the oxygen atoms
of the SO,Me group undergoes a hydrogen bonding
interaction with the backbone NH of Phe518
(distance = 3.63 A), whereas the other oxygen atom

af’/'J \\ ] “'":':gvfi"w.'
Val116 \"\

Figure 1. Docking of 11j in the binding site of murine COX-2.
Hydrogen atoms of the amino acid residues are not shown for clarity.
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undergoes a favorable hydrogen bonding interaction
with the NH, of GIn192 (distance = 2.70 A). The methyl
group of the p-SO,Me moiety is within van der Waal’s
contact range (distance <4 A) of the aromatic ring of
Phe518. It is notable that, the prop-2-yn-1-one carbonyl
oxygen atom (C=C-C=0) is hydrogen bonding to the
OH of Tyr355 close to the entrance of the COX-2 sec-
ondary pocket (distance =2.01 A) and it is positioned
about 4.38 A from the guanidine side chain (NH;) of
Argl20. The C-1 p-fluorophenyl substituent is oriented
in a region comprised of Ala527, Ser530, Leu531,
Leu359, Val349, and 1le345. The distance between the
OH of Ser530 and fluorine atom of the p-fluorophenyl
substituent was about 4.53 A, and the fluorine atom is
within van der Waal’s contact range of the methyl side
chain of Ile345 (distance <3.5 A).

In summary, structure—activity studies show that (i) the
1,3-diphenylprop-2-yn-1-one structure is a suitable tem-
plate to design dual inhibitors of COX and LOX; (i)
COX/LOX inhibition was sensitive to substituents pres-
ent on the C-1 phenyl ring, with 11j [1-(4-fluorophenyl)-
3-(4-methanesulfonylphenyl)prop-2-yn-1-one]  exhibit-
ing potent and selective COX-2 inhibition (COX-2
ICso = 0.1 uM; SI = 300); and (iii) an optimal combina-
tion of COX and LOX inhibition was obtained for 1-(4-
cyanophenyl)-3-(4-methanesulfonylphenyl)prop-2-yn-1-
one (11d, COX-2 ICso=1.0 uM; SI=31.5; 5-LOX
ICs50 = 1.0 uM; 15-LOX ICsq = 3.2 uM). Further studies
are in progress to extend these structure-activity data
and to determine anti-inflammatory activity of potential
lead compounds.
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Abstract—A biotinylated derivative of the anti-tumor agent camptothecin (CPT) was synthesized and used in a phage display assay
to identify drug-binding sequences. After three rounds of selection using C20-biotinylated CPT (CPT-20-B) as bait, a CPT-20-B-

binding sequence, NSSQSARR, was identified.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Camptothecin (CPT) is an anti-tumor compound isolated
from Camptotheca acuminata in 1966 (Scheme 1).! Irino-
tecan (Iri), a CPT derivative with clinical applications, is a
water-soluble prodrug, which is metabolized to SN-38 by
carboxylesterase.>> Topoisomerase I (top I) was original-
ly reported to be the molecular target of CPT,>* which
showed reversible stabilization of top [-DNA cleavage
complexes with CPT or SN-38.5¢ However, reports of
several other biological activities of this drug suggest that
there are one or more unknown targets, such as mem-
brane or cytoplasmic proteins, in addition to top 1.7-!2
Epidemiological studies have indicated that NSAIDs,
especially COX-2 inhibitors, enhance the anti-tumor
activities of Iri and other anti-tumor drugs in combina-
tion therapy.!? !> The identification of CPT binding tar-
gets could elucidate additional sites of action that are
responsible for the anti-tumor activity and/or associated
side effects of CPT.

To screen for potential binding targets, we focused on
phage display technology. This is a powerful tool for the
rapid determination of molecular targets, providing
direct information about binding domains.!® A random

Keywords: Camptothecin; Phage display; Biotin.
* Corresponding author. Tel.: +81 4 7124 1501x3400; fax: +81 4 7123
9767; e-mail: sugawara@rs.noda.tus.ac.jp

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.018

CPT-20-B (3) b¢

Scheme 1. Synthesis of CPT-20-B. Reagents and condition: (a) EDC,
DMAP in DMF at 50 °C.

cDNA is inserted into the multi-cloning region of a phage
vector to construct a phage library, which displays
cDNA-derived fusion peptides on the surface of the cap-
sid. Using a phage library and biotinylated molecules
immobilized on a streptavidin-coated carrier as bait,
phage particles may be screened. Recovered phage can
then be amplified by infection of a log-phase culture of
Escherichia coli. Following several rounds of selection,
the remaining phage particles are disrupted to extract
the phage DNA. After amplifying the inserted cDNA
by the polymerase chain reaction (PCR), the fragments
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are sequenced to determine the corresponding amino
acid sequence displayed on the phage capsid. Peptides
that specifically bind to the bait can then be used in a
homology search to identify the likely molecular target.
Using this technology, we recently determined the
NK109-binding peptide and protein.!”

Here, we report the synthesis of a biotinylated derivative
of CPT and identification of a binding peptide by T7
phage display technology.

2. Results and discussion
2.1. Synthesis of biotinylated CPT derivative

CPT-20-B (3) was prepared from a condensation reac-
tion of commercial CPT (1) and 6-biotinylaminocaproic
acid (2) with EDC/DMAP in DMF at 50 °C (Scheme 1).

2.2. Affinity selection with phage display method

The binding peptide sequences of CPT were validated by
phage display using a biotinylated derivative, CPT-20-B
(3) (Scheme 1), and a T7 phage library constructed from
human leukocyte cDNA by a random primer strategy
(Novagen, Madison, WI, USA).'31° An aliquot
(10° pfu) of the amplified phage library was allowed to
bind to 1 nmol of the biotinylated CPT derivative (3)
immobilized on a streptavidin-coated 96-well plate.
After washing 10 times with 200 ul of 100 mM
Tris—=HCI (pH 7.5) to remove non-specifically bound
phage, the remaining phage particles were either eluted
five times with 200 pul of elution buffer (3% Tween 20
in 100 mM Tris—HCI, pH 7.5) or used to infect a log-
phase culture (200 pl) of E. coli. On this method, an
elute condition that could dissociate the binding phage
from the immobilized bait is often mattered to deter-
mine, especially screen for small molecules. Therefore,
direct infection using host cell solution was used to
recover the remaining phage on second and third round.
After three rounds of selection using CPT-20-B, the
cDNA inserts from an arbitrarily selected 40 phage
particles were respectively amplified by PCR and ana-
lyzed by 1% agarose gel electrophoresis (Fig. 1). The
cDNA sequences were obtained, and 10 of the cDNAs
that showed the same mobility on agarose (Fig. 1, e)
were found to encode part of a Ca**-binding protein.
However, the random primer strategy appeared to have
generated a frame-shifted stop codon, thereby giving a
shorter peptide than would normally be expected. The
peptide obtained from these 10 clones, NSSQSARR,
was encoded in-frame and displayed fusion peptides
part of the capsid.

2.3. Forward affinity check

The binding of the selected clones (NSSQSARR) was
compared with that of control phage particles
(NSPAGISREVDKLAAALE) by a forward affinity
check (Fig. 2A). Each phage particle was incubated with
CPT-20-B immobilized on a streptavidin-coated 96-well
microplate. After washing to remove non-specifically
bound clones, binding phages were eluted. As shown
in Figure 3A, the recovery rate for the selected phage
particles was 2.5-fold higher than that of control clones.
The remaining 30 phage particles did not show specific
binding to CPT-20-B on forward affinity check, demon-
strating that these clones represented a false-positive
background.

2.4. Reverse affinity check

A reverse affinity check was also carried out to confirm
the specificity of the binding (Fig. 2B).?’ Phage clones
were immobilized on a nitrocellulose membrane and
incubated with CPT-20-B, followed by alkaline phos-
phatase (AP)-avidin binding and reaction with an AP
substrate. Intensity rates of selected clones were approx-
imately 3.3-fold stronger than those of control phage
particles, agreeing with the result of the forward affinity
check (Fig. 3B). A comparison of intensity rates between
selected and control phage without CPT-20-B showed
no difference, confirming that the selected clone bound
to CPT-20-B specifically (Fig. 3C). An analysis of non-
biotinylated CPT binding to the synthetic NSSQSARR
will be reported elsewhere.
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Figure 2. Forward and reverse affinity checks. (A) Forward affinity
check: an aliquot of phage clone was allowed to bind to biotinylated
CPT derivative immobilized on a streptavidin-coated 96-well micro-
plate. The binding phage was eluted with various elution buffer or
recovered by infection with E. coli. (B) Reverse affinity check: phage
clone immobilized on nitrocellulose membrane was incubated with or
without biotinylated CPT derivative and followed by AP-avidin
binding.

*es & o9 S0 o

Figure 1. Agarose gel (1%) electrophoresis. After three rounds of selection, the cDNA inserts from a set of arbitrarily selected 40 phage particles were
amplified by PCR and analyzed by electrophoresis. (¢) These cDNAs encoded the peptide NSSQSARR as a fusion peptide of the capsid protein.
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Figure 3. The results of forward and reverse affinity checks against
CPT-20-B. (©) Phage clone expressing NSSQSARR. (@) Control clone
expressing NSPAGISREVDKLAAALE. (A) Forward affinity check:
approximately 10° pfu of the mono clone was mixed with immobilized
CPT-20-B (1 nmol). After washing, the eluted phage titer was
determined and displayed as the recovery rate. Recovery rate
(%) = [titer of the eluted fraction (pfu)/titer of the input (pfu)] x 100.
(B) and (C) Reverse affinity check. Phage clone immobilized on a
nitrocellulose membrane was incubated with (B) or without (C)
100 uM of CPT-20-B, AP-avidin at 1000-fold dilution, respectively.
BCIP/NBT was used as the AP substrate for detection. Intensity rate
was calculated from the NIH image. pfu: Plaque forming unit.

3. Materials and methods
3.1. Synthesis of biotinylated CPT derivative

Commercial CPT (1) (19.3 mg, 0.055 mmol) was react-
ed with 6-biotinylaminocaproic acid (2) (18.8 mg,
0.053 mmol) with EDC (35.2 mg, 0.188 mmol)/DMAP
(8.9 mg, 0.073 mmol) in dried DMF (3ml) at 50 °C
(Scheme 1). The reaction mixture was stirred for 4 h
at rt. The resulting mixture was charged on a silica
gel column (¢10x 60 mm, CHCI;/MeOH =9/1) and
purified to give CPT-20-B (3) (5.1 mg, 0.007 mmol,
13.5%) as a pale yellow powder. The reaction product
was analyzed by NMR and ESIMS. NMR data were
obtained from JEOL JNM-LA400 (400 MHz for 'H,
JEOL, Tokyo, Japan) in a mixture of CD;OD and
CDCI;. Chemical shifts were expressed by J parts
per million using TMS as an internal standard. Mass
spectral data was collected on an ABI QSTAR (Ap-
plied Biosystems Japan (ABI), Tokyo, Japan) with
ESI in the positive ion mode.

CPT-20-B: C55H4,0,N5S; pale yellow powder; Ry = 0.43
(CHCIly/MeOH = 9/1); '"H NMR (1:1 CD;0D/CDCl5); ¢
1.02 (3H, t, J=7.3 Hz), 1.36-1.39 (4H, m), 1.49-1.70
(8H, m), 2.12 2H, t, J=7.3 Hz), 2.20 (2H, m), 2.57
(2H, t, J=73Hz), 2.67 (1H, d, J=12.4Hz), 2.88
(1H, dd, J=5.1, 12.9 Hz), 3.0-3.20 (2H, m), 3.60 (1H,
m), 426 (1H, dd, J=4.4, 7.8 Hz), 445 (1H, dd,
J=44, 78Hz), 530 (H, s), 546 (1H, d,
J =168 Hz), 5.60 (1H, d, J=16.8 Hz), 7.35 (1H, s),
7.69 (1H, t, J=7.1Hz), 7.85 (1H, t, J=7.1 Hz), 8.04
(1H, d, J=8.3 Hz), 8.15 (1H, d, J= 8.6 Hz), 8.60 (1H,
s); HRMS caled for CigHgO7NsS, (M+H)" mi/z:
688.2805; found, 688.2802.

3.2. Construction of a T7 phage library from human
leukocytes

The T7 phage library was constructed according to the
manufacturer’s instructions (Novagen).!”!® Briefly,
poly(A) + RNA, random primers, 5’-methylated dCTP,
T4 DNA polymerase, EcoRl/ Hindlll linkers, EcoRI,
Hindll1, a T7 select vector and T7 Packaging Extracts
were used. Aliquots (80 pg) of total RNA, extracted
from human leukocytes, were used to construct the
cDNA library. Oligotex-dt30 <super> (Takara, Shiga,
Japan) was used for a second round of isolation, with
minimal loss of material, to produce poly(A) + RNA
suitable for random primed cDNA synthesis. cDNA
synthesis was primed with 4 pg of poly(A) + RNA using
random primers. 5'-Methylated dCTP was then incor-
porated into both strands, without extraction or precip-
itation between the first and second strand syntheses.
The cDNA was then treated with T4 DNA polymerase
to generate flush ends and ligated with directional
EcoRI/HindIIl linkers. Following linker ligation, the
cDNA was digested sequentially with FEcoRI and
HindIII and then was inserted into T7Select10-3b vector
arms at the corresponding restriction sites. The cDNA
was cloned into the EcoR1/HindllI sites of the T7 phage
10-3b vector and packagfred into the phage. The titer of
this library was 9.4 x 10' pfu/ml.
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3.3. Phage affinity selection and DNA sequence analysis

An aliquot (10° pfu) of the amplified phage was allowed
to bind to 1 nmol of biotinylated CPT derivative immo-
bilized on a streptavidin-coated 96-well microplate by
rotating gently for 1 h. The wells were then blocked with
3% skimmed milk in 100 mM Tris—HCI (pH 7.5). After
washing 10 times with 200 pl of 100 mM Tris—HCI (pH
7.5) to remove non-specifically bound phage, the
remaining phage particles were either eluted five times
with 200 pl of elution buffer (3% Tween 20 in 100 mM
Tris—HCI, pH 7.5) or used to infect a log-phase culture
(200 ) of E. coli. Following three rounds of selection,
40 plaques were randomly picked from LB plates and
each was dissolved in phage extraction buffer (100 mM
NaCl, 6 mM MgSO,; in 20 mM Tris—-HCI, pH 8.0).
The candidate clones were amplified and their affinity
to biotinylated CPT derivative was checked. The phages
were disrupted by heating the extract to 65°C for
10 min. After amplifying the phage DNA by PCR, the
fragments were purified with ExoSAP-IT and EtOH
precipitated. The fragments were sequenced on an ABI
Prism3100 Genetic Analyzer (ABI) to determine the
corresponding amino acid sequence displayed on the
T7 phage capsid.

3.4. Forward affinity check

A forward affinity check was performed using phage
affinity selection as described above.

3.5. Reverse affinity check

The enriched population of plated candidate phage par-
ticles was transferred onto a nitrocellulose membrane.
After washing with TBST, the membranes were blocked
with TBST containing 3% skimmed milk, rotating gently
for 1 h at room temperature. The membranes were then
incubated with 100 uM of biotinylated CPT derivative
(1% DMSO in TBST) at 4°C overnight and then
washed three times with 1% DMSO in TBST (each for
5 min). AP-conjugated avidin (Sigma, St. Louis, MO)
was added at 1000-fold dilution and incubated for 1 h
at room temperature. The membranes were washed as
described previously. Signals were detected by adding
BCIP/NBT solution (Wako, Osaka, Japan). The density
of the spots were determined by using NIH image
(http://rsb.info.nih.gov/nih-image).
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Abstract—Potent and selective antagonists of the adenosine A, receptor often contain a nitrogen-rich fused-ring heterocyclic core.
Replacement of the core with an isomeric ring system has previously been shown to improve target affinity, selectivity, and in vivo
activity. This paper describes the preparation, by a novel route, of A, receptor antagonists containing the [1,2,4]triazolo[1,5-a]pyr-
azine nucleus, which is isomeric with the [1,2,4]triazolo[1,5-c]pyrimidine core of a series of known A, antagonists with in vivo activ-

ity in animal models of Parkinson’s disease.
© 2005 Elsevier Ltd. All rights reserved.

Membrane-spanning G-protein coupled receptors
(GPCRs) figure prominently in the regulation of a wide
array of signal transduction pathways, and are frequent
and well-validated targets for therapeutic intervention.
Adenosine receptors, a class of GPCRs, are integral
components of signaling cascades that control a range
of physiological and cellular responses.! Four different
adenosine receptors (A, Asa, Asp, and Aj3) have been
biochemically and pharmacologically characterized
and their regulation may offer a means to control
immunological, cardiovascular, renal, or neurological
responses for therapeutic benefit.> The identification of
small-molecule agonists and antagonists of adenosine
receptors has helped us to elucidate further the biochem-
ical roles of the individual receptor subtypes and evalu-
ate them as targets for drug discovery.?

The A,a receptor is highly expressed in the nigrostria-
tum (basal ganglia) where it is co-localized with dopa-
mine D2 receptors on striatopallidal output neurons.*
Several pharmacological studies suggest that A, recep-
tor antagonists have potential for use, in combination
with existing therapies,” in the treatment of Parkinson’s
disease (PD) and may also exhibit neuroprotective
effects.®

* Corresponding author. Tel.: +1 617 679 2554; fax: +1 617 679
3635; e-mail: james.dowling@biogenidec.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.052

The locomotor deficits that are characteristic of PD,
such as bradykinesias, tremor, and rigidity, have their
origins in the progressive destruction of dopamine
(DA)-producing neurons in the nigrostriatum. During
the early stages of the disease, symptomatic relief may
be provided by replenishing DA through administration
of L-dopa.” However, the effectiveness of L-dopa is grad-
ually diminished by the continual depletion of DA
neurons, which results in the eventual manifestation of
motor and psychological side-effects.®

Due, in part, to its interaction with the D2 receptor,
antagonism of the A, receptor is regarded as the means
to attenuate the motor fluctuations associated with de-
creased responsiveness to L-dopa.” In an early clinical
demonstration of this effect, administration of low doses
of theophylline led to a significant improvement in
symptoms of patients with PD.'® More recently, the
Asa-selective xanthine derivative KW-6002 (1) has been
found to reverse motor disability in MPTP-lesioned pri-
mates when combined with L-dopa. KW-6002 is current-
ly under clinical evaluation as an antiparkinsonian
agent!! (see Fig. 1).

Non-xanthine antagonists of the A, receptor often take
the form of nitrogen-containing fused bicyclic or tricyclic
systems that lack the agonism-conferring ribose moiety
of adenosine but feature hydrophobic substituents that
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Figure 1. Xanthine-derived A, receptor antagonist (KW-6002).

impart selectivity.!> Compounds of this type, such as
SCH 58261 (2, A, K;=23nM) and ZM241385 (3,
As, K;=0.3nM) and their homologs, are among the
most selective A,, antagonists prepared to date.'
Despite their promising properties, however, the clinical
application of 2 and 3 and their derivatives has been
curtailed by their poor bioavailability (see Fig. 2).

As part of our ongoing interest in the design and
synthesis of adenosine receptor antagonists, we under-
took a program to develop selective A,5 antagonists
for treatment of PD.'* We have recently demonstrat-
ed that the nature of the polynitrogen heterocyclic
core can dramatically influence A,5 receptor potency
and selectivity, and compounds having a general
structure 4 (Fig. 3) exhibited good oral activity in
an animal model of PD.!> Other researchers in the
field have reported that the isomeric 5- and 8§-ami-
no[l,2,4]triazolo[1,5-a]pyridines act as potent Aja
antagonists when functionalized at the 6- and 7-posi-
tions, respectively.'®

Based on these observations, the isomeric triazolo[1,5-
alpyrazine nucleus (5), in which the critical hydrogen
bond donor and acceptor groups of 2, 3, and 4 are pre-
served, was pursued as a template from which to con-
struct a series of A, antagonists.

A retrosynthetic strategy (Fig. 4) was envisaged in which a
series of substituted derivatives (5) could be obtained

NH,
NJ\N’N
SCH 58261 Q_L T
-
NH,
zm 241385 O N%N’N\>_@
®3) N)\\N SN0
H

Figure 3. [1,2,4]Triazolo[1,5-c]pyrimidines (4) and isomeric [1,2,4]-
triazolo[1,5-a]pyrazines (5).

from 2-aryl substituted bromides (6) by employing a com-
mercially available 2-amino-3,5-dibromopyrazine (7).

Although the requisite bromides (6) can be obtained by
N-amination of 7 with mesitylenesulfonyl hydroxyl-
amine (MtsONH,), followed by cyclo-condensation
with the appropriate aldehyde,!” we desired a route that
did not rely on the use of thermally labile aminating re-
agents!'® (see Fig. 5).

The synthesis of fused triazoles via oxidative cyclization
of N-2-pyrazinylacetamide, obtained by treatment of 2-
aminopyrazine with AICl; in acetonitrile,'® has been
reported.?’ In a similar fashion, treatment of a mixture
of 7 and furonitrile in toluene with AlCl; afforded ami-
dine 8a. Oxidative cyclization of the crude preparation
with Pb(OAc), provided 9a in 40% isolated yield. In
the course of determining the scope and limitations of
the new method, it was observed that the conditions em-
ployed in the conversion of 7-8 were ineffective when
applied to other nitriles (Fig. 6).

Changing the solvent from toluene to 1,2-dichloroeth-
ane resulted in a more efficient conversion in the case

Figure 4. Retrosynthetic approach to [1,2,4]triazolo[1,5-a]pyrazines.

Br NH,

MtsONH, N&(NHZ R2CHO N%//N 2
| />_
N. NP
BI’)\¢® NH2 BI’/I\/ N

MtsO O 6

Figure 5. Synthetic route to [1,2,4]triazolo-[1,5-a]pyrazines.

ArCN Br H Br
AICl3 N)\( N\H/Af Pb(OAC)4 N)\r/ N
(N NH PN )—A
1,2-dichloro- gr Z toluene ~N
ethane ) 115 °C
Sad 9a-d
115°C
Ar 8 (%yield) 9 (% yield)
2-furanyl 8a (70) 9a (40)
2-thienyl 8b (68) 9b (45)
phenyl 8c (26) 9c (nd)

3-fluorophenyl  8d (30) 9d (46)

Figure 6. Synthesis of [l,2,4]triazolo[l,5-a]pyrazines by oxidative
amidine cyclization.
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of the original example (8a) and enabled the preparation
of several other derivatives (8b—d) in yields ranging from
26% to 70%.2!

The effect of AICl; on amidine formation was also stud-
ied and in the case of 8b it was found that one equivalent
of the Lewis acid was optimal; the use of 0.5 or two
equivalents caused a significant reduction in yield. The
resulting amidines (8a,b,d) were then subjected to oxida-
tive cyclization to afford the desired triazolo[1,5-a]pyra-
zines (9a,b,d) in yields ranging from 40% to 46%.%

We employed 2-furyl derivative 9a as a starting material
for our initial series of compounds to allow a direct

NH»
NH; N)\r/N
% )—@ 10a
1,4-dioxane )\/N‘N e}

P

H>

Br

=N
N)\/ )—@ 1la-z
Ar/K/ N\ N O

Figure 7. Synthesis of [1,2,4]triazolo[1,5-a]pyrazines 11a-z by oxida-
tive amidine cyclization.

ArB(OH),, Pd(Ph3P),4

dioxane/2M Na,CO3
100 °C

Table 1. A,, receptor binding affinities of Suzuki adducts 11a-z, as
determined in a radioligand binding assay®

Compound Ar Asp (rat): K; (nM)
11a m-iPr-Ph 680
11b m-H,N-Ph 630
11c p-HoN-Ph >1000
11d m-AcNH-Ph 160
11e m-Ac-Ph 75
11f m-NO,-Ph 460
11g p-NO,-Ph >1000
11h m-Me,N-Ph 140
11i p-Me,N-Ph >1000
11j m-EtO,C-Ph 370
11k p-EtO,C-Ph >1000
111 m-CN-Ph 160
11m p-CN-Ph >1000
11n m-F3C-Ph 220
110 p-F3C-Ph >1000
11p m-HOCH,-Ph 470
11q p-HOCH,-Ph >1000
11r m-MeO-Ph 270
11s m-MeSO,-Ph 110
11t m-H,NCO-Ph 110
11u m-HO,C-Ph >1000
11v 3-Pyridyl 460
11w 2-Furanyl 400
11x 1-Naphthyl 420
11y 8-Quinolyl 250
11z 5-Pyrimidyl 360

% Aya receptor enriched membranes were prepared from rat brain
homogenates and employed in binding assays using [*H]ZM-241385
as radioligand and SCH-58261 (A,s K;=37nM) as a control. K;
values were calculated from binding curves generated in a single
experiment from the mean of three determinations per concentration,
with variation in individual values of <15%.

comparison of the receptor binding data between the
new series and classes of compounds in which the furan
ring has been found to confer A, receptor affinity and
selectivity (Fig. 7).

Suzuki coupling of 10a, obtained by treatment of 9a
with NHs/dioxane, with a series of commercially avail-
able arylboronic acids allowed the rapid assembly of a
series of biaryls (11a-z), which were evaluated for their
ability to bind to rat A, receptor in a radioligand
binding assay (Table 1).

In this collection of compounds, those containing
m-substituted phenyl rings exhibited the highest Aja
activity, with Kj values for the best compounds in the
range of 100-500 nM. Bi- and heterocyclic derivatives
(11v-z) exhibited comparable potency.

Based on the promising in vitro activity of members of
our initial adducts, we chose amide 11t as a starting
point for further elaboration of this series. A collection
of amides (Table 2, 12a—j) was prepared from acid 11u
(and the corresponding p-isomer, not shown) to

Table 2. Synthesis of amides 12a—j and their affinities toward rat A,
and A receptors, as measured in a radioligand binding assay®

NH,
11u amine, HATU
ity

iPrNEt, DMF N)\r/N»_@
iPrNEL, wN‘N o
Rt
Z 12a-

(or p-isomer)

Compound R morp Asa (rat) A (rat)
K; (aM) K (nM)
12a CONH-iPr m 140 290
12b CONMe, m 70 120
12¢ CONEt, m 1 41
o /M
7/
o M =
12¢ m 730 3
}N N— N
QM
12f }N o) m 240 <250
O
12¢g }\*N O D 19 1800
o — OH
12h A /\/© m 180 >250
N
H
o OH
12i ,ﬁ”\ P 830 36
N
H
H /’;\N
12§ “«WN\/\/N\// » 330 >250
e}

% Asa receptor binding measured as given in Table 1. A; receptor
containing membranes were prepared from rat cerebral cortex.
[PHIDPCPX was used as radioligand and A, K; values were calcu-
lated from binding curves generated in a single experiment from the
mean of three determinations per concentration, with variation in
individual values of <15%. SCH-58261 (2) used as a control (Aja
K;=37nM, A, K; =390 nM).
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determine the effect of further substitution on selectivity
and potency.

The in vitro binding data (Table 2) indicated that simple
alkyl substitution, as with N,N-diethylamide 12¢ (Asa
K; =1 nM), could enhance the A,4 affinity but concom-
itantly conferred significant potency toward the A,
receptor (A; K; =40 nM), relative to monosubstituted
compounds 12a,b.

We subsequently prepared a series of compounds lack-
ing the benzene ring to determine if the amide substitu-
ents in Table 2 conferred similar in vitro activity when
directly linked to the heterocyclic core. Palladium-med-
iated carbonylation of bromide 10a was employed to
prepare ester 13 (Fig. 8). Hydrolysis of 13 to acid 14, fol-
lowed by amine coupling, afforded the desired amides
(15a-).

The in vitro binding data for this class of compounds of-
fer a clearer picture of the distinct SAR at the A5 and
A receptors (Table 3). Secondary amides having an aro-
matic group at the terminus of an alkyl chain (15b-f)

Pd(OAC)2 NH,
dppp, MeOH J\r
CO(g), 14 psi =N 13
10a S0 1ps I: c/kN 9_@ (R! = Me)
DMSO, 80°C R10, N ¢}
52%
2M LiOH (aq)
NH, MeOH/THF 70°C
N . 67%
NZ = >_@ HATU, iProNEt
2 7 amine, DMF
R\H)%N\N o) : 14
Rl=H
0 15a-i ( )

Figure 8. Synthesis of amides 15a-i by Pd-catalyzed carbonylation.

Table 3. Affinities of 15a-i toward rat A,n and A, receptors, as
measured in radioligand binding assays®

Compound R? Ao (rat) Aj (rat)
K; (nM) K; (nM)

15a HNBu 1 120

15b HN" > Ph 2 14
P

15d N Ph 27 160
Me

OH

15¢ ﬂ 1 320
HN

15f HN™ >"pn 28 240

15g N O >250 >250
/

15h N NBn >250 >250
s
/ \ -

151 N N N >250 >250
AR/

#Refer to Tables 1 and 2 for details regarding rat membrane based
radioligand binding assays.

exhibit better potency than tertiary amides derived from
cyclic amines (15g—i).

Compound 15e, which incorporates the amino-ethylphe-
nol unit from ZM241385 (3), exhibited high affinity (A,a
K; = 1nM) and impressive selectivity (300-fold) against
the A, receptor.

In summary, we have described the synthesis of a series
of triazolo[1,5-a]pyrazine-derived A, receptor antago-
nists by a novel route. The compounds obtained
through this route represent potential leads for the
development of analogs with good in vitro potency
and selectivity. Further details of our efforts to optimize
these properties through side-chain modifications will be
made in due course.
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Representative procedure for the synthesis of amidine
derivatives (8): N-(3,5-dibromo-pyrazin-2-yl)-thiophene-2-
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carboxamidine (8b). A stirred solution of 3,5-dibromo-
pyrazin-2-ylamine (7, 500 mg, 1.98 mmol), thiophene-2-
carbonitrile (260 pL, 2.04 mmol), and AICl; (232 mg,
1.74 mmol) in dichloroethane (5ml) was heated at
115 °C overnight. The mixture was allowed to cool to rt
and diluted with water (5 mL). After 30 min, the resulting
precipitate was collected and purified by column chroma-
tography (SiO,, THF as eluent) to afford 488 mg (68%) of
8b as a yellow solid, mp 250 °C (dec). "H NMR (300 MHz,
DMSO-dy); ¢ 7.22 (t, J=39Hz, 1H), 7.83 (dd,
J=48Hz, 1H), 7.99 (d, J=4.1 Hz, 1H), 8.49 (s, 1H),
8.88 (br s, 1H); MS: m/z = 361 (MH+).

Representative procedure for the synthesis of dibromo-
[1,2,4]triazolo[1,5-a]pyrazines (9): 6,8-dibromo-2-furan-
2-yl-[1,2,4]triazolo[1,5-a]pyrazine (9a). A mixture of com-
pound 8a (47 g, 0.14 mol), Pb(OAc)4 (95% purity, 160 g,
0.34 mol), and toluene (940 ml) was heated at reflux for
2 h. The reaction mixture was allowed to cool to rt and
concentrated in vacuo. The resulting residue was purified
by flash chromatography on silica using EtOAc in hexanes
(1:5 to 1:3) as eluent to afford 9a as a yellow solid (19.2 g,
40%), mp 250 °C (dec). 'H NMR (300 MHz, CDCl;): 6
6.60 (dd, 1H), 7.33 (d, 1H), 7.62 (d, 1H), 8.63 (s, 1H); MS:
miz = 343 (MH+).
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Camptothecin binds to a synthetic peptide identified
by a T7 phage display screen
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Abstract—An analysis of non-biotinylated camptothecin (CPT) binding to the C-20-biotinylated CPT binding peptide NSSQSARR
was carried out using two methods, quartz-crystal microbalance (QCM) and surface plasmon resonance (SPR). The peptide was
immobilized peptide on a sensor chip and showed a dissociation constant (Kp) of approximately 0.1 uM against CPT in QCM

and SPR experiments.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, rational molecular design based on docking
simulations has emerged as a major approach for gener-
ating effective anti-tumor agents. The drugs Gefinitib
(ZD1839, Iressa) and Imatinib (STI571, Gleevec), which
are used for chemotherapy to treat non-small cell lung
cancer and chronic myeloid leukemia respectively, are
typical examples developed by this approach.!™> Target
validation is imperative at the outset of the drug devel-
opment process to minimize possible side effects. In
addition, physiological information, such as the dissoci-
ation constant (Kp) value, or binding information
deduced from simulations of docking between
compounds and their cognate binding domains is useful
for molecular drug design.

As discussed in a preceding article, we identified a CPT-
20-B-binding peptide sequence, NSSQSARR, by T7
phage display screen.* This sensitive method enables
the rapid determination of molecular targets from a
diverse range of proteins, including those that are mem-
brane-associated or subject to rapid turnover. Further-
more, sets of small molecules, such as biotinylated
derivatives, can be used as baits, providing direct

Keywords: Camptothecin; Binding peptide; QCM; SPR.

* Corresponding authors. Tel.: +814 7124 1501x3400; fax: +81 4 7123
9767 (E.S.); tel./fax: +814 7121 3671 (S.K.); e-mail addresses:
kobayash@rs.noda.tus.ac.jp; sugawara@rs.noda.tus.ac.jp

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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information about the binding domains in larger pro-
teins. To date, only a few examples have been reported
of target validation using functional small molecules in
phage display technology.>!!

Here, we carried out a kinetic analysis of QCM and SPR
experiments measuring the binding of non-biotinylated
CPT to a synthetic CPT-20-B-binding peptide. We also
describe a docking simulation carried out using Insight
II/Discover program (Accelrys Inc., San Diego, CA,
USA).

2. Results and discussion
2.1. Kinetic analysis by QCM

A 27-MHz QCM (AffinixQ, Initium Inc., Tokyo, Japan)
was employed to analyze the interaction between CPT
and peptide.'>!'3 The synthetic peptide was immobilized
on a ceramic sensor chip using an amine coupling reac-
tion. Four different concentrations of CPT were added
to the peptide immobilized on the ceramic sensor chip
with a gold surface. The binding of CPT to this peptide
was calculated by monitoring the alterations in frequen-
cy (AF) resulting from changes in mass on the electrode
surface. As shown in Figure 1A, the frequency decreased
after injecting each concentration of CPT, confirming
that CPT binds to this peptide. Linear-reciprocal plots
showed linearity, indicating that CPT showed Langmuir
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Figure 1. QCM analysis (AffinixQ). Four different concentrations of
CPT (0.01, 0.05, 0.1, and 0.5 pM) were added to a cuvette in which
they interacted with peptide immobilized on a gold electrode surface of
a ceramic sensor chip. (A) Interaction of CPT with NSSQSARR.
1 Hz =30 pg. (B) Linear-reciprocal plot of concentration (UM)/AF
(Hz) against various concentrations of CPT.

type 1:1 binding to the peptide (Fig. 1B). The Kp value
of CPT binding to the peptide, NSSQSARR, was
94 nM.

2.2. Kinetic analysis by SPR

An SPR biosensor, an interaction analysis instrument of
the flow injection type, was also employed to analyze the
interaction between CPT and peptide. The resulting Kp
value was compared to that obtained by QCM, which
employs a cuvette-type analytical apparatus. Five differ-
ent concentrations of CPT were used to measure the
binding of CPT to the peptide, which was immobilized
on a CMS5 sensor chip by amine coupling. CPT bound
to the peptide, showing low rates of association and dis-
sociation. The kinetic constants for the interaction were
determined by fitting the SPR association and dissocia-
tion curves obtained at various concentrations of CPT.
Kp values were calculated by global fitting using BIA-
evaluation 3.2 software. The resulting Kp value was
112 nM (Table 1). Result from the SPR analysis agrees

Table 1. Kp values for binding of CPT to the peptide NSSQSARR
obtained from QCM and SPR analyses

QCM* SPR®
Kp (nM) 94 112

#Value was calculated from linear-reciprocal plot by using AQUA
verl.5 software (Initium Inc.).

®Value was calculated from global fitting by using BlAevaluation 3.2
software (BIAcore).

to that obtained by QCM, confirming the binding
between CPT and NSSQSARR.

2.3. Docking simulation of CPT binding to the NSSQ-
SARR peptide

A docking simulation using InsightIl/Discover (Accelrys
Inc.) was carried out to further investigate the interac-
tion between CPT and NSSQSARR. Results indicated
that the polycyclic moiety of CPT fits into a complemen-
tary groove formed by the peptide and that hydrogen
bonding strengthens these interactions, in particular
hydrogen bonds that form (1) between the carbonyl oxy-
gen of Arg8 and the hydroxyl group at C-20 of CPT,
and (2) between the guanidine moiety of Arg7 and the
carbonyl oxygen at C-16a of CPT (Fig. 2).

We are currently validating the candidate protein of
CPT from a homology search using NSSQSARR as a
query followed by binding analysis with QCM and SPR.

Figure 2. (A, B) Docking simulation of CPT with NSSQSARR, the
peptide identified using a phage display method. The structure of CPT
is shown in yellow. The atoms comprising the structure of NSSQ-
SARR are color coded: carbon in gray; hydrogen in white; oxygen in
red; nitrogen in blue. The green dashed lines indicate hydrogen
bonding. This figure was prepared using Insight II/Discover (Accelrys
Inc.). (B) Peptide backbone is shown in white.
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3. Materials and methods
3.1. Peptide synthesis

The proposed CPT-20-B-binding peptide (NSSQ-
SARR), which was identified by a phage display
screen,* was synthesized by the Fmoc method using a
peptide synthesizer PS-3 (Aloka, Tokyo, Japan).
Fmoc-Arg (4.3 g, 6.5 mmol; Carbiochem, San Diego,
CA, USA) was reacted with DCC (0.64 g, 3.1 mmol)
in CH,Cl, (25 ml) for 10 min at room temperature to
synthesize Fmoc-Arg anhydride [(Fmoc-Arg),0]. After
filtration through celite and concentration in vacuo,
(Fmoc-Arg),O was reacted with  Wang-resin
(75-150 pm, 1.6 g, 1.65 mmol; Wako, Osaka, Japan)
with DMAP (95mg, 0.778 mmol) in dried DMF
(10ml) for 1 h at room temperature on a shaker to
produce an Fmoc-Arg-Wang-resin. By using 200 mg
(0.2 mmol) of this resin and adding 0.1 mmol of each
amino acid (Carbiochem) sequentially, the peptide
chain (NSSQSARR) was extended from the C terminal
to the N terminal end by repeating the process of
Fmoc deprotection using 20% piperidine in DMF
(6 ml), activation by HBTU (75.8 mg, 0.1 mmol) and
0.4 M 4-methylmorpholine in DMF (3 ml), and amino
acid coupling with the resin. The resultant material was
treated with 5 ml of cleavage cocktail (0.75 g phenol,
0.25ml 1,2-ethanedithiol, 0.5 ml thioanisole in 10 ml
of 95% TFA) to cleave the peptide from the resin
and deprotect the side chains. After cold ether precip-
itation, the precipitant was washed with ether 3 times
and recovered for HPLC purification.

3.2. Peptide purification

The peptide was purified using a reverse phase prepara-
tive HPLC instrument (SSC-3461, Senshu Scientific, To-
kyo, Japan) equipped with a CAPCELL PAK C-18
column (¢20 x 250 mm, UG 120 A, Shiseido, Tokyo,
Japan) that was kept at 40 °C. A binary gradient with
a flow rate of 4 ml/min was employed; A phase: 0.1%
TFA aq, B phase: 0.1% TFA in acetonitrile. The gradi-
ent condition was 5% B (0 min) to 20% B (20 min), and
it was then held at 20% B for 10 min. The UV absorp-
tion at 210 nm was monitored using a UV detector
(SSC-5200, Senshu Scientific). The peak detected at
20 min was fractionated and dried up to obtain the puri-
fed NSSQSARR. The identity of the peptide was veri-
fied by TOFMS [ABI QSTAR, Applied Biosystems
Japan (ABI), Tokyo, Japan].

3.3. Kinetic analysis by QCM

Binding analysis of the interaction between CPT and
synthetic peptide was performed with a 27 MHz
QCM (AffinixQ).!%!! The synthetic peptide was immo-
bilized on a ceramic sensor chip by an amine coupling
reaction. A drop of 5mM DTDP in EtOH was applied
to a sensor chip to immobilize the DTDP directly on
the gold electrode surface of the chip by a Au-thiol
interaction. The sensor chip was then activated by
adding a coupling solution including 26 mM EDC
and 43 mM NHS. After immersing the sensor chip in

8 ml of saline solution (150 mM NaCl in 50 mM phos-
phate buffer, pH 7.0), the synthetic peptide was added
to the buffer and the immobilization was followed by
monitoring alterations in frequency (AF) resulting
from changes in mass at the electrode surface. This
immobilized peptide generated a signal of about
80 Hz, indicating that about 2.4 ng of synthetic peptide
was bound. CPT (0.01, 0.05, 0.1, and 0.5 pM) was then
added in buffer (150 mM NaCl in 50 mM phosphate
buffer, pH 7.0, 10% DMSO) at 25°C. AQUA verl.5
software (Initium Inc.) was then used to determine
the kinetic parameters.

3.4. Kinetic analysis by SPR

Binding analysis between CPT and synthetic peptide
was also performed with a SPR biosensor (BIACORE
3000, BIAcore, Uppsala, Sweden). The synthetic peptide
(200 pg/ml, 170 pl) in 10 mM carbonate buffer, (pH 8.5)
was injected over a CMS5 sensor chip at 10 pl/min cap-
tured on the carboxymethyl dextran matrix with an
amine coupling reaction. The surface was activated by
injecting a solution containing 200 mM EDC and
50 mM NHS for 14 min. The peptide was injected and
the surface was then blocked by injecting 1 M ethanol-
amine at pH 8.5 for 14 min. This reaction immobilized
about 500 resonance units (RU) of synthetic peptide.
Binding analysis of CPT was performed in buffer
(150 mM NaCl in 50 mM phosphate buffer, pH 7.0,
8% DMSO) using a flow rate of 20 pl/min at 25 °C.
BIAevaluation 3.2 software (BIAcore) was used to
determine the kinetic parameters.

3.5. Docking simulation to show formation of a complex
between CPT and NSSQSARR

An initial three-dimensional structure of CPT was gen-
erated and then refined by energy minimization using
the molecular modeling software Insight II/Builder
(Accelrys Inc.). All calculations were conducted on an
HP workstation wx4100 (3.4 GHz processor and
1024 MB of memory), running under the Red Hat
Enterprise Linux WS2.1 operating system. The initial
conformation of NSSQSARR was refined by energy
minimization using Insight II/Biopolymer (Accelrys
Inc.) and the molecular docking simulation of CPT
binding to NSSQSARR was performed in Insight II/
Discover using the consistent-valence forcefield (CVFF).
All torsions except the peptide bonds were uncon-
strained during the docking procedure. After docking
had been carried out, the lowest energy docked structure
was analyzed.
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Abstract—In an effort to generate novel anticancer agents, a series of hybrids of a-methylene-y-lactones and 2-phenyl indoles has
been synthesized and evaluated for inhibition activities on the phosphorylation of AKT, mTOR, p70S6 kinase, and 4E-BP1. The
results indicate that substitutes on the y-position of lactones have a rather significant influence on inhibition activities.

© 2005 Elsevier Ltd. All rights reserved.

In recent years, great efforts have been made to im-
prove the selectivity of anti-cancer agents by targeting
the cancer-specific proteins or signaling pathways.
Some small molecule compounds, such as gleevec,'
against these targets have been developed and ap-
proved for use in clinical practice. On the other hand,
these successes also reversely promote further studies
on these new targets.

AKT-mTOR signaling pathway kinases, important
components of intracellular signal systems, have been
receiving increasing interest for their significant effect
upon cell growth and oncogenesis. Mammalian target
of rapamycin (mTOR) is considered a member of the
PIK-related kinase family, with its C-terminus sharing
strong homology to the catalytic domain of PI3-kinase
(PI3K). PI3K and potentially protein kinase B (PKB;
Akt) lie upstream of mTOR acting as apoptotic regu-
lators, which are activated in many cancers and may
promote drug resistance in vitro.> Ribosomal p70S6
kinase (p70S6K) and eukaryotic initiation factor-4E
(eIF-4E) binding protein isoforms (4EBP1-3) are typi-
cal downstream mTOR effector molecules.®* mTOR
activates p70S6K by phosphorylating the Thr 389 of

Keywords: Indole o-methylene-y-lactones; AKT-mTOR signaling
pathway kinase; Inhibitors.
*Corresponding  author. Tel./fax: +86 21
chyang@mail.shene.ac.cn

50806770; e-mail:

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.050

p70S6K. The p70S6K is recognized as the regulation
kinase of the multiple phosphorylation of 40S ribo-
somal protein S6 in vivo so as to control the tran-
scription of a class of mRNAs that contain an
oligopyrimidine tract at the transcriptional start site.*
elF4E is negatively regulated by 4E-BP1. mTOR-med-
iated phosphorylation of 4E-BP1 dissociated the 4E-
4E-BP1 complex, freeing 4E for its primary function
of binding to the cap structure of mRNA as part of
the translation initiation complex.’ eIF4E exerts a
mitogenic and oncogenic effect through activation of
the Ras signaling pathway.®

Wortmannin (Fig. 1), isolated from the culture broth of
Talaromyces wortmannii KY12420, has shown strong
inhibitory activities for mTOR (ICsy =40 nm).” Its
activity may come from a near planar structure and an
electrophilic exocyclic double bond conjugated to the
carbonyl group of the 3-lactone ring.® Furthermore, in-
dole rings, especially those substituted by alkyloxy or

Figure 1. Wortmannin.
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hydroxy groups, are found in many natural products
with anticancer activities.® Here, we report the prepara-
tion and biological evaluation of a series of novel conju-
gates that combine indoles and a-methylene-y-lactones
keeping functional groups of the d-lactone ring, tending
to find some small molecule compounds showing inhib-
itive activities to the AKT-mTOR signaling pathway
kinases.

Ethyl 2-(bromomethyl)acrylate was prepared as report-
ed in the literature,'%!! and the indoles were obtained
by the Fischer method. Schemes 1 and 2 illustrate the

15: R'=HO, R?=H, R3=CH3,
16: R'=H, R%=HO, R®=CH,

Scheme 4.
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Figure 2. Western blot analysis was performed as follows. Rh30 cells were starved in serum-free RPMI-1640 culture medium for 24 h and then
treated with 50 pM compounds for 1.5 h at 37 °C. Kinase phosphorylation was stimulated by 100 ng/ml EGF for 10 min. Cells (10°) were collected by
centrifugation at 3000 rpm for 3 min, washed with pre-cooled PBS for two times, and then resuspended in lysis buffer on ice for an hour. The lysates
were centrifuged at 13,000 rpm for 15 min at 4 °C. Equivalent amounts of proteins were analyzed by 10% or 15% SDS-PAGE. After electrophoresis,
the proteins were transferred onto nitrocellulose membrane (Millipore). After blocking the non-specific binding in blocking solution (5% non-fat milk
in TBS/Tween 20), membranes were incubated with appropriate antibodies to: phosphorylated-AKT (1:1,000), phosphorylated-p70S6K (1:1,000),
and phosphorylated-4EBP1 (1:1000), B-actin (1:1,000) at 4 °C overnight. Proteins were visualized with a peroxidase-coupled secondary antibody,

using ECL-plus for detection. B-Actin served as loading control.

synthesis of N-indolyl-ketones or aldehydes 4 and 6. We
first used ethyl a-bromoacetate as the alkylation agent
to obtain indole derivatives 2. Compounds 2a—c¢ could
then be reduced by LiAlH4 to alcohols, which were sub-
sequently oxidized to the corresponding aldehydes 4 via
the Moffat reaction (Scheme 1). 2 could also be hydro-
lyzed to their corresponding carboxylic acids, and treat-
ed with methyl lithium, and then the ketones 6 were
obtained with a lesser amount of indoles 2 (Scheme 2).

Interestingly, we found that when indole carboxylic
acids were treated with alkyl lithium in dry Et,O,
the products were obtained readily. But when the
reaction was carried out in a solution of dry THF,
the corresponding indoles were obtained, while no ke-
tones were produced. The desired compounds 7-14
were then synthesized by reacting intermediates 4 or
6 with ethyl 2-(bromomethyl)acrylate and zinc powder
in dry THF (Reformatsky-type condensation) just as
Ohler et al. had reported (Scheme 3).'> Compounds
15 and 16 with a hydroxy substitute were prepared,
respectively, by hydrolysis of the corresponding com-
pounds 12 and 14 in dilute hydrochloride solution,
as shown in Scheme 4.

The impact of compounds 7-16 on the phosphorylation
of AKT, mTOR, p70S6K, and 4E-BP1 in RH30 cell line
is shown in Figure 2. To exclude the interference of mul-
tiple growth factors in serum, we starved cells overnight
and used 100 ng/ml EGF to stimulate unspecific reaction
on many signal transduction kinases. Western blot re-
sults illustrated that four kinases we investigated were
in a hypophosphorylated state after starvation and
showed rather good identity when treated with target
compounds.

In these 10 lactones, compounds 7, 8, and 9, without
possessing a methyl substituent at the y-position of
the lactone, showed more remarkable inhibitory effects

on the phosphorylation of AKT, mTOR, p70S6
kinase, and 4E-BP1 at 50 uM than other methyl-con-
taining compounds 10-16, and the former compounds’
activity is nearly equal to that of wortmannin in Fig-
ure 1. The good inhibition activity of compounds 7, 8,
and 9 implies that less substitution on the lactones is
favorable. However, compared to the apparent effect
of space hindrance, the nature of substituents on in-
doles influences the inhibition ability slightly.

It can also be seen from Figure 1 that compounds 13,
14, and 16 with substituents on 2-phenyl ring show a
better inhibition ability than their counterparts 11, 12,
and 15 with substituents on the indole ring. Moreover,
substitution with alkoxy group seems to be not
advantageous as appearing in compounds 11, 12,
and 13.

The present work not only gives the chemical synthesis
of novel a-methylene-y-lactone-indoles hybrids but also
their inhibition ability on the phosphorylation of AKT,
mTOR, p70S6 kinase, and 4E-BP1. Initial results indi-
cate that keeping the y-position of the lactone not
substituted is crucial for the inhibition activity. Besides,
a methoxy substituent on the phenyl is more favorable
than on the indole ring.
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Abstract—Herein is described a new class of selective o; ligands consisting of tetrahydroisoquinoline-hydantoin (Tic-hydantoin)
derivatives. Compound 1a has high affinity (ICso = 16 nM) for o receptor and is selective in a large panel of therapeutic targets.
This study presents structural changes on the side chain of the Tic-hydantoin core. Analogs of higher affinity could be identified

(ICSO ~2-3 HM)
© 2005 Elsevier Ltd. All rights reserved.

To date, multiple ¢ binding sites have been identified
and o receptors are classified into two distinct subtypes
denoted as o; and o,.! Recent evidence has indicated
that o; receptors may be involved in regulating a variety
of neurotransmitters in the central nervous system,
including cholinergic,?* dopaminergic,* and glutamater-
gic systems.>® Thus, there is a sustained interest for
using selective o ligands, which stems from the possibil-
ity of developing new drug candidates particularly for
the treatment of depression,” psychiatric disorders,
memory deficits, or drug addiction.®° o, ligands may
be developed for attenuating motor side effects associat-
ed with typical antipsychotic agents or for diagnossis
and treatment of cancer.

In a profile screening, compound 1a (Fig. 1) was identi-
fied as an interesting ligand of guinea pig o; receptor
with an ICsy of 16 nM. Binding of this compound at

Keywords: Hydantoin; Tic; o-Receptors; Selectivity.
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Figure 1. Compounds 1a and 1b.

o, receptor could be explained by the association of
an aromatic moiety and a nitrogen atom. That type of
structure has previously proved to be a pharmacophoric
element in the binding of a series of phenylalkylpiperi-
dines and phenylalkylpiperazines to ¢ receptors.!°

The tetrahydroisoquinoline-hydantoin (Tic-hydantoin)
core was of particular interest on account of the specific-
ity of the pharmacological profile obtained for com-
pound 1a.'l

Two parallel studies were investigated to improve the
affinity of the lead compound 1a toward o; receptor.
The first study, described in the previous article, dealt
with structural changes on the Tic-hydantoin core, while
preserving the alkylpiperidine moiety of compound 1a.
In this letter, parallel work consisting in the study of
the side chain of compound la while preserving the
Tic-hydantoin core is reported. Two series of com-
pounds were designed (Fig. 2).

First, the piperidino group was replaced by differently
substituted piperazino moieties, while conserving the
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A series B series

Figure 2. Target compounds.

two and three methylene linkers, which were found to be
relevant in our parallel study (A series). Indeed, affinity
of compounds 1la and 1b (Fig. 1) for o; receptor
(IC5p =16 and 21.5nM, respectively) and selectivity
were equivalent.

Second, the structure was varied according to a model
(Fig. 3) recently proposed to account for the binding
of ligands at o, receptor (B series).!%1%13

In this model, a nitrogen atom appears as a required
pharmacophoric element between two hydrophobic aro-
matic regions: the first corresponding, restrictively, to a
phenyl ring, whilst the second tolerates various structur-
al features because it likely spills over a region of bulk
tolerance (Fig. 3). The Tic-hydantoin core could play
the role of this second hydrophobic group.

To obtain compounds 5a—j of A series (Table 1), the
starting material was commercial (S)-(—)-1,2,3,4-tetra-
hydroisoquinoline-3-carboxylic acid 2 (L-Tic-OH)
whose secondary amine function was protected using
Boc,O before its transformation into methyl ester 4
(Scheme 1). The release of the amine function was real-
ized by treatment with a TFA/CH,Cl, 1:1 mixture.

The urea was formed and cyclization was achieved as
described in the previous article in a “one pot” reaction
by the action of appropriate 3-chloropropyl- or 2-chlo-
roethylisocyanate in a DIEA/CH,Cl, mixture.!"-!* Com-
pounds la-b and 5a—j were obtained by nucleophilic
substitution of the chlorine atom.

For compounds 10a-r of the B series (Table 2), the meth-
od described in Scheme 1 was first tried using appropriate
chloroalkylisocyanates with the additional step of substi-
tution of the chlorine atom by N-alkylmethylamine. This
procedure was feasible when using primary amines
(R = H), for instance N-benzylamine and 4-phenyl-1-
butylamine, led to compounds 10a and 10b, respectively,

Proton Donor Site

Region of
Bulk Tolerance
25-39A 6-10A

(optimum binding : 8.3 A)

v
Region tolerates
small groupsonly
Secondary Binding Site . Primary

Toleratesbulk Hydrophobic site

Figure 3. Pictorial representation of proposed features for o,
binding.'°
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Table 1. o-binding assays on compounds la-b and 5a-j. Mean
ICso £ SD values for two to three independent experiments are shown

@]

NK

o
Compound NRR’ 1Cs5p 6, (nM)
Haloperidol — 2.1+03
la N ) 163
Sa N N— >100
_/
/N -
5b N TN >1000
N \
5c NS >100
_/
N
5d 2 /\ N >100
N N
1b 3 N > 21.5+40
Se 3 N N— >100
_/
/ N\ _
5f 3 N NN >100
__/ \
5g 3 NS >100
_/
Sh 3 /—\N 326
N/ o
. bl
5i 3 p/ 238 +3.7
N N
\__/
5§ 3 82.3+10.9
e,
COOH , COOH COOCH,
NBoc NBoc
o)
N
Ko
la-b and 5a-j

Scheme 1. Reagents and conditions: (a) Boc,O 1.1 equiv, NaOH | M
1.1 equiv, dioxane, rt, 12'h, 98%; (b) (i) Cs,CO; 0.5 equiv, H,O,
MeOH, rt, 10 min, (ii) CH3I 1.1 equiv, DMF, rt, 12 h, 90%; (c) (i)
TFA/CH,CI, 1:1, rt, 30 min, (ii) DIEA 15 equiv, CH,Cl,, rt, 15 min,
(iii) 3-chloropropyl- or 2-chloroethylisocyanate 2.5 equiv, CH,CL, rt,
12 h; (d) HNRR’ 8 equiv, K,CO3 3 equiv, CH;CN, reflux, several
hours, 30-70%.

in medium overall yields (50 and 35%, respectively). But
the first attempts using N-methylbenzylamine gave poor
overall yields, respectively, 16 and 9% for n =2 and 3
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Table 2. c-binding assays on compounds la and 10a—o

/H@ B series

Compound R n m IC50 (&3] (HM) IC50 (o)) (HM)A Ratio 62/013
Haloperidol 2.1+03 70 £ 20 33
la — — 16+£3 >1000 >60
10a H 3 1 9.6+14 >1000 >100
10b H 3 4 1052 nd nd
10c CHj; 2 1 4510.1 972 £ 41 216
10d CH; 2 2 126 £ 1.6 nd nd
10e CH; 2 3 13.6+1.9 nd nd
10f CH; 2 4 32+0.2 358 £ 60 112
10g CHj; 2 5 29%0.1 >1000 >340
10h CH; 3 1 39+0.1 502 £98 129
10i CH; 3 2 2.1%0.1 2111 10
10j CH; 4 1 42+£0.1 >100 >20
10k CHj; 4 2 9.9+0.1 nd nd
101 CH; 5 1 50+£09 81£16 16
10m CH3 5 2 11.7+0.3 nd nd
10n CH; 6 1 94+£18 nd nd
100 CHj; 6 2 29.5%3.6 nd nd
10 Q

p - 3 1 >100 nd nd
10q _ 1 2440.1 24+ 11 10
10r CH; 3 0 >100 nd nd

Mean ICsy = SD values for two to three independent experiments are shown.

“nd, not determined.

(compounds 10c¢ and 10h). Under the same conditions,
compound 10d was obtained from N-methylphenethyl-
amine in poor yield (15%). N-methylphenylalkylamines
showed indeed low reactivity, resulting in an increase in
time of reaction and then decomposition of the com-
pounds under the heating conditions. Thus, another strat-
egy was to introduce diversity directly on the amine,
before coupling with the Tic-hydantoin core. Protected
amines 8c—o were first synthesized in a three-step process
starting from an appropriate alkylaminoalcohol (Scheme
2). Then, the deprotected amines were coupled with Boc-
L-Tic-OH 3 using HOBt/EDCI activation. After depro-
tection of the secondary amino group, 1,1’-carbonyldiim-
idazole (CDI) was used to yield hydantoins 10c—o. This
procedure allows easy access to diversify hydantoin based
products further.'> Experimental procedure was opti-
mized to allow rapid synthesis of a large set of hydantoins.

This last method could not be used to obtain secondary
amine derivatives, such as compounds 10a and 10b. In-
deed, when trying to obtain compound 10a using the
CDI method, the secondary nitrogen atom of the amino
derivative 9a reacts with CDI during the cyclization step
to give the compound 10p (Scheme 3). The use of one
equivalent of CDI did not avoid this secondary reaction.

Finally, two more compounds were synthesized using
this last method: 10q with a more rigid scaffold (from
4-amino-1-benzylpiperidine) and 10r with a less basic
nitrogen atom (starting from N-(3-aminopropyl)-/N-

Q.0
N\ 7,
a, b S c
Nt Trom B BOCHN%T{\)@ S0

6a-e Ta-e
n=2t6 n=2t6 ‘d,e
(0]

o)

O 10c-o 9c-0

Scheme 2. Reagents and conditions: (a) Boc,O 1.1 equiv, CH,Cl,, rt,
12h; (b) MsCl 1.3 equiv, TEA 2 equiv, CH,Cl,, 0°C, 2h; (c)
phenylalkylmethylamine 3 equiv, K,COj; 4 equiv, CH;3CN, 40 °C, 24—
72 h; (d) (1) TFA/CH,CI, 1:1, rt, 30 min, (ii) DIEA 15 equiv, CH,Cl,,
rt, 15 min; (¢) compound 3 1 equiv, HOBt 1.1 equiv, EDCI 1.1 equiv,
CH,Cl,, rt, 12 h; (f) (i) TFA/CH,Cl, 1:1, rt, 30 min, (ii) DIEA 15
equiv, THF, rt, 15 min; (g) CDI 2 equiv, THF, reflux, 12 h.

methylaniline) to verify the importance of the binding
of this nitrogen with a proton donor site (Fig. 4).

All the compounds were assayed in binding assays on
guinea pig cerebral cortex g; receptor using haloperidol
as reference compound. For compounds showing high
o; affinity, binding assays were also performed on rat
o, receptor.!®!” The specific ligand binding to the
receptors is defined as the difference between the total
binding and the non-specific binding determined in the
presence of an excess of unlabeled ligand. The biochem-
ical results are presented as ICsy value, concentration
causing a half-maximal inhibition of control-specific
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o

o

o
SO OO o

10p

Scheme 3. Reagents and conditions: (a) (i) TFA/CH,Cl, 1:1, rt, 30 min, (ii) DIEA 15 equiv, THF, rt, 15 min; (b) CDI 2 equiv, THF, reflux, 12 h,

30%.

SOy, ™

Figure 4. Compounds 10q and 10r.

binding?® (Tables 1 and 2). Some compounds were
tested for cytotoxicity upon a human diploid embryonic
lung cell line (MRC-5 cells) using the colorimetric MTT
assay (Table 3).2!

With regard to A series (Table 1), introduction of ben-
zylpiperazine templates results in retention of o, affinity
(compounds 5h and 5i). In contrast, the piperazines 5b—
g, which are not substituted by aromatic groups, lost o,
affinity. The 4-amino-1-benzylpiperidinyl compound 5j
showed moderate o, affinity. In this series, a second
hydrophobic group seems to be required for o affinity,
which is consistent with the previously proposed model
(Fig. 3). As stated in Introduction, it was first considered
that the Tic core fitted in the left hydrophobic site of the
proposed model due to the fact that this site was likely
to tolerate steric bulk. However, it was recently suggest-
ed that the right hydrophobic, could tolerate steric bulk
as well.?? Taking that into account, it was suggested that
two modes of binding may be possible: binding of the
Tic core at the left hydrophobic site or at the right
one. Whether the Tic core binds at the left or right re-
gion might be depending on the presence or not of a
benzylic moiety.

Most active compounds of the A series were submitted
to o, binding test, but very low inhibition percentages
were obtained at 10 uM, showing a good o,/c ratio.

With regard to B series, the o affinity was enhanced for
a great majority of compounds (except compounds 10d,
10e, 100, 10p, and 10r) compared with the lead com-
pound la. This suggests that there is no minimal chain
length requirement. Conversely, increasing the distance

Table 3. Cytotoxicity on MRC-5 cells and selectivity index

Compound CCso (UM) IS

10b 31+1 2952
10c 107 £4 23778
10e 136 £7 10000
10h 196 £ 11 50256
10k 106 £3 10707
101 101 £20 20200

Mean CCsy £ SD values for two to three independent experiments are
shown.

between the two aromatic groups (compound 10o:
n,m = 6,2) was detrimental to the o, affinity.

The compounds of B series were designed according to
Glennon’s model, which describes optimum length for
the chain linking the nitrogen atom and the phenyl ring.
Regardless of the lower o, affinities of the compounds
of B series compared to the affinities of the phenylpiper-
azines or phenylpiperidines described in Glennon’s
work,!? the spacer length on both sides of the central
nitrogen atom does not seem to significantly influence
the affinity. For instance compounds 10c¢ (n,m = 2,1),
10f (n,m = 2,4), 10g (n,m = 2,5), and 101 (n,m = 5,1) dis-
played similar affinity. Assuming that the Tic core binds
at the left hydrophobic site would then lead to the con-
clusion that there is actually no direct correlation be-
tween the affinity and respective side chain length.
Nevertheless, present results could also be interpreted
in terms of different ways of binding. The decrease in
affinity from 10c (n,m = 2,1; IC5y = 4.5 nM) to 10d and
10e (n,m = 2,2 and 2,3; ICso = 12.6 and 13.6, respective-
ly) could be explained by the hypothesis that these com-
pounds bind in one way which is disfavored by an
increase in chain length. The fact that compounds 10f
and 10g (n,m =24 and 2,5; IC5y=3.2 and 2.9 nM,
respectively) showed similar affinity as 10c, despite their
even longer side chain, could then be explained by the
existence of another (opposite) way of binding.

However, conclusions can hardly be drawn without
further investigations.

The significant loss of affinity for compounds 10p and
10r confirmed the contribution of the proton-accepting
nitrogen atom for o receptor binding, as previously de-
scribed by Glennon. The secondary amino compound
10a showed a slightly lower o; affinity than its tertiary
N-methylated analog 10h. More constrained compound
10q provided an increase in affinity but detriment to the
selectivity o,/o;.

A preliminary study of the cytotoxicity upon MRC-5 cells
of some compounds from the B series was investigated to
evaluate the therapeutic potential of this series. As shown
in Table 3, tested compounds present a low cytotoxicity
with CCsq values superior to 100 uM for tertiary amino
compounds. All these compounds provided a selectivity
index (ratio CCso/ICsy on o receptor) superior to
10,000. Replacement of the tertiary nitrogen by a second-
ary nitrogen (compound 10b), in addition to be detrimen-
tal to the affinity, seems to increase the cytotoxicity.

By holding the Tic-hydantoin template constant, it has
been possible to explore the nature of the side chain.
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It led us to optimize the affinity of the lead compound 1a
by highlighting new selective o; ligands with high affin-
ity, among them being compounds 10f, 10g, and 10h.
This study was performed in parallel to the evaluation
and optimization of the Tic-hydantoin core described
in the previous article. Further investigations combining
the results of these two studies should allow us to reach
o, ligands with higher affinity and better selectivity.
Nevertheless, with such a high selectivity index, the de-
scribed compounds could be considered as potential
leads or candidates for therapy.
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Abstract—A novel series of inhibitors of cancer cell proliferation, selective against p21 cell cycle checkpoint-disrupted cells vs. cells
with intact p21 checkpoint, were identified by high-throughput screening. Optimization of both ends of the lead molecule to improve
potency, using parallel synthesis and iterative design, is described. The 2-(1,4-dibenzodioxane)-substituted derivative 14 was iden-
tified as a highly selective and potent agent displaying an ICsy of 91 nM in the p21-deficient cell line.

© 2005 Elsevier Ltd. All rights reserved.

Cell cycle checkpoints are signal transduction pathways,
which ensure that each step in the cell division cycle, has
been successfully completed before the onset of the next
phase.! Loss of checkpoint control is a hallmark of tu-
mor cells, as it is thought to increase the mutation rate,
allowing a more rapid progression of cells to the tumor-
igenic state.!> However, inactivation of these check-
points results in aberrant responses to cellular damage.
This failure of checkpoint responses in malignant cells
can be exploited in cancer drug discovery. Identification
of compounds that selectively kill checkpoint-deficient
cells can be expected to preferentially target tumor cells,
while sparing normal cells.>*

The p53 tumor suppressor gene is a major regulator of
the G1/S-phase checkpoint and one of the most com-
monly mutated genes in human cancer.>® p21, a down-
stream effector of p53, inhibits the cyclin-dependent
kinases and arrests cell cycle progression in response to

Keywords: Inhibitors of cell cycle progression; Parallel synthesis;

Tubulin binding.
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3045; e-mail: jenninl@wyeth.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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environmental insults causing DNA damage’ or micro-
tubule perturbation.® Disruption of this checkpoint by
deletion of the p21 protein leads to failure of the cell
to arrest, leading to endoreduplication, and finally, to
apoptosis.”!? p21-deficient cells show increased sensitiv-
ity, compared to isogenic p21-proficient parental cells, to
a variety of clinically used antineoplastic drugs, validat-
ing the role of checkpoints in chemosensitivity.

We have prepared p21-deficient cells from human colon
carcinoma cell line HCT116 by targeted deletion of the
p21 gene.” HCT116, the parental cell lines from which
the p21—/— cells were derived, is one of the few colon
cancer cell lines with an apparently intact p21 check-
point. We anticipate that a search for compounds that
preferentially kill the p21-deficient cells, compared to
the p21-proficient cells, will enable us to identify com-
pounds that are not simply toxic, but have selectivity to-
ward cells defective in checkpoint control. Targeting
these cells should improve the likelihood of obtaining
lead molecules that preferentially inhibit the growth of
tumor cells rather than normal cells, a requirement for
an anticancer agent. Furthermore, since loss of p2l
checkpoint is a hallmark of cancer (primarily through
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mutations in the upstream activator, p53), these com-
pounds are widely used in treating a variety of them.

High-throughput screening using the p21-knockout iso-
genic cell screen described above led to the identification
of two leads, pyrazolo[1,5,a]pyrimidin-7-yl phenyl amide
1" and 2-(3,4,5-trimethoxyphenyl)-tetrahydrobenzothi-
eno[2,3-d]pyrimidin-4(3H)-one 2.'> Preliminary SAR
studies by others in our group'? indicated that either the
4-methoxy or 3,4,5-trimethoxy substitution pattern on
the phenyl ring of 2 was necessary for its activity. Replace-
ment of the methoxy groups with chloro, methyl, or nitro,
or deletion or rearrangement of the methoxy groups gave
much less active compounds. The exocyclic oxygen was
important to activity and conservative modifications to
the tetrahydrobenzene ring were tolerated, giving slightly
more active compounds. We presumed that a more
thorough investigation of both the phenyl group and
the tetrahydrobenzene ring SAR could be carried out
using a parallel synthesis. Here, we report both the
strategies adopted by us and the results of our effort.
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The compounds in this study were all made following the
published procedure for the preparation of thienopyri-
midinones.'? 2-Amino-thiophene-3-carboxamides were
prepared from cyclic ketones via the Gewald thiophene
synthesis'* and the fused ring thiophene intermediates
were, in turn, condensed with aldehydes in parallel to
give the desired thienopyrimidinones (Scheme 1). As
the capacity of the team to assay new compounds was
limited to a certain extent, we rejected the idea of making
a full combinatorial library using large sets of ketone and
aldehyde building blocks. Instead, we first investigated
the effect of variation of the aromatic substituent
(right-hand side) on activity, while keeping the left-hand
side of the molecule constant.

Table 1. Inhibition of p21+/+ and p21—/— cell proliferation by 5,6,7,8-tetrahydrobenzothieno[2,3-d]pyrimidin-4(3H)-ones

NC._CONH -
TP R }ﬁ\NHz
{
Sulfur \\—" /S \ NH2
morpholine
EtOH, 60 °C, 1 hr 3a]
R2-Z\-CHO
N Re Vo
Jf
HCI (cat)
n-butanol
80 °C, 10 hr 4-23

Scheme 1. General route for the preparation of thienopyrimidinones.

The collection of aldehydes available to us for use in syn-
thesis was so large that a physical property-based design
approach to select building blocks from this large set
(i.e., limiting the number of building blocks) had to be
adopted.!> First, physical properties [MW, hydrogen
bond donor and acceptor counts, flexible bond counts,
clogP, CMR, PSA, and MW of substituents in the ortho,
meta, and para positions (where applicable)] of the 133
available benzaldehydes and heteroaryl aldehydes were
calculated. Second, three principal components (vectors
of property space) of this resulting data set were identified
via multivariate analysis using SIMPCA-P.'®!7 Two
selections of aldehyde building block sets were made using
this information: (1) a ‘diversity’ set of 12 aldehydes was
selected by D-optimal selection using the principal
components and (2) a ‘similarity’ set of 13 aldehydes
was selected on the basis of closest similarity to 4-meth-
oxybenzaldehyde. Additionally, a third set was selected
by hand from a set of commercially available heterocyclic
aldehydes. In total, 47 aldehydes were selected. Products
of the reaction of 2-amino-4,5,6,7-tetrahydrobenzo[b]-
thiophene-3-carboxamide (3a) with the selected alde-
hydes were prepared'® and tested for both activity and
selectivity for the p21—/— cells over the p21+/+ cells
(Table 1). Alone out of the entire compound set, the
new thienopyrimidinone 4, having the 2-(1,4-dibenzodi-
oxane) substituent, evoked cell death in the p21—/— cell
line at a submicromolar dose (ICsy p21—/— cells,
0.42 uM, n = 2), with excellent selectivity for p21—/— cells
over the p21 proficient cells. This discovery represented a
substantial improvement over the lead.

19.21

Qg
[

Compound R! p21+/+ ICsy (uM) p21—/—= 1Cso (LM) Ratio
2 3,4,5-Trimethoxyphenyl >20 2.8 >9
4 2,3-Dihydro-benzo[1,4]dioxin-6-yl >20 0.42 >47
5 4-Hydroxy-naphthalen-1-yl 8.4 1.7 5
6 [2,2"]Bithiophenyl-5-yl >20 9.3 >2
7 2-Bromo-3,4-dimethoxyphenyl >20 9.3 >2
8 3-Acetyloxyphenyl >20 12 >2
9 3-Chloro-4-hydroxy-5-methoxyphenyl >20 12.5 >2

10 4-Isopropenyl-cyclohex-1-enyl >20 12.8 >2
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In the second phase of our optimization of 2, we pre-
pared a 9 x 6 combinatorial array comprised of the reac-
tion of nine differently substituted 2-amino thiophene-3
carboxamides 3b—j, prepared from nine commercially
available cyclohexanones and piperidin-4-ones, with
six aldehydes. Thirty-two out of 54 possible reaction
products were successfully prepared and purified in par-
allel. Result from testing these products in our assay
(Table 2) confirmed the desirability of the 2-(2,3-
benzo[1,4]dioxinyl)-thienopyrimidin-4-one  substituent
group and revealed further novel compounds 11-23 use-
ful for inducing apoptosis in p21—/— cells in preference
to p21+/+ cells. Compound 11 (ICsy p21—/— cells,
0.091 uM, n = 3) represented a second significant ad-
vance in potency over the lead. Furthermore, enrich-

Table 2. Inhibition of p21+/+ and p21—/— cell proliferation by fused thieno[2,3-d]pyrimidin-4-ones

(0]
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ment of the second library in active compounds
(ICs59 < 10 uM), relative to the first library, was pro-
nounced, a testimony to our success at identifying
right-hand side substituents in the first iteration that
improved activity.

The most potent compounds from the two libraries were
selected for further characterization in a panel of human
colon carcinoma cell lines (Table 3). Compounds dis-
played moderate to good potency across the panel.
Potency seemed to track with potency of the lethal effect
on p21—/— cells. To assess the therapeutic potential of
the best compound from this series, 11 was tested in a
human LoVo cell xenograft model in nude mice. Disap-
pointingly however, 11 was not active at either 30 or

20,21

1 -
RN NH
AN/ /)\Rz
S N

Compound R! R? p21+/+ ICso (uM) p21—/— ICsy (UM) Ratio
o ¥
11 )*N\’g_ 2,3-Dihydrobenzo[1.4]dioxin-6-yl 3.8 0.091 42
(0]
o ¥
12 )’N\’é' 2-Benzo[1,3]dioxol-5-yl 6.8 0.68 10
(0]
o ¥
13 )—N\’ ) 4-Methoxyphenyl >20 1.9 >10
o i
o ¥
14 )—N\’ §' 4-Isopropenylcyclohex-1-enyl >20 1.9 >10
(0]
o ¥
15 )—N\’g_ 3,4,5-Trimethoxyphenyl >20 2 >10
(6]
o .
16 )’N\’? 4-(Methylthio)phenyl >20 3.6 >6
(0]
Ph
~—
17 o)_N//\ X 4-Methoxyphenyl 11 0.8 14
\,g—
(6]
Ph
18 \’°>/,Nr\ ® 3.4,5-Trimethoxyphenyl >20 8.9 >2
s~
o i
/RS
19 }N\’? 2,3-Dihydrobenzo[1,4]dioxin-6-yl 20 1.8 11
O
/RS
20 )’N } 4-Methoxyphenyl >20 2.8 >7
o i
hy .
21 § 3,4,5-Trimethoxyphenyl >20 2.2 >9
by
22 % 3,4,5-Trimethoxyphenyl >20 2.8 >7
by
23 % 2,3-Dihydrobenzo[1,4]dioxin-6-yl >20 5.6 >4
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Table 3. Activity comparison in the colon cell line panel

Compound LoVo SW620 DLDI1 HT29
ICso (0M)  ICs0 (uM)  ICs0 (UM)  ICsp (uM)

2 0.14 0.19 0.29 0.24
4 0.08 0.12 0.15 0.18

11 0.02 0.03 0.04 0.04

12 0.05 0.07 0.09 0.12

13 0.11 0.14 0.14 0.15

15 0.18 0.24 0.29 0.36

17 0.17 0.17 0.18 0.15

19 0.19 0.42 0.41 0.42

Table 4. Binding of thienopyrimidinone cell proliferation inhibitors to
tubulin in a fluorescence binding assay*

Compound Ka(apparent)

1 1.8 uM £0.14
12 40uM 04
16 1.6 uM * 0.26

50 mg/kg (oral dosing, once-daily). Solubility of 11 was
low (4 pg/mL at pH 7.4). The lack of in vivo efficacy
may be on account of the low bioavailability caused
by poor physical properties. However, a pharmacokinet-
ic study on 11 was not done.

The anti-tumor compound colchicine is known to work
by inhibiting microtubule formation. Colchicine is also
an inhibitor of p21—/— cell proliferation (ICsy p21—/—
0.02 uM) with approximately 10-fold selectivity for
p21 deficient cells over p21 proficient cells. We were
interested knowing whether or not the thienopyrimidi-
none series killed p21—/— cells by the same mechanism.
Using a fluorescence binding assay,?? 11 was found to
bind saturably to the tubulin dimer with a one-to-one
stoichiometry and showed a Kq(apparent) Of 1.8 pM. How-
ever, tubulin binding within the series (Table 4) was
essentially invariant, while potency of induction of
p21—/— cell apoptosis varied by orders of magnitude,
indicating that there is no correlation between tubulin
binding and induction of cell death in this series.

In summary, we have successfully used a parallel synthe-
sis to rapidly improve the potency of an initial lead. A
physical property-based approach was used to select
the building blocks for synthesis. Although the preferred
2-(1,4-dibenzodioxane) substituent was selected on ac-
count of its similarity to the reference, 4-methoxybenzal-
dehyde, it was not clear from this study if a selection
based on diversity or one based on similarity to a refer-
ence point was preferred. Probably, a combination
approach, as practiced here, is the best. This effort has
demonstrated the value of a parallel synthesis strategy
for the optimization of leads which led to the identifica-
tion of several analogs with submicromolar activity in a
panel of colon cell lines.
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Abstract—We have investigated the effect of a series of 1-amino-1,1-bisphosphonates derived from fatty acids against proliferation
of the clinically more relevant form of Trypanosoma cruzi, the causative agent of American trypanosomiasis (Chagas’ disease). Some
of these drugs were potent inhibitors against the intracellular form of the parasite, exhibiting ICs, values at low micromolar level.
Cellular activity was associated with the inhibition of enzymatic activity of 7. cruzi farnesyl pyrophosphate synthase. As bisphos-
phonate-containing drugs are FDA-approved for the treatment of bone resorption disorders, their potential innocuousness makes

them good candidates to control tropical diseases.
© 2005 Elsevier Ltd. All rights reserved.

Trypanosoma cruzi is the hemoflagellated protozoan
parasite that causes American trypanosomiasis (Chagas’
disease), which is an endemic disease widespread from
southern United States to southern Argentina. It has
been estimated that around 18 million people are infect-
ed and over 40 million are at risk of infection by
T. cruzi.' This disease is considered by the World Health
Organization to be one of the major parasitic diseases.
Like other kinetoplastid parasites, 7. cruzi has a com-
plex life cycle possessing three main morphological
forms: it multiplies in the insect gut in the non-infective
epimastigote form and is spread as a non-dividing meta-
cyclic trypomastigote from the insect feces by contami-
nation of intact mucosa or wounds produced by the
blood-sucking activity of the vector (Reduviid insect).
In the mammalian host, 7. cruzi multiplies intracellular-
ly in the amastigote form and is subsequently released
into the bloodstream as a non-dividing trypomastigote.?
Transmission of Chagas’ disease could also occur via the
placenta or by blood transfusion.® This latter mecha-
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nism is responsible for the occurrence of Chagas’ disease
in developed countries where the disease is not
endemic.>*

Chagas’ disease goes through an acute phase, which may
happen virtually unnoticed, although infrequently it can
lead to fatal meningoencephalitis or acute myocarditis,
mostly in adults; an indeterminate asymptomatic phase,
which can persist for more than 10 years or even for the
entire life of an infected individual; and finally, a chronic
phase, associated with heart problems or enlargement of
hollow viscera (esophagus and colon) that may lead to
death. Chemotherapy for the treatment of Chagas’ dis-
ease, which is based on two empirically discovered
drugs, nifurtimox, now discontinued, and benznidazole,
is still deficient.!>® Although both these compounds are
able to cure at least 50% of recent infections, they suffer
from major drawbacks, such as: (a) selective drug sensi-
tivity on different 7. cruzi strains; (b) serious side effects
including vomiting, anorexia, peripheral neuropathy,
allergic dermopathy, etc.; (c) long-term treatment.!
Moreover, these compounds are not effective during
the chronic stage of the disease. In addition, there are
a number of uncertainties pertaining to gentian violet,
the only drug available to prevent transmission of
Chagas’ disease through blood, as it is carcinogenic to
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animals.” On account of the above-mentioned reasons,
there is a critical need to develop new drugs that are
more effective and safer than those presently avail-
able.!”” The knowledge of unique features of the bio-
chemistry and physiology of 7. cruzi has led to the
identification of specific molecular targets for rational
drug design.®'3® Farnesyl pyrophosphate synthase
proved to be a convenient target for many tropical
diseases.!>!3

Bisphosphonate derivatives, such as pamidronate (1),
alendronate (2), and risedronate (3) and other bisphos-
phonates, which are effective inhibitors of bone resorp-
tion, have also been found to be effective growth
inhibitors of pathogenic trypanosomatids (7. cruzi,
T. brucei rhodesiense, Leishmania donovani, and L. mex-
icana) and apicomplexan parasites (Toxoplasma gondii
and Plasmodium falciparum).'*?° In addition, in vivo
studies of risedronate indicated that this drug exhibits
a selective antiproliferative activity against 7. cruzi in
a murine model of acute Chagas’ disease. These results
reinforce the potential utility of bisphosphonates as spe-
cific chemotherapeutic agents against Chagas’ disease.”!
The chemical structures of these representative bisphos-
phonates are illustrated in Figure 1. Bisphosphonates
are FDA-approved drugs for the treatment of several
bone disorders including osteoporosis, Paget’s disease,
problems associated with bone metastases and multiple
myeloma, hypercalcemia provoked by malignancy, and
bone inflammation associated with periodontal disease
or rheumatoid arthritis.?>”>> Geminal phosphonates
are isosteric analogues of inorganic pyrophosphate in
which a methylene group has replaced the oxygen bridge
between the phosphorus atoms. Unlike pyrophosphates,
bisphosphonates possess better metabolic stability
because they are not recognized by pyrophosphatases
and are also stable to hydrolysis under acidic media.

The exact mode of action of bisphosphonates at the iso-
prenoid pathway has been recently elucidated, regard-
less of having been used for more than 30 years as an
effective class of anti-resorptive drugs.?®>’ The molecu-
lar target is farnesyl pyrophosphate synthase (FPPS),
an enzyme that catalyzes the formation of the substrate
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Figure 1. Chemical structures of a representative member of bisphos-
phonates currently employed for the treatment of bone disorders.

for protein prenylation. Previous studies have postulat-
ed that these bisphosphonates were putative inhibitors
of pyrophosphate-related metabolic pathways. Actually,
trypanosomatids require protein prenylation for surviv-
al,”® a process that is responsible for the attachment of
farnesyl and geranylgeranyl groups to the C-terminal
cysteine residues of a number of GTPase signaling pro-
teins, giving rise to farnesylated and geranylgeranylated
proteins. These transfer reactions are catalyzed at least
by three different cytoplasmic prenyl protein transferas-
es.?? These proteins are important signaling molecules
involved in crucial cell processes for osteoclast func-
tion.?” The attached farnesyl and geranylgeranyl groups
seem to be crucial for anchoring proteins to membranes
and consequently their biological action.?® Selective
inhibition of prenyl protein transferases slows prolifera-
tion of human tumors due to farnesylation inhibition of
oncogenic Ras.3? On the basis of this result, many prenyl
protein transferase inhibitors have been developed,
which resulted not only in potential antitumor agents,3’
but also potent growth inhibitors of 7. cruzi and
T. brucei”® Bearing in mind that bisphosphonates are
FDA-approved drugs for long-term treatment of bone
disorders, low toxicity for bisphosphonate-containing
drugs might be predictable.

Most pharmacologically important bisphosphonates are
nitrogen-containing drugs. It had been postulated that
the presence of a nitrogen atom at the C-3 position
would act as carbocation transition state analogue of
isoprenoid diphosphates for isoprenoid biosynthe-
sis.?!132 Of special interest are bisphosphonates derived
from fatty acids, in which no nitrogen atom is present
in their chemical structure.'®2° These compounds were
shown to be potent growth inhibitors against the clini-
cally more relevant form of 7. cruzi bearing I1Cs values
at the low micromolar level.'®?° Compound 4 arises as
the main member of this new family of drugs with an
ICsy value of 18 uM. This cellular activity correlates
quite properly with the inhibition of the enzymatic activ-
ity toward TcFPPS,? being a competitive inhibitor with
an ICs, value of 1.94 pM and a K; of 0.40 pM.?° Com-
pound 4 also inhibits the enzymatic activity of 7. brucei
FPPS?° and is active in vitro against 7. gondii.'® Since
this class of drugs are devoid of a nitrogen atom, they
cannot act as carbocation transition state analogues of
the substrate. By this time, it is known that the isosteric
replacement of the hydroxyl group at C-1 by a hydrogen
atom impairs a bisphosphonate potency against
amastigotes (see Fig. 2).

H,03R POzH
2 3\C/ 32
~
R

(CHy)s

CH3

Figure 2. Chemical structures of representative bisphosphonates
derived from fatty acids.
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Taking 5 as an example, the cellular activity of this drug
has an ICso value close to 70 uM and a high efficacy
to inhibit the enzymatic activity of 7cFPPS
(ICsp = 4.54 pM, and K; of 0.54 pM, respectively).2’

On the basis of potent inhibitory action exhibited by 1-
hydroxy-1,1-bisphosphonates derived from fatty acids,
it was decided to conduct further studies on the influ-
ence of the hydroxyl group at the C-1 position on their
biological activity. Taking 5 as an example, low efficacy
observed for this type of drugs in which the hydroxyl
group at C-1 is missing may be attributed to the lack
of ability to coordinate Mg~" present at the active site
of the target enzyme.333* Although this capability plays
an important role in biological activity, the fact that
compounds 4 and 5 exhibited similar K; values indicates
that other factors might have influence either on enzy-
matic molecular recognition or on biological activity
against 7. cruzi cells. For the above reasons, the isosteric
replacement of the hydroxyl group by an amino unit at
carbon-1 as a structural variation seemed to be of inter-
est. The presence of an amino group retains the ability
to coordinate Mg?" in a tridentate manner similar to
the 1-hydroxy-1,1-bisphosphonate derivatives.

The compounds could be prepared starting either from
the corresponding cyano derivatives®>3® or from the
respective amides.3”*® In the present study, all the de-
signed drugs were prepared from the appropriate nitrile,
with the exception of compound 11, which was synthe-
sized starting from n-heptanamide. The preparation of
this new family of n-alkyl 1-amino gem-bisphosphonates
is given in Scheme 1. All compounds were routinely
characterized by using 'H, '*C, and *'P NMR spectros-
copy at 500, 125, and 242 MHz, respectively (Bruker
AM-500 apparatus). Elemental analysis data for all
new compounds were satisfactory.3® These compounds
were evaluated as growth inhibitors against 7. cruzi
(epimastigotes and amastigotes). In addition, correla-
tion of the cellular activity with the action against its
target enzyme was studied. WC-9, a well-known
antiparasitic agent, was used as a positive control.*%-4!

1-Amino-1,1-bisphosphonates derived from fatty acids
(compounds 6-11) were potent inhibitors of 7T¢FPPS

H05R POsH, 6 n=0
R a CNH, 8 n=2
(CH), (GHa) To,n -2
C|:H3 CHs 11,n=5

R = CN or C(O)NH,

Scheme 1. Reagents and conditions: (a) MeCN, H3;PO;, 130 °C, 12 h,
51% for 6; CH;CH,CN, H;POs;, 135°C, 12h, 70% for 7; (i)
CH;CH,CH,CN, H3PO;, PhSOsH, 65 °C, 10 min, (i) PCl3;, 70 °C,
6 h, 53% for 8; (i) CH3(CH>);CN, H3PO3, PhSO3H, 65 °C, 10 min, (ii)
PCl;, 85°C, 16 h, 25% for 9; (i) CH3(CH,),CN, H3PO3;, PhSO;3H,
70°C, 10min, (i) PCl;, 90°C, 16h, 15% for 10; (i)
CH;(CH,),CH,C(O)NH,, H;PO;, PhSO;H, 65 °C, 10 min, (ii) PCls,
90 °C, 16 h, 10% for 11.

activity. The 1-amino derivatives were even more effec-
tive than the 1-hydroxy-1,1-bisphosphonate derivatives
toward TcFPPS (Table 1).2° Once again, the efficacy
of each drug on this enzyme qualitatively correlated
with the inhibitory action that exhibited against 7. cruzi
(amastigotes) growth. Taking compound 10 as an exam-
ple, this compound was a potent inhibitor of 7¢FPPS
activity with an ICsy in the nanomolar range
(0.38 uM). These data correlated completely with the
efficacy of this drug as an antiparasitic agent. In fact,
compound 10 proved to be a potent inhibitor of the clin-
ically more relevant form of the parasite with an
ICso =77 uM, but to a slightly lesser extent than the
effectiveness  previously observed by drug 4
(ICso = 18.0 uM) taken as lead drug.?* A comparable
degree of efficacy as inhibitors of Tc¢FPPS activity was
observed for compounds 9 and 11. Surprisingly, in spite
of being one order of magnitude more potent than 11 to-
wards FPPS, drug 10 exhibited an indistinguishable
antiproliferative potency against amastigotes compared
to compound 11. This unexpected behavior may be
attributed to the fact that these compounds would pres-
ent different pharmacokinetic aspects. Short alkyl chain
I-amino-1,1-bisphosphonates exhibited marginal activi-
ty not only as enzymatic inhibitors, but also as growth
inhibitors against 7. cruzi (amastigotes). Compounds
6-11 lacked activity against the non-infective epimasti-
gote forms of the parasite. This behavior was in agree-
ment with the activity that had been observed for
bisphosphonates derived from fatty acids (compounds
of general formula 4 and 5, that is, with a hydroxyl
group at C-1, or replacing it by a hydrogen atom,
respectively). The results are shown in Table 1. The
activity of the enzyme TcFPPS was measured by a
radiometric assay based on that depicted before.*> 4

It has been found that FPPS requires certain concentra-
tion of Mg®" for optimal activity.>'*? In fact, crystal
structure of this protein indicates that two or three
Mg?" ions can be present at the active site. This behav-
ior can be observed in protein structures (PDB files
1FPS, 1UBV, 1UBW, 1UBX, 1UBY, 1YQ7, and
les).32,45,46

Table 1. Effect of alkyl 1-amino-1,1-bisphosphonates toward 7. cruzi
farnesyl pyrophosphate synthase activity and against 7. cruzi
(amastigotes and epimastigotes) growth for compounds 6-11

Compound ICs (LM)*®

TcFPPS Epimastigotes Amastigotes
6 66.65 £ 3.39 >100.0 >100 uM
7 149.59 £ 30.09 >100.0 >85 (13%)
8 30.77 £3.01 >100.0 >85 (13%)
9 3.91£0.58 >100.0 >85 (32%)
10 0.382 £ 0.039 >100.0 77.0
11 3.57£0.28 >100.0 72.0
wC-9 — 22" 16.0"

#Values are means of three experiments. ICs, values for FPPS were
calculated as described.®

® Maximum inhibition values obtained at the indicated concentrations
(ca. 85.0 uM).
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H,O3R
2VY3 \C
|\NH2
CH,
6

PO3H
Y 312

H203P\

/P03H2 H203P\ /PO3H2
OH |
CHs CHs
13

Figure 3. Selected chemical structures of 1-amino-, 1-hydroxy-, and alkyl-1,1-bisphosphonates to study their ability to coordinate Mg>".

In addition, the ability of representative bisphospho-
nates to coordinate different ions, such as Cu**, Mg**,
Ca®*, Zn**, AP’*, etc., has been studied by means of
NMR spectroscopy.*’# It was considered of interest
to study the ca?ability of compounds 6, 12, and 13 to
coordinate Mg"" (Fig. 3). These drugs were selected
on account of their large solubility in water. All these
compounds had three different groups at C-1, amino,
hydroxy, and a hydrogen atom, and also the same chain
length, regardless of the inhibitory potency. The results
were very encouraging. Therefore, the respective *'P
NMR spectrum for each compound was recorded versus
increasing concentration of magnesium chloride. Analy-
sis of the *'P NMR spectra points out that the chemical
shift moves upfield as the concentration of Mg>* ion
increases. This effect was more noticeable for 6 and 12,
and to a lesser extent for 13. These results indicated that
6 and 12 coordinated stronger with Mg>* than 13 and
are in agreement with the modest efficacy observed when
the hydrogen atom is the substituent at C-1. This behav-
ior was expected because 6 and 12 coordinate ions in a
tridentate manner. *>'P chemical shift of these com-
pounds was not affected by the medium ionic strength
(see Fig. 4).

It can be concluded that 1-amino-1,1-bisphosphonates
derived from fatty acids were potent inhibitors of
TcFPPS. Compound 10 was able to inhibit the activity
of this enzyme at the nanomolar range and even more
potent than any of the 1-hydroxy-1,1-bisphosphonates
previously tested toward TcFPPS.2° In spite of the
inhibitory action against TcFPPS, cellular activity of

1,4

%P

-0,2
0 1 2 3 4 5 6 7 8 9 10 11

Number of equivalents of Mg?*

——6 ——12 —-13 ——lonic Strength, Number of eq. of NaCl

Figure 4. Effect of the concentration of Mg”* ion on the *'P chemical
shift for compounds 6, 12, and 13.

10 was not more efficient than the 1-hydroxy derivatives,
probably due to its pharmacokinetic properties.

Work aimed at optimizing the chemical structure of
compounds, such as 4 and 10, as well as in establishing
a thorough structure-activity relationship, is currently
being pursued in our laboratory.
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Abstract—Bis(picolinoyl)fluorescein, a new fluorogenic and chromogenic probe for monitoring the esterase activity of metal ions,
has been synthesized. The probe is highly selective for Cu®* and is applicable both to quantification of the free ion and detection of
esterolytic activity of Cu bound to organic ligands or biomolecules, with a detection limit of 100 nM by fluorimetry.

© 2005 Elsevier Ltd. All rights reserved.

Copper is an important trace metal ion in biological and
environmental systems. A number of fluorescent molec-
ular sensors for Cu”" ions have been described, in which
a chelating group is linked to a fluorophore; binding of
paramagnetic Cu ion is signaled by fluorescence quench-
ing.! 3 These sensors respond to free Cu®*, but might
also extract the metal ion from complexes with organic
ligands or biomolecules, depending on the affinity of
the chelating unit. Fluorogenic probes for Cu detection
are rare. An example is a rhodamine-based ‘chemodosi-
meter’ that becomes fluorescent upon redox-triggered
cleavage of a hydrazide group by Cu in a nonfluorescent
precursor.*

In a recent series of papers,””’ we have described the
application of metal-DNA conjugates to nucleic acid se-
quence determination with catalytic signal amplifica-
tion; the assay relies on the esterase activity of a
DNA-linked Cu complex. For optimization of the sys-
tem and exploration of structure-activity relationships,
a sensitive probe would be useful, which allows straight-
forward detection of esterase activity of ligated Cu”" in
low concentration.

In this paper, we describe a new fluorogenic probe which
does not only detect the concentration of free Cu®* ions
but also the reactivity of trace amounts of Cu>* bound
to organic ligands or biomolecules. Biological activity

Keywords: Cu(1l) esterase activity; Detection; Fluorescence.
* Corresponding author. Tel.: +49 6221 54 8458; fax: +49 6221 54
8599; e-mail: Kraemer@urz.uni-heidelberg.de
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and toxicity of Cu®* are functions of the tendency of
complexed Cu®* to react. Often, a high reactivity in a
biological environment is related to the availability of
free coordination sites at the metal ion, which allow
interaction with biomolecular substrates, while coordin-
atively saturated metals tend to be less active.

The probe is a fluorescein diester which is neither col-
ored nor fluorescent, but develops a strong absorbance
at 489 nm and fluorescence emission at 513 nm when
the ester groups are hydrolyzed by Cu®*. Affinity of
the probe to Cu®* is so low that it does not compete
for complexation, but, indeed, signals the reactivity of
ligand-bound Cu.

While simple esters, such as diacetyl fluorescein, are fre-
quently used in the fluorimetric detection of esterase and
peptidase activities,® these compounds do not allow
determination of hydrolase activity of metal ions since
the affinity of an ester group to a metal is very low. Effi-
cient ester hydrolysis by metal ions requires introduction
of an ‘anchoring’ group, such as pyridyl, which brings
the ester in close proximity to the metal site.”

The bis(picolinate) ester of fluorescein was prepared by
reaction of the dye with 2 equiv of picolinoyl chloride
in DMF/pyridine (Scheme 1).23-2°

Recrystallization from acetone yields white crystals of 1.
In buffered (pH 7) solution, the compound has no elec-
tronic absorbance in the visible range and is nonfluo-
rescent. A very slow spontaneous hydrolysis is
followed by an increase of optical absorbance at
489 nm and of fluorescence emission at 513 nm.
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Scheme 1. Reagents and conditions: (a) anhydrous pyridine, anhy-
drous DMF, rt, 6 h.

Both ester bonds of 1 must be cleaved before the intense
absorbance and fluorescence of fluorescein can be
recorded. In enzymatic assays, the influence of the mon-
osubstituted intermediate on kinetics is often not consid-
ered. A detailed study'® of the two-step hydrolysis of
diacetylfluorescein has revealed that significant concen-
trations of the monoacetylated form built up during
enzymatic hydrolysis. The fluorescence emission of
monoacetylfluorescein is weak, about 30 times smaller
than that of fluorescein at 513 nm emission. Also, the
absorbance of the monoacylated compound is signifi-
cantly weaker than that of fluorescein at 490 nm. On
the other hand, cleavage of the monoacetyl intermediate
is faster than expected due to its accumulation at the
surface of the enzyme. Since the models for accurate
description of the two-step process might become rather
complicated, we have not included such considerations
in our kinetic analysis. We are, however, aware of the
fact that we might observe the formation of both mono-
acylated product and of fluorescein. This is supported
by the observation of a slightly increasing slope in the
dA/dt or dF/dt traces (A, absorbance; F, fluorescence),
compare Figure 2.

In the presence of Cu®" ions, ester hydrolysis rate of 1 is
strongly enhanced. Dependence of initial hydrolysis
rate, determined by photometry, on Cu”" concentration,
is shown in Figure 1.

In the absence of copper, hydrolysis rate is 4 x 107’
dA4489/dr [s71).

10% dA489/dt [s7]

0 T T
0 10 20 30 40 50

[Cu2+] pM

Figure 1. Hydrolysis of 1 (10 uM in H,0), initial increase of 489 nm
absorbance with time depending on CuSO, concentration. 7= 25 °C,
pH 7.0 (buffer: 10 mM morpholino N-propanesulfonic acid). Average
values of two independent measurements, reproducibility £10%.
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Figure 2. Hydrolysis of 1 (1 uM). Increase of fluorescence intensity
with time in the absence and presence of CuSQO,. Excitation at 489 nm,
emission at 513nm. 7=25°C, pH 7.0 (buffer: 1 mM morpholino
N-propanesulfonic acid).

At higher temperatures, both hydrolysis and back-
ground rates are increased (by a factor of 2 for every
10 °C). At Cu®* concentrations >50 pM, the rate be-
comes too fast to be determined accurately by standard
photometric methods. The linear increase of rate with
Cu”* concentration indicates that binding sites of 1 are
not saturated and interaction with the metal ion is rather
weak. The formation constant of the 1:1 complex (1)Cu
is expected to lie in the range log K = 2-3. (Formation
constant of the 1:1 Cu®** complex of 2-Acetylpyridine:
logK =2.9,'" of 2-Pyridinecarboxamide: logK = 2.9;!?
of 2-Pyridinecarboxaldehyde: logK = 2.7.13)

At Cu®* concentrations <l uM, metal jon promoted
hydrolysis becomes very slow and difficult to detect by
photometry. Lower Cu®" concentrations down to about
0.1 uM are detectable by fluorimetry. Figure 2 compares
the increase of fluorescence with time of a solution con-
taining 1 (1 pM) in the absence and in the presence of
0.1 and 0.5 uM Cu**.

On prolonged reaction times, the reaction rate is no
longer constant but decreases since the hydrolysis prod-
uct picolinic acid, present in its anionic form at pH 7, is
a good Cu”* chelator and a strong competitive inhibitor
of substrate binding.

We then investigated the esterase activity of Cu®* com-
plexes including bidentate 2,2-bipyridine (bipy) and
picolinic acid (pic), tridentate 1,4,7-triazacyclononane
(tacn) and tetradentate 1,4,8,11-tetraazacyclotetrade-
cane (cyclam), and tris(2-aminoethyl)amine (tren).

The typical coordination behavior of Cu®* in such com-
plexes is the formation of four short bonds in a tetrago-
nal coordination plane. Additionally, one or two weak
apical interactions can complete the coordination to
square pyramidal or distorted octahedral.

It is evident from the crystal structures of 1:1 Cu®* com-
plexes of bipy, pic, and tacn that two of the in-plane sites
are blocked by the ligand but the remaining two cis-ori-
ented sites are available for binding of coligands.!# The
1:1 complexes of these ligands display a significant ester-
ase activity, although somewhat lower than free Cu”**
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Figure 3. Cleavage of 1, comparison of the esterase activity (dA/dz) of
free Cu®" ions and various Cu®* complexes at 1:1 and 1:2 metal-to-
ligand ratio. [1]= 10 pM, [Cu**] =10 pM, T'=25°C, pH 7.0 (buffer:
10 mM morpholino N-propanesulfonic acid).

ions (Fig. 3). Formation constants of the 1:1 complexes
are log K > 8 at pH 7 in all cases, suggesting quantitative
complex formation at 10 pM concentration.

When the ligand is added in excess, 2:1 complexes are
formed and all four in-plane sites are blocked, resulting
in loss of esterase activity. In the case of tacn, the asso-
ciation constant of the 2:1 complex is three orders of
magnitude lower than for the 1:1 complex, but st1ll high
enough for quantltatlve formation of [(tacn),Cu**]"*. In
the case of bipy and pic, formation of the 2:1 complexes
is incomplete at 10 uM concentration due to the lower
association constant logK = 5.3 (for bipyCu + bipy)'®
and log K = 6.9 (for picCu + pic).!” When the concentra-
tion of these ligands is increased further equilibrium is
shifted further toward the inactive 2:1 complexes and
the esterase activity approaches zero.

In the case of highly efficient chelators cyclam and tren,
the 1:1 complexes are inactive. The tetradentate macro-
cycle cyclam blocks all the four in-plane sites at Cu.
Cu?* complexes of tetradentate ligand tren display a tri-
gonal bipyramidal coordination with one free apical site
left for coligand coordination.'® Since (tren)Cu is inac-
tive, interaction of 1 with a single free site obviously
does not promote hydrolysis. This is interpreted in view
of the proposed mechanism!® of picolinic ester hydroly-
sis by metal ions, which involves anchoring of the sub-
strate by pyridine coordination and Lewis acid
activation of the ester carbonyl by metal coordination,
with the necessicity of two cis-oriented free coordination
sites at the metal center (Scheme 2).

|
OCH3 /OCH3 N/ )
N I \ + HOCHj;

m-©

Scheme 2. Proposed mechanism of picolinate ester hydrolysis pro-
moted by divalent transition metal ions (Cu?*, Zn**, Ni?).

Before applying the probe to Cu®* ions bound to a bio-
molecule, we have explored its cross-sensitivity to other
metal ions, particularly those that are relevant blologlcal
systems. Response of 1 is highly selectlve to Cu?*, with a
discrimination factor of 200 over Ni** and Zn2+, and
more than 500 over Co**. Ca>" and Mg2+ do not signif-
icantly affect the hydrolysis rate, even in 1 mM concen-
tration. We attribute the high selectivity of 1 for Cu**
to a ‘double discrimination’?® both by more effective
binding and hydrolysis of this metal ion, which is the
strongest Lewis acid in the series of metal ions under
investigation (Fig. 4).

In the context of our studies on Cu®* complexes of
chemically modified 011g0nucleot1des 3721 we have
expanded the investigation to the Cu®* complex of a sin-
gle-stranded DNA ohgonucleotlde (9-mer). Association
constants between Cu~" ions and ss-DNA in the range
log K = 4-5 have been determined by spectrophotomet-
ric methods.??> Both the phosphate backbone (by electro-
statlc interaction) and the nucleobases are potential
Cu** binding sites.

In the prehmmary experlment shown in Figure 5 we
have kept the Cu”* concentration constant at 10 pM
and varied the DNA concentration. Ester hydrolysis
was followed by photometry. Complexation b;/ DNA
strongly reduces the esterolytic activity of Cu*" ions.
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<
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Figure 4. Cleavage of 1 (determined by photometry, d4/d¢) by various
divalent metal ions. [1]=10pM, [M>"]=10puM, pH 7.0 (buffer:
10 mM morpholino N-propanesulfonic acid), 7= 25 °C.
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Figure 5. Triangles: hydrolysis of 1 by Cu®* [10 uM] (determined by
photometry, dA4/d¢) in the presence of a 9-mer DNA oligonucleotide
(sequence: TCACAACTA) at varying concentrations. pH 7.0 (buffer:
10 mM morpholino N-propanesulfonic acid), 7' =25°C. Strokes:
calculated values based on the formation of an inactive 1:1 (DNA)Cu
complex with association constant logK = 4.9.
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With the assumption of formation of an inactive 1:1
(DNA)Cu complex, an association constant log K = 4.9
is derived using kinetic data at 10 uM DNA and
10 uM Cu**. At higher DNA concentration, theoretical
rates (==, strokes) calculated on the basis of this associ-
ation constant poorly fit the measured rates (A, trian-
gles). A model, which includes the esterase activity of
(DNA)Cu (about 15% of free Cu’" ions activity), is in
better agreement with the experiment. This observation
suggests that free in-plane coordination sites are avail-
able at DNA-bound Cu. Net reactivity of (DNA)Cu
might be an average of more or less reactive Cu located
at different binding sites of the oligonucleotide.

In conclusion, 1 is a fluorogenic and chromogenic probe
for detection of the esterase activity of metal ions, with
high selectivity for Cu®*. 1 is also a substrate for com-
plexed Cu®* ions if two free in-plane coordination sites
in the cis position are available at the metal. Both opti-
cal and fluorescence signals produced by Cu promoted
hydrolysis are strong, the lower detection limit for
Cu”" ions by standard fluorescence measurement being
0.1 uM. Therefore, 1 is an ideal probe to determine the
reactivity of Cu®* ions bound to biomolecules, which
are often available in small quantities only. We are cur-
rently preparing amino acid ester analogs of 1 in which
the picolinoyl moiety is replaced by amino acyl one, to
explore how biomolecules (DNA, proteins) modulate
the substrate selectivity and stereoselectivity of metal
ions.
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Abstract—Herein is described a new class of selective o; ligands consisting of tetrahydroisoquinoline-hydantoin (Tic-hydantoin)
derivatives. Compound 3a has high affinity (ICso = 16 nM) for the o, receptor and is selective in a large panel of therapeutic targets.
This first study presents structural changes around the Tic-hydantoin core, leading to a Tic-hydantoin analogue with a higher o,

affinity (IC5o =~ 1 nM).
© 2005 Elsevier Ltd. All rights reserved.

Di- and trisubstituted hydantoins have been widely used
in biological screening, resulting in numerous pharma-
ceutical applications.!=> As part of our strategy towards
the preparation and biological evaluation of hydantoin-
containing heterocycles, the hydantoin ring (compounds
1) was fused by its C-5 and N-1 positions to another ring
to design a new series of more constrained derivatives 2
(Fig. 1). Indeed, the tetrahydroisoquinoline ring (Tic)
was selected after screening different combinatorial
libraries, frequently containing such molecular struc-
tures,*> and a convenient and efficient method to pre-
pare Tic-hydantoins was described.® Among several
interesting compounds, pharmacological screening of
the hydantoin 3a (Fig. 1) was then performed to define
potential targets.

Interestingly, following screening of a large range of
receptors, compound 3a was found to bind selectively
to the guinea pig o; receptor with an ICsy of 16 nM.”
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Figure 1. Di- and trisubstituted hydantoins 1, more constrained Tic
derivatives 2, and compound 3a.

o receptors have been widely characterized in binding
studies. They are distinct from any other known recep-
tors and have been defined by their high affinity for var-
ious compounds including N-allyl-normetazocine,
pentazocine, 1,3-di-o-tolylguanidine (DTG), (+)-3-(3-
hydroxyphenyl)-N-(1-propyl)piperidine and haloperi-
dol.® It is now widely accepted that there are at least
two subtypes of o receptors denoted as o; and 5.8
The o, subtype is the best characterized and remains
the only one to have been cloned from many sources,
including guinea pig liver,” human placental choriocarci-
noma cells,'? human brain,!! or rat brain.!? It consists of
a 228 amino acid protein with a molecular weight of
~25 kDa. Its amino acid sequence is shared with more
than 90% similarity between the different species and
presents no analogy with any known mammalian pro-
tein.® Recent evidence has indicated that o, receptors
may be involved in regulating a variety of neurotrans-
mitters in the central nervous system, including choliner-
gic,!31* dopaminergic!'® and glutamatergic systems.!®!”
Thus, there is a sustained interest for developing
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selective o; ligands, which stems from the possibility of
developing new drug candidates particularly for the
treatment of depression,'® psychiatric disorders, memo-
ry deficits and drug addiction.!®>?° The o, subtype has
not been cloned yet but was found to be a 18-21 kDa
protein.?! &, receptors have been implicated in motor
control behaviour?? and in the regulation of cell prolif-
eration and viability.>? Thus, o, ligands may be devel-
oped to attenuate motor side effects associated with
typical antipsychotic agents or for the diagnossis and
treatment of cancer.

Although there are an increasing number of new selec-
tive o ligands,?*27 there is still a need to continue devel-
oping new structures. The interest in the Tic-hydantoin
core is not only due to /o, selectivity of compound
3a, but especially the selectivity towards more than 35
other receptors. The specificity of this pharmacological
profile prompted the evaluation of the relative impor-
tance of both parts of the compounds: the Tic-hydanto-
in group or the basic side chain. In this paper, we report
on our efforts towards the modulation of the Tic-hydan-
toin core of the lead compound 3a. Parallel work for the
evaluation and optimization of the side chain will be
described in the following article.

Compounds 3a-b were synthesized, according to the
procedure described in Scheme 1. The starting material
was (S)-(—)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic
acid 4S (L-Tic-OH);® due to reactivity and solubility is-
sues, two protection steps were necessary before reac-
tion with the appropriate isocyanate, the secondary
amine function being protected using Boc,O (com-
pound 5) before its transformation into methyl ester
6 with methyl iodide. The deprotection of the second-
ary amino group of compound 6 was performed using
a TFA/CH,Cl, 1:1 mixture. The use of a chloroalkylis-
ocyanate did not allow the cyclization in a methanolic
1 M NaOH solution, as previously described.® A ‘one
pot’ reaction was applied, addition of appropriate iso-
cyanate to a solution of intermediate L-Tic-OMe in dry
CH,Cl,, in the presence of a large excess of DIEA
(15 equiv), led directly to the formation of chloro-
alkylhydantoins. These latter intermediates were not
isolated and, after evaporation to dryness, the substitu-
tion of the terminal chlorine atom was performed by
treating the hydantoin with an excess of appropriate
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amine in refluxing acetonitrile, in the presence of

K,COs.

The importance of oxygen atoms to the hydantoin ring
was tested, first by replacing the urea functionality by a
thiourea and then by a partial or complete reduction of
the hydantoin ring.

The procedure applied to obtain sulfur analogue 8 of
compound 3a was adapted from the one previously de-
signed in the laboratory (Scheme 2).2® Boc-protected
L-Tic-OH 5 was coupled with 1-(2-aminoethyl)piperi-
dine using HOBt/EDCI activation and DIEA as a base.
This coupling method was retained due to the good sol-
ubility of by-products in the aqueous phase.”® After
deprotection of the secondary amino group using a
TFA/CH,Cl, mixture, the crude product was dissolved
in THF and excess DIEA (4.5equiv). 1,1'-
Ihiocarbonyldiimidazole was added to yield the thiohyd-
antoin 8.2°

The reduction of hydantoin 3a in urea 9 or in amine 10
was realized by using, respectively, the BH3/THF com-
plex or LiAIHy, in refluxing THF (Scheme 3). In the sec-
ond case, the expected amine was easily extracted from
aluminium/lithium salts after a specific treatment with
an aqueous solution of NaOH 15% and water according
to a previously published procedure.30-3!

COOH
a

NBoc

@C*”
@ﬁwg

S

Scheme 2. Reagents and conditions: (a) aminoethylpiperidine 1 equiv,
HOBt 1.1 equiv, EDCI 1.1 equiv, DIEA 2 equiv, CH,Cl,, rt, 2 h, 90%;
(b) (i) TFA/CH,Cl, IL:1, rt, 1h, (ii) 1,1’-thiocarbonyldiimidazole
1.5 equiv, DIEA 4.5 equiv, THF, reflux, overnight, 60%.
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Scheme 1. Reagents and conditions: (a) Boc,O 1.1 equiv, NaOH 1 M 1.1 equiv, dioxane, rt, 12 h, 98%; (b) (i) Cs,COj; 0.5 equiv, HO, MeOH, rt,
10 min, (ii) CH3I 1.1 equiv, DMF, rt, 12 h, 90%; (c) (i) TFA/CH,Cl, 1:1, rt, 1 h, (ii) DIEA 15equiv, CH,Cl,, rt, 15 min, (iii) appropriate
3-chloropropyl- or 2-chloroethylisocyanate 2.5 equiv, CH,Cl,, rt, 12 h; (d) piperidine 8 equiv, K,COj3 3 equiv, CH;CN, reflux, 24 h, 50-65%.
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Scheme 3. Reagents and conditions: (a) BH3/THF 10 equiv, dry THF,
reflux, 12 h, 45%; (b) LiAlH,4, 8 equiv, dry THF, reflux, 12 h, 28%.

The next modifications were made around the Tic core
by substituting or eliminating the aromatic group and
modifying the size of the isoquinoline cycle. To reduce
the hydrophobicity of the aromatic ring, the compound
17 substituted by a hydroxyl group in 7-position was
synthesized, according to the synthetic sequence de-
scribed in Scheme 4.

The Pictet—Spengler reaction has been applied as a key
step to access the tetrahydroisoquinoline moiety starting
from 3,5-diiodo-L-tyrosine 11. Compound 12 was easily

obtained*? and transformed into the corresponding Boc
derivative 13 by the action of Boc,O. The protected pre-

| COOH
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e

QC*F

CI
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cursor 13 was converted to the activated 1-hydroxy-
1,2,3-benzotriazole (HOBt) ester and condensed with
pyrrolidine to give the amide 14. After deprotection of
the secondary amino group, 2-chloroethylisocyanate
was introduced to yield the urea 15. This latter com-
pound has been dehalogenated by catalytic hydrogena-
tion with 10% Pd/C furnishing compound 16,
according to a described procedure.??> The hydroxyl
derivative 17 was obtained after cyclization and substi-
tution steps in the presence, respectively, of aqueous
NaOH 1 M and 1-ethylpiperidine.

The importance of the Tic core was also evaluated, first
by its replacement by an indoline core in compound 21,
which was synthesized, according to a procedure similar
to that described in Scheme 1, starting from (S)-(—)-ind-
oline-2-carboxylic acid 18 (Scheme 5).

Then compound 23, in which the aromatic cycle of the
Tic core is missing, was synthesized, according to a pro-
cedure similar to that described in Scheme 2, starting
from N-Boc-pipecolinic acid 22 (Scheme 6).

With the aim of evaluating the importance of the config-
uration of the centre of chirality, (R)-derivative 24 was
obtained, according to the procedure described in
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Scheme 4. Reagents and conditions: (a) formaldehyde 4 equiv, HCl 35%, 1,2-dimethoxyethane, 72 °C, 18 h, 45%; (b) Boc,O 1.4 equiv, Et;N
1.8 equiv, DMF, H,O, rt, 4 h, 90%; (c) DCC 1 equiv, HOBt 1 equiv, pyrrolidine 1 equiv, CH,Cl,, rt, 12 h, 82%; (d) (i) TFA/CH,Cl, 1:1, rt, 1 h, (ii)
DIEA 15 equiv, CH,Cl, rt, 15 min, (iii) 2-chloroethylisocyanate 5 equiv, rt, 12 h; (e) Hp, Pd/C 10%, Et3N 2 equiv, rt, 5 days, 28%; (f) aqueous NaOH
1 M 1.1 equiv, CH,Cl,, rt, 4 h, then piperidine 10 equiv, 1-ethylpiperidine 2 equiv, CH,Cl,, reflux, 12 h, 30%.

mCOOH
N
18 M

©\/>—COOH
NBoc
19

NBoc
20
\ :

O

Ly o

o2

Scheme 5. Reagents and conditions: (a) Boc,O 1.1 equiv, NaOH 1 M 1.1 equiv, dioxane, rt, 12 h, 98%; (b) (i) Cs,CO; 0.5 equiv, H,O, MeOH, rt,
10 min, (ii) CH;I 1.1 equiv, DMF, rt, 12 h, 90%; (c) (i) TFA/CH,CI, 1:1, rt, 1 h, (ii) DIEA 15 equiv, CH,Cl,, rt, 15 min, (iii) 3-chloropropylisocyanate
2.5 equiv, CH,Cly, rt, 12 h, (iv) piperidine 8 equiv, K,COj3 3 equiv, CH3CN, reflux, 12 h, 15%.
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22
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COOH N /
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23

Scheme 6. Reagents and conditions: (a) aminoethylpiperidine 1 equiv, HOBt 1.1 equiv, EDCI 1.1 equiv, DIEA 2 equiv, CH,Cl,, rt, 2 h; (b) (i) TFA/
CH,Cl, I:1, rt, 1 h, (ii) 1,1’-carbonyldiimidazole 1.5 equiv, DIEA 4.5 equiv, THF, reflux, overnight, 65%.

Scheme 1 starting from (R)-(—)-1,2,3,4-tetrahydro-iso-
quinoline-3-carboxylic acid 4R (Fig. 2).

All the compounds were assayed in binding assays on
guinea pig cerebral cortex o; receptor using haloperidol
as reference compound.’*3* Most active compounds
were tested on rat cerebral cortex o, receptor.>*3¢ The
specific ligand binding to the receptors is defined as
the difference between the total binding and the nonspe-
cific binding determined in the presence of an excess of
unlabelled ligand. The biochemical results are presented
as ICso value, concentration causing a half-maximal
inhibition of control specific binding (Table 1).37

The lead compound 3a has a high affinity for ¢ receptors
and good o versus o, selectivity. No significant differ-
ence in affinity and selectivity can be seen between com-
pound 3a with the two methylene side chain and its three
methylene side-chain homologue 3b. However, the influ-
ence of the side-chain length will be studied in the fol-
lowing article.

With regard to modifications of the Tic core, the reduc-
tion of hydantoin 3a in urea 9 or in amine 10 is detri-
mental to the o, affinity, resulting in a 3- and 5.5-fold
decrease in affinity, respectively, while selectivity is con-
served. In the first instance, this lower affinity seems to
indicate the need for H bond acceptors. However,
replacement of urea by thiourea in compound 8

6]

. d
soadse Ve

NH N\\é

4R 24 o

Figure 2. Compound 24 and its reagent 4R.

Table 1. Binding assays on 6, and o, receptors

Compound 1Cso o1 (nM) 1Cs 0, (nM)? Ratio o,/c*
Haloperidol 2103 70 £ 20 33
3a 16+3 >1000 >60
3b 21.5+4.0 >1000 >45
8 0.9%0.1 507 = 80 563
9 545 >1000 >15
10 776 >1000 >10
17 >1000 nd nd
21 66 =8 >1000 >15
23 >1000 nd nd
24 6.6+19 >1000 >150

Mean ICsy £ SD values for two to three independent experiments are
shown.
#nd, not determined.

increased the affinity, even though the sulfur atom is
not an H bond acceptor. According to the latter obser-
vation, role of oxygen and sulfur atoms must be inter-
preted differently. Nevertheless, thiourea-containing
compounds often show many adverse reactions, while
in many cases the corresponding urea compounds do
not cause similar toxicity.*® The affinity of compound
8 for o, receptor is higher, though the selectivity /o
is preserved.

The replacement of the Tic core by an indoline core
(compound 21) produces a 3.5-fold decrease in o affin-
ity. The absence of the aromatic ring or its substitution
by a hydroxyl group in 7-position, in compounds 23 and
17, respectively, causes a dramatic loss of affinity. It has
been previously described that arylalkylamines are phar-
macophores for o; binding and a pharmacophore model
has been proposed.*® Loss of &, affinity for compounds
17 and 23 is consistent with this model.

The configuration of the asymmetrically substituted car-
bon seems to have an interesting influence on the affinity
for o, receptor, resulting in a more than 2-fold increase
for the (R)-enantiomer 24, while the selectivity versus o,
receptor is preserved.

These first results highlight the Tic-hydantoin and Tic-
thiohydantoin cores as new pharmacophoric moieties
for o, receptor ligands with high affinity. Our parallel
and independent effort towards the evaluation and opti-
mization of the side chain will be described in the follow-
ing article.
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Abstract—Several non-amidino S1 derivatives of the 1,2-diaminobenzene-based scaffold (4) were synthesized and evaluated for their
ability to bind to the active site and inhibit the human protease factor Xa. A subset of these compounds were also evaluated for their
anticoagulant effects in human plasma as measured by prothrombin time (PT).

© 2005 Elsevier Ltd. All rights reserved.

Human factor Xa (fXa) is a trypsin-like serine protease
that plays a critical role in the blood coagulation cas-
cade.! This enzyme is responsible for the generation of
thrombin that, in turn, produces fibrin and ultimately
leads to blood clot formation. Consequently, the discov-
ery of a small molecule inhibitor of fXa as an oral anti-
coagulant has been the focus of many pharmaceutical
research groups.?™

Our laboratories have previously disclosed a novel series
of 1,2-diaminobenzene-based fXa inhibitors (Fig. 1).°
that display lipophilic groups into both the S1 and S4
binding pockets of this protease. For example, a compu-
tational binding model of compound 1 in the active site
of factor Xa projects the 4-methoxyphenyl group into
the S1 site and the 4-7-butylphenyl group into the S4 site
(Fig. 2). Also, this model indicates that the 1,2-diamide
motif interacts with the S3 backbone of the enzyme.
This compound has reasonable binding affinity to fXa,
but displays a prothrombin time (2x PT) activity
>50 uM (Table 1). This difference may be attributed to
the highly lipophilic nature of 1 and enhanced non-spe-
cific interactions with plasma proteins, which detrimen-
tally impact the functional potency of this inhibitor. In
contrast, compound 2, which incorporates an amidine

Keywords: Factor Xa; Thrombosis; Coagulation; 1,2-Diaminobenzene.
* Corresponding author. Tel.: +1 317 27 79 499; fax: +1 317 276 14
17; e-mail: j.franciskovich@lilly.com
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Figure 1. Structures of factor Xa inhibitors 1-4.
into the S1 binding element of this scaffold, displays very

high binding affinity for fXa and potent anticoagulant
activity in vitro’ (Table 1). However, there is precedent
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Figure 2. Proposed energy-minimized binding model of compound 1
complexed with the active site of factor Xa. The orientation is such
that Aspl189 appears in the upper right-hand corner, Ser195 near the
top central, and Glu97 in the lower left-hand corner. Hydrogen bonds
are shown as dashed lines. All aliphatic hydrogens and waters have
been removed for clarity. The molecular modeling was performed, as
described previously in Herron et al.® utilizing the X-ray structure
lheg.pdb.'?

Table 1. Human factor Xa binding affinity and prothrombin time
activity of inhibitors 1-3

Compounds K,i* (in 10° L/mol) PT® (uM)
1 7.0 >50

2 242 0.9

3 2.0 9.7

4 19 1.9

# K. represents the apparent association constant, as measured by the
methods of Smith et al."?

®PT is defined as the concentration of compound required to double
the time to clot formation in the prothrombin time assay.

that amidine containing molecules, in general, lack
desirable pharmacokinetic properties upon oral admin-
istration.>!® Alternative structure—activity relationships
(SAR) on the 1,2-diaminobenzene scaffold have indicat-
ed, the 4-t-butylphenyl S4 binding element can be re-
placed with a cationic/basic S4 group (e.g., compound
3).8 Alternately, the 1-(4-pyridyl)piperidine moiety may
be positioned in the S4 site by the carbamate of com-
pound 4.!' This compound is of particular interest on
account of its improved binding affinity for fXa, but
more importantly, for its enhanced anticoagulant poten-
¢y in vitro within this select group of molecules. The
good translation of binding affinity of the more hydro-
philic compounds 3 and 4 into functional anticoagulant
activity is consistent with reduced non-specific plasma
protein binding.

In this paper, we report the effects of varying the S1
binding portion of the carbamate scaffold with respect
to binding affinity and anticoagulant potency.

The syntheses of compounds 8-36 are shown in Scheme
1. Intermediate 6 was prepared by first heating ethyl
isonipecotate with 4-chloropyridine hydrochloride and

CO,Et

Iz
\

5; X = CO2Et
6; X = CH20H

M4

N. - b,c
Cre —
NCO

8-36

Scheme 1. Reagents and conditions: (a) EtOH, NEt;, 120 °C, 2 days,
then LiAlH4, THF; (b) 6, CHCI3/THF; (c) H,, 10% Pd/C, EtOH;
(d) RCOCI, pyridine, CHCl; or RCO,H, DCC, DMF.

triethylamine in EtOH at 120 °C. Reduction of ester 5
with LiAlH, afforded the primary carbinol 6. Treatment
of 2-nitrophenylisocyanate with 6 in CHCI;/THF, fol-
lowed by reduction with H, and Pd/C, afforded com-
pound 7. Acylation of aniline 7 was carried out by
treating with the corresponding acid chloride or by
carbodiimide-mediated coupling of the appropriate
carboxylic acid to obtain the final products.

The SAR findings in the carbamate-linked series are giv-
en in Table 2. The unsubstituted phenyl compound 8
exhibits an association constant (K,s) of 1.6x 10°L/
mol. Saturation of the aromatic ring affords a 40-fold
reduction in fXa binding affinity (9). Partial unsatura-
tion of the cyclohexyl construct (10 and 11) results in
a 5- and 22-fold gain in activity-relative to the complete-
ly saturated version 9. The mono-unsaturated enones,
10 and 12 display similar binding affinity as 8. In gener-
al, substitution at the 4 position enhances the binding
affinity to fXa compared to the unsubstituted phenyl
ring. For example, the 4-methyl, 4-methoxy, and 4-
OCHF, display binding affinities of 6.3, 19, and
5.0 x 10° L/mol, respectively. Similarly, the 4-halogen-
substituted phenyl rings show increases in binding affin-
ity of 3- to 24-fold versus compound 8. Functionaliza-
tion of the 3 position is also tolerated (21-26), but the
enhancement in binding affinity is only modest when
compared to those the 4-position. The 2-methoxy and
2-chloro derivatives (27 and 28) display 0.02 and
0.30 x 10° L/mol binding affinities, respectively.
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Table 2. Human factor Xa binding affinity and prothrombin time
activity of compounds 8-36

N
Compounds R K" PT

(in 10° L/mol) (uM)
8 Phenyl 1.6 —
9 Cyclohexyl 0.04 —
10 1-Cyclohexenyl 0.90 —
11 2-Cyclohexenyl 0.20 —
12 1-Cyclopentenyl 0.70 —
13 Phenyl(4-Me) 6.3 8
14 Phenyl(4-OMe) 19 1.9
15 Phenyl(4-OCHF,) 5.0 6
16 Phenyl(4-F) 4.6 —
17 Phenyl(4-Cl) 35 1.9
18 Phenyl(4-Br) 38
19 Phenyl(4-I) 14
20 Phenyl(4-CN) 0.60 —
21 Phenyl(3-Me) 5.9 —
22 Phenyl(3-OMe) 33 10
23 Phenyl(3-F) 2.5 17
24 Phenyl(3-Cl) 4.1 12
25 Phenyl(3-OH) 1.0 —
26 Phenyl(3-NH,) 5.1 8
27 Phenyl(2-OMe) 0.02 —
28 Phenyl(2-Cl) 0.30 —
29 Phenyl(3-F, 4-OMe) 46 1.1
30 Phenyl(3-F, 4-Me) 5.8 7
31 Phenyl(3-Cl, 4-Me) 2.3 22
32 Phenyl(2,3-diCl) 19 5
33 2,3-[Dihydro]benzofuran-5-yl  0.60 —
34 6-Indoyl 54 1.6
35 5-Cl-furan-2-yl 0.70 —
36 5-Cl-thiophen-2-yl 33 2.6

PT is defined as the concentration of compound required to double the

time to clot formation in the prothrombin time assay.

# K. represents the apparent association constant as measured by the
methods of Smith et al.'®

These data suggest that substitution in the ortho posi-
tion negatively impacts binding to fXa. The 3,4-disubsti-
tuted compounds display different results when
compared to their 4-substituted counterparts. The 3-flu-
oro-4-methoxy analog (29) has a more than 2-fold high-
er binding affinity than the 4-methoxy compound (14),
whereas the 3-fluoro-4-methyl analog (30) has a binding
affinity similar to the mono-substituted 4-methyl com-
pound (13). Bicyclic groups display mixed results. The
6-indoyl derivative (34) shows the highest binding affin-
ity for fXa of 54 x 10” L/mol and the 2,3-[dihydro]ben-
zofuran-5-yl compound (33) has one of the lowest
affinities of 0.6 x 10° L/mol. Heterocyclic replacements
for the phenyl group display very different effects on
fXa binding. For example, the 5-chloro-furan-2-yl com-
pound (35) has a binding affinity of 0.7 x 10° L/mol and
the 5-chloro-thiophen-2-yl compound (36) has a binding

Table 3. Binding affinity of compound 17 for various enzymes

Enzyme K, (in 10° L/mol) for 17
fXa 35

flla 0.02

t-PA <0.01

Plasmin <0.01

Urokinase <0.01

Trypsin (bovine) <0.01

# Kass Tepresents the apparent association constant as measured by the
methods of Smith et al.'

constant of 33 x 10° L/mol. These data suggest that the
specific placement of the substituent in the S1 pocket
is critical. There exists a general correlation between
fXa binding affinity and enhanced plasma anticoagulant
potency (PT) within this set of inhibitors (R* = 0.54). In
addition, the most active compounds show a high degree
of selectivity versus similar proteases. For example,
compound 17 showed minimal binding to serine prote-
ases involved in hemostasis (flla (thrombin), t-PA, plas-
min, and urokinase), and to bovine trypsin (Table 3).

In summary, structural modification of the S1 binding
element in a carbamate-based series affords human fac-
tor Xa inhibitors that do not contain an amidino func-
tionality, but display both high binding affinity and
anticoagulant potency in human plasma. The most
potent derivatives contain some type of substitution at
the 4 position of the phenyl S1 binding element. These
derivatives also display a high degree of specificity
against similar enzymes. In general, within this series
of inhibitors, there is a correlation between binding
affinity for factor Xa and anticoagulant potency as mea-
sured by prothrombin time (PT).
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Abstract—Novel DHODH inhibitors were developed based on a previously described series by introduction of heteroatoms into the
cyclopentene ring and hydroxyl groups attached to it. Also, the hydrophobic biphenyl side chain was replaced with benzyloxy phen-
yl groups. Activities on human, rat, and mouse enzymes indicate a species specificity of these inhibitors.

© 2005 Elsevier Ltd. All rights reserved.

Dihydroorotate dehydrogenase (DHODH) is responsi-
ble for the conversion of dihydroorotate to orotate,
which is the rate-limiting step in pyrimidine biosynthe-
sis. Inhibitors of DHODH show immunosuppressant
and antiproliferative activities, which are most pro-
nounced on activated T-cells.!

Leflunomide, an inhibitor of DHODH, is currently used
to treat rheumatoid arthritis, and analogs are in clinic to
treat graft versus host disease and multiple sclerosis.?

A novel series of DHODH inhibitors was developed by
us based on a lead that was discovered during a docking
procedure and medicinal chemistry exploration. The
activity of the initial lead was improved by a QSAR
method and yielded low nanomolar inhibitors.?

To evaluate the compounds further, we introduced
heteroatoms into the cyclopentene ring and replaced
the biphenyl moiety by the benzyloxy.

Cyclopentene dicarboxylic anhydride was purchased
from Aldrich. Thio and oxocyclopentene carboxylic
acids were synthesized by the cyanhydrine synthesis, as
shown in Figures 1 and 2.

Substituted biarylanilines were obtained by the Suzuki
cross-coupling procedure using commercial aromatic

* Corresponding author. Fax: +49 89 700 763 28;e-mail:
leban@4sc.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.053

boronic acids and halo anilines with Pd and KF in meth-
anol as described.’> Benzyloxy phenylanilines were
prepared, as shown in Figure 3.

The final compounds 1-22 were obtained by reacting the
appropriate dicarboxylic acid anhydrides with the
anilines in an inert solvent.®

Enzyme inhibition was measured in an in vitro enzyme
assay.* For the assay, N-terminally truncated recombi-
nant human DHODH was used.’ The assay was based
on the coupling reaction of the enzyme to the redox
dye 2,6-dichlorophenolindophenol (DCIP) as described.
The reduction of DCIP can be monitored photometri-
cally by a decreasing absorption at 600 nm.

T-cell (PBMC) proliferation was measured at variance
to a published method and is described in reference.®

Previously, we have described the discovery of cyclopen-
tene dicarboxylic acid monoamides? as potent DHODH
inhibitors. Here, we describe further data on the under-
standing of the SAR of these compounds.

As can be seen on the lead compound 1 (Table 1), intro-
duction of sulfur into the petacyclic ring did not lower
the activity significantly in compound 2. A similar
behaviour was seen on all other carbon sulfur replace-
ments (6, 10, 13, 16, 17). Oxidation of the sulfide to
the sulfone led to less active compound 3. Inspection
of the binding mode in a X-ray structure of such an
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Figure 1. Reagents and conditions: (a) NaCN, water/ether; (b) H,SO,, stirring 18 h at room temperature; (c) concd HCI, reflux, 3 h.

COOMe
R a cN

S S

o)
OH COOMe HO._O\_on o "
c o=<__
—» HO B ——
IS S

Figure 2. Reagents and conditions: (a) KCN, methanol/water/acetic acid, 0 °C, 8 h; (b) concd HCI, acetic acid, reflux, 20 h; (c) acetic acid anhydride,

reflux, 4 h.
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Figure 3. Reagents and conditions: (a) NaOH, water/ethanol, 80 °C, 3 h; (b) Fe, NH,4Cl, water/acetic acid/ethanol, 75 °C, 3 h.

analog indicated a close proximity of the pentacycle to
the FMN cofactor in the enzyme, leaving little space
for the sulfone without disrupting a good binding mode.’

Introduction of oxygen into the pentacyclic ring yielded,
in every case, compounds with lower activity (5, 9, 12,
and 19). A model derived from docking and from the
X-ray structure did not indicate any contradiction from
a good binding mode. Increased hydrophilicity of the
compound may prevent diffusion from into the active
side of this enzyme. The enzyme is anchored in a very
hydrophobic environment and the inhibitor has to dif-
fuse through a very hydrophobic environment. Such
an effect could explain the lower activity of hydrophilic
compounds in general. In the biphenyl series, there was
a clear trend toward better activity with the number of
fluor substitutions in the first aromatic ring (4, 7). We
initially attributed the better activity to increased hydro-
phobicity of the biphenyl ring system, since this pharma-
cophore binds to a hydrophobic environment in the
active site of the enzyme and such compounds diffuse
better into the active site.

The X-ray structure of these compounds showed a trend
toward a Brequinar-like binding mode with increasing
number of fluor substituents in the first aromatic ring.
The more Brequinar-like the binding the more active
the compounds.’

EO§_O'£N Fi io_ ab.

Compounds with hydroxyl groups attached to the pen-
tacyclic ring (21, 22) were synthesized by the Wohl-
Ziegler allylbromination with N-bromosuccinimide and
light from a 300 W lamp, in chloroform under refluxing
conditions (Fig. 4). Hydrolysis of the brominated com-
pound, without isolation, yielded two regioisomers that
were separated by HPLC (21, 22) in the ratio 7:3. The
more active compound 21 was found to be the isomer
with the hydroxygroup adjacent to the free carboxylic
acid, as shown in the X-ray structure. We did not sepa-
rate the enantiomers however, the X-ray structure
electrodensity of compound 21 accommodates equal
binding of both hydroxyl enantiomers. The hydroxylat-
ed compound 21 was 20-fold less active than the parent
compound 4.

Another suitable pharmacophore for binding into the
hydrophobic pocket of the active site was found to be
the benzyloxygroup 14. Although the parent compound
was less active than the unsubstituted biphenyl com-
pound 1, the introduction of halogen residues in ortho
and meta positions toward the benzylether linkage
greatly improved inhibitory activity (14-20).

In this series, however, the alternative binding mode did
not seem to be of importance, but increased activity was

considered to be a consequence of lipophilicity, since
we did not observe any Brequinar-like binding mode.’

o) oH R O—
OH °

Oy on N o~
“O&N 30
(@]

Figure 4. Reagents and conditions: (a) 300 W lamp, NBS, chloroform, reflux; (b) water, RT.
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Table 1. Inhibition on human DHODH

Table 1 (continued)

Compound 1Cs50* (uM) Compound structure Compound 1Cs0* (uM) Compound structure
1 0.41 13 0.004 & OCF3
Sino
H
2 0.667 & 14 2.0 \ /_@
OO L5
0 Br
2 L0
15 0.127 HN o
3 38 & &
0. Br
> O
16 0.173 HN o]
4 0.134 \ OCHs »
S o) Br
17 0.105 /_Q
5 0.360 & OCH3
HO_ o 18 0.011 & /_@
6 0.131 8;\_(0 R OCHgz <:§
HO__ 19 0.041 & /_@
7 0.011 )
i ®ad
F
"o o 20 0.110 ? Q, /_@
o) OCF3
8 0.033 &
i Q -
HO__ o 21 0.68 &0 OCH3
\ P R OCF;4 HN
9 0.205
o~ i )=
o F 2 1.46 OCH3
o
o R OCF3
10 0.015 N \
HN O Q #Values are means of three experiments, errors are usually around
10%.
HO F
o}
&O NS OCFs We also tested some of the most active compounds on
1 0.007 HN Q Q the human enzyme, and on rat and mouse DHODH en-
zymes, and the results were compared. As a reference
HO F F compound, A771276, the active metabolite of Lefluno-
© mide, shows a marked better activity on the mouse
N\ PR F OCF3 versus rat versus human enzyme.
12 0.058 o
HN :
Q Q Contrary to this result, all our compounds are better
F F inhibitors on the human versus rat and mouse enzymes.
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Table 2. Comparison of selected compounds on human, rat, and
mouse DHODH

Compound 1C50* (uM)
Human Rat Murine
1 0.41 1.5 4.0
8 0.033 0.504 2.0
11 0.007 0.078 0.422
19 0.041 1.2 1.8
AT71726 0.42 0.009 0.156

#Values are means of three experiments, errors being usually around
10%.

Table 3. Inhibition of PBMC proliferation

Compound I1Cso (UM)

4 13

8 15
11 0.175-0.327
19 1.0
A771726 108

To show the immunosuppressive effects of compounds,
we studied the inhibition of proliferation of our com-
pounds human peripheral blood mononuclear cells
(PBMCs) stimulated with Phytohemagglutinin-L.”

Data in Table 3 show that this series of DHODH inhib-
itors was significantly more active than A77127, which is
the active metabolite of Leflunomide (Tables 2 and 3).

Further studies on PK and animal models should iden-
tify clinical candidates for the development of drugs to
treat autoimmune diseases. Such diseases are rheuma-
toid arthritis, multiple sclerosis, lupus erythematosus,
ulcerative colitis, and neurodermitis.
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high-throughput screening assay. 2. Structure—activity

relationships of the 7- and 5-, 6-, 8-positions

William Kemnitzer,” Shailaja Kasibhatla,* Songchun Jiang,* Hong Zhang,”

Jianghong Zhao,” Shaojuan Jia,* Lifen Xu,* Candace Crogan-Grundy,” Réal Denis,

b

Nancy Barriault,® Louis Vaillancourt,® Sylvie Charron,? Jennifer Dodd,?
Giorgio Attardo,® Denis Labrecque,b Serge Lamothe,® Henriette Gourdeau,®
Ben Tseng,” John Drewe® and Sui Xiong Cai™*

Maxim Pharmaceuticals, Inc., 6650 Nancy Ridge Drive, San Diego, CA 92121, USA
Shire Biochem Inc., 275 Armand-Frappier Blvd., Laval, Que., Canada H7V 4A7

Received 8 June 2005; revised 25 July 2005; accepted 25 July 2005
Available online 6 September 2005

Abstract—As a continuation of our efforts to discover and develop the apoptosis inducing 4-aryl-4 H-chromenes as novel anticancer
agents, we explored the SAR of 4-aryl-4 H-chromenes with modifications at the 7- and 5-, 6-, 8-positions. It was found that a small
hydrophobic group, such as NMe,, NH,, NHEt, and OMe, is preferred at the 7-position. Di-substitution at either the 5,7-positions
or the 6,7-positions generally led to a large decrease in potency. Di-substitution at the 7,8-positions, in general, was found to result
in potent compounds. 7-NMe,, 7-NHEt, 7-OMe, and 7,8-di-NH, analogs were found to have similar SAR for the 4-aryl group, and
several 7-substituted and 7,8-di-substituted analogs were found to have similar potencies as the lead compound MX58151 (2a) both

as caspase activators and inhibitors of cell proliferation.
© 2005 Elsevier Ltd. All rights reserved.

Apoptosis, or programmed cell death, is a well-controlled
process for the elimination of excessive cells that involves
a series of precisely regulated events.! During apoptosis,
various characteristic changes occur within the cells,
including condensation of the nucleoplasm and cyto-
plasm, chromosomal DNA fragmentation, and the for-
mation of membrane-bound apoptotic bodies, which
are rapidly recognized and eliminated by adjacent cells.?
The mechanism of apoptosis involves a cascade of initia-
tor and effector caspases that are activated sequentially.#
Key effector caspases have been identified including cas-
pase-3, caspase-6, and caspase-7, that cleave multiple pro-
tein substrates in cells leading to irreversible cell death.>°

Keywords: 4-Aryl-4H-chromenes; Apoptosis inducers; High-through-

put screening; Structure-activity relationships; Cell- and caspase-

based.
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0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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It has been determined that many of the clinically useful
cytotoxic agents induce apoptosis in cancer cells.”-® The
proapoptotic chemotherapeutic agents that target tubu-
lin (taxanes consisting of Taxol and Taxotere, and vinca
alkaloids consisting of vincristine, vinblastine, and vino-
relbine) are among the most successful and commonly
prescribed anticancer therapies. The emergence of
drug-resistant tumor cells, as well as dose-limiting neu-
rologic and bone marrow toxicity, however has limited
the use of tubulin targeting agents. The colchicine bind-
ing site, located on the monomeric unpolymerized o/f3-
tubulin that is different from the binding sites of taxanes
and vinca alkaloids, represents another potential tubulin
target for the development of proapoptotic chemothera-
peutic agents. Recently, several tubulin inhibitors were
also shown to disrupt the tumor vasculature by targeting
endothelial cells, while sparing the normal vascula-
ture.>!® Two such vascular targeting agents, combre-
tastatin A-4 phosphate prodrug (CA-4P) and ZD6126
(Chart 1), both destabilize tubulin by binding at the
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Chart 1.

Ar-CHO + R

Scheme 1. Reagents and conditions: (a) EtOH, piperidine, rt.

colchicine site and are currently undergoing clinical tri-
als.!"'2 Compounds that induce apoptosis in cancer
cells by targeting the clinically validated tubulin/micro-
tubule system, while retaining activity in multi-drug-
resistant tumors, have the potential to offer new
treatment options in the field of oncology.!3"!>

We have reported the discovery, from our cell- and
caspase-based high-throughput screening (HTS) assay,
that 4-aryl-4H-chromenes are a new series of potent
apoptosis inducing agents possessing vascular target-
ing activity. These compounds were found to be tubu-
lin destabilizers, binding at or close to the binding site
of colchicine. They were also active in drug-resistant
cancer cell lines including the paclitaxel-resistant, mul-
ti-drug-resistant MES-SA/DXS5 tumor cells, and were
found to be highly active in several anticancer animal
models.'®!” The 4-aryl-4H-chromenes, therefore, rep-
resent a promising series of novel apoptosis inducers
that could be developed into new therapeutic antican-
cer agents.

We have recently reported the structure-activity
relationship (SAR) of the 4-aryl group of 4-aryl-4H-
chromenes. Starting from our screening hit, 2-amino-3-
cyano-7-dimethylamino-4-(3-methoxy-4,5-methylenedi-
oxyphenyl)-4 H-chromene (la), by maintaining the
2-amino, 3-cyano, and 7-dimethylamino groups of 1a,
we have identified 2-amino-4-(3-bromo-4,5-dimethoxy-
phenyl)-3-cyano-7-dimethylamino-4 H-chromene (2a) as
a lead compound (Chart 1)."® As a continuation of

RN

our efforts to develop the apoptosis inducing 4-aryl-
4H-chromenes as potential anticancer therapeutics, we
now wish to report the SAR of 4-aryl-4H-chromenes
(1-5) with modifications at the 7- and 5-, 6-, 8-positions.

The substituted 4 H-chromenes were generally prepared
by a one-pot reaction of the commercially available
substituted aryl aldehydes and phenols with malononit-
rile in the presence of a base, such as piperidine, in good
yield (Scheme 1), according to methods previously de-
scribed.'® For compound 3i, the appropriate starting
material, 5-methoxypyridine-3-carboxaldehyde (6¢),
was synthesized in two steps in 16% overall yield. First,
3,5-dibromopyridine (6a) was converted to the 5-bromo-
3-methoxypyridine (6b) by refluxing with NaOMe, and
then the aldehyde was formed by treatment of 6b with
n-BuLi and DMF (Scheme 2).

The one-pot reaction does not proceed well when the
starting phenol is substituted with electron-withdrawing
groups. Thus, compounds 2g and 2h could not be syn-
thesized directly via the one-pot reaction on account

Br Owve Ove
N a NS b | X
l = l = =
r I
6a 6b 6¢c
Scheme 2. Reagents and conditions: (a) NaOMe, MeOH, reflux, 3
days; (b) n-BuLi, DMF, —78 °C.
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of the presence of electron-withdrawing halogens at the
meta-position of the phenol ring. We explored the prep-
aration of compounds 2g and 2h from the diazotization
of the 7-amino group of compound 2b. To avoid
interference with the diazotization process by the 2-ami-
no group, 2b was oxidized using 2,3-dichloro-5,6-dicy-
ano-1,4-benzoquinone to the imino-2H-chromene 7.
Diazotization of 7, followed by either bromination or
chlorination, introduced the desired electron-withdraw-
ing groups at the 7-position (8a and 8b). Reduction of
the imino-2H-chromenes by sodium borohydride then
yielded 2g and 2h in overall yields of 14 and 10%, respec-
tively (Scheme 3).

The apoptosis inducing activity of these 4-aryl-4H-
chromenes was measured by our cell- and caspase-based
HTS assay'® in two cell lines, human breast cancer cells
T47D and human non-small cell lung cancer cells
H1299, and the results are given in Tables 1 and 2. Starting
from our screening hit 1a, by maintaining the 2-amino,
3-cyano, and 4-(3-methoxy-4,5-methylenedioxyphenyl)
groups, we first explored the effects of various substituents
at the 7-position (Table 1). The 7-amino analog 1b was
about 16-fold less potent than the 7-dimethylamino
analog la, suggesting that a slightly large and more
hydrophobic dimethylamino group at the 7-position is
important for the apoptosis inducing activity. The 7-eth-
ylamino analog 1¢ was about 3-fold more potent than 1b,
supporting the notion that a small and hydrophobic
group at the 7-position is important for activity. The 7-
diethylamino analog 1d was about 1.5-fold and 6-fold less
potent than 1c and 1a, respectively, suggesting that a large
group is not preferred at the 7-position. Compounds le
and 1f, with large phenylamino and N-morpholino
groups at the 7-position, were not active up to 10 uM
and are >100-fold less active than 1a, confirming that a
large group is not tolerated at the 7-position. The 7-meth-
oxy analog 1g had about half the activity of 1a, confirming
that a small and hydrophobic group is preferred at the 7-
position. The 7-hydroxy analog 1h was about 36-fold less

active than 1g, suggesting that a hydrophilic group is not
preferred at the 7-position.

We then explored substitution at the 7-position in com-
bination with substitution at either the 5-, 6-, or 8-posi-
tion (Table 1). The 5,7-dimethoxy analog 1i was not
active up to 10 uM and is >60-fold less active than 7-
methoxy analog 1g, indicating that a substituent at the
5-position is not tolerated. Interestingly, it has been ob-
served that an ortho-substituent at the 4-phenyl group
also resulted in a large reduction of activity.'® This is
probably because a substituent at the 5-position, as well
as an ortho-substituent at the 4-phenyl group, causes the
4-aryl group to rotate into an unfavorable position for
interaction with its target. The 6,7-dimethoxy analog
1j was also found to be inactive up to 10 uM and is
>60-fold less than the 7-methoxy analog 1g, indicating
that a substituent at the 6-position is not preferred.
The 6-methyl-7-ethylamino analog 1k was about 4-fold
less active than the 7-ethylamino analog 1c, suggesting
that a smaller group at the 6-position is more tolerated.
Compound 11, with the 6- and 7-positions cyclized into a
methylenedioxy ring, thus limiting the size of the group
at the 6-position, was almost as potent as 1g, confirming
that a smaller group is more tolerated at the 6-position.
The 7-amino-8-methyl analog 1m was almost 4-fold
more potent than the 7-amino analog 1b, suggesting that
a substituent at the 8-position might be beneficial for
activity.

Based on these results, as well as our earlier results that
2-amino-4-(3-bromo-4,5-dimethoxyphenyl)-3-cyano-7-
dimethylamino-4 H-chromene (2a) is a lead compound
and 3-bromo-4,5-dimethoxyphenyl is one of the best
aryl groups at the 4-position in this series of analogs,'®
we decided to concentrate our exploration efforts on
the combination of 3-bromo-4,5-dimethoxyphenyl at
the 4-position with different substituents at the 7-posi-
tion, as well as substituents at both 7- and 8-positions
(Table 1). Interestingly, 7-NH, analog 2b was only

8a, X = Br
8b, X =20

29, X = Br
2h, X =d

Scheme 3. Reagents and conditions: (a) CH,Cly/rt; (b) ‘BuONO, CH3CN, CuBr, or CuCl,, 0°C; (¢) NaBH,, THF, rt.
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Table 1. SAR of 4-(3-methoxy-4,5-methylenedioxyphenyl)- and 4-(3-bromo-4,5-dimethoxyphenyl)-2-amino-3-cyano-4 H-chromenes in the caspase

activation assay

Entry R’ R® R’ R®

T47D H1299
1a H H NMe, H 0.073 + 0.006° 0.093 +0.012°
1b H H NH, H 1.2 +£0.03 1.7 £ 0.09
1c H H NHEt H 0.33 +£0.06 0.40 + 0.04
1d H H NEt, H 0.48 + 0.06 0.53 £ 0.01
le H H NHPh H >10 >10
1f H H Mop® H >10 >10
1g H H OMe H 0.16 = 0.02 0.23 +0.03
1h H H OH H 58+0.4 5.6+0.4
1i OMe H OMe H >10 >10
1j H OMe OMe H >10 >10
1k H Me NHEt H 1.1 £0.03 1.4 +0.09
1 H OCH,O H 0.21 £ 0.01 0.27 £ 0.02
1m H H NH, Me 0.31 £0.01 0.77 £ 0.06
2a H H NMe, H 0.019 + 0.004° 0.043 + 0.001°
2b H H NH, H 0.033 +0.002 0.067 + 0.005
2¢ H H NHEt H 0.014 + 0.001 0.027 + 0.002
2d H H OMe H 0.017 +0.001 0.034 + 0.002
2e H H OEt H 0.064 + 0.010 0.092 + 0.004
2f H H OH H 0.13 +0.01 0.21 + 0.01
2g H H Br H 0.14 £ 0.01 0.28 £ 0.02
2h H H Cl H 0.16 £ 0.02 0.29 +0.02
2i H H NH, NH, 0.034 £ 0.005 0.081 +0.014
2j H H NH, Me 0.026 + 0.004 0.053 + 0.007
2k H H Me Me 0.042 + 0.002 0.087 + 0.008
21 H H OH NH, 0.061 + 0.005 0.18 +0.034
2m H H OH OH 1.7+0.18 2.5+0.28

#Data are means of three or more experiments and are reported as mean * standard error of the mean (SEM).

®Data from Ref. 18.
¢ Mop, N-morpholino.

slightly less active than 2a. This result contrasts with the
16-fold decrease in potency that was observed between
1a and 1b. In addition, the 7-ethylamino and 7-methoxy
analogs 2¢ and 2d were about as potent as 2a. These re-
sults suggest that the 3-bromo-4,5-dimethoxyphenyl at
the 4-position reduced the effects of substituents at the
7-position. Analog 2e, with a slightly larger 7-ethoxy
group, was about 4-fold less active than 2d, confirming
that a smaller group at the 7-position is preferred. The
7-hydroxy analog 2f was >7-fold less active than 2d,
confirming that a hydrophilic group is not preferred at
the 7-position. The 7-Br and 7-Cl analogs 2g and 2h
both were >7-fold less potent than 2d, indicating that
an electron-withdrawing group is less preferred than
the electron-donating group at the 7-position. The 7,8-
diamino analog 2i is a potent compound with an ECs,
value of 34 nM, being only slightly less active than 2a.
The extra amino group at the 8-position is also expected

to increase the aqueous solubility of the compound. The
7-amino-8-methyl analog 2j and 7,8-dimethyl analog 2k
were also highly active with potency around 3040 nM,
confirming that the presence of a substituent at the 8-po-
sition is not detrimental to activity. The 7-hydroxy-8-
amino analog 2l was about 2-fold more active than the
7-hydroxy analog 2f, confirming that a substituent at
the 8-position is beneficial for activity. The 7,8-dihy-
droxy analog 2m was about 20-fold less active than 2I,
and is the least potent 7,8-disubstituted analog pre-
pared, indicating that the hydrophilic hydroxy group is
not tolerated at the 8-position.

To determine whether modification of the 7-position
changes the SAR of the 4-aryl group, the 7-OMe,
7-NHEt, and the 7,8-diamino groups were selected to
explore different aryls at the 4-position (Table 2). For
the analogs with a 7-OMe group, similar to what was
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Table 2. SAR of 7-methoxy-, 7-ethylamino-, and 7,8-diamino-4-aryl-2-amino-3-cyano-4 H-chromenes in the caspase activation assay

R*
R
l =
Me
3
Entry B R? ECso (uM)*
T47D H1299

3a C OMe OMe OMe 0.026 £ 0.002 0.057 £ 0.003
3b C OMe H OMe 0.015 £ 0.001 0.032 £ 0.004
3c C OMe H H 0.052 £ 0.004 0.089 £0.012
3d C Br H H 0.052 £ 0.004 0.095£0.014
3e C Cl H H 0.080 £ 0.012 0.16 £0.02
3f C NO, H H 0.089 £0.012 0.17 £0.01
3g C H H H 0.36 £ 0.06 0.52£0.01
3h N H H H 0.17 £0.02 0.29 £0.03
3i N OMe H H 0.047 £ 0.009 0.10 £ 0.01
4a C OMe OMe OMe 0.049 £ 0.006 0.11 £0.01
4b C OMe H OMe 0.055£0.010 0.12 £0.02
4c C OMe H H 0.11 £0.01 0.19 £0.02
4d C Cl H H 0.12£0.01 0.19 £0.03
4e C NO, H H 0.11£0.01 0.17 £0.02
5a C Cl OMe OMe 0.024 £ 0.001 0.058 £ 0.004
5b C I OMe OMe 0.049 £ 0.006 0.10 £ 0.01
Sc C Br OH OMe 0.023 £0.003 0.062 £ 0.006
5d C OMe H OMe 0.092 £ 0.007 0.19 £0.01
Se C CN H H 0.39 £0.06 0.46 £ 0.04
5f C Br H H 0.15£0.01 0.23 £0.06
5g C NO, H H 0.39 £0.05 0.42 £0.05

#Data are means of three or more experiments and are reported as mean * standard error of the mean (SEM).

observed for analogs with a 7-NMe, group,'? the 3,4,5-
trimethoxyphenyl analog 3a was only slightly less active
than 2d, the analog with the potent 3-bromo-4,5-dimeth-
oxyphenyl group at the 4-position. The 3,5-dimethoxy-
phenyl analog 3b and 3-substituted-phenyl analogs
3cf all had good activity ranging from 15 to 89 nM.
The non-substituted phenyl analog 3g was much less ac-
tive, confirming the importance of a substituent at the
phenyl ring, especially at the 3-position. The 3-pyridyl
analog 3h was slightly more potent that the phenyl ana-
log 3g and the 5-methoxy-3-pyridyl analog 3i was about
as potent as the 3,4,5-trisubstituted-phenyl analog 3a,
confirming our previous observation that a 5-substitut-
ed-3-pyridyl has potency similar to that of a 3,4,5-trisub-
stituted-phenyl at the 4-position.'®

With an NHEt group at the 7-position, the 3,4,5-tri-
methoxyphenyl analog 4a and the 3,5-dimethoxyphenyl
analog 4b were slightly less potent than 2e, the one with
the potent 4-(3-bromo-4,5-dimethoxyphenyl) group.
Analogs 4c—e, with a 3-substituted-phenyl group at the
4-position, all had good activity with ECsy values of
around 100 nM, slightly less potent than the 3,4,5-tri-
substituted and 3,5-disubstituted analogs.

In the 7,8-diamino series, the 3-chloro-4,5-dimethoxy-
phenyl analog 5a and the 3-iodo-4,5-dimethoxyphenyl

analog 5b were about as potent as 2i, as expected from
our SAR studies in the 7-NMe, series that the 3-bromo
group can be replaced by a chloro or iodo group.'®
Analog 5¢ was about as potent as 2i, indicating that
3-bromo-4-hydroxy-5-methoxyphenyl group is a good
replacement for the 3-bromo-4,5-dimethoxyphenyl
group, similar to what was reported previously.'® More-
over, the hydroxy group in 5S¢ might improve the solubil-
ity profile, as well as provide a useful handle for the
preparation of a phosphate prodrug, similar to what
has been successfully done in the case of combretastatin
A-4 phosphate prodrug.!' The 3,5-dimethoxyphenyl
analog 5d also had good activity. As expected, the
3-substituted analogs 5e-g were less active than the
3,4,5-trisubstituted analogs.

The activities of these compounds toward the human
non-small cell lung cancer cell line H1299 were roughly
parallel to their activity toward T47D cells. In general,
H1299 cells were slightly less sensitive (about 2-fold less
sensitive as measured by the ECso value) to the com-
pounds than T47D cells in this assay.

Selected compounds were also tested by the traditional
inhibition of cell proliferation (Glsg) assay to confirm
that the active compounds can inhibit tumor cell
growth. The growth inhibition assays in T47D and
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Table 3. Comparison of caspase activation activity and inhibition of cell proliferation activity of 4-aryl-2-amino-3-cyano-4 H-chromenes

Entry T47D H1299

ECso" (uM) Glsob (M) Glso/ECs ECso" (uM) GIsob (M) Glso/ECs
1b 1.2£0.03 2.4+0.52 2.1 1.7 £0.08 1.2£0.17 0.74
1g 0.16 £0.02 0.26 £ 0.06 1.6 0.23 £0.025 0.24 £ 0.036 1.0
1h 5.8+0.35 6.08 £0.99 1.0 5.63 £0.38 5.50£0.76 0.98
1i >10 >10 1 >10 >10 1
1j >10 >10 1 >10 >10 1
1m 0.31 £0.01 0.49 £0.08 1.6 0.77 £0.06 0.86 £0.16 1.1
2a 0.019 + 0.004 0.092 +0.014 4.8 0.043 = 0.001 0.029 £ 0.010 0.67
2b 0.033 + 0.002 0.077 £ 0.015 2.3 0.067 £ 0.005 0.076 £ 0.013 1.1
2d 0.017 £ 0.001 0.008 + 0.002 0.47 0.034 = 0.002 0.009 = 0.003 0.26
2f 0.13£0.01 0.80 £0.19 6.1 0.21 £0.01 0.19 £0.01 0.90
2h 0.16 £0.02 0.064 +0.014 0.4 0.29 £0.02 0.055 = 0.002 0.19
2i 0.034 = 0.005 0.15£0.02 4.4 0.081 £0.014 0.031 £ 0.001 0.38
21 0.061 + 0.005 0.12 £0.06 2.0 0.18 £0.03 0.11 £ 0.047 0.61
3i 0.047 + 0.009 0.065 + 0.009 1.4 0.10 £ 0.01 0.072 £ 0.007 0.72

#From Table 1.

®Data are means of three experiments and are reported as mean * standard error of the mean (SEM).

0 N
7
N o
Br O/\
|
NH,
HA14- 1

Chart 2.

H1299 cells were run in a 96-well microtiter plate, as de-
scribed previously.'® The Glsg, along with the ECs, data
and the ratio of GI5¢/ECs, are given in Table 3. Results
show that 2a, 2b, 2d, 2h, and 3i are the most potent
inhibitors of tumor cell growth among the compounds
tested. Compound 2d had a GIlso value of 0.008 and
0.009 uM in T47D and HI1299 cells, respectively. The
GI5o/EC5q ratio for most of these compounds was >1
or close to 1 both with T47D and H1299 cells, with a
few exceptions. For example, the Glso/ECsq ratio for
compounds 2d and 2h was less than 0.5 for both cell
lines, indicating that both compounds are more potent
in the growth inhibition assay than in the caspase assay.
Table 3 also shows that in general, the compound that is
more active in the apoptosis induction assay, as mea-
sured by caspase activation, is also more potent in the
growth inhibition assay.

We have reported that compound 2a and related com-
pounds are tubulin inhibitors that bind at or are close
to the colchicine site of B-tubulin.'® Compounds 2b
and 2i were tested in the tubulin polymerization assay.
Both compounds were found to inhibit tubulin polymer-
ization with I1Cs, values less than 500 nM, similar to 2a.
Therefore, modification at the 7- and 8-positions does
not change the mechanism of action of these com-
pounds, that is induction of apoptosis through inhibi-
tion of tubulin polymerization. Interestingly, a
somewhat structurally related 4-substituted chromene
HA14-1 (Chart 2) has been reported to bind to Bcl-2
protein and induce apoptosis in HL-60 cells.'” However,

HA14-1 is not active up to 10 pM in our apoptosis
induction assay in several cell lines including T47D
and DLD-1.

In conclusion, we have explored the SAR of the
apoptosis inducing 4-aryl-4 H-chromenes as potential
anticancer agents via modifications at the 7- and 5-,
6-, 8-positions. It was found that small hydrophobic
groups, such as NMe,, OMe, or NHEt, are preferred
at the 7-position, while larger groups, such as NHPh, re-
sult in significant reduction of apoptotic activity. Inter-
estingly, disubstitution at the 7,8-positions, such as
7,8-diamino or 7,8-dimethyl, results in potent com-
pounds. Disubstitution at either the 5,7-positions or
the 6,7-positions generally results in a drastic decrease
in activity, with the exception of the cyclic 6,7-methylen-
edioxy analog that retains good potency. The 7-NMe,,
7-NHEt, 7-OMe, and 7,8-di-NH, analogs were found
to have similar SAR for the 4-aryl group. Several 7-
substituted and 7,8-di-substituted analogs, such as 2b—
d, 2i-1, 3a-b, and 5a—c, were found to be as potent as
the lead compound 2a. In addition, some of these com-
pounds offer better potential for aqueous solubility, par-
ticularly 2i and 5a—c. Compound Sc also provides a
handle for the preparation of prodrugs.
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Abstract—Chalcones can exist as Z- or E-isomers and it is generally anticipated that both isomers are equipotent. In order to deter-
mine the active isomer of anti-plasmodial chalcones a series of analogues locked in the Z- or the E-form were prepared and eval-
uated for their anti-plasmodial activity. It was shown that the Z-locked analogue was nearly inactive, whereas the E-locked
analogues were equipotent to the parent chalcones, indicating that the E-isomer is the active conformation.

© 2005 Elsevier Ltd. All rights reserved.

A large number of publications covering bioactive
chalcones appear every year.! The compounds have
shown an array of pharmacological activities, such
as anti-protozoal,>* anti-inflammatory,®> immunomod-
ulatory,® nitric oxide inhibition,” inhibition of the
production of interleukin-1® and anti-cancer activi-
ties.® Licochalcone A (LicA; Table 1) has been used
extensively as a model compound in anti-parasitic
research 2:10.16.25,39

Chalcones exist as either the E- or the Z-isomers (Chart
1). The E-isomer is in most cases the thermodynamically
most stable form and consequently, the majority of
the chalcones is isolated as the E-isomer; in general,
recrystallisation of an E~Z mixture yields the E-isomer
as the only stereoisomer. It has previously been
shown that the ao,B-double bond is very labile for photo-
isomerisation in solution, giving a mixture of the E- and
Z-isomers.! 12628 Indeed, we have observed this in
our in vitro studies (e.g., in an assay for microsomal
turn-over) as well as our vivo studies.

A few studies have addressed this problem. It has been
shown that the rate of the isomerisation and the equilib-
rium ratio depend on the substitution in the aromatic
rings and the solvent used.!?>~!* The data indicate that
electron donating groups and the chelating properties
of the substituents in the 2’-position have a significant

Keywords: Chalcone isomers; Malaria.

* Corresponding author. Tel.: +45 72263703; fax: +45 72263320;
e-mail: sfndk@leo-pharma.com
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influence on the degree of isomerisation.!>'* However,
these rules only apply for some very specific compounds,
substituents and positions. From our experience, having
synthesised more than 1000 different chalcones, it is
almost impossible to predict which chalcones are prone
to photoisomerisation and to what extent.

It has previously been anticipated that the two stereoiso-
mers are equipotent but no proof has been published. If
the E- and the Z-isomers are equipotent, the interpreta-
tion of the biological data should be straightforward,
since the degree of isomerisation would be without effect
on the activity of the compounds. On the contrary, if
there is a marked difference between the activity of the
E- and Z-forms, the observed activity is a combination
of the intrinsic activity as well as the photolability of
the active isomer. As isomerisation can be extremely fast
(seconds), the biological evaluation of the compounds
can be quite complicated.

To the best of our knowledge, only the studies by Iwata
et al., '* and Shibata'® have attempted to investigate the
biological activity of E- and Z-chalcones, respectively.
The two isomers were isolated by HPLC and assayed
for their biological activity. The authors observe a rela-
tively small difference in the activity of the isolated iso-
mers leading to the conclusion that the isomers are
equipotent. On the basis of the work presented in this
communication, we believe that the isolated isomers
must have converted back to an equilibrium mixture
during the time of the assay.

This study seeks to determine the anti-plasmodial activ-
ities of the E- and Z-isomers in order to identify the
active isomer. This is achieved by the synthesis and
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Table 1. In vitro anti-malarial activity?® of the prepared analogues
against P. falciparum 3D7*
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#Each value represents the mean of three experiments.

E-isomer Z-isomer

Chart 1.

testing of conformationally restricted Z- and E-ana-
logues of different known anti-plasmodial chalcones.

The chalcones (1, 2, 18-20) were prepared by classical
Claisen—Schmidt condensation using a catalytic amount
of sodium hydroxide in ethanol.!®

Scheme 1. Reagents and conditions: (a) CH3COOH, concd HCI,
50 °C.

The Z-locked analogues 5 and 6 of the chalcones 1 and 2
were prepared from the diketones 3 and 4, respectively,
by acid-catalysed cyclization using concentrated hydro-
chloric acid in acetic acid (Scheme 1). The E-locked ana-
logues were prepared in two steps. Treatment of an
appropriate substituted 2-hydroxy-benzaldehyde with
acrylonitrile in the presence of catalytic amount of
DABCO gave 7-10.2%2! Subsequent treatment with aryl
magnesium bromide gave the E-locked chalcone ana-
logues 11-15 (Scheme 2).%?

Table 1 summarises the anti-plasmodial activity of two
series of E- and Z-conformationally restricted analogues
and their parent chalcones against Plasmodium
falciparum.

Parent chalcones 1 and 2 show good activity against the
Plasmodium parasites. On the contrary, the conforma-
tionally restricted analogues 5 and 6 are nearly inactive.
Unfavourable substitution of the o,p-double bond or
conformational factors can explain the loss of activity
of the compound. Previously it was shown that o- or
B-substitution with alkyl groups only marginally influ-
ences the anti-parasitic activity of the chalcones.?* These
results strongly indicate that the loss of activity is due to
the Z-conformation of the molecule.

Similar to the Z-locked analogues 5 and 6, we have pre-
pared the corresponding conformationally restricted
E-locked analogues (11, 12). The data in Table 1 show
that the E-locked analogues are as potent as the parent
chalcones against Plasmodium parasites, thereby indicat-
ing that the bioactive isomer of anti-parasitic chalcones
is the E-isomer.
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7Rz 8 Ry=H
_ X 9: R,=6-Br
N 10: R,=8-OMe
b

11: R1= 4-OMe; R,=7-OMe
12: R;= H; Ry=H

13: Ry= 4'-Me; R,=6-Br

14: Ry= 2'-Me; R,=6-Br

15: R;= 2'-Me; R,=8-OMe

Scheme 2. Reagents and conditions: (a) acrylonitrile (4.5 equiv),
DABCO (0.1 equiv), neat, 80 °C, 18 h; (b) i: Ar-MgBr (1.2 equiv)
diethyl ether, reflux, 6 h. ii: 2 M HCL

To further support this observation, three more E-con-
formationally locked analogues of known anti-plasmo-
dial chalcones were prepared (Table 2). The data show

Table 2. In vitro anti-malarial activity?® of the prepared analogues
against P. falciparum 3D7%
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#Each value represents the mean of three experiments.

that the E-locked analogues were equipotent to the
parent chalcones, supporting the above conclusion. In
addition, a novel and promising class of anti-plasmodial
compounds has been discovered.

We believe that the data shown in this report are an
important finding in regard to the biological properties
of chalcones. Clearly, our findings provide insight into
the potential difficulties of working with chalcones that
can easily undergo isomerisation on exposure to light.
We recommend that scientists working with chalcones
take the presented results into account and make sure
that the compounds are not exposed to light and to keep
solutions in dark glass vials.

We have prepared conformationally restricted analogues
of anti-plasmodial chalcones. The analogues with the
double bond in the Z-conformation were nearly inactive,
whereas the corresponding analogues being locked in the
E-conformation were equipotent to the parent chalcones
against Plasmodium parasites. This supports the hypoth-
esis that the E-isomer of the chalcones is the active one
with regard to anti-plasmodial activity.
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Abstract—An SAR study around the mixed 5-HT,5pp receptor antagonist SB-272183 found that introduction of cis-2,6-dimethyl
substitution onto the piperazine ring was a key structural change, which imparted a combination of both excellent selectivity over
the 5-HT; 4 and 5-HT;p receptors and low intrinsic activity. This led to the identification of the selective 5-HT, 5 receptor antagonist

SB-616234.
© 2005 Elsevier Ltd. All rights reserved.

The 5-hydroxytryptamine (5-HT) family of receptors
comprises 14 distinct sub-types, which have been exten-
sively studied and categorized into seven main families
5-HT-5-HT; on the basis of their operational, structur-
al, signal transduction pathways and pharmacological
attributes.!'> The largest family comprises the 5-HT,
receptors, which have been subdivided further into
5-HTja, 5-HT;p, 5-HTp, 5-HT;g and 5-HT,r receptors
showing approximately 40-60% homology between
members. Indeed, much interest within central nervous
system (CNS) research has been directed towards this
family since 5-HT;, 5-HT;g and 5-HT,p receptors
have been identified as autoreceptors and are thus
considered potential targets for the modulation of
central serotonergic function.?*

Within the CNS, 5-HTp receptors are located both pre-
and postsynaptically. The presynaptic 5-HT g receptors
are located on nerve terminals and in somatodendritic
regions (cell body or raphe) of the 5-HT neurone.” As
the 5-HT;p receptor is negatively coupled to adenylate
cyclase, in both cases activation of these presynaptic
5-HT, receptors serves to inhibit 5-HT release.>® The
location of 5-HT,;g receptors on 5-HT nerve terminals
has resulted in a number of studies (including those car-
ried out on human brain tissue®), which has led to the
suggestion that blockade of this receptor will have the
effect of relieving the autoinhibitory action of 5-HT at

Keywords: 5-HT g receptor antagonist; SB-616234.
* Corresponding author. Fax: +44 01279 622790; e-mail: paul.
wyman@gsk.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.085

the terminal 5-HT autoreceptor and hence result in
an increase in extracellular levels of 5-HT.””® Chronic
blockade of the 5-HT uptake carrier by selective
serotonin re-uptake inhibitors (SSRIs) is also known
to increase extracellular 5-HT levels, and this is hypoth-
esized to result in the antidepressant and anxiolytic
activity of this class of drugs in the clinic. It is therefore
postulated that 5-HT;g receptor antagonists, by virtue
of increasing 5-HT levels, will have the same net
effect as SSRIs and hence may offer clinical utility
in treatment of mood disorders.>® Consequently, selec-
tive antagonists of the 5-HT;g receptor or mixed
5-HT;p/1p ligands have been studied alone or in combi-
nation with other serotonergic agents for their potential
utility in depression and anxiety. A number of reviews
have covered the potential therapeutic applications of
agonists and antagonists of these receptors.!%!!

Here, we describe part of our research in the 5-HT area in
which we were interested in identifying a selective antag-
onist for the 5-HT;g receptor. Past literature concerning
5-HT;p and 5-HTp receptors is complicated by changes
in nomenclature; 5-HT;p receptors were formerly classi-
fied as 5-HTp,and 5-HT g receptors as S'HTIDB.12 Most
of the initial work in the 5-HT,;y area was carried out
using mixed 5-HT;p/p ligands, such as GR127935,'3
which demonstrated silent antagonism in a rat glial
cell line, as determined by the inhibition of forskolin-
stimulated cAMP formation by 5-HT.!* However,
such compounds showed partial agonism in a human re-
combinant functional assay ([>°SJGTPyS binding).'?
Our earlier studies provided SB-224289 as the first truly
selective 5-HT,p antagonist'® and although this com-
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pound proved unsuitable for development it did serve
as a very useful tool for investigating the pharmacology
of this receptor. Recently, AR-A00002 has been reported
as a selective 5-HT;p receptor antagonist, although
this also shows partial agonism in a [>>S]GTPyS assay.!”

The starting point for our investigation came from SAR
studies and data mining around the previously reported
potent 5-HT spp receptor antagonist SB-272183.'%
From these investigations, we identified similar struc-
tures in which cis-2,6-dimethyl substitution of the piper-
azine ring afforded improved selectivity for the 5-HTp
receptor, as shown in Table 1.

Three significant findings emerged from this initial
investigation. First, the biaryl amide LHS could be re-
placed by a substituted phenyl urea or phenylacetamide
and maintain good 5-HTp affinity. Second, compounds
2,7 and 9 all showed comparable 5-HT, affinity to the

4709
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corresponding piperazine analogues (1, 6, and 8),
whereas they showed a consistent reduction in 5-HTp
affinity together with a marked reduction in affinity at
the 5-HT;a receptor. A highly significant third finding
was the effect on intrinsic agonist activity of introducing
the cis-dimethyl substitution, as evaluated in the
[*>SIGTPyS functional assay,'® which was shown to be
significantly reduced at both the 5-HT;g and 5-HTp
receptors. Thus, compound 2 was a very encouraging
early lead with a good 5-HT;p/5-HTp sclectivity, low
5-HT,p intrinsic activity, and it also showed >100-fold
selectivity over a range of other 5-HT and dopamine
receptors. Although this compound subsequently
proved to have in vitro metabolic liability, it prompted
further SAR investigations around these molecules.

As N-demethylation of 2 was indicated as one possible
source of instability a small investigation was conducted
on this compound. Increasing the size of the N-alkyl

Table 1. Receptor binding affinity (pK;)?, intrinsic activity'® and intrinsic clearance for 5-HT, 4, 5-HT; and 5-HTp,

Compound X R V4 Binding affinity pK; Selectivity Intrinsic clearance
(intrinsic activity) (liver microsomes)
ml/min/g
S-HTIA S-HTIB S-HTID S-HTIBIS-HTIA S-HTIBZS-HTID Rat Human
SB-272183 8.4 8.4 9.0 1 0.25
1 7 \ H Me 79 8.7(0.9) 7.6(0.9) 6 12 — —
2 = O Me Me 6.3 8.5(0.3) 7.0 (inv)® 160 30 46 34
3 Ve Q Me H 6.0 7.3 6.9 21 2.8 12 14
4 Me Et 6.3 8.4 6.9 110 28 45 47
5 Me nPr 7.1 7.5 6.8 2 4.7 — —
6 R H Me 7.3 8.4 (0.6) 7.9(0.7) 13 3 — —
7 \ Me Me 5.8 8.1(0.1) 7.1(0.1) 200 10 3.0 3.0
cl cl
8 H Me 6.8 8.1 7.5 20 4 — —
9 Me Me 5.7 7.8 (0.1) 6.6(0.2) 125 15 — —

o,N

#Radioligand binding assay from cloned human 5-HT receptors.
® Inverse agonism.
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Table 2. Receptor binding affinity (pK;)® and intrinsic activity'® of
substituted benzamides, phenylacetamides, ureas and carbamates for
5-HT,g and 5-HT,p

Me
X\‘(O N/Me
@ o
R OMe
Compound X R 5-HT;p pK; 5-HTp

(intrinsic activity) pK;
10 Bond 2-Cl, 3-Cl 7.9 6.6
11 Bond 3-Cl 7.7 6.6
12 CH, 2-F,3-Cl 8.7 (0.1) 7.0
13 CH, 2-CF3,3-F 85(0.1) 6.7
14 CH, 2-F,3-CF3 8.8(0.1) 6.9
15 NH 2-F, 3-Cl 8.1 (0.1) 6.7
16 NH  2-F, 3-CF3 8.4 (0) 6.8
17 NH  2-Cl, 3-CF3 8.6 (0) 7.3
18 o 2-F, 3-CF3 8.6 (0.1) 7.5
19 (¢} 2-Cl, 3-CF3 8.6 (0.15) 7.6

#Radioligand binding assay from cloned human 5-HT receptors.

group to ethyl (4) retained 5-HT,p affinity, but had no
effect on intrinsic clearance. The n-propyl analogue 5
was less potent at the 5-HT,p receptor. Removing the

N-methyl group did reduce the intrinsic clearance, but the
NH compound 3 also showed a reduced 5-HT affinity.

Therefore, investigation was focused on the LHS. A ser-
ies of substituted benzamides, phenylacetamides, ureas
and carbamates was prepared and the effect on 5-HTp
affinity, selectivity and intrinsic activity examined. It
was rapidly found that optimal affinity was obtained
with substitution by a 2- and/or 3-position electron-
withdrawing group. Table 2 shows a representative set
of compounds, which also indicates that very low intrin-
sic activity at the 5-HT,p receptor was maintained.

This study revealed that the benzamides 10 and 11 were
less active at the 5-HT g receptor. Phenylacetamides 12—
14 generally had a slightly greater affinity than the corre-
sponding ureas 15-17, whereas the carbamates 18 and 19
had good 5-HT 3 affinity but generally these compounds
showed lower selectivity over the 5-HTp receptor. Where
the corresponding NH piperazine analogues were pre-
pared, these showed reduced 5-HT,p affinity (data not
shown).

Compounds 14 and 16 were profiled further in vivo, but
both of them failed to meet all the requirements for
progression. Although the simple benzamides (e.g., 10)

Table 3. Receptor binding affinity (pK;)*, intrinsic activity!® and human intrinsic clearance (CLi) of biaryl LHSs for 5-HT;5 and 5-HT,p
Me
X\@\(O H\ R
N
N: ::iN\/kMe
OMe

Compound X R 5-HT;p pK; (intrinsic activity) 5-HTp pKi CLi human
Me
20 @ Me 9.2 (0) 7.8 —
Me
21 °>\ < f H 8.5 (inv)° 6.4 1.9
Me
Me
22 NN H 8.1 (0) 6.3 6.6
Me
Me
M
23 N Me 8.3 7.8 —
o\N/
Me
M
24 NN H 8.5 (0) 6.6 1.0
0~/
o] Me
25 N H 8.3(0 6.4 0.9
- !
Me
26 (“{; < § H 8.3 (inv)P 6.6 0.6
—N

#Radioligand binding assay from cloned human 5-HT receptors.
® Inverse agonism.
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Scheme 1. Synthesis of indoline (6). Reagents: (a) AcCl, AlCl;, DCM,
81%; (b) AcOOH, 90%; (c) NaOH, 100%; (d) NBS, AcOH, 64%; (e)
Mel, K,CO3;, DMF, 92%; (f) cis-2,6-dimethylpiperazine (R = H, Me),
BINAP, Pd(OAc),, Cs,COs3, dioxane, 63%; (g) 2 M HCI, 90%.

had shown reduced potency at 5-HT;p, when a second
aryl ring was introduced, this gave a significant increase
in 5-HT;p receptor affinity and afforded compounds,
such as 20 (Tdble 3), with nanomolar potency and full
antagonism in the [*°SJGTPyS functional assay.
However, these compounds showed either insufficient
5-HTgnp selectivity, inhibited P450 isoforms (data
not shown) or had high CLi in microsomes precluding
further studies. Introduction of a further ring onto the
biaryl side chain produced many analogues with excel-
lent SHT,p affinity and selectivity. This SAR mimics

that seen originally in the corresponding aniline series.’

Significantly for compounds in this class, the N-H
piperazine analogues had similar SHT, affinity to the
N-Me piperazines, yet retained their superior 5-HT g,
1D receptor selectivity and, therefore, offered examples
avoiding potential metabolic instability due to N-de-
methylation. Consequently, a number of compounds
were taken up for in vivo evaluation from this series
and compound 24 (SB-616234) demonstrated to be the
best overall profile for further studies.

The synthesis of this series of indoline piperazines uti-
lised (6) (R = H or Me) (Scheme 1) as a key intermedi-
ate. This was prepared from l-acetylindoline (1),
which was acetylated under Friedel-Crafts conditions
to give the 5-acetyl analogue (2). Baeyer—Villiger oxida-
tion gave the acetoxy intermediate, which readily hydro-
lysed to give the 5-hydroxy compound (3). Bromination
of this material with N-bromosuccinimide followed by
O-methylation, afforded (4) and the 1,2,6-trimethyl or
2,6-dimethyl piperazine could then be introduced to give
(5). In the case of dimethylpiperazine, only one isomer
was obtained.

Acidic hydrolysis then gave the NH indoline (6) and the
final amides and phenylacetamides were prepared by
either acylation with the appropriate acid chloride or
via EDC/HOBt coupling with the acid. Carbamates
were prepared from the chloroformates and the ureas
were prepared by reaction with the appropriate isocya-
nate; those not commercially available were prepared
in situ from the appropriate amine and triphosgene
(Scheme 2).

The oxadiazole biphenyl acid (9) required for SB-
616234 was prepared from the bromobenzonitrile (7)
via reaction with hydroxylamine, followed by acetic

Me

% /R
N
H
&o™
OMe
a OV (6) \;\

Me Me

R R
et S0 Oy
<»:I::I:N\/)\Me <y:I::I:N\/)‘Me
OMe
Scheme 2. Synthesis of amides, ureas and carbamates. Reagents: (a) ArXCOCI, Et;N, DCM; (b) ArXCOOH, EDC, HOBt, DCM; (c) ArNCO,
DCM.

Me Me Me

a, b
' N c N
NC@Br - \f >_® Br i \T COOH
O\N O\N

) 8) 9)

Scheme 3. Synthesis of oxadiazole biphenyl acid. Reagents: (a) H,NOH, MeOH, 90%; (b) Ac,O, 100%; (c) 4-carboxybenzeneboronic acid,
Pd(PPh3)4, Na2C03, DME, Hzo, 74%.
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anhydride to give (8). This was coupled with 4-carb-
oxybenzeneboronic acid under Suzuki reaction condi-
tions to afford (9). Other biaryl acids were prepared
by similar reported procedures®® (Scheme 3).

In summary, we have been able to identify 5-HT;p
receptor antagonists with increased selectivity and re-
duced intrinsic agonist activity through the introduction
of cis-2,6-dimethyl substitution onto the piperazine ring
of a mixed 5-HT;a/p/1p ligand. Details of the in vitro
and in vivo activity of SB-616234 (24) will be described
in forthcoming papers.?!->?
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Abstract—Natural aminoglycoside antibiotics, such as neomycin, target bacterial ribosomal RNA. Neomycin also binds strongly to
HIV TAR and RRE RNA through the predominant interactions of its neamine core. In the search for antiviral agents targeting
multiple binding sites for aminoglycosides in RNA, we report here the synthesis of new neamine dimers and a trimer in which
the neamine cores are connected by different linking chains attached at the 4’- and/or 5-positions. Inhibition of TAR-Tat complex-
ation by these oligomers was studied via fluorimetric binding assays performed under two ionic strengths. All dimers strongly inhibit
TAR-Tat association, with ICso values 17-85 times better than the value obtained with neomycin. These results demonstrate that
modifying neamine at the 4'- or the 5-position is a promising strategy in the search for antiviral agents.

© 2005 Elsevier Ltd. All rights reserved.

Ribosomal RNA (rRNA) is the target of clinically
important antibiotics. Among them, aminoglycosides
(aminosides) constitute a large family of natural antibi-
otics effective against a broad range of microorganisms.'
These pseudo-oligosaccharides are multiply charged
cationic molecules of high flexibility that bind specifical-
ly in the bacterial ribosome to the A-site of the decoding
region of 16S rRNA and induce the synthesis of modi-
fied proteins.”> The aminoglycoside antibiotic neomycin
B (1) (Fig. 1) also binds to other RNA targets,>* such
as the HIV RNA recognition elements RRE (rev
responsive element)® ® and TAR (trans-acting responsive
sequence),’ and blocks the HIV-Rev and HIV-Tat protein
binding necessary for viral RNA transactivation.

Unfortunately, neomycin B is toxic and high level anti-
biotic resistance involving enzymatic modifications has
been reported.!’!? Detailed comparative NMR studies
and biochemical experiments have shown that rings |
and II of neomycin-class aminoglycosides (Fig. 1) are
sufficient to confer the specificity of binding to a model
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Figure 1. Structures of neomycin B 1 and neamine 2.

A-site RNA and serve as a minimal structural motif for
binding to the 16S subunit of rRNA'? and to the RRE
and TAR HIV RNA.!%!5 Therefore, in the search for
new antibiotic or antiviral drugs, less toxic than neomy-
cin, neamine 2 (Fig. 1) appears to be an attractive start-
ing molecule.

In the last few years, neamine derivatives have been
prepared by modifying the amino groups, or the 3’-,
the 5- or the 6-hydroxyl function to increase the affinity
for the RNA targets and/or to induce resistance to
aminoglycoside-modifying enzymes.!'®2°

In an attempt to explore the multiple binding sites
for aminoglycosides in RNA and target them,
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aminoglycoside antibiotics kanamycin A, tobramycin
and neomycin B have been homo- and heterodimerized
with linking chains of various lengths through disulfide
bond formation.?’” These dimers inhibit the catalytic
function of Tetrahymena ribozyme 20- to 12,000-fold
more efficiently than the corresponding monomers.?
Their dissociation constants to a dimerized A-site 16S
RNA construct were about 20-fold higher than the
monomeric aminoglycoside molecules.?® Incorporation
of a naphthalene diimide threading intercalator in the
linking chain led to a 35-fold enhancement in binding
affinity compared to the monomeric aminoglycosides.?"
Neomycin dimers also showed dissociation constants
to RRE RNA to be approximately 17-fold higher than
neomycin.”3! Combinatorial chemistry has been used
to generate dimers of neamine, that target rRNA, in
which the two subunits are linked by an amino chain
attached to the 5-positions. Some of these dimers
exhibit very interesting antibiotic effects and resistance
to aminoglycoside-modifying enzymes.>+26:32.33
Aminoglycoside dimers have also been shown to
stabilize B-form duplex DNA.3*

The deoxystreptamine core, corresponding to ring I
in neamine, was recently dimerized and the resulting
dimers were shown to bind strongly to RNA hairpin
loops.®

Both mass spectrometry and gel mobility shift assays
have revealed the existence of multiple neomycin bind-
ing sites in TAR RNA.3® We also observed a biphasic
profile in the melting temperature curve of mixtures
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TAR RNA-neomycin B, suggesting the presence of at
least two binding sites. In the search for aminoglycosides
having multiple binding sites in the TAR RNA, we re-
port here the synthesis of four symmetrical 4',4'-, and
5,5-neamine dimers 3, 5,7, 9, and a 5,5,5-neamine trimer
11 (Fig. 2) using protecting groups optimized previous-
ly37-3® and a comparative study of their affinity for
TAR RNA through inhibition of the TAR-Tat associa-
tion via fluorimetric binding assays.

We have recently reported a route for preparing, for
the first time, 4'-neamine derivatives using trityl and
p-methoxybenzyl protective groups for the amino and
hydroxyl functions, respectively. Interestingly, a com-
parative study of the binding to TAR RNA of 4'-
and 5-neamine-histidine, -phenanthroline, -flavin, and
-adenine conjugates has shown that 4’-neamine deriva-
tives have similar affinities and selectivities for TAR
RNA than their corresponding 5-derivatives.’” A
4’-neamine-histidine conjugate has also revealed a
remarkable affinity and selectivity for TAR RNA
better than those of the corresponding 5-derivative.’’

The isomeric 5,5- and 4’,4’-dimers 3 and 7 possessing an
uncharged linking chain at pH 7 in water were synthe-
sized from the neamine derivatives 13 and 15,3738 carry-
ing an amino function at the end of a hexyl chain
introduced at the 5 and 4/-positions, respectively
(Schemes 1 and 2). Compounds 13 and 15 were convert-
ed to the corresponding carboxylic acids 14 and 16,
respectively, through the reaction with succinic anhy-
dride (90% and 89% yields, respectively). The reaction

4:R'=Tr, R =PMB
6: R'=Tr, R> = PMB

1 2

=R’=H 8R'=Tr,R°=PMB

X = CHy-N(CHg)-CHy :

9:R'=R’=H 10:R'=Tr,R®=PMB

Figure 2. Structures of the neamine dimers 3, 5, 7, 9, trimer 11 and their protected derivatives 4, 6, 8, 10, and 12, respectively.
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Scheme 1. Synthesis of the 5,5-symmetrical neamine dimer 3. Reagents: (a) succinic anhydride, Et;N, CH,Cl,; (b) EDC, HOBt, CH,Cl,; (c) TFA,

anisole.
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Scheme 2. Synthesis of the 4’,4’-symmetrical neamine dimer 7. Reagents: (a) succinic anhydride, Et;N, CH,Cl,; (b) EDC, HOBt, CH,Cly; (c) TFA,

anisole.

of these carboxylic acids with the corresponding amino
derivatives 13 and 15 in the presence of EDC/HOBt
and then deprotection with TFA/anisole led to the cor-
responding dimers 3 and 7 (80% and 84% yields, respec-
tively, for the coupling and deprotection reactions).

The 5,5- and 4',4'-dimers 5 and 9 possessing a meth-
ylamino function in the center of the linking chain
were obtained in one step through the reaction of
the amino derivatives 13 and 15, respectively, with
methyliminodiacetic acid in the presence of EDC/
HOBt and then deprotection (Scheme 3; 67% and
49% yields, respectively, for the coupling and deprotec-
tion reactions).

The 5,5,5-trimer 11 was prepared from the 5-hexylamino
derivative 13 (Scheme 4). The reaction of this derivative
with ethyl bromoacetate in THF/EtOH in the presence
of triethylamine and, then treatment with KOH in
THF led to the bis carboxylate salt intermediate 17
(91% yield for the two steps).

Condensation of this derivative with the 5-hexylamino
derivative 13 led to the protected trimer 12, which was
deprotected in TFA/anisole to afford the trimer 11
(35% yield for the two steps). The four dimers and the

N d c
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Scheme 3. Synthesis of the 4’,4’- and 5,5-symmetrical neamine dimers
5 and 9, respectively, possessing an amino function in the linking
chain. Reagents: (d) EDC, HOBt, Et;N, CH,Cl,; (c) TFA, anisole.
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Scheme 4. Synthesis of the 5,5,5-neamine trimer 11. Reagents: () ethyl
bromoacetate, Et;N, THF/EtOH; (f) KOH, THF ; (b) EDC, HOBt,
CH,Cly; (c) TFA, anisole.

trimer prepared were characterized by 'H and '*C
NMR and HRMS (see Supplementary data).

In the presence of trimer 11 (1 equiv), precipitation of
27mer TAR RNA models®” at 2.5 uM was observed
and, thus, this neamine derivative was not studied further.

To define the affinity of the dimers for TAR, the fluorimet-
ric competition assay of Hamasaki and co-workers was
applied to the 31mer oligonucleotide (' GGCCAGAUC
UGAGCCUGGGAGCUCUCUGGCC) including the
lateral UCU bulge found in the wild-type TAR RNA
(Table 1).3940

In this assay, a TAR-bound Tats9_s;—sequence fluores-
cein~rAAARKKRRQRRRAAAC-rhodamine is titrat-
ed with a competitor RNA ligand. Upon displacement
from the TAR complex, the peptide conformation
changes from extended to random coil. This change is
accompanied by significant quenching of the fluores-
cence emission. At pH 7.4 and 70 mM salts, ICs, values
of all dimers were found in the 0.15-0.4 uM range (see
Table 1 and Fig. 3 for dimers 5 and 9) and appeared
to be lower than the values obtained for neomycin
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Table 1. Aminoglycoside concentrations required to decrease TAR-Tat binding by 50% (ICs), as determined in a fluorimetric competition assay*’

Aminoglycoside
Neomycin 1 Neamine 2 5,5-Dimer 3  4/,4’-Dimer 7 5,5-Dimer 5 4/,4’-Dimer 9
ICso uM pH 7.4, 50 mM Tris—HCI, 20 mM KClI 7.0+£0.2 10.0 £ 0.5 0.40 £ 0.01 0.15%0.01 0.15%£0.02 0.33 £0.01
ICso uM pH 7.5, 10 mM Tris-HCI, 150 mM KCl  35%3 40+ 4 0.9+ 0.03 0.48 £0.02 1.0+ 0.1 0.44 £ 0.05
A 50000 600007
450001 ICqp = 1 UM ( 0.09) 550001 ICs = 0.15 M (2 0.02)
40000 500007
> " ) J
2 35000 . 2 45000 .
. 40000 "
30000 .
- . 350001 - - .
25000
T T T T T — 30000 T T T T T T —
0 1 2 3 4 5 00 01 02 03 04 05 06
¢ [um] ¢ [um]
B 25000] . 600001
260001 "™ "
24000{ %, ICs, = 0.44 UM (£ 0.05) 550007 IC5 =0.33 uM (£ 0.01)
22000 - 50000
2 200007 2 450001 "
@ 18000 4 .
16000 - 40000 .
140007 . 350001 "
12000 . .
10000 ' 300007 -
0 1 2 3 a4 5 0 2 2 6 8
¢ [um] c [um]

Figure 3. Determination of I1Cs, values. Typical titration curves are shown: (A) left: dimer 5 at pH 7.5, 10 mM Tris-HCI, 150 mM KCI; right: 5 at
pH 7.0, 50 mM Tris-HCI, 20 mM KClI; (B) left: dimer 9 at pH 7.5, 10 mM Tris-HCI, 150 mM KCl, right: 9 at pH 7.0, 50 mM Tris-HCI, 20 mM
KCI. The given ICsy numbers are mean values from three independent titrations.

(Sigma N1876, 7 uM) and neamine (10 uM). At a higher
ionic strength (pH 7.5, 160 mM salts), ICs, values of the
dimers were found in the uM range increasing from 1.3
(dimer 9, Fig. 3B) to more than six times (dimer 5,
Fig. 3A). These values remain much lower than those
observed under the same conditions for neamine
(40 uM) and neomycin (35 uM). Biphasic titration
curves were observed for dimers 3 and 7 (data not
shown). This particular behavior indicates the presence
of at least two independent binding sites in TAR occu-
pied by these dimers with rather different affinities.

In conclusion, all synthesized dimers are able to inhibit
the TAR-Tat binding at interesting submicromolar
concentrations. These results point out that modifying
neamine at the 4'- or the 5-position is a highly promising
strategy to compete with the TAR-Tat binding in the
search for antiviral agents. The dimers have now to be
modified to allow their cellular uptake.

Supplementary data
Supplementary data associated with this article can

be found in the online version at doi:10.1016/
j.bmcl.2005.07.082.
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Abstract—?2,6-Diamino-4, N-diarylpyridines were identified as potent, isoform selective inhibitors of the enzymatic activity of lyso-

phosphatidic acid acyltransferase-p (LPAAT-p).
© 2005 Elsevier Ltd. All rights reserved.

Lysophosphatidic acid acyltransferase (LPAAT) activi-
ties, detected in bacteria, yeast, plant, and animal cells,
catalyze the sn-2 acylation of lysophosphatidic acid (1-
acyl-sn-glycerol-3-phosphate, LPA) to phosphatidic acid
(1,2-diacyl-sn-glycerol-3-phosphate, PA). PA is a com-
ponent of cell membranes and a key intermediate in
the de novo synthesis of phosphoglycerides, which com-
prise the major components of cell membranes, and of
triacylglycerol, the major form of energy storage in
plants and animals. The majority of LPAAT activity
in mammalian cells has been attributed to two mem-
brane-associated isoforms, LPAAT-o and LPAAT-p.
These isoforms share about 34% sequence identity,
and contain putative transmembrane domains and two
highly conserved motifs, NHQSXXD and EGTR, essen-
tial for the catalytic activity of a family of acyltransfer-
ases.!> LPAAT-o. and LPAAT-B also display similar
substrate preferences.>”” While LPAAT-a is uniformly
expressed in all human tissues tested, LPAAT-f appears
to be expressed more prominently in liver, heart, and
pancreatic tissues, as well as in a wide variety of tumor
cells and their surrounding stroma.!348° Both isoforms
are highly expressed in adipocytes.!® Curiously, the
LPAAT-B gene has been linked to a rare form of con-
genital, generalized lipodystrophy (CGL).!! These indi-
viduals have non-functional or missing LPAAT-f
genes and are characterized by a nearly complete ab-
sence of non-mechanical adipose tissue from birth. Pa-
tients also have high blood triacylglycerol levels and
develop extreme insulin resistance along with its compli-
cations. The relationship between LPAAT- and CGL

*Corresponding  author. Fax: +1 206 284 6206; e-mail:
jpeterklein@yahoo.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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has yet to be fully elucidated, particularly since patients
presumably still have functional LPAAT-a activity.

PA has also been implicated as a lipid cofactor in cell sig-
naling events including Raf translocation to membranes,
mTOR activation, epidermal growth factor receptor
(EGFR) internalization, and activation of PKC{.!>-13
The production of PA associated with these cellular
events is often attributed to the catalytic activity of phos-
pholipase D. However, no small molecule inhibitor of this
enzyme has been reported to help confirm this hypothesis.
In contrast, ectopic overexpression of LPAAT- has been
shown to cooperate in activation of the Ras/Raf/Erk
pathway in Xenopus oocytes and LPAAT- appears to
play a role in tumor cell survival.'® RNAi knockdown
of LPAAT-B blocks tumor cell proliferation.’

In spite of the ubiquity of LPAATS in all life forms and
their potential importance in membrane homeostasis
and possibly lipid signaling, little progress has been
made to fully clarify their functions in cells. The synthe-
sis of potent, isoform-specific, membrane permeable,
small molecule inhibitors of LPAAT-B would greatly
aid in elucidating the biological role of LPAAT-p.

Groups of isoform-specific inhibitors of LPAAT-B
have been reported and include 2-arylbenzoxazoles 1,
2-arylbenzothiazoles 2, 2-arylbenzimidazoles 3,!” diami-
no-C,N-diaryltriazines 4,'% and diamino-C,N-diarylpyr-
imidine positional isomers 5, 6, and 7 (Fig. 1)."Y
Triazine 4 and diamino-C,/N-diarylpyrimidine positional
isomer 5 emerged as potent LPAAT-P inhibitors.!8:19

To clarify further the structural requirements for
LPAAT-p inhibitor activity developed with the triazines
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Cl

Figure 1.

and pyrimidines, we replaced these heterocyclic scaffolds
with a pyridine ring. Although substitution on vicinal
ring carbons is possible with pyridines, we chose to focus
on non-vicinal positional isomers 8, 9, and 10 based on
their structural similarities to the reported triazines and
pyrimidine inhibitors. This report presents the syntheses
of diamino-C,N-diarylpyridine positional isomers 8, 9,
and 10, and their ability to inhibit the enzymatic activity
of LPAAT-p.

Approaches for the synthesis of 2,4,6-trisubstituted pyri-
dines for use in drug discovery have been reported
recently.?°~22 Our approach to synthesizing appropriate-
ly substituted pyridines as analogs of triazine 4 and
pyrimidines 5, 6, and 7 utilized methods involving C-
arylation of the pyridine ring and N-arylation of amino-
pyridines. The substitution patterns in the two aryl rings
(R', R?, and Cl), optimized for the triazine and pyrimi-
dine series, were preserved in the pyridine series.!®!”

Syntheses of 2,4-diamino-N2,6-diarylpyridine 8 and 2.4-
diamino-N*,6-diarylpyridine 9 were carried out, as de-
scribed in Scheme 1. Both 8 and 9 were prepared from
4-amino-2-aryl-6-chloropyridine 13, which, in turn,
was prepared via a palladium catalyzed Suzuki coupling
of 4-amino-2,6-dichloropyridine (11) and aryl boronic
acid 12.%* Displacement of the chloro group in 13 by

NH,
NH OMe +
X
2 B(OH)Z OMe ‘
Y — N” el
N
c” N ¢
cl
11 12a cl 13

R R
N R" x Ny
~ ‘ ~
N Z N

H,

+
(OH),

NH

N

cl

5(X=Y=N,Z=CH)
6(X=Z=N,Y=CH)
7(X=CH,Y=2Z=N)
8(X=Y=CH,Z=N)
9(X=N,Y=2Z=CH)
10 (X=2Z=CH, Y = N)

heating with excess neat substituted aniline 14 at
180 °C yielded 8 after aqueous acid treatment to remove
unreacted 14 and column chromatography. For the syn-
thesis of 9, Cu(Il) promoted N-arylation of intermediate
13 with arylboronic acid 15 afforded 2-chloropyridine
16.242% Surprisingly, 16 proved exceptionally resistant
to aminolysis procedures to produce 9. This conversion
was accomplished by a novel two-step approach. Heat-
ing a mixture of 16, acetamide, and copper powder pro-
vided acetamide 17. Amide hydrolysis of the acetamide
group in 17 by refluxing with hydrazine and ethanol
afforded 9.

2,6-Diamino-N? 4-diarylpyridine 10 was synthesized, as
described in Scheme 2. Treatment of chelidamic acid
(18) with oxalyl chloride yielded 4-chloropyridine dicar-
bonyl dichloride (19). Ethanolysis of 19 gave diester 20.
4-Arylation of 20 by palladium catalyzed Suzuki cou-
pling with arylboronic acid 12 afforded 4-arylpyridine
diester 21. Conversion of the two esters in 21 to amino
groups utilized a 4-step sequence involving Curtius rear-
rangement. Heating 21 with hydrazine and ethanol
yielded bis-acylhydrazide 22, which upon treatment with
nitrous acid gave bis-acylazide 23. Curtius rearrange-
ment proceeded upon heating 23 with ¢-butanol and tol-
uene affording bis-z-butylcarbamate 24, which was
deprotected with TFA to give diaminopyridine 25.

NH2
R
R OMe | N
_b P
N N
N H

14a (R = Cl)

14b (R = Me) o SaRr=cl)

8b (R = Me)

X
R
R . OMe N X @/
o —=- A
B H
15a (R = Cl)
15b (R = Me) cl

d 16a (R =Cl, X =Cl); 16b (R=Me, X = Cl)
e 172 (R = ClI, X = NHAc); 17b (R = Me, X = NHAc)
9a (R = Cl, X = NH,); 9b (R = Me, X = NH,)

Scheme 1. Reagents and conditions: (a) Pd(OAc),, PPhs, CsF, H,O, DME, 80 °C (40% yield): (b) 180 °C (75-80% yield); (¢c) Cu(OAc),, Et;N, 4 A
mol sieve, CH,Cl, (68-70% yield); (d) acetamide, Cu powder, 180 °C (35-40% yield); (¢) NH,NH,, EtOH, reflux (74-80% yield).
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v R
B(OH), c
| ~N + .
X Z >y
Cl
a ( 18 (x: 0, Y —_COZH) 12a (R = OMe)
b ( 19 (X =Cl, Y = COCl) 12b (R! = OEt) p

20 (X = Cl, Y = CO,Et)

21a,b (Y = CO,Et)

e 22a,b (Y = CONHNH,)
23a,b (Y = CONy)

24a,b (Y = NHCO,tBu)

NH,
R SN R?
g P>
— NH, *
(OH),B
cl 15a (R2 = Cl)

25a (R = OMe) 15b (R = Me)
255 (R = OEY) J 15¢ (R? = CHO)
h

NH,
2
R
Jelel
=
N
H

Cl  10a (R!=OMe, R2=Cl)
10b (R! = OMe, R? = Me)
10c (R! = OMe, R2 = CHO)
10d (R! = OEt, R2=Cl)
10e (R! = OEt, R2 = Me)
i 10f (R! = OEt, R2 = CHO)
10g (R* = OEt, R2 = CH,0H)

Scheme 2. Reagents and conditions: (a) (COCIl),, DMF, CH,Cl,, reflux; (b) EtOH, pyridine (70% yield for 2 steps); (c) Pd(OAc),, PPh;, Na,COs;,
H,0, DME (65-70% yield); (d) NH,NH,, EtOH, reflux; (¢) NaNO,, 0.5M aq HCI (85-90% yield for 2 steps); (f) --BuOH, toluene, reflux (35-40%
yield); (g) CF3CO,H, CH,Cl, (88-90% yield); (h) Cu(OAc),, Et;N, 4 A mol sieve, CH,Cl, (20-35% yield); (i) NaBH,4, MeOH, THF (40% yield).

Cu(Il) promoted N-arylation of 25 with 15 completed
the synthesis of 10a—f. Benzyl alcohol 10g was synthe-
sized by NaBH, reduction of aldehyde 10f. Synthesized
compounds were purified either by flash chromatogra-
phy or preparative TLC to provide each compound to
be screened for LPAAT activity as single spot by
TLC. '"H NMR and MS data of synthesized compounds
are reported.?’

Synthesized pyridines 8, 9, and 10 were tested for their
ability to inhibit the enzymatic activity of human
LPAAT-B and LPAAT-a, which were separately over-
expressed in SF9 insect cell membranes.?® Table 1 com-
pares LPAAT-B inhibition by pyridines 8, 9, and 10.
Examples of positional isomer 10 were consistently more
potent than examples of either 8 or 9. For example,
comparing inhibition by isomeric 8a, 9a, and 10a it is
evident that 10a is at least 100-fold more potent than
the other isomers. Of the pyridines listed in Table 1,
10a with IC5y=0.04 uM was the most potent. This
potency preference for one of three positional isomers
mirrors observations with pyrimidine positional isomers
5, 6, and 7, where only isomer 5 displayed potent
LPAAT-B inhibition. Comparing the potency preferenc-
es for pyridines, pyrimidines, and triazines, it is tempting
to speculate that the presence of a nitrogen atom at the
ring position labeled Y in Table 1 may be an important
structural component influencing inhibitor potency.
Contrary to the LPAAT-f data, none of the compounds
measurably inhibited LPAAT-a activity up to a concen-
tration of 40 uM.

In summary, we have synthesized pyridine ring analogs
of potent triazine and pyrimidine LPAAT-f inhibitors.
The three pyridine positional isomers 8, 9, and 10 were

Table 1. LPAAT-p inhibition of triazines, diamino-C,N-diarylpyrim-
idine positional isomers, and diamino-C,N-diarylpyridine positional
isomers

NH,
1 R’
RY xSy /©/
Z/)\N
H
cl

Compound X Y Z R! R? LPAAT-B*

(ICsp, uM)
4a N N N OMe 0.07, 0.045
4b N N N OEt 0.14, 0.26
5a N N CH OMe (I 0.054
5b N N CH OEt 0.017
6a N CH N OMe Cl 7
7a CH N N OMe 2.0, 2.05
8a CH CH N OMe I 6.5
8b CH CH N OMe Me 29
9a N CH CH OMe Cl 18
9% N CH CH OMe Me 35, > 40
10a CH N CH OMe I 0.04
10b CH N CH OMe Me 0.24
10c CH N CH OMe CHO 0.26
10d CH N CH OEt 0.050
10e CH N CH OEt Me 0.49
10f CH N CH OEt CHO 0.050
10g CH N CH OEt CH,OH 0.099

#LPAAT assay is described in Ref. 28.

synthesized by novel approaches employing palladium
promoted C-arylation and Cu(II) promoted N-arylation
methodologies. These compounds potently inhibited
LPAAT-B activity but not LPAAT-o activity, in spite
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of the two isoforms showing sequence similarities, con-
served residues at their catalytic sites, and similar sub-
strate preferences. New questions arise as to whether
the dramatic selectivity of the reagents is due to binding
to a unique site on LPAAT-B or whether the inhibitors
exploit subtle structural differences at the catalytic site.
These agents may prove useful as tools to study
LPAAT-B functions in cells, including the de novo syn-
thesis of phosphoglycerides and triacylglycerol, adipo-
cyte differentiation and metabolism, as well as events
involving PA signaling processes.
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J=11Hz, Ar), 7.14 (d, 1H, J=8.8 Hz, Ar), 7.32 (d,
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Ar), 7.78 (d, 2H, J = 8.7 Hz, Ar), 7.96 (d, 2H, J = 8.7 Hz,
Ar), 8.59 (s, 1H, NH), 9.84 (s, 1H, CH).10d: (acetone-dg) 6
1.35 (t, 3H, J=7.0 Hz, CHs), 4.08 (q, 2H, J=7.0 Hz,
CH,), 5.32 (bs, 2H, NH,), 6.21 (d, 1H, J=1.2 Hz, Ar),
6.32 (t, 1H, J=1.1 Hz, Ar), 7.09 (d, 2H, J = 8.6 Hz, Ar),
7.23 (d, 2H, J=8.9 Hz, Ar), 7.31-7.78 (m, 3H, Ar), 8.04
(s, 1H, NH); EIMS m/z 374.1 (M+H)". 10e: (acetone-dg) &
1.35 (t, 3H, J=7.0 Hz, CH3), 2.27 (s, 3H, CH3), 4.08 (q,
2H, J=7.0 Hz, CH,), 5.24 (bs, 2H, NH,), 6.14 (d, 1H,
J=1.0Hz, Ar), 6.32 (t, IH, J=0.9 Hz, Ar), 7.06-7.10 (m,
3H, Ar), 7.29-7.34 (m, 2H, Ar), 7.51-7.54 (m, 2H, Ar),
7.67 (s, 1H, NH); EIMS m/z 354.2 (M+H)". 10f: (acetone-
dg) 6 1.36 (t, 3H, J = 6.9 Hz, CH3), 4.11 (q, 2H, J = 7.0 Hz,
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CH,), 5.51 (bs, 2H, NH,), 6.33 (d, 1H, J=1.1 Hz, Ar),
6.44 (d, 1H, J= 1.0 Hz, Ar), 7.12 (d, 1H, J = 8.5 Hz, Ar),
7.31-7.37 (m, 2H, Ar), 7.78 (d, 2H, J = 8.8 Hz, Ar), 7.88-
7.97 (m, 2H, Ar), 8.57 (s, 1H, NH), 9.84 (s, 1H, CH);
EIMS m/z 368.1 (M+H)". 10g: (acetone-dg) 6 1.36 (t, 3H,
J=69Hz, CHj), 395 (bs, 1H, OH), 4.09 (q, 2H,
J=17.0Hz, CH,), 4.56 (s, 2H, CH,), 5.28 (bs, 2H, NH,),
6.16 (d, 1H, J= 1.1 Hz, Ar), 6.34 (d, 1H, J = 1.1 Hz, Ar),
7.09 (d, 1H, J = 8.5 Hz, Ar), 7.24 (d, 2H, J = 8.8 Hz, Ar),
7.30-7.34 (m, 2H, Ar), 7.60-7.63 (m, 2H, Ar), 7.80 (s, 1H,
NH); EIMS m/z 370.1 (M+H)". 13: (acetone-dg) J 3.91 (s,
3H, CHs;), 5.92 (s, 2H, NH,), 6.60 (d, 1H, J= 1.8 Hz, Ar),
7.14 (d, 1H, J=8.8 Hz, Ar), 7.33 (d, 1H, J = 1.9 Hz, Ar),
7.37 (dd, 1H, J=8.8 Hz,J =2.8 Hz, Ar), 7.90 (d, 1H,
J =2.8 Hz, Ar). 16a: (acetone-dg) 6 3.92 (s, 3H, CH3), 6.86
(d, 1H, J=8.9 Hz, Ar), 6.90 (t, 1H, J=1.9 Hz, Ar), 7.18
(d, 1H, J = 8.9 Hz, Ar), 7.20 (d, 1H, J = 8.9 Hz, Ar), 7.36
(d, 2H, J=89Hz, Ar), 741 (dd, 1H, J=8.8Hz,
J=2.8Hz, Ar), 7.46 (d, 2H, J=8.9 Hz, Ar), 7.72 (t, 1H,
J=19Hz, Ar), 795 (d, 1H, J=2.8 Hz, Ar); EIMS m/z
379.0 (M+H)"*. 16b: (DMSO-d,) 6 2.32 (s, 3H, CHj3), 3.91
(s, 3H, CH3), 6.73 (d, 1H, J=1.9 Hz, Ar), 7.14 (d, 2H,
J=8.4Hz, Ar), 7.18 (d, 1H, J = 8.9 Hz, Ar), 7.22 (d, 2H,
J=8.2Hz, Ar), 7.44-748 (m, 2H, Ar), 7.75 (d, lH,
J=2.8Hz, Ar), 9.1 (s, IH, NH). 17b: (acetone-dy) 6 2.19
(s, 3H, CHs), 2.32 (s, 3H, CHs;), 3.91 (s, 3H, CH3), 7.12 (d,

28.

1H, J = 8.8 Hz, Ar), 7.19-7.25 (m, 4H, Ar), 7.35 (dd, 1H,
J=8.8Hz, J=2.8 Hz, Ar), 7.47-7.48 (m, 1H, Ar), 7.86 (s,
1H, NH), 7.89 (d, 1H, J=2.8 Hz, Ar), 8.05 (s, 1H, NH);
EIMS m/z 382.2 (M+H)". 20: (DMSO-ds) J 1.36 (t, 6H,
J=17.1HzCHz),4.40(q,4H,J = 7.1 Hz, CH,), 8.31 (s, 2H,
Ar). 21a: (acetone-dg) 0 1.42 (t, 6H, J = 7.1 Hz, CH3), 3.92
(s, 3H, CH3), 4.45 (q, 4H, J=7.1 Hz, CH,), 7.27 (d, 1H,
J=89Hz, Ar), 7.52 (dd, 1H, J=8.8 Hz, J= 2.7 Hz, Ar),
7.56 (d, 1H, J = 2.7 Hz, Ar), 8.43 (s, 2H, Ar). 22a: (DMSO-
dg) 0 3.92 (s, 3H, CH3), 4.68 (s, 4H, NH,), 7.24 (d, 1H,
J=28.6 Hz, Ar), 7.53-7.56 (m, 2H, Ar), 8.20 (s, 2H, Ar),
10.72 (s, 2H, NH). 23a: (acetone-dg) 0 3.94 (s, 3H, CH3), 7.28
(d, 1H, J=89Hz, Ar), 7.55 (dd, 1H, J=8.8Hz,
J=2.7Hz, Ar), 7.62 (d, 1H, J = 2.7 Hz, Ar), 8.54 (s, 2H,
Ar). 24a: (DMSO-dg) 6 1.47 (s, 18H, CH3), 3.79 (s, 3H,
CH;), 7.18 (d, 1H, J = 8.9 Hz, Ar), 7.30 (d, 1H, J = 2.6 Hz,
Ar), 7.47-7.49 (m, 3H, Ar), 9.41 (s, 2H, NH).

LPAAT-o and LPAAT-B assays were conducted using
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) as the colori-
metric reagent according to the method described in 16.
ICsy values were determined from experiments using 10
concentrations (0.001-40 uM) of each compound in
duplicate and fit to a sigmoidal curve using GraphPad
Prism (GraphPad Software, Inc., San Diego, CA). Dupli-
cate values typically varied by less than 5% and the R
values for the goodness-of-fit were >0.95.
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Abstract—Fluoroalkyl and fluoroaryl analogues of valdecoxib were found to possess potent inhibitory activities against cyclooxy-
genase-2 comparable to that of the parent valdecoxib. Among them, the fluoromethyl analogue was chosen for '3F-labeling. Thus,
4-(5-["®*F]fluoromethyl-3-phenylisoxazol-4-yl)benzenesulfonamide (~2000 Ci/mmol at end of synthesis) was synthesized by [ *F]fluo-
ride-ion displacement of the corresponding tosylate in ~40% decay-corrected radiochemical yield within ~120 min from end of

bombardment.
© 2005 Elsevier Ltd. All rights reserved.

Cyclooxygenase (COX) is the enzyme that catalyzes the
first step in the biotransformation of arachidonic acid
to prostanoids.! COX exists as two distinct isoforms,
of which COX-1 is constitutively expressed in healthy
tissues mediating physiological responses, while COX-
2 is the inducible form responsible for the synthesis of
prostanoids involved in acute and chronic inflammatory
states. Inflammation is a common biological process
shared by many diseases. Indeed, elevated expression
of COX-2 has been implicated in many pathological
events, including rheumatoid arthritis, cancer, heart dis-
ease, stroke, and neurodegenerative disorders.!b?
However, COX-2 is also found constitutively in some
tissues where it is considered to play a physiologically
important role.!b¢

The therapeutic effect of classical non-steroidal anti-in-
flammatory drugs (NSAIDs) is attributed to the inhibi-
tion of COX-2, whereas the undesired side effects arise

Keywords: PET; Radiotracer; Fluorine-18; COX-2; Inhibitor;
Valdecoxib.
* Corresponding author. E-mail: ttoyokuni@mednet.ucla.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.065

from the disruption of COX-1. Since the discovery of
COX-2 in 1991,'* a rapid progress has been made in
the development of COX-2-selective inhibitors.> In
1999, celecoxib (Celebrex) and rofecoxib (Vioxx) were
introduced to the market as non-ulcerogenic anti-
inflammatory drugs. Subsequently, in 2001, a second
generation inhibitor valdecoxib (Bextra) received the
US Food and Drug Administration (FDA) approval.
However, clinical trial studies with these drugs have
raised concerns about their potential cardiovascular
hazards.* As a result, Vioxx and Bextra have recently
been withdrawn from the worldwide market and a
black-box warning is being required for Celebrex.’

To fully understand the role of COX-2 both in health
and disease, it would be of great benefit if we could mon-
itor ‘real-time’ COX-2 expression in vivo, non-invasively
and repeatedly over time.® COX-2-selective inhibitors
labeled with short-lived positron emitters are therefore
attractive molecules that could be used to image COX-
2 in living subjects with positron emission tomography
(PET), which is a powerful non-invasive, in vivo molec-
ular imaging technique currently available for biomedi-
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cal use.” The ['®F]fluorinated or [''C]methylated ana-
logues of celecoxib,®® rofecoxib,'® and their prototype
DuP-697'! have recently been synthesized. Herein, we
report the synthesis of a new ['*F]fluorinated analogue
of valdecoxib 1-'®F (Fig. 1) as a potential PET imaging
probe for COX-2.12

Being bioisosteric with hydrogen, albeit having high
electronegativity,'® '8F is often used to replace hydro-
gen of otherwise non-fluorinated molecules with
minimum effects on biomolecular interactions. Non-ra-
dioactive fluorinated analogues of valdecoxib were first
synthesized and evaluated for their COX-2 inhibitory
activities using human recombinant COX-1 and
COX-2 enzymes,'* and/or endotoxin-treated RAW
264.7 macrophages.!> The fluoroalkyl analogues 1'¢
and 2!7 were synthesized by direct fluorination of the
corresponding hydroxy analogues 5'® and 6,!° respec-
tively, with DAST (Scheme 1). The fluoroaryl ana-
logues 3 and 4 were synthesized, as previously
reported.’’ As shown in Table 1, the fluoroalkyl and
fluoroaryl analogues were all potent COX-2 inhibitors.
Moreover, the fluoromethyl analogue 1 showed an
even higher COX-2-selectivity index than valdecoxib.
Therefore, the radiosynthesis of the ['*F]fluoromethyl
analogue 1-'8F was investigated.

The ['®F]fluorination precursor 82! was synthesized from
5 via selective protection of the sulfonamide group with
a 4,4'-dimethoxytrityl (DMTr) group (—72?), followed

Valdecoxib R=H
1 R=1%F
18F R=%F

SN O F. = O
Q O CHa O, O CHs
O:$ O:$
NH, NH,
3 4

DAST, THF | 58%
-78°C, 24 h

1
2

5n
6 n

Scheme 1. Synthesis of non-radioactive fluoroalkylvaldecoxibs 1
and 2.

Table 1. Inhibition of COX-2 by fluorinated analogues of valdecoxib

Compound ICso (uM)*
Enzyme assay® Macrophage COX-2 assay?
COX-2 S.I°¢

1 0.002 >50,000  0.002

2 0.008 >12,500  0.002

3 —° —° 0.002

4 —° —° 0.002

Valdecoxib  0.005 >20,000 —°¢

#Values are means of two experiments.

® Enzyme assays were performed against human recombinant COX-1
and COX-2 enzymes, as reported in Ref. 14.

¢In vitro COX-2-selectivity index: COX-1 IC5o/COX-2 ICs.

4 Cell-based assays were performed for prostaglandin E, production as
a function of COX-2 inhibition using endotoxin-treated murine
RAW 264.7 macrophages, as reported in Ref. 15.

¢ Not determined.

by O-tosylation with Ts,O (—8) (Scheme 2). Radiosyn-
thesis of 1-'8F was then effected by two consecutive reac-
tions in one pot, namely [°F]Jfluoride-for-tosylate
substitution of 8, followed by acidic deprotection.??
The radioactive product was purified by HPLC and
reconstituted in EtOH (1 mL).>* The specific activity
was ~2000 Ci/mmol at end of synthesis (EOS). In a typ-
ical radiosynthesis, starting from ~500 mCi of ['*F]fluo-
ride, ~80 mCi of chemically and radiochemically pure
1-"®F was obtained in an injection-ready form within
120 min after end of bombardment (EOB). The decay-
corrected radiochemical yield was ~40%. It was ob-
served that 1-'8F experienced autoradiolysis in saline
containing 10% EtOH (~5% de['®F]fluorination after
6 h).?> The autoradiolysis was however effectively sup-
pressed in 100% EtOH (less than 0.5% de['®*F]fluorina-
tion after 6 h).

In vivo kinetics of 1-'8F was preliminary evaluated using
a normal mouse with microPET.?® Rapid in vivo
de['®F]fluorination was evidenced by the conspicuous
emergence of the bony skeleton, which is characteristic
of ['®F]fluoride peripheral formation with rapid uptake
in bone.?” A similar peripheral metabolism was also ob-
served in a vervet monkey, although it was somewhat
slower.28 Tt is likely that 1-'®F is metabolized in vivo

DMTr-Cl O
EtgN, CH,Cl,-THF _N Ts,0, EtzN, CH,Cl,
overnight e} 0°C, 30 min
5 ———————» S D —————
45% o 85%
W\ OH
O:$
NHDMTr

7

1. K8F, Kryptofix 222
MeCN, 90 °C, 5 min

1-8
o 2. 40% CCl;CO,H in MeCN
W\ OTs ° i
Ole 90 °C, 5 min
NHDMTr ~40% (decay corrected)
8

Scheme 2. Synthesis of ['*F]fluoromethylvaldecoxib (1-'3F).
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similar to the parent valdecoxib, involving oxidative
hydrogen abstraction at the methyl group presumably
via the P450 enzyme-catalyzed oxidation process.”
The ['®F]fluorohydroxymethyl group thus formed is
chemically labile leading to spontaneous de[' *F]fluorina-
tion. It has been noted with drugs and other PET probes
that the rate of peripheral metabolism increases in the
order of mice > monkeys > humans.>® Indeed, the
metabolism of valdecoxib is reported to be rapid in
rodents but significantly slower in humans.?® Therefore,
it would be expected that 1-'8F would undergo a much
slower metabolic de['®FJfluorination in humans. The
dosimetry data for a 70-kg adult were estimated from
the residence times determined with the monkey
whole-body biodistribution data using the MIRDOSE
program (Table 2).>! For a 10-mCi injection of 1-'*F,
the highest absorbed dose found in the urinary bladder
wall was well below the dose limitation of 5 rad/mCi,
warranting the safe use of 1-'®F in human PET imaging
studies.

In summary, the ['*F]fluoromethyl analogue of valdec-
oxib 1-'8F has been synthesized. The rapid metabolic
de['®FJfluorination in mice hinders the determination
of in vivo binding of 1-'®F to COX-2 in experimental
rodent models, limiting our ability to investigate 1-'3F
in detail. However, it should be mentioned that our pre-
liminary human imaging results have shown the poten-
tial usefulness of 1-'*F in human studies, because only
minimum peripheral de['®F]fluorination occurred after
60 min. In addition to PET imaging determination in
humans, syntheses of radiofluorinated 2—4 are currently
underway.

Table 2. Dosimetry estimation for 1-'F for a 70-kg adult
Total dose (rad/mCi)

Target organ

Adrenals 42%1073
Brain 3.1x107°
Breasts 1.1x1072
Gallbladder wall 8.5% 1073
Lower large intestine wall 50x1073
Small intestine 6.4x107"
Stomach 2.6%x1073
Upper large intestine wall 5.0x 1072
Heart wall 1.8x 1072
Kidneys 1.9% 1072
Liver 34x1072
Lungs 23x1073
Muscle 1.8x107°
Ovaries 6.4%x1073
Pancreas 3.8%x1073
Red marrow 22x1073
Bone surfaces 1.2x1073
Skin 8.9x107*
Spleen 1.6x1073
Testes 28x1073
Thymus 20x107?
Thyroid 20x107*
Urinary bladder wall 1.4x107!
Uterus 1.0x 1072
Total body 32x1073
Effective dose 1.3%x1072
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Abstract—The inhibition of the two transmembrane, tumor-associated isozymes of carbonic anhydrase (CA, EC 4.2.1.1) of human
origin, hCA IX and XII, with a library of aromatic and heteroaromatic sulfonamides has been investigated. Most of them were
sulfanilamide, homosulfanilamide, and 4-aminoethyl-benzenesulfonamide derivatives, to which tails that should induce diverse
physico-chemical properties have been attached at the amino moiety, whereas several of these compounds were derived from meta-
nilamide, benzene-1,3-disulfonamide or the 1,3,4-thiadiazole/thiadiazoline-2-sulfonamides. The tails were of the alkyl/aryl-carbox-
amido/sulfonamido-, ureido or thioureido type. Against hCA IX the investigated compounds showed inhibition constants in the
range of 3-294 nM, whereas against hCA XII in the range of 1.9-348 nM, respectively. The best hCA IX inhibitors were ureas/
thioureas incorporating 4-aminoethyl-benzenesulfonamide and metanilamide moieties. The best hCA XII inhibitors were 1,3,4-
thiadiazole/thiadiazoline-2-sulfonamides incorporating S-acylamido or 5-arylsulfonylamido moieties. These compounds also inhib-
ited appreciably the cytosolic isozymes hCA I and II, but some selectivity for the transmembrane, tumor-associated isozymes was
observed for some of them, which is an encouraging result for the design of novel therapies targeting hypoxic tumors, in which these

carbonic anhydrases are highly overexpressed.
© 2005 Elsevier Ltd. All rights reserved.

The carbonic anhydrases (CAs, EC 4.2.1.1)!* constitute
interesting targets for the design of pharmacological
agents useful in the treatment or prevention of a variety
of disorders such as glaucoma, acid-base disequilibria,
epilepsy and other neuromuscular diseases, altitude sick-
ness, edema, and obesity.>® A quite new and unexpected
application of the CA inhibitors (CAls) regards their
potential use in the management (imaging and treat-
ment) of hypoxic tumors,” ' since at least two CA iso-
zymes of the 15 presently known in humans, that is, CA
IX and XTI, are predominantly found in tumor cells and
lack (or are present in very limited amount) in normal
tissues,!>18

These enzymes catalyze the simplest physiological reac-
tion, CO, hydration to bicarbonate and a proton.'®

* Corresponding author. Tel.: +39 055 4573005; fax: +39 055
4573385; e-mail: claudiu.supuran@unifi.it

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.08.048

Their involvement in many physiological/pathological
processes in which CO,, H" ions, and bicarbonate an-
ions participate, as well as the fact that generally differ-
ent isozymes of the 15 mentioned above are involved in
particular such processes, allows the development of di-
verse medicinal chemistry applications of their inhibi-
tors.!> Thus, as mentioned above, the human isozymes
hCA IX and hCA XII are the targets for the develop-
ment of novel antitumor therapies,>” ' hCA II and
XII for the development of antiglaucoma drugs,'®2?
hCA Va and hCA Vb for the design of new antiobesity
agents,%?3?* and hCA VII for the development of anti-
convulsant/antiepileptic drugs,?® whereas non-vertebrate
CAs, such as the a-CA present in Plasmodium falcipa-
rum (pfCA), may lead to novel types of antimalaria
drugs.?® The enzyme from the ulcer-producing bacteria
Helicobacter pylori was, on the other hand, recently
shown to be involved in the acclimation of the pathogen
in the highly acidic medium within the stomach,?’ being
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essential for the growth of this widespread pathogen,
leading thus to the possibility to develop novel types
of antiulcer therapies.

Hypoxia constitutes a challenging clinical problem,
being common in many cancer types which are inaccessi-
ble to radio- and chemotherapy.”!>!® Acidic extracellu-
lar pH is also a typical attribute of the hypoxic tumor
microenvironment, with a strong impact on cancer pro-
gression and treatment outcome.”!>!'® CA IX and to a
smaller extent also CA XII are highly overexpressed in
hypoxic tumors.”!>18 We have recently shown that both
in transfected and cells in tumor cells (HeLa and SiHa)
endogenously expressing these enzymes, inhibition of
CA IX by potent sulfonamide inhibitors leads to a signif-
icant increase of the tumor microenvironment pH of 0.5—
1.0 unit. Correlated with the fact that many such sulfon-
amides were shown earlier to possess strong in vitro and
in vivo anticancer activity,?3! these findings constitute
the proof-of-concept that such enzyme inhibitors may
lead to the development of novel antitumor therapies.

In previous reports from this laboratory, we have investi-
gated various classes of sulfonamides'''*!¢ or sulfa-
mates'>!% mainly as CA IX inhibitors, whereas very
recently we reported the first CA XII inhibition study
with a series of simple aromatic and heterocyclic com-
pounds.??> Here we report an inhibition study of both
these cancer-associated isozymes with a library of sulfon-
amides synthesized earlier during our work for the design
of topically acting antiglaucoma agents.”*3237 Since
some tumors overexpress both CA IX and CA XII, it
may be important to detect compounds with strong inhib-
itory activities against both of them to possess candidates
for in vivo studies and also derivatives showing appropri-
ate physico-chemical properties (water solubility, bal-
anced hydro-/liposolubility, etc.) for a potential drug.

Acetazolamide (AZA), ethoxzolamide (EZA), and sulfa-
nilamide (SA) were from Sigma—Aldrich (Milan, Italy).
Compounds 1-5 used in the assay were previously
reported by one of our groups.’*3?37 Most of them
are sulfanilamide, homosulfanilamide, and 4-aminoeth-
yl-benzenesulfonamide derivatives (compounds la-1s),
to which tails that should induce diverse physico-chem-
ical properties have been attached at the amino moiety.
However, several of these compounds are derived from
metanilamide (2), benzene-1,3-disulfonamide (3) or the
thiadiazole/thiadiazoline-2-sulfonamides (4a, 4b, and
5). They were chosen in such a way as to include a rather
wide range of different classes of compounds to which
acyl-, alkyl-/arylsulfonyl-, ureido, and thioureido tails
have been attached to modulate some of their physico-
chemical properties important for a potential drug, such
as hydro- and liposolubility among others.

SO,NH,
N-N N
AcNH /<S>\SOZNH2 /C[ D—S0,NH;
EtO S
AZA EZA NH,
SA

Inhibition data of four physiologically relevant CA iso-
zymes, that is, hCA 1, 11, IX, and XII with sulfonamides
1-5 and standard, clinically used inhibitors are shown in
Table 1.3 The inhibition data of the human red blood
cell isozymes hCA I and II are also included in Table
1, for comparative reasons, although these data were
reported earlier.>+3237-39

The following should be noted regarding inhibition of
hCA IX and XII with this series of sulfonamides: (i)
Against hCA IX, a group of sulfonamides among the
derivatives investigated here, including la-l1c, le, 1g,
1i, 3, and SA showed moderate inhibitory activity, with
inhibition constants in the range of 106-294 nM. It may
be observed that SA is the weakest such inhibitor and
that its derivatives of type 1 already showed an en-
hanced efficiency as inhibitors of this isozyme. The only
1,3-benzene-bissulfonamide derivative investigated here,
3, also showed moderate activity. For the sulfanilamide
derivatives 1 mentioned above, it may be seen that activ-
ity increases with the length of the acyl moiety of the
RCONH tail, but branched chains such as iso-propyl-
or tert-butyl generally lead to a decreased activity as
compared to the corresponding unbranched derivatives
(incorporating, for example, n-Pr or n-Bu chains) (Table
1). Another group of derivatives, including 1d, 1f, 1h, 1j,
and EZA, were more effective hCA IX inhibitors as
compared to those discussed above, with Kj values in
the range of 50-83 nM. It may be observed that these
derivatives incorporate again the acylamido substitution
in position 4 of the sulfanilamide lead molecule, but with
longer acyl chains as the previously mentioned deriva-
tives or with the benzoylamido- (1h) or benzenesulfo-
namido- (1j) substitutions. It should also be noted that
the RSO,NH- type of derivative is slightly more efficient
than the RCONH one bearing the same R, in both the
aliphatic and aromatic series (compare la and 1i, or
1h and 1j, respectively). A last subgroup of derivatives,
such as 1k-1s, 2, 4, and 5, showed very good hCA IX
inhibitory properties, with Kj values in the range of 3-
40 nM, of the same order of magnitude as the clinically
used derivatives among which AZA is shown in Table 1.
Except for the sulfanilamide derivative 1k, bearing the
substituted phenylsulfonamide moiety that was shown
above to lead to an increased activity, the other
compounds in this group include either homosulfa-
nilamide/4-aminoethylbenzenesulfonamide derivatives
(Im-1s), metanilamide (2) or heteroaromatic derivatives
(4 and 5), as well as aryl-thioureido, arylureido, aryl-car-
boxamido/sulfonamido tails. Indeed, it has previously
been discovered that this type of tails induces strong
potency against isozymes I and II,2423733 as can be seen
also from data of Table 1. Thus, against hCA IX best
activity is observed for homosulfanilamide, 4-aminoeth-
ylbenzenesulfonamide or thiadiazole/thiadiazoline-2-
sulfonamide derivatives bearing this type of tails, that
is, aryl-thioureido, arylureido, aryl-carboxamido/sulfon-
amido. (ii) Against hCA XII very few inhibition studies
are available up to now.?? As seen from data of Table 1,
a first group of derivatives, including 1le-1g and 3, show
moderate hCA XII inhibitory properties, with Ky values
in the range of 147-348 nM. These compounds incorpo-
rate sulfanilamide and benzene-1,3-disulfonamide heads
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Table 1. hCA 1, II, IX, and XII inhibition data with sulfonamides 1-5, acetazolamide (AZA), ethoxzolamide (EZA), and sulfanilamide (SA)

SO,NH; SO,NH, SO,NH,
O
NHR SO,NH,
)n NHR
RNH
la-1s 2 3

N—N N—N
RNH/(S»\SOZNHZ RN%S»\SOZNHZ

4a,b 5
Compound n R Ky (nM)*
hCA T* hCA II* hCA 1X° hCA XII°

1a 0 CH,CO 21,400 246 135 49
1b 0 CF;CO 14,600 133 112 31
1c 0 EtCO 19,700 232 106 56
1d 0 n-PrCO 19,300 227 83 85
le 0 i-PrCO 23,500 258 139 138
1f 0 n-BuCO 17,650 214 79 147
1g 0 +-BuCO 20,600 230 136 249
1h 0 PhCO 3300 37 73 21
1i 0 MeSO, 125 64 113 33
1 0 PhSO, 103 49 52 68
1k 0 4-AcNHC4H, 245 82 37 76
1m 1 PhSO, 81 40 40 83
In 1 PhNH-C(=S) 266 12 26 18
1p 2 PhNH-C(=S) 50 53 21 24
1q 2 PhNH-C(=0) 430 75 18 13
Ir 2 4-H,NO,SC¢H,NH-C(=S) 37 4 3 79
1s 2 4-H,NO,SC¢H,CO 40 5 12 13
2 — PhNH-C(=0) 1500 150 14 10
3 — PhNH-C(=0) 900 100 146 348
4a — 4-BrCsH,SO, 3 2 21 3.3
4b — 4-0,NC¢H,SO 3 1 16 1.9
5 — Furan-2-yl-CO 290 6 13 2.4
AZA — — 250 12 25 5.7
EZA — — 25 8 50 22
SA — — 28,000 300 294 37

Data of hCA T and II are from Refs. 24,32-37.
#Human, recombinant enzyme.
® Catalytic domain of the human cloned isozyme.

“Mean from three assays (errors in the range of 5-10% of the reported value).

and the rather bulky iso-propyl-, n-tert-butyl tails (for
derivatives 1). Another subgroup of the investigated
compounds, such as 1¢, 1d, 1j-1m, and 1r, showed an
enhanced hCA XII inhibition, with Kj values in the
range of 56-85 nM. All these compounds are benzene-
sulfonamide derivatives incorporating acylamido/aryl-
sulfonamido/thioureido trails in the sulfanilamide
homosulfanilamide or 4-aminoethyl-benzenesulfona-
mide series. A last subgroup of derivatives, among
which 1a, 1b, 1h, 1i, In-1q, 1s, 2, 4, 5, and the clinically
used compounds AZA, EZA, and SA, showed much
more effective hCA XII inhibitory activity, with Kj val-
ues in the range of 1.9-49 nM. Several important SAR
observations should be made: unlike for other investi-
gated CA isozymes (such as hCA I, II, and IX among
others), derivatization of sulfanilamide at the N-4 amino

group does not always lead to an enhanced hCA XII
inhibition. In fact, most of the substituted sulfanila-
mides investigated here (except for 1b, 1h, and 1i) were
less effective hCA XII inhibitors as compared to SA.
On the other hand, good hCA XII inhibitory properties
were observed for the ureido/thioureido derivatives of
metanilamide, homosulfanilamide, and 4-aminoethyl-
benzenesulfonamide as well as for the heteroaromatic
derivatives 4 and 5, which were more effective inhibitors
than acetazolamide AZA, the lead compound, which is
already a very potent inhibitor. It should also be noted
that ethoxzolamide EZA is a much less effective inhibi-
tor as compared to acetazolamide (the same situation
as for hCA IX; see Table 1), which seems to be thus a
general feature of the transmembrane, tumor-associated
isozymes. These isozymes seem to be less inhibited by
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bicyclic, ethoxzolamide-like compounds, which, on the
other hand, are the best hCA I and II inhibitors. (iii)
The compounds investigated here inhibit indiscriminate-
ly all CA isozymes, both the cytosolic ones (hCA I and
IT) and the transmembrane ones (hCA IX and XII), but
important differences of activity between the various
classes are observed, as already mentioned above for
ethoxzolamide. Thus, the best selectivity for the tu-
mor-associated over the cytosolic isozymes is observed
for the metanilamide derivative 2 which is a very potent
hCA IX/XII inhibitor, being at the same type a medium
potency inhibitor of hCA II and a very weak hCA 1
inhibitor (K7 values in the range of 150-1500 nM). Such
compounds may thus lead to isozyme-specific or more
selective inhibitors with potential applications in the
development of novel antitumor therapies.

The inhibition of the two transmembrane, tumor-associ-
ated isozymes hCA IX and XII with a library of aro-
matic and heteroaromatic sulfonamides has been
investigated. Most of them were sulfanilamide, homo-
sulfanilamide, and 4-aminoethyl-benzenesulfonamide
derivatives, to which tails that should induce diverse
physico-chemical properties have been attached at the
amino moiety, whereas several of these compounds were
derived from metanilamide, benzene-1,3-disulfonamide
or the 1,3,4-thiadiazole/thiadiazoline-2-sulfonamides.
The tails were of the alkyl/aryl-carboxamido/sulfonami-
do-, ureido or thioureido type. Against hCA IX the
investigated compounds showed inhibition constants in
the range of 3-294 nM, whereas against hCA XII in
the range of 1.9-348 nM. The best hCA IX inhibitors
were ureas/thioureas incorporating 4-aminoethyl-ben-
zenesulfonamide and metanilamide moieties. The best
hCA XII inhibitors were 1,3,4-thiadiazole/thiadiazo-
line-2-sulfonamides incorporating 5-acylamido or 5-
arylsulfonylamido moieties. These compounds also
inhibited appreciably the cytosolic isozymes hCA 1
and II, but some seclectivity for the transmembrane,
tumor-associated isozymes was observed for some of
them, which is an encouraging result for the design of
novel therapies targeting hypoxic tumors, in which these
carbonic anhydrases are highly overexpressed.
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the CO, hydration reaction catalyzed by different CA
isozymes, by following the change in absorbance of a pH
indicator. Phenol red (at a concentration of 0.2 mM) has
been used as indicator, working at the absorbance
maximum of 557 nm, with 10 mM Hepes (pH 7.5) as
buffer, 0.1 M Na,SO, (for maintaining constant the ionic
strength), following the CA-catalyzed CO, hydration
reaction for a period of 10-100 s. Saturated CO, solutions
in water at 20°C were used as substrate. The CO,
concentrations ranged from 1.7 to 17 mM for the deter-
mination of the inhibition constants. For each inhibitor at
least six traces of the initial 5-10% of the reaction have
been used for determining the initial velocity. The uncat-
alyzed rates were determined in the same manner and
subtracted from the total observed rates. Stock solutions
of inhibitors were prepared at a concentration of 1-3 mM
(in DMSO/water 1:1, v/v) and dilutions up to 0.01 nM
done with the assay buffer mentioned above. The inhibi-
tion constants were obtained by non-linear least-squares
methods using PRISM 3, from Lineweaver-Burk plots, as
reported earlier,'®?® and represent the mean from at least
three different determinations.

A variant of the previously published'?> CA IX purification
protocol has been used for obtaining high amounts of

hCA IX needed in these experiments. The catalytic
domain of hCA IX cloned into pGEX-4T-1 vector (details
described previously in Svastova et al.”) was expressed in
Escherichia coli BL21 Codon Plus bacterial strain (Stra-
tagene). The bacterial cells were resuspended in the lysis
buffer (10 mM Tris, pH 7.5, 1 mM EDTA, pH 8, 150 mM
NaCl, and 0.2% Triton X-100) and incubated for 20 min
on ice with lysozyme (Sigma) in a final concentration of
1 mg/ml. To suspension was added COMPLETE cocktail
of protease inhibitors (Roche) and bacterial cells were
sonicated (5% 30s). The obtained lysate was centrifuged
for 30 min at 10,000 rpm, at +4 °C and the supernatant
was then applied to a prepacked glutathione Sepharose 4B
column (Amersham), extensively washed with the lysis
buffer followed by phosphate-buffered saline, pH 7.4, and
the fusion protein was eluted with a buffer consisting of
5SmM reduced glutathione in 50 mM Tris—HCI, pH 8.0.
Finally the GST part of the fusion protein was cleaved
with thrombin (Sigma). The advantage of this method
over the previous one'? is that CA IX is not precipitated in
inclusion bodies from which it has to be isolated by
denaturing-renaturing in the presence of high concentra-
tions of urea, when the yields in active protein were rather
low, and the procedure much longer. The obtained CA 1X
was further purified by sulfonamide affinity chromatogra-
phy,!'” the amount of enzyme being determined by
spectrophotometric measurements and its activity by
stopped-flow experiments, with CO, as substrate.’® The
specific activity of the obtained enzyme was the same as
the one previously reported,'?> but the yields in active
protein were 5-6 times higher per liter of culture medium.
The GST-hCA XII construct previously reported®* was
transfected into E. coli strain BL21 for production of the
CA XII protein, similar to the procedure already described
for hCA IX above.!? The protein expression was induced
by adding 1 mM isopropyl-B-p-thiogalactopyranoside, the
cells were harvested when the ODggy reached a value of
1.00 and lysed by sonication in PBS. The cell homogenate
was incubated at room temperature for 15min and
homogenized twice with a Polytron (Brinkmann) twice
for 30 s each at 4 °C. Centrifugation at 30,000g for 30 min
afforded the supernatant containing the soluble proteins.
The obtained supernatant was then applied to a prepacked
glutathione Sepharose 4B column, extensively washed
with buffer, and the fusion (GST-CA XII) protein was
eluted with a buffer consisting of 5 mM reduced glutathi-
one in 50 mM Tris-HCI, pH 8.0. Finally, the GST part of
the fusion protein was cleaved with thrombin. The
advantage of this method is that CA XII is purified quite
easily and the procedure is quite simple. The obtained CA
XII was further purified by sulfonamide affinity chroma-
tography, the amount of enzyme being determined by
spectrophotometric measurements and its activity by
stopped-flow experiments, with CO, as substrate.®
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Abstract—A series of selected benzo[b]thiophene-5- and 6-sulfonamide derivatives previously reported to show cytotoxic activity
and some others newly synthesized has been tested for the interactions with several CA isozymes, some of which are known to
be involved in tumorigenesis (hCA IX), whereas others are ubiquitously found in many normal tissues (the cytosolic isoforms
hCA I and II). The unsubstituted sulfonamides inhibited hCA I with inhibition constants in the range of 63-138 nM, hCA II with
inhibition constants in the range of 6.3-8.8 nM, and hCA IX with inhibition constants in the range of 2.8-15 nM, being thus more
active than clinically used inhibitors such as acetazolamide, methazolamide, ethoxzolamide, dichlorophenamide or indisulam (E
7070). Some of these derivatives also showed some selectivity for the inhibition of the tumor-associated (hCA IX) over the cytosolic
isozyme hCA II. Although these derivatives may act on many targets other than the CAs (such as the NADH oxidase) or may
induce apoptosis by accumulation of reactive oxygen species, it is quite important to try to decipher as many as possible of the
potential mechanisms that lead to derivatives with potent antitumor activity in order to develop novel therapeutic strategies for

the management of cancer.
© 2005 Elsevier Ltd. All rights reserved.

It was known for several years that many sulfonamides
possessing carbonic anhydrase (CA, EC 4.2.1.1)!3
inhibitory properties also inhibit in various degrees the
growth of tumor cells in vitro and in vivo.*° The precise
isozyme(s) involved in such processes, among the 15
presently characterized human CAs, were not known
until recently, but the discovery of CA IX’® and then
of CA XII° as isozymes predominantly present in tu-
mors offered a starting point for more detailed studies
in the field.!° Another issue little understood in the first
years of ‘CA—tumors connection’ research was why var-
ious tumor cell lines belonging to the same tumor type
(for example, leukemia, non-small cell lung cancer,
ovarian, melanoma, colon, CNS, renal, prostate or
breast cancer) showed very different sensitivity to inhibi-
tion by sulfonamides, with Glsy (molarity of inhibitor
producing a 50% inhibition of tumor cell growth) values

* Corresponding author. Tel.: +39 055 4573005; fax: +39 055
4573385; e-mail: claudiu.supuran@unifi.it

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.04.078

typically in the range of 30 uM—10 nM.*>!! Tt was dis-
covered only later that CA IX/XII are not present in
all tumor types,' > and furthermore, that the levels of
isozyme IX—the best studied one at this moment—dra-
matically increase in response to hypoxia via a direct
transcriptional activation of the CA9 gene by the hypox-
ia inducible factor HIF-1.12-1¢ Tt was proven thereafter
that the expression of CA IX in tumors is a sign of poor
prognosis.'>1°

Recently, the involvement of sulfonamide CA inhibitors
in cancer has been investigated in more detail: Svastova
et al.!” showed that the acidic extracellular pH, which is
a typical attribute of the tumor microenvironment, is
generated by the activity of one of the tumor-associated
CA isozymes, i.e., CA IX, and that this acidification can
be perturbed by deletion of the enzyme active site and
inhibited by potent CA IX inhibitors of the sulfonamide
type, which bind only to hypoxic cells containing CA IX
(the involvement of the other tumor-associated isozyme,
i.e., CA XII, in such processes has not been investigated



mailto:claudiu.supuran@unifi.it



A. Innocenti et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4872-4876 4873

at the moment). Thus, it appears of critical importance
to pursue the development of CA inhibitors targeting
the tumor-associated CA isozymes CA IX and XII,
eventually belonging to novel classes of compounds, less
investigated up to now.

One of our groups reported!® recently the synthesis and
potent cytotoxic activity of some benzo[b]thiophene sul-
fonamide derivatives, which showed good activity against
a wide range of tumor types, with Gls, values in the low
nanomolar range. Some of these compounds possessed
unsubstituted sulfamoyl or N-substituted such moieties
with rather compact groups (ethyl, cyclopropyl, etc.),
and it appeared thus of interest to investigate their inter-
action with several CA isozymes, some of which, as shown
above, were involved in tumorigenesis. We report here an
inhibition study of the cytosolic ubiquitous isozymes CA |
and I1, as well as of the tumor-associated isozyme CA IX
(all of human origin) with a selected small library of
benzo[b]thiophene sulfonamide derivatives reported ear-
lier'® to possess potent in vitro antitumor properties,
and compared with other derivatives without cytotoxic
activity against human tumoral cell lines.

The standard, clinically used CA inhibitors (acetazola-
mide AZA, methazolamide MZA, ethoxzolamide
EZA, and dichlorophenamide DCP) were commercially
available from Sigma-Aldrich, whereas indisulam
(IND), a compound in phase II clinical trials as an
antitumor agent,'%!%20 was prepared as reported
earlier. The benzo[b]thiophene sulfonamide derivatives
la—e, 2a, and 3a-b (Table 1) were obtained from the
corresponding 6-aminobenzo[b]thiophene 1,1-dioxide
derivative, its 2,3-dihydro derivative, and 5-amino-
benzo[b]thiophene 1,1-dioxide, respectively, following
the method described by us before.'® The 6-amino-2,3-
dihydrobenzo[b]thiophene 1,1-dioxide?! was obtained
by reduction of 6-amino-benzo[b]thiophene-1,1-dioxide
using NaOH and an excess of Zn powder.??> Compounds
2b and 2c¢ from Table 1 were prepared from la by
reaction with the corresponding alcohol in diluted
KOH.?3

Inhibition data against isozymes hCA I, II, and IX with
derivatives 1-3 as well as standard sulfonamide inhibi-
tors are presented in Table 1.

The following SAR is evidenced from the data of Table
1: (i) Against isozyme hCA I the primary sulfonamides
1a, 1b, 2a—c, and 3a showed moderate inhibitory activi-
ty, with inhibition constants in the range of 63-138 nM,
being thus less inhibitory than the very potent hCA 1
inhibitors ethoxzolamide and indisulam, but much bet-
ter inhibitors than the clinically used drugs acetazola-
mide, methazolamide, and dichlorophenamide (Ki’s in
the range of 780-1200 nM). N-substitution of the sulfa-
moyl moiety of 1 with ethyl or cyclopropylmethyl moi-
eties (Ic and 1d) led to a decrecase of the hCA 1
inhibitory properties (Ky’s in the range of 493-—
530 nM), but these derivatives were anyhow much better
inhibitors than AZA and MZA. Thus, this is one of the
first reports showing that some N-substituted sulfona-
mides may act as moderate hCA I inhibitors. The much
bulkier benzyl (1e) or 3-methoxyphenyl (3b) substituents
in such derivatives led, on the other hand, to a total loss
of the CA inhibitory activities, not only against hCA 1
but also against the other two isozymes investigated
here. Obviously, these bulky groups impede the binding
of these sulfonamides to the Zn(II) ion within the en-
zyme active site. (ii) Against the ubiquitous, physiologi-
cally relevant isozyme hCA 1I, again the unsubstituted
sulfonamides 1a, 1b, 2a—c, and 3a showed very good
inhibition, with Kj’s in the range of 6.3-8.8 nM. Thus,
the nature of the ring (benzo[b]thiophene or the corre-
sponding dihydro ring) or the position of the sulfamoyl
moiety (5- or 6-substituted sulfonamides) attached to
this ring does not show major influence on the excellent
inhibitory properties of these derivatives against hCA 1.
The presence of the lipophilic R' moiety in compounds
2b and 2¢ was also beneficial for the CA inhibitory prop-
erties probably due to the interaction of these moieties
with the hydrophobic half of the active site, as seen in
many sulfonamide/sulfamate-hCA II adducts for which
the X-ray crystal structure has been reported.?* All these
compounds showed an activity comparable to that of

N\
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Table 1. Inhibition data for sulfonamides 1-3 investigated in the present paper and standard sulfonamide CA inhibitors, against isozymes hCA 1, 11,

and IX*°
R1 R
RHNO,S
B | @D
RHNO,S >5<0 H,NO,S P=0 20
O 0] @)
1 3
Inhibitor R R! K (nM) Selectivity ratio
hCA I* hCA II* hCA 1X° K; (hCA 1I)/K; (hCA IX)

AZA — 900 12 25 0.48
MZA — 780 14 27 0.52
EZA — 25 8 34 0.23
DCP — 1200 38 50 0.76
IND — 31 15 24 0.62
la H H 63 7.5 15 0.50
1b H Me 85 8.3 13 0.63
1c Et H 530 436 362 1.20
1d c-PrCH, H 493 475 76 6.25
le PhCH, H >1000 >1000 >1000 —
2a — H 72 8.8 10 0.88
2b — 0-n-C4Hy 104 6.3 3.1 2.03
2c — OCH,Ph 138 7.9 2.8 2.82
3a H — 75 7.4 13 0.57
3b 3-MeO-C¢Hy — >1000 >1000 >1000 —

#Human (cloned) isozymes, by the CO, hydration method.

® Catalytic domain of human, cloned isozyme, by the CO, hydration method.?’
“Errors in the range of 5-10% of the reported value (from three different assays).

ethoxzolamide, one of the best hCA II inhibitors
known,'® being more active than AZA, MZA, DCP
or IND, all inhibitors in clinical use/clinical trials for
the management of diverse CA-related disorders, tu-
mors included.' As for hCA I, the substituted deriva-
tives incorporating not very bulky moieties at the
sulfonamide group (1c and 1d) showed weak hCA II
inhibitory activity (Ky’s in the range of 436-475 nM),
whereas the much bulkier derivatives (1e and 3b) were
devoid of activity (K;’s >1000 nM). (iii) The tumor asso-
ciated isozyme hCA IX was also inhibited well by the
unsubstituted sulfonamides 1a, 1b, 2a—c, and 3a, which
showed K7’s in the range of 2.8-15 nM. It is obvious that
SAR is very much similar to what was mentioned above
for isozyme II, but these compounds are better inhibi-
tors than all the clinically used derivatives, which
showed inhibition constants in the range of 24-50 nM.
It is also interesting to note the rather good hCA IX
inhibitory properties of the cyclopropylmethyl-substi-
tuted compound 1d, which with a K; of 76 nM behaves
as a moderate inhibitor. The N-ethyl-derivative 1¢, was
on the other hand, a much weaker hCA IX inhibitor,
with a K7 of 362 nM. The two bulky compounds 1le
and 3b were devoid of hCA IX inhibitory effects. (iv)
A critical issue in the design of CA inhibitors is repre-
sented by the specificity of the inhibitor for the target
isozyme over the ubiquitous ones (hCA I and II, widely
distributed throughout the body).?>?° In the case of
most of the compounds designed here (la-1c, 2a, and
3a), as for the clinically used inhibitors, no selectivity
of the active compounds for hCA IX over hCA II has

been observed (Table 1). Indeed, the selectivity ratio of
most of the compounds investigated here was in the
range of 0.50-1.20. The compound with a good selectiv-
ity ratio for the inhibition of hCA IX was 1d (selectivity
ratio of 6.25), but this derivative is only a moderate hCA
IX inhibitor. The highly active hCA IX inhibitors 2b
and 2c¢ showed an interesting selectivity for inhibiting
this isozyme over hCA 1I, being 2.03-2.82 times better
inhibitors of the tumor associated than the cytosolic
isozyme (Table 1). (v) However, the cytotoxicity of
benzo[b]thiophenesulfonamide  1,1-dioxides against
HT-29, CCRF-CEM, K-562, HTB-54 and MEL-AC hu-
man tumoral cell lines or normal human lung fibroblasts
(reported in the previous contributions)!®?! seems to
follow different patterns of action, probably due to the
interaction of these compounds with other enzymes than
the CAs. Thus, 1a, 1c, 1e, 3a, and 3b were cytotoxic,
whereas compounds 1b and 2a were inactive.!®?! The
substitution on position 3 of the benzo[b]thiophene
nucleus or the reduction of its 2,3-double bond leads
to non-cytotoxic derivatives. Furthermore, it has been
demonstrated that benzo[b]thiophenesulfonamide 1,1-
dioxides produce their antitumor effect through inhibi-
tion of a NADH oxidase activity found in the plasma
membrane and conditioned culture medium of different
kinds of tumour cells,?”-?® as well as through a process of
apoptosis by accumulation reactive oxygen species
(ROS).>>3° In conclusion, many times the antitumor
activity of a compound may include the interaction with
more than one target, leading to complex pharmacolog-
ical and biochemical processes that in the end lead to a
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diminished growth of the tumor cell.3! However, it is
quite important to try to decipher as many as possible
of these potential mechanisms that lead to derivatives
with potent antitumor activity.

A series of benzo[b]thiophene-5- and 6-sulfonamide
derivatives previously reported to show cytotoxic activ-
ity and some others newly synthesized has been tested
for the interactions with several CA isozymes, some of
which are known to be involved in tumorigenesis
(hCA 1IX), whereas others are ubiquitously found in
many normal tissues (the cytosolic isoforms hCA 1
and II). The unsubstituted sulfonamides inhibited hCA
I with inhibition constants in the range of 63-138 nM,
hCA 1II with inhibition constants in the range of 6.3—
8.8 nM, and hCA IX with inhibition constants in the
range of 2.8-15nM, being thus more active than clini-
cally used inhibitors such as acetazolamide, methazola-
mide, ethoxzolamide, dichlorophenamide or indisulam
(E 7070). Some of these derivatives also showed some
selectivity for the inhibition of the tumor-associated
(hCA IX) over the cytosolic isozyme hCA 1I. The 2,3-
dihydrobenzo[b]thiophene derivatives could be consid-
ered as new lead compounds for the design of CAls
because of their absence of cytotoxicity, whereas substi-
tutions on the sulfonamide group could model a certain
degree of selectivity toward some CA isozymes (e.g., CA
IX vs CA II). Although these derivatives may act on
many targets other than the CAs (such as the NADH
oxidase) or may induce apoptosis by accumulation reac-
tive oxygen species, it is quite important to try to deci-
pher as many as possible of the potential mechanisms
that lead to derivatives with potent antitumor activity
in order to develop novel therapeutic strategies for the
management of cancer.
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Abstract—The synthesis and biological evaluation of a new series of bioisosteric phentolamine analogs are described. Replacement
of the carbon next to the imidazoline ring of phentolamine with a nitrogen atom provides compounds (2, 3) that are about 1.6 times
and 4.1 times more potent functionally than phentolamine on rat o;-adrenergic receptors, respectively. In receptor binding assays,
the affinities of phentolamine and its bioisosteric analogs were determined on the human embryonic kidney (HEK) and Chinese
Hamster ovary (CHO) cell lines expressing the human o;- and o,-AR subtypes, respectively. Analogs 2 and 3, both, displayed higher
binding affinities at the o,- versus the o;-ARs, affinities being the least at the a;g-AR. Binding affinities of the methoxy ether analog
2 were greater than those of the phenolic analog 3 at all six a-AR subtypes. One of the nitrogen atoms in the imidazoline ring of
phentolamine was replaced with an oxygen atom to give compounds 4 and 5, resulting in a 2-substituted oxazoline ring. The low
functional antagonist activity on rat aorta, and binding potencies of these two compounds on human o;- and axA-AR subtypes

indicate that a basic functional group is important for optimum binding to the ao- and a,4-adrenergic receptors.

© 2005 Elsevier Ltd. All rights reserved.

The initial classification of adrenoceptors (AR) into al-
pha (0-AR) and beta (B-AR) was described by Ahlquist
in 1948 on the basis of their pharmacological character-
istics.! Cloning and expression of a-AR have confirmed
the presence of multiple subtypes of both o-(ot1,, %pp,
o1q) and o-(0a, Oop, Oac)AR.> The membrane-span-
ning protein subunits among the o-AR family contain
seven putative transmembrane helices, and o-ARs
are members of the G-protein-coupled superfamily of
receptors.®

Since phentolamine (1), a non-selective a-AR antago-
nist, was discovered by Urech et al.,” this drug has been
used in a number of clinical situations: (a) for the treat-
ment of pheochromocytoma-related hypertension, (b)

* Corresponding author. Tel.: +1 9 01 52 39 7 00; fax: +1 9 01 52 39
772; e-mail: shong@gtxinc.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.083

for the diagnosis of pheochromocytoma, and (¢) for nor-
epinephrine-related dermal necrosis.® Phentolamine is
not useful in the treatment of systemic hypertension or
in patients with myocardial infarctions since it induces
cardiac stimulation. This side-effect is thought to be
caused by the presynaptic a,-AR blockade, which re-
sults in an enhanced neuronal release of norepinephrine.
The released norepinephrine activates adrenergic recep-
tors in the heart, producing cardiac stimulation.®
Recently, phentolamine mesylate (Vasomax®) has been
marketed in Mexico for use in the treatment of male
erectile dysfunction (ED).%!° The drug induces relaxa-
tion of corpus cavernosum erectile tissue by direct
antagonism of o4- and a,-adrenergic receptors and by
indirect functional antagonism via a non-adrenergic,
endothelium-mediated mechanism, suggesting nitric
oxide synthase activation.!'"!> A better understanding
of the structural requirements for the subtypes of
o-adrenergic receptors could result in the design and
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Phentolamine (1)

synthesis of more selective drugs for treating erectile
dysfunction and a number of other diseases, including
nasal decongestion, hypertension, hypotension, hyper-
glycemia, depression, liver cell proliferation, hyperag-
gregability of platelets, and benign prostatic
hyperplasia (BPH).

In a previous paper,'? we reported the preparation of
geometrical isomers by replacing the nitrogen atom with
a carbon at the benzylic position of phentolamine; the
ethylene analog having the Z configuration was less po-
tent than phentolamine, but the o;-AR selectivity was
considerably increased. Our next goal was to see if bio-
isosteric analogs (2, 3) of phentolamine, in which the
carbon atom bridging the 2-position of the imidazoline
ring with the diphenylamine nitrogen is replaced by
nitrogen, might bind to a-ARs with an enhanced affini-
ty. As an additional test modification, intended to par-
tially evaluate the importance of basicity, one of the

R= CH3(2),H (3

e e

R= CH3(4),H (5

nitrogen atoms in the imidazoline ring of phentolamine
was replaced with an oxygen atom to give the corre-
sponding oxazoline analogs (4, 5). The pharmacological
properties of phentolamine (1) and newly synthesized
bioisosteric analogs (2-5) were compared for their func-
tional activities on rat thoracic aorta and for binding
potencies on human o;- and a,-AR subtypes expressed
in HEK and CHO cells, respectively.

The synthesis of imidazoline derivatives 2 and 3 is
shown in Scheme 1. The hydrazine 9 was the key
intermediate in the synthesis of all of the target com-
pounds (Schemes 1 and 2). This hydrazine was synthe-
sized with the initial condensation of p-toluidine and
resorcinol in the presence of a catalytic amount of
p-toluidine HCl to give diphenylamine 6 in 74% yield.!*
N-Amination of 6 was not successful with hydroxyl-
amine-O-sulfonic acid. Diphenylamine 6 in ethanol
was treated with concentrated HCI, followed by the

HsC HsC
CHs OH Q Q
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+ NH —— N-NO
OH
NH,
OH OH
6 7
H3C H3C
c 2 d e
_ N—NO N—NH, _—
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Scheme 1. Reagents and conditions: (a) heat at 160 °C; (b) NaNO,, concd HCI; (c) dimethyl sulfate, K,CO;; (d) 1—LiAIH4/Et,0, 2—HCI;
(e) 1—N-acetyl imidazolinone, POCl;, 2—oxalic acid; (f) 1-—satd NaHCO;, 2—BBr;, 3—satd NaHCO;, 4—HCL
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Scheme 2. Reagents and conditions: (a) LiAlH4/Et,O; (b) CI(CH,),NCO; (¢c) CH;OH/H,O, reflux; (d) BBrs.

addition of a cold solution of sodium nitrite in water,
to give nitrosamine 7 in 73% yield,!> and this interme-
diate was then treated with dimethyl sulfate in acetone
in the presence of K,COj; to provide the desired meth-
oxy compound 8 in 91% yield. In earlier attempts,
treatment of N-nitrosamine 8 with Zn in the presence
of acetic acid gave extensive decomposition (N-N bond
cleavage) and the yield was very poor. The N-nitroso
group was more successfully reduced by LiAlH, in
diethyl ether; the optimum reaction time was 5h be-
cause slow N-N bond cleavage became significant
thereafter. The hydrazine free base readily decom-
posed, which could not be purified by flash chromato-
graphy, so it was directly converted to the HCI salt
(70% vyield from nitrosamine 8) using excess HCI gas.
The hydrazine 9 was treated with N-acetyl-2-imidazoli-
none'® in the presence of POCI;, followed by base
workup, to give imidazoline 2 in 69% yield, obtained
as the oxalic acid salt. The methoxy-protecting group
of 2 in anhydrous methylene chloride was deprotected
by BBr3, and base workup, followed by conversion to
the hydrochloride salt, gave 3 in 69% yield.

Scheme 2 outlines the synthesis of oxazoline deriva-
tives 4 and 5. N-Nitrosamine 8 in diethyl ether was
treated with LiAlH, as described above. The resulting
mixture of the hydrazine and N-nitrosamine was
directly treated with 2-chloroethylisocyanate in tetra-
hydrofuran to provide chloroethylurea 10 in 67%

yield. The urea 10 was heated in aqueous MeOH solu-
tion to give a cyclized compound, oxazoline 4, in 40%
yield. This methyl ether group was also cleaved with
BBr;, and subsequent base workup gave phenol 5 in
47% yield.

Radioligand binding analyses of phentolamine and its
bioisosteric analogs were performed in CHO and
HEK?293 cells stably expressing homogeneous popula-
tions of human opa-, orp-, and o~ARs, and human
oia-, o1~ and oyp-ARs, respectively. Initial studies
were conducted on human o;5- and ara-AR subtypes,
and the rank order of affinities of these compounds (K;
values) was phentolamine, 1 (4.1 nM) >2 (20 nM) >3
27nM)>>5 (5620nM)=4 (5740nM), and 2
(6.3 nM) >3 (24 nM) > phentolamine, 1 (56 nM) >>5
(18,600 nM) >4 (24,600 nM), respectively (Table 1).
These data revealed that the parent compound, phentol-
amine, had a 14-fold higher binding affinity at the o s-
versus the op4-AR. Bioisosteric analogs of phentolamine
in which the original imidazoline ring was retained (2
and 3), however, exhibited a different binding pattern.
When compared to phentolamine (1), both the analogs
(2, 3) showed decreased binding potencies at the oa-
AR, whereas the binding potencies at the ora-AR im-
proved slightly. The o 5- affinity decreases were 5- and
7-fold, while the a,s- affinity increases were 9- and 2-
fold for analogs 2 and 3, respectively. Analog 2 showed
a 3-fold greater binding affinity at the a,s- versus the
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Table 1. Binding affinities of phentolamine (1), bioisosteric analogs (2,
3) and 2-substituted oxazoline ring analogs (4, 5) on human o- and o-
AR subtypes stably expressed in human embryonic kidney (HEK?293)
and Chinese Hamster ovary (CHO) cells, respectively®®<

Compound oA OB oD
K; + SEM"* K; + SEM" K; + SEM®
(nM) (nM) (nM)
1 4.12+0.49 474+44 194+42
2 199+ 1.6 102.8 +£27.3 175+ 1.5
3 26.8+ 1.7 843 + 220.1 49.7+6.8
A £5):] Obc
1 559%3.6 48.0+ 5.8 80.3£19.0
2 6.3%+0.2 7.3%+0.6 38+04
3 23.8+3.7 18.0+2.1 128+ 1.0

3 3H]Prazosin and [*H]Jrauwolscine were used as the radioligands in the
equilibrium competition radioligand binding assays for the o;- and
o,-ARs, respectively, and the nonspecific binding was measured in
the presence of 10 uM of phentolamine or yohimbine.

® K; was calculated according to the Cheng—Prusoff equation'” and the
data for all analogs are means + SEM of N =4-6.

¢ The oxazoline ring analogs were evaluated for binding only in human
o a- and oA-AR subtypes and the mean pK; + SEM (K, nM) values
for analogs 4 and 5 on human o;o- and o4-ARs are 5.24 + 0.05
(5740 nM) and 4.61 + 0.17 (24,600 nM), and 5.25 + 0.04 (5620 nM)
and 4.73 £ 0.04 (18,600 nM), respectively.

Table 2. Functional activities of phentolamine (1) and bioisosteric
analogs (2-5) as assessed by the antagonism of phenylephrine-induced
contractions of rat aorta

Compound Rat aorta (oyp-AR#20)
K (nM) * 95% CL? Potency ratio®
1 11.8+£0.8 1.0
2 7.4+0.6 1.6
3 29+0.7 4.1
4 >30,000 —
5 13,000 £ 0.8 —

#The Kg value for each compound, as determined by rightward shifts
in the agonist (phenylephrine) concentration-response curves, was
calculated according to the Schild equation:?! Kp = antagonist con-
centration/dose ratio-1 where dose ratio is the ratio of the ECsq for
phenylephrine in the presence and absence of the antagonist. Data
were analyzed using GraphPad Prism software [GraphPad Prism,
San Diego, CA] to obtain ECs, values and are expressed as
means * 95% confidence limits (CL) of N = 4-6 experiments.

® Potency ratio = Kp(phentolamine, 1)/Kp(bioisosteric analog).

a1a-AR, whereas analog 3 was equipotent in binding to
the aya- and ara-AR. Bioisosteric analogs of phentol-
amine containing an oxazoline ring, analogs 4 and 5,

Table 3. Elemental analyses

showed much lower binding affinities at both the oja-
as well as the a,5-AR, indicating that replacement of
one of the nitrogen atoms of the imidazoline ring by
oxygen is detrimental for a-AR binding. This likely sug-
gests that the basicity of this ring system is important for
binding to the a-ARs.

With these results, we extended the evaluation of phen-
tolamine 1 and bioisosteric analogs 2, 3 to all six a-AR
subtypes (Table 1). The rank order of binding affinities
exhibited by phentolamine at human o-ARs was
Olia > Olip > O = Oba = Obp = Oyc. Analogs 2 and 3,
both, displayed higher binding affinities at the o,- versus
the o;-ARs, affinities being the least at the o;p-AR.
Binding affinities of the methoxy ether analog 2 were
greater than those of the phenolic analog 3 at all six
a-AR subtypes.

The parent compound, phentolamine (1), and its bio-
isosteric analogs (2-5) were also tested for functional
activities on rat aorta. Responses in the rat aorta have
been known to be mediated predominantly by the o;p-
AR.?® All test compounds blocked the phenylephrine-
induced contractions of rat aorta and produced parallel
shifts in the concentration-response curve of the a-AR
agonist, phenylephrine. Table 2 shows the potency of
the test compounds expressed as their Kp values. As
compared to phentolamine (Kg, 11.8 nM), analog 3
was 4.1 times more potent blocker of the vascular
response (K, 2.9nM). Methoxy analog 2 (Kp,
7.4 nM) was also more potent than phentolamine. As
observed in our binding studies, oxazoline analogs 4
(Kg, >30,000 nM) and 5 (K, 13,000 nM) were much
less potent than phentolamine or analogs 2 and 3;
and these findings suggest that the basicity of this ring
system is important for binding to o;-adrenoceptors.
However, the binding and functional data for analogs
2 and 3 at cloned human o;p and rat aorta oyp are
not in complete agreement. Our binding studies suggest
that analog 2 binds with a 2.8-fold higher affinity than
analog 3 at cloned human o;p-AR (Table 1), whereas
the functional potency of analog 3 is 2.6-fold higher
than that of analog 2 (Table 2). A possible explanation
for this discrepancy is that the organization of cloned
receptors in host cell lines such as the one used for
determining binding affinities in the present case may
be different from those of native receptors in integrated
tissue systems, such as the rat aorta, used for our func-
tional assays. However, there may exist other possibil-
ities leading to this disparity (see Table 3).

Compound Calculated (%) Formula Found (%)
C H N C H N

7 68.41 5.30 12.27 Cy3H2N,0, 68.32 5.30 12.24
9 63.51 6.47 10.58 Cy4H sN,O-HCl1 63.31 6.45 10.51
2 57.71 5.86 14.17 C,7H,0N,0-(COOH),-0.5H,0 58.03 5.70 14.01
3 60.28 6.01 17.57 Cy6H1sN4,O-HCl1 60.17 6.04 17.31
10 61.17 6.04 12.59 C,7H,0N;0,Cl 61.15 6.04 12.51
4 64.74 6.71 13.32 Cy7H9N3 O1.0H,O 64.35 6.71 13.25
5 62.84 6.43 13.73 Cy6H7N3 01.25H,0 62.85 6.38 13.68
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Overall, these results indicate that replacement of the
carbon bridging the 2-position of the imidazoline ring
with the diphenylamine nitrogen by a nitrogen atom as
in compounds (2 and 3) maintains or modestly increases
the activity on selected a-AR subtypes. Replacing one of
the nitrogen atoms of the imidazoline ring of phentol-
amine with an oxygen atom drastically reduces activity.
Compounds 2 and 3 serve as promising lead compounds
for further investigations.
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Abstract—A series of 3-anilino-quinoxalinones has been identified as a new class of glycogen phosphorylase inhibitors. The lead
compound 1 was identified through high throughput screening as well as through pharmacophore-based electronic screening.
Modifications were made to the scaffold of 1 to produce novel analogues, some of which are 25 times more potent than the lead

compound.
© 2005 Elsevier Ltd. All rights reserved.

Hepatic glucose output is abnormally high in diabetic
patients and contributes to hyperglycemia in both the
fasted and fed states.! Hepatic glucose production is
the net sum of two metabolic processes: glycogenolysis
and gluconeogenesis. Some evidence suggests that 30—
60% of total hepatic glucose production can be affected
by blocking glycogenolysis.? Glycogen phosphorylase is
the enzyme responsible for glycogenolysis by catalyzing
the breakdown of glycogen to glucose-1-phosphate in
the liver and skeletal muscle. Thus, compounds that spe-
cifically inhibit glycogen phosphorylase should reduce
blood glucose levels in the post-absorptive state, thereby
providing adjunctive therapy for Type II diabetes. Sev-
eral classes of glycogen phosphorylase inhibitors have
been reported, including dihydropyridine diacids,® N-
benzoylureas,* and indole carboxamides.’ In the initial
series of indole carboxamides, select analogues were
reported to inhibit glycogenolysis in vitro with an 1Cs
of ~200 nM. Our goal was to identify an inhibitor with
activity in this same range.

In our efforts to identify a series of novel, non-indole
carboxamide-containing glycogen phosphorylase inhibi-
tors, high throughput screening and pharmacophore-
based electronic database searching® were carried out
in parallel. The 3-anilino-quinoxalinone 1 appeared
as a potential lead using both methodologies. For
the ligand-based pharmacophore searching protocol,

* Corresponding author. Tel.: +1 908 704 4861; fax: +1 908 203
8109; e-mail: jdudash@prdus.jnj.com

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.021

selected three-point pharmacophore hypotheses derived
from the SAR of known GPA inhibitors were electron-
ically screened against our corporate database, and the
resulting electronic hits were manually tested in a direct-
ed assay. Compound 1 (ICsq = 2 uM) was one of the hits
identified from the pharmacophore searches. In the high
throughput screening assay, compound 1 inhibited GPA
with an ICsy of 2.5 uM.” The synthesis and biological
activity of a series of compounds modified from 1 are
reported here.

Our goal was to synthesize compounds that would ad-
dress the importance of three regions of compound 1:
the imidazole portion, the aromatic ring of the quinox-
alinone, and the substituent on N-1 of the quinoxali-
none. Analogues that explored the SAR of the aniline
moiety were prepared according to Scheme 1.8 Commer-
cially available N-methyl-1,2-diaminobenzene was treat-
ed with ethyl chlorooxoacetate to give the dione 2,
which was reacted with phosphorous oxychloride to
yield the chloroimidate 3. Addition of the desired aniline
proceeded to give the substituted intermediates 4. These
intermediates could then be elaborated to various ana-
logues. In the case of R*=1, palladium catalyzed
cross-coupling conditions” with heteroaryl boronic acids
gave the requisite covalent-bonded heterocycles 5. When
R? = NH,, treatment with the appropriate acid chloride
resulted in the amide-linked heterocycles 6. Finally,
when R?=CO,Me, trimethylaluminum mediated
coupling'® of the amino heterocycle to the ester gave
the desired reverse amide-linked analogues 7.
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Scheme 1. Reagents and conditions: (a) CIC(O)CO,Et, Et;N, CH,Cl,, rt, 71%; (b) POCl;, Huning’s base, toluene 110 °C, 83%; (c) RIN(H)—Ph—RZ,

CH;CN, 80°C, 75-84%; (d) Het-B(OH),, Pd(PPhs);, 2N Na,COs;, DME, 90°C, 45-60%; (¢) Het-COCI,

(f) Het(CH»),,NH,, AlMes, toluene, 120 °C, 30-50%.

For analogues that explored aromatic ring substituents
or the N-1 substituent of the quinoxalinone, the
synthetic route outlined in Scheme 2 was employed.
In certain instances, the desired ortho-nitro aniline 9
was commercially available. Otherwise, a substituted
amine was added to the corresponding 2-fluoronitro-
benzene 8 to give 9 in good yield. Hydrogenation of
the nitro group followed by cyclization to the dione
and reaction with phosphorous oxychloride gave the
chloroimidate 10.'! Reaction of 10 with the 4-amino
benzamide moiety (obtained by coupling of 4-nitro-
benzoyl chloride and 2-aminomethyl thiophene fol-
lowed by tin-mediated reduction of the nitro group)
gave the desired analogues 11a-1.

The SAR of the aniline portion of the series was ex-
plored first (Table 1). Changing from the directly at-
tached imidazole ring of 1 to other heterocycles led to
similar potency (5a-b). While introducing an amide link-
age between the two rings initially led to poor results,
the substitution of pyrrole (6a) for furan (6b) and then

R4 _X__F RY__X
DUt
= =
RS NO, RS
8 9
X=CH, N

11

Et;N, CH,Cl, tt, 80-90%;

isoxazole (6¢c-d) led to significant increases in potency.
Moving the amide linkage from the 4-position to the
3-position led to a complete loss of activity (6e). Potency
was further improved, however, when the amide linkage
was reversed to give compounds 7a-g. This reverse
amide gave consistent results for 5-membered ring het-
erocycles (7a—c). Inserting a methylene group (7d-e)
between the amide nitrogen and the heterocycle main-
tained the potency and simplified synthetic methods.
This potency did not extend to a 2-carbon spacer (7f).
Finally, the hydrogen donor ability of the aniline nitro-
gen was shown to be imperative for activity, as illustrat-
ed by compound 7g when compared to 7a.

With the important structural features of the aniline
portion well established, attention was next turned to
the quinoxalinone moiety (Table 2). As compared to
compound 7d, substitution of the C-6 and C-7 positions
with lower alkyl groups or halogens (11a-b) and replace-
ment of C-8 with nitrogen (11¢) did not have a dramatic
effect on potency. Altering the substituent on N-1 led to

RB
|
. RE. _X__N__O
—
RSN N ¢
10

R® Q
R _X__N__O
= 7
RS N~ "N
H

Scheme 2. Reagents and conditions: (g) R°NH,, NaOAc, 80 °C, 40-52%; (h) H; (50 psi), 10% Pd/C, EtOH; (i) diethyl oxalate, 68-76% over 2 steps;
() POCl3;, DMF, 95 °C 60-74%; (k) 4-amino-N-thiophen-2yl-methyl-benzamide, CH3;CN, 80 °C, 77-94%.
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Table 1. SAR of the aniline moiety

|
N0 . MHet
_ Linkt"/n
N

R1

5 Link=Covalent Bond

6 Link=NHCO

7 Link=CONH
Entry R! Link position »n Het ICso (UM £ 10%)
1 2.5
Sa H 4 0 2-Pyrrole 2.5
5b H 4 0 3-Furan 5
6a H 4 0 2-Pyrrole >10
6b H 4 0 2-Furan 2.5
6¢ H 4 0 3-Isoxazole 0.73
6d H 4 0 S-Isoxazole 0.71
6e H 3 0 S5-Isoxazole >10
Ta H 4 0 3-Isoxazole 0.11
7b H 4 0 3-Pyrazole 0.2
Tc H 4 0 2-Thiazole 0.48
7d H 4 1 2-Thiophene 0.11
Te H 4 1 2-Furan 0.12
7 H 4 2 2-Thiophene >10
g CH; 4 0 3-Isoxazole >10

Table 2. SAR of the quinoxalinone moiety

e 0
4
H Y
~
RSN N H
11

Entry X R* R’ R® ICs,
(UM + 10%)

11a CH H F CH; 0.14
11b CH CH; H CH; 0.28
11c N H H CH; 0.19
11d CH H H H 0.16
11e CH H H CH,CH; 0.19
11f CH H H CH(CH;), >10
11g CH H H CH,CH,OH 0.32
11h CH H H CH,COH 5.7
11i CH H H CH,CH,N(CHj3), 0.71
11j CH H H CH,CH,-2-pyridine 0.58
11k CH H H CH,CH,-N-piperidine 0.42
111 CH H H CH,CH,-N-morpholine 0.35

varied results. While hydrogen and ethyl groups (11d—e)
gave results similar to 7d, the branched alkyl analogue
(11f) showed a sharp decrease in potency. Substitution
of the ethyl side chain with hydrophilic groups was also
explored. While the hydroxyl-substituted analogue (11g)
showed potency similar to that of 11e, the correspond-
ing carboxylic acid (11h) was not well tolerated. Ami-
no-substituted compounds were also prepared (11i-1),
with the morpholine moiety retaining the most potency.

With several examples of potent analogues in hand, we
turned our attention to whole cell and in vivo efficacy

experiments. Compounds 7a, 7b, 7d, and 7e were tested
in the rat hepatocyte glycogenolysis assay.'> None of
these compounds inhibited glycogen breakdown at a
concentration of 30 uM. The surprising lack of cellular
activity could be attributed to one of three reasons: (1)
the series is isozyme specific (muscle vs. liver), (2) the
series is species specific (rabbit vs. rat), or (3) physico-
chemical properties of the compounds themselves does
not allow for cellular penetration.

To determine whether the lack of activity in the rat
hepatocyte assay is due to species or isozyme differences,
we measured inhibitory activity against rat liver glyco-
gen phosphorylase. Although the compounds were not
as potent against the rat liver enzyme, the level of inhi-
bition was similar to that of the standard used as a
positive control in the hepatocyte assay. Therefore, it
is unlikely that species or isozyme differences contribute
to the lack of activity in the cell-based assay.

The physicochemical properties of selected analogues
were then addressed. Permeability and absorption prop-
erties were assessed by the CaCO-2 layer assay.'3 A di-
verse set of compounds, including 7b, 7d, 11a, 11b,
and 11c, were all found to have high potential for per-
meability with mean A-B Papp <15. Select compounds
were also tested for human liver microsomal stability,
indicative of a compound’s first pass liability.'* While
7d showed marginal stability at 27 min, 7a, 7b, 11b,
and 11c all showed stabilities in the 40-60 min range.
Compounds with amine substitution in R® (11k, 1)
showed very poor stability (<5 min). Finally, solubility
of the compounds was measured.'> All analogues were
shown to be insoluble in aqueous media at neutral pH,
with only modest solubility observed at pH 2 for ana-
logues (11k, 1), which contain a basic amine. We con-
cluded that the lack of activity in the cell-based assay
is most likely due to poor solubility in the assay media.
Unfortunately, increasing the DMSO concentration
within the assay led to cell lysis.

In a final attempt to assess this series as a candidate for
further development, we chose to test compounds 7d,
11c, and 11e in the ob/ob mouse efficacy model.'® The
summary of results in Table 3 shows that no difference
in fed blood glucose levels was observed for our test
compounds versus the vehicle. In separate experiments,
these compounds showed no bioavailability in standard
rat PK studies. Efforts to successfully modify the formu-
lation of the compounds for in vivo dosing were not
realized.

In summary, a series of 3-anilino-quinoxalinones has
been established as a new class of glycogen phosphory-
lase inhibitors in vitro. Structural features of the aniline
moiety were most important for potent inhibitory activ-
ity, while the quinoxalinone ring is more tolerant to sub-
stitution. Entries 7a and 7d were found to be 25 times
more potent than the original lead 1. The in vitro activ-
ity did not translate to inhibition of glycogen phosphor-
ylase in vivo, and this may be due to the poor aqueous
solubility of the compounds, which will ultimately affect
their bioavailability potential.
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Table 3. Fed blood glucose levels in 0ob/ob mice after compound administration
Vehicle Hours after compounds dosing:
0 1 2 4 8
339.5+£374 319.3£21.5 3753+ 15.8 341.1 £ 28.8 2229+17.3
7d 334.0£35.9 306.4 £ 12.1 351.3+£36.3 313.3+£29.1 2249 +22.6
11c 357.4+375 305.4 £23.8 356.0 £ 28.9 362.5+ 38.7 328.4 £50.7
11e 320.3 +36.5 349.1 £ 40.6 3384 £31.5 383.3+33.5 32591474

*P <0.05, compared with vehicle treated group.

10.

11.

12.

. All compounds
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The rat hepatocyte glycogenolysis assay was adapted from
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Briefly, hepatocytes are obtained by in vivo collagenase
perfusion followed by ex vivo dispersion of rat liver.
Resultant cells are plated in 6 well plates and allowed to

data
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15.

16.

attach for several hours, followed by addition of ['*C]glu-
cose for overnight incorporation into glycogen. The next
day, unincorporated radioactivity is removed and cells are
treated with test compound with or without .1 nM gluca-
gon for 2 h. Cellular glycogen is collected by potassium
hydroxide solubilization of the cells followed by ethanol
extraction and the radioactivity determined. Glycogen
breakdown is determined by comparing reduction of
radioactivity from cells at time 0 versus time 2h and
inhibition of this breakdown by test compounds assessed.
Tests were conducted at Absorption Systems, Exton, PA.
Caco-2 monolayers were grown to confluence, dosed at
10 uM on the apical side (A-to-B) or basolateral side (B-
to-A), and incubated at 37 °C. The permeability assay
buffer was Hanks’ balanced salt solution containing
10 mM HEPES and 15 mM glucose at a pH of 7.0-7.2.
Samples were assayed by LC/MS using electrospray
ionization. The apparent permeability, Papp, and percent
recovery were calculated using Papp = (dC/dr)x V,/
(A% Cy) and Percent Recovery = 100 x ((V, x Cmal)
(Vax Cinalyy /(74 x Cy), where dC/dt is the cumulative
concentration in the receiver compartment versus time in
M s~ ! ¥, is the volume of the receiver compartment in
cm®. V4 is the volume of the donor compartment in cm®. A
is the area of the cell monolayer. Cy is the concentration of
the dosing solution in M. €™ is the cumulative receiver
concentration in M at the end of the incubation period.
Cfnal js the concentration of the donor in Mat the end of
the incubation period.

. Tests were conducted at Absorption Systems, Exton, PA.

Incubation at 37 °C with test compound at 5 uM and 1 mg
protein/mL human liver microsomal prep. Half life was
determined by measuring the percent parent compound
remaining. In this system, values above 30 min were
considered acceptable.

Tests were conducted at Absorption Systems, Exton, PA.
Equilibrium solubility was measured in pH 2.0 and pH 7.4
aqueous buffers. At least 1 mg of powder was combined
with 1 mL of buffer to make >1 mg/mL mixture. These
samples were shaken for >2 h and left to stand overnight
at room temperature. The samples were then filtered
through a 0.45-um Nylon syringe filter that was first
saturated with the sample. The filtrate was sampled twice,
consecutively. All samples were assayed by LC/MS using
electrospray ionization.

Female C57BL/6) oblob mice (C57BL/KsJ-Lep®®® Jack-
son Labs, Bar Harbor, ME) were at 6-7 weeks of age
when received. Upon arrival, they were quarantined for
5 days, housed two mice per cage and given access to
water and food ad libitum. Next, these mice were
grouped based on their blood glucose levels. They were
then given either vehicle (0.5% methycellulose), or
compound (suspended in 0.5% methycellulose) at
30 mg/kg body weight via oral gavage. Tail blood
samples were collected at 0, 1, 2, 4, and 8h after
dosing to measure the blood glucose using a glucometer
(One Touch Ultra, Lifescan, Milpitas, CA).
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Yiyun Huang,*®* Sung-A Bae,* Bryan L. Roth® and Marc Laruelle*®

2Department of Psychiatry, Columbia University College of Physicians and Surgeons, New York, NY 10032, USA

®Department of Radiology, Columbia University College of Physicians and Surgeons, New York, NY 10032, USA

“Departments of Biochemistry, Neurosciences and Psychiatry, Case Western Reserve University Medical School,
Cleveland, OH 44106, USA

Received 3 May 2005; revised 17 July 2005; accepted 21 July 2005
Available online 6 September 2005

Abstract—A series of serotonin 5-HT,g ligands were synthesized and evaluated for their potency and selectivity against other 5-HT
receptor subtypes. Many of these new compounds displayed high affinity and selectivity for the 5-HT;p receptor and compound 6¢
was found to have the in vitro binding profile necessary for development as a PET radioligand.

© 2005 Elsevier Ltd. All rights reserved.

The serotonin 5-HT,p receptors are autoreceptors that
regulate the release of serotonin (5-HT) from the 5-HT
terminals. Historically, these receptors were included
in the class of 5-HT,p receptors. The human 5-HT;p
receptors have been divided into 5-HT;p, and
5-HTpp,! which were then renamed 5-HTp and 5-
HT, receptors, respectively.”? The 5-HTg is the pre-
dominant form of the 5-HT;p,p receptor family in the
human brain, accounting for about 90% of the receptor
population formerly designated as 5-HT;p.>* Over the
last few years, biological and pharmacological studies
have noted the importance of this receptor subtype
and implicated the involvement of 5-HT,p receptors in
depression, aggressive behavior, suicide, substance
abuse, and alcoholism.>'2 For example, studies in 5-
HT,g knockout animals have shown that transgenic
mice devoid of the 5-HT g receptors displayed enhanced
aggressiveness, increased cocaine intake, and heightened
susceptibility to alcohol over-consumption.®® Since the
5-HT,;p receptor is an autoreceptor located on the nerve
terminal and stimulation of this receptor inhibits the re-
lease of serotonin from the neurons, antagonism of the
5-HT;p receptor would, in theory, produce an immedi-
ate increase in the extracellular 5-HT concentrations,
an effect induced by prolonged treatment with the most
widely used antidepressants: the selective serotonin
reuptake inhibitors (SSRIs). Therefore, it was proposed
that 5-HT,g antagonists could probably function as

Keywords: Synthesis; Ligand; Serotonin 5-HT;p receptor.
* Corresponding author. Tel.: +1 212 543 6629; fax: +1 212 568
6171; e-mail: hh285@columbia.edu

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.024

fast-acting antidepressants or as an adjunct treatment
of depression with SSRIs.'>!# Along with the report of
enhanced cocaine intake in 5-HT,;p knockout mice,
Koob et al. have reported that stimulation of 5-HT;p
receptor potentiated cocaine reinforcement in rats, thus
implicating the involvement of this receptor subtype in
cocaine abuse.!> Furthermore, biological and genetic
studies have implicated the 5-HT;p receptors and the
receptor genes in alcoholism, especially antisocial alco-
holism, further underscoring the importance of the
5-HT,p receptor.!!-1¢

Despite the recent advance in elucidating the role of the
5-HT;p receptor in the CNS and in psychiatric diseases,
there is still a lack of specific pharmacological tools to
probe this receptor’s functions in vivo. Selective agonists
and antagonists for the 5-HT,p receptor, among them
GR127935 and SB-224289 (Fig. 1) are only recently
available. GR127935 is a high affinity ligand (X
0.14nM for the cloned human 5-HT,g (h5-HT;p),
0.70 nM for h5-HT;p, and 70 nM for h5-HT; 5 recep-
tors).!” However, this compound has been shown in
some tests to be a partial agonist. SB-224289 was report-
ed to be a 5-HT,; full antagonist with a 26-fold selectiv-
ity for the h5-HT,g over h5-HT,p receptor.!!
Nevertheless, its affinity for the h5-HT;p receptor (K;
10 nM) seems to be relatively low. Yet another com-
pound (1, Fig. 1) was reported to be a full antagonist
with a K; of 2nM for the 5-HT; receptor. However,
in our hands this compound also displayed partial ago-
nist activity. In view of the importance of the 5-HT,p
receptor in psychiatric diseases, we aim to develop a
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Figure 1. Structural representation of GR127935, SB-224289, and compound 1.

radioligand for the positron emission tomography
(PET) imaging studies of the 5-HT,p receptor in vivo.
To this end, we have synthesized a series of compounds
in search of a high affinity 5-HT,p antagonist for poten-
tial development as PET radiotracer.

The synthetic program was initiated using compound 1
as a lead.?® Based on this lead compound, a number
of derivatives bearing different functional groups were
prepared and screened in comprehensive in vitro binding
assays. The new compounds 6a—g were prepared accord-
ing to the synthetic pathway outlined in Scheme 1. Brief-
ly, nitration of 1-methyl-4-(2-methoxyphenyl)piperazine
(2) gave compound 3, which was then reduced with Ra-
ney nickel and hydrazine to the aniline 4. The reaction
of 4 with triphosgene and coupling of the resulting carb-
amyl chloride with various monosubstituted phenylpip-
erazines (5) provided the final products 6a-g. The
monosubstituted phenylpiperazines, if not commercially
available, were prepared by the palladium-catalyzed
aromatic amination of substituted phenylbromides with
piperazine.?! Monosubstituted phenylpiperazines 5e-g
were obtained in 32-75% yield. The desired compounds
6a—g were prepared in 45-82% yield, following purifica-
tion by column chromatography, salt formation with
fumaric acid, and recrystallization from acetone. In
addition, we have also prepared compound 11 to eluci-
date further the structure—activity relationship of this
class of compounds (Scheme 2). All new compounds

were fully characterized by '"H NMR, MS, HRMS,
and/or elemental analysis.

The newly synthesized compounds were tested in recep-
tor binding assays in vitro. Binding to the 5-HT, and 5-
HT,p receptors was carried out by displacement of the
radioligand [*H]5-carboximidotryptamine (5-CT) at the
cloned human 5-HT;g and 5-HT;p receptors with the
test compounds. In addition, binding affinities of these
compounds at various cloned human 5-HT receptors,
including 5-HT1A, 5-HT2A, S-HTzc, 5-HT5A, 5-HT6
and 5-HT,, were also determined, as previously de-
scribed.?? Selected binding data are given in Table 1.

As is evident from Table 1, all the test compounds dem-
onstrated high affinity for the serotonin 5-HT;p recep-
tor. Compounds 6a, 6¢, and 11 also displayed high
affinity (K; < 100 nM) for the 5-HTp receptor. In addi-
tion, compounds 6a—d, 6f, and 6g had greater than 13-
fold selectivity for 5-HT g over the other 5-HT receptor
subtypes. All compounds display negligible affinities
(K; > 10 uM) for the following cloned receptors: dopa-
mine Dy, D,, D3, D4 and Ds, x, 3, and p-opiod, hista-
mine-H;, muscarinic M;, M,, M;, M, and Ms;,
nicotinic acetylcholine receptors, and the PCP site.

Judging from the binding data, it is clear that substitu-
ents as diverse as fluorine, methoxy, thiomethyl, and tri-
fluoromethyl, placed at either the ortho or para position

™/
N N-Me H,SO,, KNO3 O,N N—Me Raney Ni HoN N\_/N—Me
_——
C :owle H,NNH,, EtOH OMe
2 4
R
/_l\ N:NH R Vo 6a: R=2-Cl; 6e R=4-Ph
5 _ </1'\>_N’_\N H N_ N-Me 6b: R=2F  6f: R=4CF;
T \=/ Y —©: 6c: R=4-Cl; 6g: R=4-SMe
(CCl30),CO, CH.Cl, o) OMe 6d: R=4-F;

Scheme 1. Synthetic route for compounds 6a-g.
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Scheme 2. Synthetic route for compound 11.
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Table 1. In vitro binding affinities of compounds 6a-g and 11 at selected 5-HT receptors
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Compound K; (nM)?*
5-HT;p 5-HTp 5-HTa 5-HT,a 5-HT,c 5-HTg 5-HT,
1 124 % 1.1 105.9 + 20.1 641 = 147 6739 + 1146 1937 £ 794 2410 £ 409 1412 £ 762
6a 11.3£0.9 347+ 12.1 335+ 74 5988 + 958 1241 + 521 469 + 80 342 £ 195
6b 18.1£2.7 103.1 £ 39.2 315+ 85 >10,000 1077 £ 409 841 * 404 >10,000
6¢ 1.82+0.35 6.51 £ 1.69 525+ 14.2 1008 £ 60 267.0 £ 98.8 5089 *+ 1272 >10,000
6d 38.3%£9.0 168.2 +40.4 1079 £ 291 4451 £ 490 >10,000 >10,000 >10,000
6e 13714 209.2 + 14.6 405+ 182 171 £ 19 6.50 £2.47 1429 + 286 >10,000
6f 284+22 345.11£65.6 382+ 187 614 £ 117 2833 + 3395 2863 + 830 >10,000
6g 16.7+ 4.1 328.7%£62.5 882 £ 432 1335 £ 280 1145 £ 1054 >10,000 >10,000
11 9.68 +0.74 154+238 154+2.38 >10,000 9954 + 2688 nd nd
GR127935 4.31£0.50 123+ 1.85 80.0£424 42.719.0 105+ 70 >10,000 >10,000

nd, not determined.

# All assays were conducted in duplicate. Data are means = SD of computer-derived estimates for n = 4 separate determinations.

of the phenylpiperazine moiety in the lead compound,
are well-tolerated by the 5-HT;p binding site and the
resulting compounds all retain their high binding affinity
for the 5-HT,p receptor. Replacement of the methoxy
group in the lead compound with a bulky substituent,
such as the phenyl group, also results in a compound
with high affinity and selectivity for the 5-HTp receptor
(6e). However, strongly electron-withdrawing substitu-
ents, such as fluorine or trifluoromethyl group, placed
at the 4-position of the phenyl ring (6d and 6f) appear
to diminish the compounds’ affinities for 5-HT;p and
5-HTp receptors.

Among the compounds synthesized, it is notable that
the 4-chlorophenyl derivative (6¢) displays a higher
affinity for the 5-HT;g receptor than both the lead
and GR127935, a compound that has been shown in
the literature to be the ligand with the highest affinity
for the 5-HT,p receptor. In our binding assays, com-
pound 6c¢ is twice as potent as GR127935, and thus
appears to be the most potent 5-HT;p ligand reported
to date.

In functional assays using the forskolin-stimulated cyclic
AMP production test,>3 both compounds 1 (64% intrin-
sic activity) and GR127935 (29% intrinsic activity) dis-
played partial agonist activity. On the other hand,
compound 11 was shown to be completely devoid of
any intrinsic agonist activity, and thus appeared to be
a full antagonist for the 5-HT ;g receptor.

Compounds with nanomolar or subnanomolar affinity
at the target receptor are, in general, good candidates
for development as in vivo radioligands for PET imag-
ing. Compound 6c¢ fulfills this requirement. In addition,
it possesses functional groups (O-methyl and N-methyl)
that are amenable to labeling with a positron-emitting
[''CJmethyl group and therefore is a suitable candidate
for radiolabeling and development as potential PET
radioligand.

In summary, a number of compounds were synthesized
and evaluated in vitro for their binding affinity and selec-
tivity for the serotonin 5-HT;p receptor. One compound
(6¢) was found to be a high affinity ligand for the 5-HT 3
receptor and a suitable candidate for development as a
PET radioligand to investigate the serotonin 5-HT;p

receptor in vivo. Another compound, 11, was found
to be a 5-HT;p full antagonist devoid of any agonist
activity.
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Abstract—Potent and selective ligands of the o7 nicotinic acetylcholine receptor are required to understand the pharmacological
effect of o7 activation. A common cross-reactivity occurs with serotonergic 5-HT; receptors with which o7 receptors have a high
sequence homology. We demonstrate that certain quinuclidine 3-biaryl carboxamides are high affinity o7 ligands with an excellent

binding selectivity over 5-HTj; receptors.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

There is a high sequence homology between 5-HTj; sero-
tonergic receptors (5-HT3Rs) and o7 nicotinic acetyl-
choline receptors (nAChRs).! Both of these receptors
are ligand-gated ion channels and are thought to play
important roles in cognition and schizophrenia.? Recent
reports have highlighted the crossover in functional
activity of ligands with affinity for both these recep-
tors.>*¢ Typically, agonist activity at one receptor trans-
lates into antagonist activity at the other. For example,
tropisetron (1), a 5-HT5 antagonist, was shown to act as
a weak o7 partial agonist, whilst the well-known o7 par-
tial agonist DMXB (GTS-21) acted as a 5-HT; antago-
nist.*” We examined the cross-reactivity profile of a
potent a7 agonist reported by AstraArcus (2).° It was
demonstrated that 2 was able to evoke currents in native
neuronal 5-HT3;Rs with potency and efficacy similar to
those evoked in native a7 nAChRs.® An understanding
of the dual nature of ligands for these two receptors is
relevant in the study of the pharmacological effects of
receptor activation. There is clearly a need to develop
selective compounds to undertake this. This is of partic-
ular interest for the a7 nAChR, as the dearth of selective
and potent tools for pharmacological mapping has left
us with only tantalizing hints on the role of &7 nAChRs
in human physiology.

*Corresponding author. Tel.: +01276 483038; fax:
483525; e-mail: keenan_martine@lilly.com

+01276

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.070

From a small selection of ligands profiled on both 5-
HT;Rs and o7 nAChRs, it is not clear what structural
features will lead to selectivity for one over the other.
Sequence homology modeling of the ligand binding
domain of o7 and 5-HT; based on the snail ACh binding
protein could be a useful tool for understanding the
structural requirements for selectivity,® but so far there
have been no reports of it being used in this context. Li-
gands with good binding affinity for the a7 receptor are
typically constrained analogues of ACh. The azabicycle
quinuclidine is a common structural motif in many
reported o7 ligands, as is an aryl group extended at some
point into space from the tertiary nitrogen.’ In a recent
study, Macor et al.® highlighted that modification in
either domain could influence the affinity for both o7
nAChRs and 5-HT3;Rs. When quinuclidine is replaced
by the azabicyclo[3.2.1]octane skeleton of tropisetron
(1), activity is retained at both receptors, but N-methyl-
ation of the indazole of structurally related LY-278584
(3) (also a 5-HT; receptor antagonist) removed the o7
activity. We decided that the effect of such simple struc-
tural modifications on selectivity merited investigation.

A series of structurally related compounds has been
disclosed in the patent literature as o7 agonists, but
their pharmacology has not been reported.!® A recent
disclosure of quinuclidine benzamides as o7 agonists,
profiled on functional a7 (a7-5HT3) chimeric recep-
tors, highlights some SAR differences between o7
nAChR and 5-HT;R activity.!! We had synthesized
several o7 ligands in-house (Fig. 1) (2,° 4,'°% and
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Figure 1. Literature SHT;R antagonists and o7 nAChR agonists.

5'0%) and profiled them across human recombinant 5-
HT; and o7 receptors in radioligand binding assays
(Table 1).!> Independently, we had also been investi-
gating quinuclidine biaryl carboxamides as o7 ago-
nists, for example, 6a, subsequently disclosed in the
literature, !¢ and had discovered that 6a was selective
for o7 receptors over 5-HT; receptors. To investigate
this finding further, a small set of associated biaryl
carboxamide ligands were prepared and assayed for
cross-reactivity.

2. Chemistry

A general method was devised to prepare racemic com-
pounds via parallel synthesis, as described in Scheme
1.13 (rac)-3-Amino quinuclidine, liberated from the
dihydrochloride salt, was treated with an excess of
the appropriate aryl carboxylic acid in the presence
of 1-hydroxybenzotriazole monohydrate and N-cyclo-
hexylcarbodiimide-N’-methylpolystyrene in amine-free
DMF. Following agitation at ambient temperature
for 3 days, the product was isolated by cation-exchange
chromatography (SCX) and purified further by pre-
Parative LC-MS. Compounds were characterized by
H NMR and LC-MS, and tested for their affinity
on 5-HT; and o7 receptors in radioligand binding
assays.

Table 1. Binding affinities for compounds 2 and 4-6

Compounds o7 nAChR? K; (nM) 5-HT5R® K; (nM)
MLA® 7.3 (£0.2) 16.5% at 10 uM (1)
MDL-72222 Not tested 10 (2)

(R)-2 3.1 (£5.8) 73 (2)

(R)-4 420 (£36) 2.5% at 10 pM (1)
(R)-5 8.3 (¥1.2) 2225 (2)

(R)-6a 1.3 (£0.2) 15.5% at 10 pM (1)

4SEM for n > 3.

® Number of determinations in parentheses.

°MLA is methyllycaconitine, a selective nicotinic o7 receptor
antagonist.

2 HCl
N (i-ii) N
- o
NH, N4
H A

Scheme 1. Reagents and conditions: Ar = aryl acids for 6-14. (i) Free
base liberation; (ii)) ArCO,H, HOBT, resin-CDI, DMF, room
temperature, 3 days.

3. Results and discussion

It is clear from the data in Table 2 that the biaryl com-
pounds 6-10 were highly selective for a7 nAChRs over
5-HT3Rs, in contrast to the fused heteroaryl benzothi-
ophene (11), which was essentially non-selective. The
influence of electron density in the distal aryl ring on
both o7 and 5-HTj; affinities in this series is not clear
(6-10). Although the pyridyl-containing ligand 6 had
the best a7 affinity/5-HTj3 selectivity profile, the more
electron-rich bis-thiophene 8 was the most potent o7

Table 2. Binding affinities for compounds 6-11

Iz

(rac)-Ar o7 nAChR® K; (nM)  5-HT;R® K; (nM)
2-Pyridine (6) 6.9 (0.6) 28% at 10 uM (1)
Ph (7) 3.4 (30.9) 2024 (2)
2-Thiophene (8) 1.1 (£0.1) 1043 (2)

p-MeOCgH, (9) 2684 (£29.8)
p-CIC6H, (10) 524.5 (£51.0)
11 14.6 (£0.8)

SEM for n > 3.
® Number of determinations in parentheses.

27% at 10 pM (1)
45% at 10 pM (1)
49.8 (2)
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ligand prepared and was still 1000-fold selective for
a7 receptors over 5-HTj3 receptors.

The degree of seclectivity attained was not universal
within the biaryl-containing compounds. Although we
did not fully investigate the effect of positional isomers
on selectivity, we discovered that moving the connec-
tivity of the thienyl amide substituent from C2 to C3
decreased selectivity from >500-fold to 20-fold in the
phenyl series (Table 3, 12). Introduction of a nitrogen
atom into the C3-linked thiophene series also had an
interesting effect. The thiazole analogue (13) proved
essentially non-selective, whilst the isothiazole analogue
(14) only displayed affinity for the o7 receptor
(Table 3).

In contrast to the previous observation of minimal influ-
ence of stereogenicity on the quinuclidine-tropisetron
hybrid ligands,® we established that the o7 affinity of
the quinuclidine biaryl carboxamide series, for example,
7 resided in the (R)-enantiomer (Table 4).'* Selectivity
for a7 nAChRs over 5-HT3Rs was also improved by res-
olution in this instance.

Table 3. Binding affinities for compounds 12-14

N
o)
N /
H —X
\
12-14 Yo S

(rac)-X, Y o7 nAChR® K; (nM)  5-HT3R® K; (nM)
X=Y=CH (12) 16.7 (+2.6) 409 (2)
X=CH, Y=N (13) 1212 (+7.1) 665 (2)
X=N, Y=CH (14) 4.1 (20.2) 28% at 10 pM (1)

4SEM for n > 3.
® Number of determinations in parentheses.

Table 4. Binding affinities for compound 7

N
O
S
7 4 F
Compounds o7 nAChR® K; (nM) 5-HT;R® K; (nM)
Racemate (7) 3.4 (£0.9) 2024 (2)
(R)-(7a) (AcOH salt) 1.8 (£0.9) 24% at 10 uM (1)
(S)-(7b) (AcOH salt) 26.9 (£0.2) 1547 (2)

4SEM for n > 3.
® Number of determinations in parentheses.

4. Summary

We have prepared and pharmacologically characterized
a set of quinuclidine biaryl carboxamides that displayed
high affinity for o7 nAChRs and excellent selectivity
over 5-HT;Rs. Whilst the structural requirements for
selectivity remain to be fully defined, the connectivity
of the biaryl motif and relative electron density of the
biaryl system have been shown to be influential. As
interest in the o7 nAChR as a therapeutic target grows,
the ability to design selective ligands to help understand
any associated pharmacology becomes ever more
important.
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Binding assay conditions: (a) a7 nAChR: 10 nM [’H]meth-
yllycaconitine (MLA), human nAChR o7 membranes
(expressed in GH4C1 cells), 500 pg/mL; buffer (50 Trizma,
150 NaCl, 5 KCl, pH 7.4, 4°C; nM), 4h, ambient
temperature; NSB = unlabeled MLA, 10 uM; Wheatgerm
Agglutinin SPA Bead (Amersham Biosciences PRNQO0001),
10 mg/mL; (b) 5-HT;R: [PHJGR65630 0.34 nM, human
5-HT; serotonin receptor membrane (Receptor Biology
Inc. RB-HS3) 0.143 mg/mL; buffer (50 Trisma, 5 MgCl,, 1
EDTA, pH 7.5, 4 °C, nM); wash buffer PBS; 1 h, ambient
temperature; NSB = MDL-72222, 10 uM; 3 washes with
wash buffer through Whatman GF/B filters.

Synthesis of 8. 3-Aminoquinuclidine hydrochloride
(24.4 mg, 0.15 mmol) was suspended in amine-free N,N-
dimethylformamide (DMF, 1.5mL) and treated with
Amberlite IRA-440C strong anion-exchange resin. The
mixture was agitated until all of the quinuclidine was
basified and dissolved, forming a 0.05 M solution. A fritted

14.

vessel was charged sequentially with N-cyclohexylcarbo-
diimide-N'-methylpolystyrene (Nova, 56 mg, 1.8 mmol/g,
0.1 mmol), an aliquot (0.5 mL, 0.025 mmol) of the 0.05 M
quinuclidine solution, an aliquot (0.5 mL, 0.05 mmol) of a
0.1 M solution of 2,2’-bithiophene-5-carboxylic acid in
amine-free DMF, and an aliquot (0.5 mL, 0.05 mmol) of a
0.1 M solution of 1-hydroxybenzotriazole monohydrate in
amine-free DMF. The vessel was sealed and agitated by
orbital rotation for 3 days at room temperature and then
the solution-phase materials were collected by filtration
into a vial. The spent resin was washed with DMF (1 mL),
methanol (1 mL), and DMF (1 mL). The combined filtrate
and washings were applied to a methanol-conditioned
500 mg SCX-2 cation-exchange cartridge (Argonaut,
0.5 mmol/g SO;H). Solution-phase materials were allowed
to pass to waste. The cartridge was washed with one
volume of methanol, which was also passed to waste. Then
the cartridge was then treated with one volume of 2 N
ammonia in methanol, which eluted the product into a
tared vial. Evaporation of solvents in vacuo yielded 8
(7.9 mg, 0.0248 mmol, 98%) in 100% purity. 'H NMR
(300 MHz, DMSO-dg) 6 ppm 8.81 (1H, d, J=6.03 Hz),
7.93 (1H, d, J=3.77 Hz), 7.58 (1H, d, J = 5.27 Hz), 7.42
(1H, d, J=3.39 Hz), 7.34 (1H, d, J = 3.77 Hz), 7.08-7.17
(IH, m), 4.22-4.33 (1H, m), 3.11-3.69 (6H, m), 2.17 (2H,
m), 1.82-1.96 (2H, m), 1.63-1.81 (1H, m); LC-MS 100%
pure (single peak, [M+H]" 319).

(R)-(+)- and (S)-(—)-3-Aminoquinuclidine dihydrochlo-
ride 98%, available from the Aldrich Chemical Company
Inc.
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Abstract—Putative metabolites of an AMPA antagonist imidazo-2,3-benzodiazepine (2) were synthesized and compared to constit-
uents formed from the parent compound by a rat liver perfusion method. As metabolic transformations, hydroxylation of the
2-methyl group and N-acetylation of the amino functionality in parent compound (2) were registered. The hydroxylated analogue

12 of 2 exhibits a weak AMPA antagonist activity.
© 2005 Elsevier Ltd. All rights reserved.

AMPA (2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)pro-
pionic acid) antagonists possess a significant role among
the ionotropic glutamate receptor ligands and have the
capacity among others to serve as anticonvulsant and
neuroprotective drugs.!-?

Talampanel (1) (Fig. 1) is a non-competive AMPA
antagonist 2,3-benzodiazepine (BDZ) that is now under
advanced Phase II clinical investigation.>~ Broad struc-
ture activity relationship studies have revealed several
different structural features related to a BDZ ring system
that greatly influences the APMA antagonist activity,
consequently, some successful substitutes for the func-
tions of molecule 1 were found.® One of the major recog-
nitions was that BDZs with a condensed azole ring,
attached to atoms 3,4 of the BDZ skeleton, possess a
high AMPA antagonist activity.”® As a representative
of this condensed BDZ derivative 2 (GYKI-47261) is
exemplified, which showed a broad spectrum anticon-
vulsant activity against seizures evoked by electroshock
and different chemoconvulsive agents; however, its neu-
roprotective effects in a focal ischemia test and a MPTP-
induced Parkinson model were more pronounced.® The
unique structure of BDZs with an attached azole ring
from among the different AMPA antagonists of the

Keywords: AMPA antagonist; Imidazole[2,3]benzodiazepine; Metabo-

lite; HPLC/MS analysis.
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NH, NHR
1 2 (R=H)
3 (R=-COCH,)

Figure 1. Structures of talampanel and a representative of condensed
BDZs.

BDZ type was also corroborated by the finding that
their corresponding pharmacophore model differed only
in one donor site attaching point from that of other
BDZ structures and the biological consequences of
which are still to be clarified.!”

Remarkable neuroprotective potency of 2 has paved the
way for becoming a potential drug candidate, necessitat-
ing the study of its metabolism.!' A widely accepted
method of research on metabolism is to employ radiola-
beled compounds in animal experiments. This way the
metabolites can be detected in biological samples
(blood, excreta, bile, etc.) using selective detection by
means of radiochromatography. A drawback of this
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procedure, however, lies in the fact that a tedious sample
cleanup procedure is usually required for a structure
elucidation. In this study, we used a reverse approach,
namely the potential metabolites were synthesized and
compared to the constituents formed from the parent
compound. An ex vivo technique was applied to obtain
samples containing a far less amount of endogenous
constituents than the samples of in vivo experiments.'?
Additionally, by this method radiolabeling was dis-
pensed with. Therefore, on the basis of different consid-
erations, several metabolite-like derivatives of 2 have
been synthesized and analyzed for their identity with
main metabolites of 2.

As a possible metabolic transformation of 2, except that
of acetylation of the amino function,'? an oxidation of
the 2-methyl group was envisaged, resulting in the for-
mation of derivatives with different oxygenated groups
at position 2. Therefore, 2-carboxylic acid and related
derivatives of 2 were prepared, according to Scheme 1.
Thus, thio-oxo compound 4® was reacted in a Teflon®-
coated autoclave with a saturated ammonia-THF
solution in the presence of mercury chloride to give an
amidine, possessing the tautomeric structure 5 in DMSO

@OH @C Oﬁj

j/co ,C,H,
cl cl
Rl
7
1Q
9 (with R?)
e f

N._CO,H
2
T
N
Cl =N
RZ

10
°C
11 (with R3)

Q)

NHCOCH3

solution. Alkylation of 5 with ethyl bromopyruvate
resulted in a product which showed no keto- carbonyl
group in the IR spectrum and which according to 'H
NMR investigations can be characterized by the hemia-
minal structure 6. Latter, when treated with p-toluene-
sulfonic acid, it gave a 2:1 mixture of 7 and 8,
respectively. The formation of hydrolysis product 8 is
a proof that alkylation with ethyl bromopyruvate takes
place at the ring nitrogen atom. Compound 7 served as
the starting material for all the potential metabolite-like
analogues of 2. Transfer hydrogenation gave amino-es-
ter 9 and hydrolysis of the latter resulted in carboxylic
acid 10, whereas a lithium aluminum hydride reduction
of 9 gave 2-hydroxymethyl derivative 12. The necessary
N-acetyl derivatives were prepared by simple acetylation
of 10 and 12 to provide 11 and 13, respectively (for phys-
ical and spectroscopic data, see Ref. 14).

Liver perfusion was performed, according to standard
procedure,'? and the perfusate was analyzed, as given
in Ref. 15.

In Table 1 chromatographic and mass spectrometric
characteristics of the synthesized compounds to those

COCH

%
N
=N \/ﬁcozcsz
0
Rl

N
p foH
N
Cl =N
R2

12
nQ
13 (with R?)

Scheme 1. Reagents and conditions: (a) NH3/THF/HgCl,, autoclave, 70 °C, 81%; (b) ethyl bromopyruvate, DMF, K,COs, rt, 65%; (c) cat. p-TsOH,
EtOH/CHCI3, 58% (7), 28% (8); (d) RaNi, NH,NH,monohydrate, CH,Cl,/MeOH, 87%; (¢) NaOH, EtOH, reflux, 63%; (f) LiAlH4, THF, 59%;

(g) Ac,O, CH,Cly, rt, 79%; (h) AcCl, pyridine, rt, 41%.
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Table 1. Comparison of chromatographic and mass spectrometric properties of synthesized standards and metabolites

Compounds Synthesized standards Rat liver perfusate
Retention Molecular Major fragments Retention Molecular Major fragments
time (min) mass time (min) mass
2 23.81 323 282 (60%), 217 (40%) 23.84 323 282 (60%), 217 (40%)
3 21.57 365 350 (15%), 338 (15%), 21.61 365 350 (15%), 338 (15%),
324 (55%), 217 (15%) 324 (55%), 217 (15%)
10 8.23 353 335 (100%) n.d. n.d. n.d.
11 8.41 395 377 (100%) n.d. n.d. n.d.
12 13.31 339 321 (100%) 13.42 339 321 (100%)
13 12.08 381 363 (100%) 12.06 381 363 (100%)

n.d.: not detected.

Table 2. Screening results with some new BDZs

Compounds Behavioural changes MES test EDs, Inclined screen test Retinal spreading depression test ICsq (LM)
(100 mg/kg ip; 200 mg/kg po) mg/kg po EDs,, mg/kg ip or inhibition (%) in 20 pM
1 (referent) Loss of righting reflex 8.6 (7.0-10.6) 13.4 (11.2-16.0) 1.7
2 (referent) Loss of righting reflex 24.0 (17.9-32.1) 36.5 (29.4-45.2) 7.3
3¢ Decrease of SMA,® ataxy 56.0 >200° >20°
9 Decrease of SMA® >100° >200¢ 10-20
10 Slight decrease of SMA® >100° >200¢ 55%
11 >100° >200¢ 33%
12 Decrease of SMA,® ataxia, 25-50 100-200 5.0
decrease of muscle tone
13 n.td >100° n.t! n.t

#See also Ref. 8.

® Spontaneous motor activity.
¢ Highest test concentration.
4 Not tested.

of metabolites present in liver perfusate are compared. It
is seen that apart from the parent compound three peaks
eluted with retention identical to those of synthetic stan-
dards. In addition, these compounds exhibited mass
spectra identical to those of standards. Thus, these
metabolites were identified as the N-acetylated analogue
3 of the parent compound 2, 12 (a hydroxylated ana-
logue of the parent compound 2), and 13 (N-acetylated
derivative of 12). As a consequence, the above findings
show that the main metabolic transformations of the
compound under study (2) are those of N-acetylation,
as well as hydroxylation of the side-chain methyl group.
A similar metabolic hydroxylation of an analogous
methyl-imidazo-BDZ was noticed recently.’

In further experiments, the new aminophenyl BDZs (9,
10, 11, 12, 13) were subjected to in vitro screening for
inhibition of AMPA (5 uM) evoked spreading depres-
sion in isolated retina prepared from young chicken.'®
In addition, these molecules were also tested for anticon-
vulsant activity using the maximal electroshock seizure
model,'” as well as for muscle relaxant activity, using
the inclined screen test in mice.'® The gross behavioral
changes were evaluated in mice according to Irwin!®
the results of which are shown in Table 2.

Data in Table 2 demonstrate the fact that certain com-
pounds possessing an oxygenated side chain on the
imidazole moiety show a slight effect however, this fact
can be demonstrated in the in vitro retinal spreading
depression test only (e.g., 9-11) and could not be

observed in vivo in the given test system up to the test
concentrations used. The only compound that possesses
a weak AMPA antagonist activity in all of the tests was
the hydroxymethyl derivative 12, which was also detect-
ed among the metabolites formed from 2 under ex vivo
conditions. As a result, a conclusion can be drawn that
out of five putative metabolites actually three com-
pounds formed under ex vivo conditions; however, none
of them exhibited any strong AMPA antagonist activity.

References and notes

1. Parsons, G. C.; Danysz, W.; Quack, G. Drug News
Perspect. 1988, 11, 523.

2. De Sarro, G.; Gitto, R.; Russo, E.; Ibbadu, G. F.; Bareca,
M. L.; Chimirri, A. Curr. Top. Med. Chem. 2005, 5, 31.

3. Tarnawa, 1.; Vizi, E. S. Restor. Neurol. Neurosci. 1998, 13,
41.

4. Chappel, A. S.; Sandler, J. W.; Brodie, M. J.; Chadwick,
D.; Lledo, A.; Zhang, D.; Bjerke, J.; Kiesler, G. M.;
Arroyo, S. Neurology 2002, 58, 1680.

5. Langan, Y. M.; Lucas, R.; Jewell, H.; Toublanc, N.;
Schaefer, H.; Sander, J. W.; Patsalos, P. N. Epilepsia 2003,
44, 46.

6. Solyom, S.; Tarnawa, 1. Curr. Pharm. Design 2002, 8, 913.

7. Csuzdi, E.; Hamori, T.; Abraham, G.; Sélyom, S.;
Tarnawa, 1.; Berzsenyi, P.; Andrasi, F.; Ling, I.; Simay,
A.; Gal, M.; Horvath, K.; Szentkuti, E.; Szo6ll6sy, M.;
Pallagi, I. PCT Int. Appl. WO 97, 28, 63; Chem. Abstr.
1997, 127, 205597n.

8. Abraham, G.; Solyom, S.; Csuzdi, E.; Berzsenyi, P.; Ling,
I.; Tarnawa, I.; Hamori, T.; Pallagi, I.; Horvath, K.





10.
. For preliminary results see: Migléczi, K.; Hazai, I;

12.

13.

14.

E. Csuzdi et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4662-4665

Andrasi, F.; Kapus, G.; Harsing, L. G. J.; Kiraly, 1
Patthy, M.; Horvath, G. Bioorg. Med. Chem. 2000, 8, 2127.

. Elger, B.; Huth, A.; Neuhaus, R.; Ottow, E.; Schneider,

H.; Seilheimer, B.; Turski, L. J. Med. Chem. 2005, 48,
4618.
Rezessy, B.; Solyom, S. Lett. Drug Des. Dis. 2004, 1, 217.

Jemnitz, K.; Patfalusi, M. J. Plan. Chrom. 2001, 14, 226.
Kukan, M. In Handbook of Drug Metabolism; Woolf, T.
F., Ed.; Marcel Dekker, Inc.: New York, 1999; pp 425-
442.

Eckstein, J. A.; Swanson, S. P. J. Chromatogr., B 1995,
668, 153.

Physical and spectroscopic data of new compounds.
Compound 6: mp: 188-191°C, 'H NMR (DMSO-dj,
T=25°C) 6 8.32(d, J=8.5Hz, 1H), 7.83 (d, J=8.5Hz,
2H), 7.65 (dd, J; =8.3Hz, J,=19Hz, 1H), 7.60 (d,
J=8.3Hz, 1H), 7.15 (d, /=19 Hz, 1H), 6.72 (s, 1H,
exchangeable), 4.25 (d, J=10.8Hz, 1H), 4.10 (q,
J=17.2Hz, 2H), 3.85 (s, 2H), 3.75 (d, J=10.8 Hz, 1H),
1.13 (t, J = 7.2 Hz, 3H); '*C NMR 6 170.7 (s), 166.9 (s),
154.3 (s), 147.8 (s), 143.1 (s), 136.1 (s), 133.4 (s), 131.6 (s),
131.3 (d), 130.6 (d), 129.8 (d), 128.4 (d), 123.6 (d), 93.6 (s),
62.7 (1), 61.0 (1), 33.0 (t) 13.9 (q); IR (KBr past.)
1754 cm™"; compound 7: mp: >260°C, 'H NMR
(DMSO-ds, T=25°C) o 8.42 (d, J=8.8 Hz, 2H), 8.23
(s, 1H), 7.96 (d, J=8.8 Hz, 2H), 7.76 (dd, J; = 8.4 Hz,
J,=20Hz, 1H), 7.68 (d, J=8.4Hz, 1H), 7.22 (d,
J=2.0Hz, 1H), 4.25 (s, 2H), 4.23 (q, J= 6.9 Hz, 2H),
1.36 (t, J = 6.9 Hz, 3H); compound 8: mp: 151-153 °C, 'H
NMR (DMSO-ds, T= 27°C) ¢ 8.33 (d, J = 8.8 Hz, 2H),
783 (d, J=8.8Hz, 2H), 7.73 (dd, J,=8.4Hz
J,=20Hz, 1H), 7.63 (d, J=8.4Hz, 1H), 7.23 (d,
J=2.0Hz, 1H), 5.10 (s, 2H), 4.22 (q, J=7.2 Hz, 2H),
3.17 (br's, 2H), 1.23 (t, J = 7.2 Hz, 3H), >*C NMR 6 187.9
(s), 167.9 (s), 159.4 (s), 158.2 (s), 148.3 (s), 142.7 (s), 135.5
(s), 132.3 (d), 131.7 (s), 130.6 (d), 130.1 (d), 128.0 (d), 123.6
(d), 62.0 (t), 57.1 (1), 40.3 (1), 13.7 (q); IR (KBr past.)
1734 cm™", 1668 cm™'; compound 9: mp: 250-253 °C, 'H
NMR (DMSO-ds, T=298K) ¢ 8.00 (s, 1H), 7.67 (dd,
J1=83Hz, J,=18Hz, 1H), 7.58 (d, J=8.3Hz, 1H),
7.40 (d, J=8.5Hz, 2H), 7.22 (d, J = 1.8 Hz, 1H), 6.63 (d,
J = 8.5Hz, 2H), 5.95 (s, 2H, exchangeable), 4.17 (q
J=17.0 Hz, 2H), 4.05 (br s, 2H), 1.25 (t, J = 7.0 Hz, 3H);
compound 10: mp: >260 °C, EI-MS: m/z:352, 354 [M]"™
(44,17) 308, 310 (100,33), 268 (14), CI-MS: 353, 355
[M+H] (100,42); compound 11: mp: >260 °C, EI-MS: m/z:
394, 396 [M] " (44,15), 350, 352, (100,48), 349, 351 (28,33),

15.

16.

17.

18.

19.
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CI-MS: 351 [M—CO?*+H]" (100), 350 [M—CO’" (74);
compound 12: mp: >260°C, 'H NMR (DMSO-d,
T =300K) ¢ 7.63 (dd, J, = 8.2 Hz, J, = 2.3 Hz, 1H), 7.56
(d, /J=8.2Hz, 1H), 7.37 (d, J=8.4Hz, 2H), 7.20 (d,
J=2.3Hz, 1H), 7.20 (s, 1H), 6.64 (d, /= 8.4 Hz, 2H),
5.81 (s, 2H, exchangeable), 4.81 (t, J=5.5Hz, 1H,
exchangeable), 4.28 (d, J = 5.5 Hz, 2H), 3.84 (br s, 2H);
compound 13: mp: >260 °C, EI-MS: m/z: 380, 382 [M]"
(100,34), 337 (28), 218 (43).

Wistar male rat liver was cannulated into vena portae
and washed with Hanks’ balanced salt perfusion solution
saturated with O,/CO, (95/5) for about 10 min. This
solution was spiked with 1 mg/ml of 2 in DMSO to give
a final concentration of 10 g/ml. Perfusion was carried
out at 37°C for 2h. The flow rate was 40 ml/min.
Sample cleanup of perfusate solution was done using C18
solid-phase extraction cartridges, as described earlier.'!
Methanol eluate was evaporated to dryness and was
reconstituted in a mixture of ethanol/0.05 M ammonium-
acetate, pH 8.5 buffer (1/1) and subjected to HPLC/MS
analysis. HPLC conditions: Purospher RP18 5 pum
250 x 4.0 mm column with 4x4.0 mm guard column,
flow rate: 1 ml/min, eluents: (A) acetonitrile/ammonium-
acetate buffer pH 8.5 (10/90), (B) acetonitrile/ammonium-
acetate buffer pH 8.5 (90/10). Gradient program: 0-—
2 min: 10% B, 2-4 min: 10-20% B, 4-6 min: 20-30% B,
6-16 min: 30-40% B, 16-27 min: 40-80% B, 27-30 min:
80-10% B, and 30-35min: 10% B. IT/MS conditions:
positive electrospray ionization, flow rate: 0.3 ml/min,
sheath gas: 20, spray voltage: 4.5 kV, capillary temper-
ature: 200 °C, capillary voltage: 7. Selected ion monitor-
ing: 0-10 min: m/z 350-400, 10-12.3 min: m/z 380-390,
12.3-15.5 min: m/z 338-345, 15.5-17.6 min: m/z 380-390,
17.6-20.9 min: m/z 338-345, 20.9-23.4 min: m/z 364-369,
23.4-35 min: m/z 320-330. MS/MS experiment: normal-
ized collision energy: 50.

Sheardown, M. J. Brain Res. 1993, 607, 189, Compounds
were tested first at 20 uM in siXx retina preparations.
Compounds showing less than 40% inhibition were
designed as 1Csq > 20 uM.

Swinyard, B. A. J. Pharmacol. Exp. Ther. 1952, 106, 319
(10 mice/dose and 3-4 doses were used; 60 min pretreat-
ment po).

Randall, L. O.; Schallek, W.; Heise, G. A.; Keth, E. F_;
Bagdon, R. E. J. Pharmacol. Exp. Ther. 1960, 129, 163 (10
mice/dose and 3-4 doses were used; 30 min pretreatment
ip).

Irwin, S. Psychopharmacologia 1968, 13, 222.
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Abstract—7-[(2,4-Dichloro-5-methoxyphenyl)amino]thieno[3,2-b]pyridine-6-carbonitriles with various heteroaryl groups at C-2 are
inhibitors of Src kinase activity. Of these new analogs, compounds substituted at C-2 by a 3,5-furan or a 2,5-pyridine had the best

activity in the Src enzyme and cell assays.
© 2005 Elsevier Ltd. All rights reserved.

The non-receptor tyrosine kinase Src is a member of a
family of highly homologous kinases known as the
SFKs (Src family kinases). Since overexpression or over-
activation of Src is implicated in various diseases, small
molecule Src inhibitors are being pursued for several
therapeutic indications.!? Initial efforts were focused
on new agents for the treatment of cancer and osteo-
porosis, and later diversified to incorporate ischemic
diseases, such as stroke and myocardial infarction.?-°

4-Phenylamino-3-quinolinecarbonitriles  have  been
extensively studied as kinase inhibitors,”® with a com-
pound from this class, SKI-606, being a potent inhibitor
of Src kinase.”'? It was recently reported that this activ-
ity is shared by the structurally related 7-(phenylami-
no)thieno[3,2-b]pyridine-6-carbonitriles.!! ~ The C-2
phenyl thieno[3,2-b]pyridine-6-carbonitrile 1a had an
ICsy of 13 nM for the inhibition of Src kinase activity.
This 1,4 substituted derivative was a more potent Src
inhibitor than the 1,3 substituted isomer 1b, while the
1,2 substituted isomer had greatly reduced activity. A
difference in activity was also observed with the C-2
thiophene analogs, where 2a was a more potent Src
inhibitor than 2b.'? To further study the effect of the

Keywords: Src; Thieno[3,2-b]pyridine-6-carbonitrile.
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5561; e-mail: bosched@wyeth.com
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substituent at C-2, additional analogs were prepared
varying the heteroaryl ring at this position.

ﬁN/\/\o N

/NJ SKI-606
cl cl CIj@[CI
~
3
; s CN s CN
/\/ \ ‘ AN 3 | I
N 4 _ \ — ‘\ \ —
Q N 5 Y 2> N
N S
/

la: 1,4-isomer
1b: 1,3-isomer

2a: 3,5-isomer

ENj 2b: 2,5-isomer
N
\

The preparation of two C-2 furan analogs is shown in
Scheme 1. Treatment of the previously reported 2-iodo
intermediate 3!' with commercially available 2-formyl-
4-furanboronic acid provided the aldehyde derivative
4. Reaction of 3 with tributyl[5-(1,3-dioxolan-2-yl)-2-
furanyl]stannane'3, followed by acid hydrolysis of the
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3 4: 3,5-isomer
5: 2,5-isomer
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6: 3,5-isomer
7: 2,5-isomer
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8

l
N cl cl
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WCN
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Scheme 1. Reagents: (a) for 4: 2-formyl-4-furanboronic acid, (Ph;P)4,Pd, DME, satd aq NaHCOs;; for 5: (1) tributyl[5-(1,3-dioxolan-2-yl)-2-
furanyl]stannane, (Ph;P),PdCl,, dioxane, (2) 2N HCI, THF; (b) l-methylpiperazine, Na(OAc);BH, CH,Cl,, NMP, HOAc; (c) (1) (Me3Sn),,

(Ph;P)4Pd, dioxane, (2) (Ph;P),Pd, dioxane.

intermediate acetal, provided aldehyde 5. Reductive
amination of 4 and 5 with 1-methylpiperazine in the
presence of sodium triacetoxyborohydride led to the
desired derivatives 6 and 7.

As shown in Table 1, 6, the 3,5-furan isomer, was more
potent than 7, the 2,5-furan isomer, with 6 having an

Table 1. Inhibition od Src kinase activity

ICso of 13 nM in the Src enzyme assay and an ICs, of
260 nM in the Src cell assay. These results correspond
to those observed with the thiophene isomers 2a and
2b. Since the C-2 3,5-thiophene substituent showed good
Src inhibitory activity, the C-2 4,2-thiazole 9 was target-
ed. This compound has a N in place of the CH group at
C-4 of the thiophene ring of 2a.

CI\‘ : jC|
HN RAY

SN
Linker \ N/
Compound Linker R RAT Src Enzyme Src Cell
IC50 HMIS IC50 HMIS
SKI1-606 3.8" 100%
la 1,4-Phenyl CH,-N-Me-piperazine OMe 13 720
1b 1,3-Phenyl CH,-N-Me-piperazine OMe 21 1200
2a 3,5-Thiophene CH,-N-Me-piperazine OMe 7.2 430
2b 2,5-Thiophene CH,-N-Me-piperazine OMe 25 2400
6 3,5-Furan CH,-N-Me-piperazine OMe 13 260
7 2,5-Furan CH,-N-Me-piperazine OMe 52 3100
9 4,2-Thiazole CH,-N-Me-piperazine OMe 56 2900
12 2,5-Pyridine CH,-N-Me-piperazine OMe 13 420
13 2,6-Pyridine CH,-N-Me-piperazine OMe 51 1900
14 Alkyne CH,-N-Me-piperazine OMe 300 >5000
16 2,5-Pyridine CH,NMe, OMe 13 650
18 2,5-Pyridine CO-N-Me-piperazine OMe 14 360
20 2,5-Pyridine CH,-N-Me-piperazine H 47 >5000
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Known 4-bromo-1,3-thiazole-2-carbaldehyde!*  was
converted to 8 via reductive amination with 1-methyl-
piperazine. In situ conversion of 8 to the tributylstann-
ane derivative, followed by coupling with 3, provided
9. Surprisingly, 9 was much less potent than 2a, having
an ICsy in the Src enzyme assay of only 56 nM. If
replacement of the CH of the thiophene with a N led
to reduced activity, would the same replacement in the
phenyl series also lead to reduced activity?

To this end, Scheme 2 depicts the preparation of the C-2
2-pyridine analogs of la and 1b. The commercially
available 6-bromo 2- and 3-pyridinecarboxaldehydes
were converted to 10 and 11 via reductive amination
with 1-methylpiperazine. Preparation of the tributylst-
annane derivatives of 10 and 11, followed by coupling
with 3, resulted in the formation of 12 and 13. As shown
in Table 1, 12 was as potent in the Src enzyme assay as
la and was more potent than 1a in the Src cell assay.
Therefore, as opposed to what was observed with the
thiophene to thiazole pair of analogs, replacement of
the CH group at C-2 of the phenyl ring of 1a with a
N did not lead to a reduction in activity. Corresponding
to the reduced activity of 1b compared to 1a, the 2,6-iso-
mer 13 was about 5-fold less potent than 12. The com-
pounds with greater Src inhibitory activity can be
viewed as being more linear than the less active com-
pounds. Conceivably, the most linear analog possible
would contain a triple bond at C-2 of the thieno[3,2-
b)pyridine ring. The highly rigid ethynyl analog 14 was
prepared by reaction of 3 with 1-methyl-4-(2-propy-
nyl)piperazine.!> This compound was a weak Src inhib-
itor having an ICs, of only 300 nM in the enzyme assay
and an ICsq of greater than 5 uM in the cell assay.
Therefore, to inhibit Src activity it may be necessary that
a molecule has a greater degree of flexibility at C-2 than
that conferred by the triple bond.

Additional analogs of 12 were prepared, as shown in
Scheme 3. The dimethylamine analog 16 was obtained
by coupling of 3 with the tributylstannane derivative

Br N/) B N7 @

N
AN

10: 2,5-isomer
11: 2,6-isomer

IS

/N

4683

of 15, which was prepared by reductive amination
of 5-bromo-2-pyridinecarboxaldehyde with dimethyl-
amine. To prepare the amide analog, the methyl group
of 2-bromo-5-methylpyridine was first oxidized to the
corresponding acid with potassium permanganate. Sub-
sequent amide formation with N,N-carbonyldiimidazole
and 1-methylpiperazine provided 17. The trimethyl-
stannane derivative of 17 was generated and coupled
with 3 to provide 18.

We had previously observed that 1a and 2a were more
potent Src inhibitors than the analogs without a 5-
OMe group on the aniline at C-7.'"'2 The C-7 (2,4-
dichlorophenyl)amino analog of 12 was readily prepared
from the known 19! using the same reaction conditions
used to convert 3 to 12. As shown in Table 1, while the
dimethylamine analog 16 and the amide analog 18 had
comparable activity to that of 12 in the enzyme assay,
and values within 2 fold in the cell assay, the C-7 (2,4-
dichlorophenyl)amino analog 20 had greatly reduced
activity especially in the Src cell assay.

Of these analogs, compound 12 was selected for further
evaluation. When tested against a panel of kinases, 12
had ICsps of 1.6 uM for the inhibition of Raf/MEK
and 2.0 uM for the inhibition of EGFR. ICsys of great-
er than 10 uM were obtained for the inhibition of
CDK4, IKK, AKT, and PDK1. When tested for inhi-
bition of Abl kinase, 12 had an ICsq of 1.3 nM, making
it a comparable Abl inhibitor to la and SKI-606,
which had ICsgs of 2.3 and 1.0 nM, respectively. Due
to similarly active conformations of the ATP binding
sites of these two kinases, many compounds first iden-
tified as Src inhibitors were later found to also inhibit

Ab1.16’17

Testing of 12 at 3 uM, resulted in less than 30% inhibi-
tion of CYPs 3A4, 2D6, and 2C9. When incubated with
nude mouse liver microsomes, 12 had a half-life of great-

er than 30 min. In addition, 24 h after administration of
a 50 mg/kg oral dose of 12 to nude mice, a plasma level

~
4 3 HN O
IS CN
5/ \2 | X
= \ “
(‘=N N

&

3
b

12: 2,5-isomer
13: 2,6-isomer

Scheme 2. Reagents: (a) 1-Methylpiperazine, Na(OAc);BH, CH,Cl,, NMP, HOAc; (b) (1) n-BuLi, BusSnCl, THF, (2) (Ph3P),PdCl,, dioxane;

(¢) (Ph3P)4Pd, Cul, Et;N, benzene.





4684

D. H. Boschelli et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4681-4684

CIIICI
O/

HN
a
=N —N N \ 16
15

O,
[N e 3 Hwr
=N (—N =N
N_) 17
/
ClUCI
HN
s Ah.on X
=L RN
/

uj@:u
HN o~

o] s CN
7 N\ | o
= _ N _
b (—N N N
) 18
N
/
qu
HN
S CN
7 N\ | N
20

Scheme 3. Reagents: (a) Dimethylamine, Na(OAc);BH, CH,Cl,, NMP, HOAC; (b) (Me3Sn),, (Ph;P)4Pd, dioxane; (c) (1) KMnQy4, H,O, Aliquat 336,
(2) CDI, THF, (3) 1-methylpiperazine; (d) (1) n-BuLi, Bu3SnCl, THF, (2) (Ph3;P),PdCl,, dioxane.

of 160 ng/mL was observed. In comparison, in a similar
PK study 1a had a plasma level of 400 ng/mL and was
subsequently found to have good activity in an HT-29
xenograft model.!! Based on these data, 12 is an accept-
able candidate for in vivo testing in xenograft models.
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Abstract—Cyclohexylglycine amides of various fluorinated pyrrolidines and azetidines were prepared and tested for activity against
dipeptidyl peptidase IV and in vivo in the KK mouse model of type 2 diabetes. The tetrafluoropyrrolidide, cis-3,4-difluoropyrroli-

dide and the fluorinated azetidides displayed unexpectedly strong activity.

© 2005 Elsevier Ltd. All rights reserved.

Glucagon-like peptide-1, an incretin hormone responsi-
ble for stimulating insulin release in response to a glu-
cose stimulus, is rapidly degraded by the serine
protease dipeptidyl peptidase IV (DPP-1V). Inhibitors
of DPP-IV have been proposed as therapeutic agents
for type 2 diabetes, a condition characterized by elevat-
ed glucose levels, dyslipidemia and other metabolic
abnormalities.! A number of agents have progressed to
clinical trials and positive data have been disclosed with
LAF-237 (1)> and MK-431 (2)° (see Fig. 1).

Early reports on competitive inhibitors focused on simple
amides such as valine pyrrolidide* and isoleucine thiazoli-
dide.” The SAR indicated that the pyrrolidine and thiaz-
olidine rings fit into a tight binding pocket, since most
simple modifications of the ring led to a dramatic decrease
in activity.® However, 3-fluoropyrrolidine analogs (e.g.,
3) were shown to have activity equal or superior to that
of the parent compounds.® Later reports disclosed that
3,3-difluoropyrrolidides in the cyclohexylglycine series,
such as 4, had enzymatic potency equivalent to that of
the corresponding thiazolidides,” while the trans vicinal
(R,R)- and (S,S)-3,4-difluoropyrrolidides were signifi-
cantly inferior.”® Other workers reported a series of com-
pounds containing a fused cyclopropyl ring at either the
3,4- or 4,5-position of the 2-cyanopyrrolidide moiety.®

Keywords: Dipeptidyl peptidase IV; DPP-IV; Cyclohexylglycine; Difluoro-

pyrrolidine; Tetrafluoropyrrolidine; Fluoroazetidine; Difluoroazetidine.
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Figure 1. Inhibitors of DPP-1V.

Our initial work on DPP-1V inhibitors has included the
synthesis and testing of new fluorinated pyrrolidine and
azetidine derivatives of cyclohexylglycine. In this letter,
we report an improved preparation of 3,3,4,4-tetrafluoro-
pyrrolidine, a synthesis of the novel building block cis-3,4-
difluoropyrrolidine and the unexpected strong DPPIV
inhibition of the corresponding cyclohexylglycine amides
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5,729 6¢,7 as well as the analogous fluorinated azetidine
analogs.”10

The cyclohexylglycine amides were prepared in a
straightforward manner by EDC coupling of the amine
with Boc-(L)-cyclohexylglycine, followed by acid remov-
al of the Boc group. 3-Fluoropyrrolidine was obtained
from a commercial source while 3,3-difluoropyrroli-
dine'' and 3,3-difluoroazetidine!? were prepared by lit-
erature methods. The 3-fluoroazetidine analog 5 was
obtained by coupling Boc-(L)-cyclohexylglycine with
3-hydroxyazetidine followed by diethylaminosulfur
trifluoride (DAST) fluorination and Boc deprotection.

The previously reported route to 3,3.4,4-tetrafluoropyrr-
olidine utilizes a perfluorosuccinimide intermediate. The
perfluorosuccinimide is reduced with lithium aluminum
hydride'? or borane!# to afford the desired 3,3,4,4-tetra-
fluoropyrrolidine in moderate yield after purification by
sublimation. In the hope of increasing the overall yield
and avoiding the sublimation, we decided to try an alter-
nate route.” Tetrafluorobutanediol was activated as the
bis-triflate and converted to the benzyl-protected pyrrol-
idine by treatment with benzylamine. Hydrogenolysis in
acid efficiently provided the hydrochloride salt (Scheme
1). In our hands, this route improved the overall yield
from 44% to 81%.

The trans 3,4-difluoropyrrolidine isomers were obtained
from the available N-benzylpyrrolidinediols by a se-
quence similar to that reported by Caldwell et al.”®
(Scheme 2).

The hitherto unknown meso-3,4-difluoropyrrolidine
proved to be more difficult to synthesize. Attempts to

FF
FF
HO a Tf0\>$(\o1_f_b>
OH —— e
FF
RF
R F
E —_— .HC
F
N HN

Scheme 1. Reagents: (a) Tf,0, pyridine, CH,Cl,; (b) BnNH,, Et3;N,
EtOH, 95% over two steps; (c) H,, Pd-C, EtOH, 85%.
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Scheme 2. Reagents: (a) Tf,0, pyridine, CH,Cl,, 75%; (b) BuyNF,
THEF, 76%; (c) H,, Pd-C, EtOH, 99%.

use the same route as that used for the trans 3,4-difluoro-
pyrrolidine isomers, that is, activation of the hydroxyl
groups of cis-N-benzyl-3,4-pyrrolidinediol to the ditri-
flate, led to the isolation of N-benzyl-3-pyrrolidinone
and starting material. The desired cis isomer was prepared
in four steps by metathesis of Boc-diallylamine to Boc-
pyrroline, which was then epoxidized with potassium per-
oxymonosulfate. Opening of the epoxide with triethyl-
amine hydrogen fluoride was followed by treatment
with diethylaminosulfur trifluoride to provide the Boc-
protected cis-difluoropyrrolidine (Scheme 3). The same
sequence could also be carried out from Chz-diallylamine.

The compounds were first tested for their ability to
inhibit the recombinant DPP-IV enzyme.'® Selected
in vitro active compounds were tested in vivo in an Oral
Glucose Tolerance Test (OGTT) in the spontaneously
diabetic KK mouse as a qualitative test of their ability
to improve glucose tolerance. Table 1 shows the in vitro
and in vivo activities of the various fluorinated pyrroli-
dine and azetidine derivatives of cyclohexylglycine com-
pared to those of the parent compounds.

While the respective in vitro potencies of pyrrolidine
derivatives 7, 3r, 3s, 6r, and 6s are consistent with those
previously observed, the newer analogs gave surprising
results. The tetrafluoropyrrolidine amide 5 and the cis-
difluoro compound 6¢ are ca. 10-fold more potent than
6r and 6s. Both 5 and 6c¢ are fully active in vivo with 59%
and 60% inhibition of the glucose excursion (Fig. 2) at
10 mg/kg in the KK mouse, a model of type 2 diabetes.
The introduction of fluorine also has an effect on the
azetidine analogs: while the parent azetidide 8 is a weak
inhibitor, as expected based on an earlier report,® the
monofluoro and difluoro compounds show activity
equivalent to cyclohexylglycine pyrrolidide (7).

These results indicate that fluorine has a beneficial effect
on the activity of the pyrrolidide or azetidides as long as
strict geometrical constraints are enforced. The weak
activity of the trans-difluoropyrrolidides 6r and 6s ini-
tially suggested that in the pyrrolidine-binding pocket
vicinal fluorine atoms at C-3 and C-4 are not tolerated.
This is contradicted however by the activity of the tetra-
fluoropyrrolidide 5 and the meso-difluoropyrrolidide
(6¢). The vicinal fluorines on the pyrrolidine ring can
boost the activity as long as they are in a syn stereo-
chemical relationship (6¢). These discrepancies are diffi-
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Scheme 3. Reagents: (a) ClL(PCy);Ru = CH-Ph, benzene 92%; (b)
oxone®, CF;COCF;, EDTA, 100%; (c) HF-TEA, 45%; (d) DAST,
42%; (e) HCl-dioxane, 100%.
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Table 1. DPP-IV inhibitor constants and in vivo activity of compounds 3-10

R
H,N
O

Compound R DPP-1V K; (nM *+ SEM)* OGTT® % inhibition at 10 mg/kg
7 Pyrrolidine 121£2 69
3r (R)-3-Fluoropyrrolidine 128 £ 4
3s (S)-3-Fluoropyrrolidine 56%1
4 3,3-Difluoropyrrolidine 283 78
6r (R,R)-3,4-Difluoropyrrolidine 504 + 37
6s (S,S)-3,4-Difluoropyrrolidine 1267 £ 41
6¢ cis-3,4-Difluoropyrrolidine 61+7 60
5 Tetrafluoropyrrolidine 8§13 59
8 Azetidine 3350 = 1080
9 3-Fluoroazetidine 109 + 14 70
10 3,3-Difluoroazetidine 117 +4 109

# K;s are calculated from the ICsys using the Cheng-Prussoff equation for competitive inhibitors (Ref. 16). ICsys were obtained from a standard dose—
inhibition curve.
® Oral Glucose Tolerance Test. A 10 mg/kg oral dose of the compound was administered to fasted mice, followed 15 min later by a 1 g/kg oral glucose
load. Blood glucose levels were measured 30 min later. The effect of the compound is expressed as percent reduction in blood glucose concentration

relative to that measured in animals dosed with an inert vehicle rather than active compound.

- Vehide contral (no inhibitor)
—e—+ Compound 5 (10mg/kg p.o.)
-8 No glucose challenge, no inhibitor
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Figure 2. Oral Glucose Tolerance Test of 5 in KK mice at 10 mg/kg.

cult to explain without the benefit of structural informa-
tion. Molecular modeling based on the published DPP-
IV/valine pyrrolidide complex!” failed to elucidate the
binding site’s ability to discriminate between cis and
trans vicinal difluoropyrrolidides, as well as the ca. 30-
fold boost of activity upon mono- or difluorination of
the azetidine ring. Fluorine is known to occupy little
more space than hydrogen and to generally increase
lipophilicity by a small degree, however, the magnitude
of the increase in potency and the equivalent potencies
of 9 and 10 make it clear that other effects are at work,
possibly involving interactions between the fluorine
atoms and the residues of the binding cavity.'®

In summary, we have shown that cis-3,4-difluoropyrrolid-
ides, 3,3,4,4-tetrafluoropyrrolidides, and fluorinated aze-
tidides can be easily prepared and are potent inhibitors of

DPP-1V, thereby offering alternatives to the usual pyrro-
lidides, thiazolidides, and 3,3-difluoropyrrolidides.
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Abstract—The antiproliferative activity of several flavonoids isolated from Linaria reflexa Desf. (Scrophulariaceae) was evaluated
in vitro by the SRB assay against the large cell lung carcinoma cell line COR-L23, hepatocellular carcinoma cell line HepG-2, renal
adenocarcinoma cell line ACHN, amelanotic melanoma cell line C32, colorectal adenocarcinoma cell line Caco-2, and normal
human fetal lung MRCS. Chemical modifications, that is acetylation, hydrolysis of rutinose unit, and hydrolysis of the terminal
rhamnose unit, were performed on pectolinarin. Pectolinarin exhibited strong cytotoxic activity on COR-L23, Caco-2, and C32 cell
lines with an ICsq of 5.03, 6.18, and 7.17 uM. Similar activities were recorded for the three natural monoacetyl pectolinarin deriv-
atives linariin, isolinariin A, and isolinariin B. In contrast, peracetylpectolinarin displayed only marginal activity.

© 2005 Elsevier Ltd. All rights reserved.

It is well-established that natural products are an excel-
lent source of chemical structures with a wide variety of
biological activities, including anticancer property.! This
has opened up new fields of investigation of potential
antitumor compounds, some of which are already wide-
ly used in cancer chemotherapy. Cytotoxic screening
models provide important preliminary data to select
plants with potential anticancer compounds.

Flavonoids are a group of polyphenolic secondary
metabolites present in a wide variety of plants.

These compounds have been reported to display a large
panel of biochemical properties, including antioxidant
activity, inhibition of tyrosine kinases and cAMP phos-
phodiesterase, and induction of phase II metabolizing
enzymes both in vivo and in vitro.>* These biochemical
interferences elicited by flavonoids in some cell systems
have been associated with their capacity to control cell
growth or destroy pathogen organisms, such as fungi
and viruses.*> One of the most interesting biological
properties of some flavonoids is their cytotoxicity.

Keywords: Linaria reflexa; Flavones; Flavone derivatives; Cytotoxicity.
* Corresponding author. Tel.: +39 984 493169; fax: +39 984 493298;
e-mail: rosa.tundis@unical.it

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2005.07.029

Several polyalkoxylated flavonoid aglycones have
shown interesting cytotoxic and/or antitumor proper-
ties, including flavone,®’ flavonol,® and flavanone.’

Nagao et al. reported the cytotoxicity activity of flavo-
noids and discussed their structure—activity relation-
ships. However, confining the materials to the
flavones, what can be deduced from those findings is
that the presence of hydroxyl groups at Cs and C; in
ring A, and at C; and C; in ring B, appears to be impor-
tant for enhanced activity, but the influence of the other
substituents at other positions is not clear. In the flavone
series, compounds bearing a free 5-hydroxy group were
shown to exhibit antitumor activity by a mechanism that
involved topoisomerase I inhibition.!°

Flavonoid glycosides, particularly pectolinarin and lina-
riin, are good chemotaxonomic markers of the Scroph-
ulariaceae family. As part of a screening program that
considers the search for Linaria species and other natu-
ral products with anticancer properties, the aim of the
present investigation was to explore the potential cyto-
toxic effect on human cancer cell lines of flavones from
L. reflexa and pectolinarin derivatives. The genus Lina-
ria (Scrophulariaceae) comprises about 200 species with
only about 20 species reported in Italy.!! It contains
several species used in folk medicine as laxative,



mailto:rosa.tundis@unical.it



4758 R. Tundis et al. | Bioorg. Med. Chem. Lett. 15 (2005) 47574760

spasmolytic, cholagogic, and anti-inflammatory
drugs.'>!3 No previous phytochemical or biological
studies on L. reflexa Desf. have been reported.

Fresh aerial parts of L. reflexa [1 kg, collected (February
2003) in Calabria, Italy, voucher specimen P1001: Her-
barium of University of Calabria, CLU] were extracted
with methanol three times at room temperature. After
evaporation of the solvent under vacuum, the crude ex-
tract (80.82 g, 8.08%) was dissolved in methanol; upon
cooling, a solid precipitate was obtained by filtration
(16 g). The methanolic extract was evaporated to dry-
ness (64 g, 6.4%) and an aliquot (10 g), after extraction
with n-hexane, was subjected to repeated column chro-
matography over silica gel (Si0;) 2045 um (CH,Cly/
MeOH 95:5, 9:1, 7:3, 1:1), to afford two known iridoid
glycosides: antirrhide (15.5mg) and antirrhinoside
(120 mg), pectolinarin (6 mg), and p-sitosterol 3-O-f-
D-glucopyranoside (7 mg). The solid precipitate was dis-
solved in H,O, acidified with HCI (1 N), and extracted
with EtOAc, to give a residue and an EtOAc-soluble
fraction.

The EtOAc-soluble fraction was subjected to column
chromatography over silica gel 20— 45 pm (CH,Cly/
MeOH 85:15), to afford linariin (1.97 g) and a fraction
of 70 mg.

This fraction was purified by HPLC [JASCO RP-18
250 x 20 mm 1i.d.; the elution solvents used were A
(aqueous 0.01 M phosphoric acid) and B (100% MeOH)
with the following gradient: 5% B as initial condition;
50% B for 10 min; 70% B for 5 min; 80% B for 5 min;
and finally 100% in B for 5 min] to afford isolinariin A
(30 mg) and isolinariin B (35 mg). The residue was crys-
tallized from MeOH to afford pectolinarin (2.50 g;
Fig. 1). The structures of the compounds were deter-
mined on the basis of the spectral data (UV, IR, MS,
'"H NMR, and '>C NMR), identical with those previous-
ly described.®14-18

To explore the structure—activity relationships for sever-
al flavones’ cytotoxicity, pectolinarin (100 mg) was con-
verted into a corresponding peracetylated derivative
with a mixture of Ac,O (3 mL) and pyridine (2 mL) at
reflux overnight. The solid was washed with water and
dried. The product was recrystallized from aqueous eth-
anol to give 103 mg of colorless crystals (119—121 °C).!°

OCH; OR?
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7= 1
O | OR? Sg&&/
H,CO
3 HO

OH O

Compound R; R Rz

Pectolinarin H H H
Linariin H H Ac
IsolinarinA Ac H H
IsolinarinB  H Ac H

Figure 1. Flavones isolated from L. reflexa.

The hydrolysis of the rutinose unit of pectolinarin
(100 mg; 0.161 mmol) was performed with a solution
of H,SO,4 0.04 N in ethanol 50% overnight at reflux.
The reaction mixture was then neutralized with a solu-
tion of NaOH and extracted with ethyl acetate. This
extract was subjected to column chromatography over
silica gel 20-45 um (CH,Cl,/MeOH 85:15), to afford
pectolinarigenin (5,7-dihydroxy-6,4'-dimethoxyflavone)
(42 mg, 0.134 mmol; 83%).20-2!

A solution of pectolinarin (150 mg; 0.241 mmol), tar-
trate (2 g) in water (15 mL) was set at pH 4 by the addi-
tion of 0.5N aqueous HCl and heated at 40 °C.
Naringinase (EC 3.2.1.21) (74 mg; Sigma N 1385) was
added the reaction mixture was stirred at 40 °C for
2h. The cloudy mixture was diluted with DMF
(5§ mL), neutralized with 10% aqueous NaHCOj3, and
extracted with n-butanol. After evaporation of the
organic layer, the dried residue was crystallized from
MeOH to yield pure pectolinarigenin-7-O-B-glucoside
(100.9 mg, 0.205 mmol; 85%; 266-268 °C).?2-23

The protein-staining sulforhodamine B (SRB) assay,
developed by the National Cancer Institute for in vitro
anticancer screening,”*>° was used in this study to esti-
mate cell number indirectly by providing a sensitive in-
dex of total cellular protein content that is linear to
cell density.

Five cancer cell lines, large cell carcinoma COR-L23
(ECACC No.: 92031919), colorectal adenocarcinoma
Caco-2 (ATCC No.: HTB-37), amelanotic melanoma
C32 (ATCC No.: CRL-1585), hepatocellular carcinoma
HepG-2 (ECACC No.: 85011430), renal cell adenocarci-
noma ACHN (ATCC No.: CRL-1611), and one normal
cell line human fetal lung MRC-5 (ATCC No.: CCL-
171), were used in this experiment. The COR-L23,
C32, and ACHN cells were cultured in RPMI 1640
medium, while MRC-5, Caco-2, and HepG-2 cells were
cultured in DMEM. Both media were supplemented
with 10% fetal bovine serum, 1% L-glutamine, and 1%
penicillin/streptomycin. The cell lines were maintained
at 37°C in a 5% CO, atmosphere with 95% humidity.
The optimal plating density of each cell line was deter-
mined over a concentration range of 2 x 10%-5 x 10* to
ensure exponential growth throughout the experimental
period and to ensure a linear relationship between
absorbance at 540 nm and cell number where analyzed
by the SRB assay. For the assay, cells were detached
with 0.1% trypsin—-EDTA to make a single-cell suspen-
sion, and viable cells were counted by trypan blue exclu-
sion in a hemocytometer and diluted with medium to
give a final concentration of 2-5 x 10* cells/well.

One hundred microliters per well of this cell suspension
was seeded in 96-well microtiter plates and incubated to
allow for cell attachment. After 24 h, the cells were treat-
ed with serial dilutions of pure compounds. Each com-
pound was initially dissolved in an amount of DMSO
and diluted further in medium to produce six concentra-
tions. One hundred microliters per well of each concen-
tration was added to the plates in six replicates to obtain
final concentrations of 0.25, 0.5, 1, 2.5, 5, 12.5, 25, and
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Table 1. Cytotoxic profile of compounds isolated from L. reflexa and pectolinarin derivatives against selected human cancer cell lines

Compound I1Cso (uM)?

MRC5 HepG2 Caco-2 COR-L23 ACHN C32
Pectolinarin >80.3 14.12 (+3.3) 6.18 (£2.2) 5.03 (£2.3) 17.22 (£3.1) 7.17 (£3.2)
Linariin >75.3 23.21 (£2.5) 8.01 (£2.7) 5.17 (£2.8) 11.25 (£2.2) 12.60 (£3.3)
Isolinariin A >75.3 16.36 (£2.8) 8.54 (£3.2) 6.68 (£2.6) 13.95 (£1.3) 11.76 (£2.1)
Isolinariin B >75.3 10.93 (+1.9) 13.97 (£3.3) 10.37 (£3.3) 16.90 (+3.7) 21.47 (£2.4)
Peracetylpectolinarin >54.5 30.62 (£3.2) 23.41 (£1.8) 28.42 (£3.1) 25.23 (£2.2) 15.56 (£2.1)
Pectolinarigenin >159.2 NT NT 4.07 (£2.4) 15.23 (+1.8) 7.02 (+4.1)
Pectolinarigenin-7-0-B-glc >101.6 17.4 (£1.8) 12.7 (£2.8) 6.9 (£2.9) 16.54 (£2.9) 8.9 (£3.8)
Antirrhide >151.5 >151.5 >151.5 >151.5 >151.5 >151.5
Antirrhinoside >138.1 >138.1 >138.1 >138.1 >138.1 >138.1

NT: not tested. Vinblastine sulfate salt was used as positive control for MRCS5, HepG2, Caco2, COR-L23, and C32 cell lines, while taxol was used for

ACHN cell line.

#1Csq values are means of three experiments, standard deviation is given in parentheses.

50 pg/mL. By these serial dilutions, the final mixture
used for treating the cells contained not more than
0.5% of the solvent (DMSO), the same as in the sol-
vent-control wells. The final volume in each well was
200 pL. The plates were incubated for a select exposure
time of 48 h. At the end of exposure time, 100 pL of ice-
cold 40% trichloroacetic acid (TCA) was added to each
well, left at 4 °C for 1 h, and washed five times with dis-
tilled water. The TCA-fixed cells were stained for 30 min
with 50 pL. of 0.4% (w/v) SRB in 1% HOAc. The plates
were washed five times with 1% HOAc and air-dried
overnight. Vinblastine sulfate salt was used as positive
control for MRCS5, HepG2, Caco-2, COR-L23, and
C32, while taxol was used for ACHN cell line.

On the day of reading the plates, bound dye was solubi-
lized with 100 pL of 10 mM TRIS base (Tris[hydroxy-
methyllJaminomethane). The absorbance of each well
was read on an ELISA reader at 564 nm. Cell survival
was measured as the percentage absorbance compared
to the control (non-treated cells). All values are ex-
pressed as means * standard deviation of the mean
(SD). All products are purchased from Sigma, Italy.
The inhibitory concentration 50% (ICsy) was calculated
from a dose-response curve obtained by plotting the
percentage of inhibition versus the concentrations with
the use of GraphPad Prism 4 software.

Cytotoxicity is commonly used as a target for discovery
of novel anticancer compounds and the Sulforhodamine
B (SRB) assay, used in this study, is commonly em-
ployed. The isolated compounds from L. reflexa and
their derivatives were screened for cytotoxicity against
a panel of cultured cancer cell lines. The results are given
in Table 1. All flavonoids showed interesting activity
against Caco-2 and COR-L23.

Pectolinarigenin was previously shown to be active
against human gastric adenocarcinoma MK-1, human
uterus carcinoma Hela, and murine melanoma
B16F10 cells in vitro.2® It was also active against
GLC4, a human small cell lung carcinoma cell line,
and against COLO 320, a human colorectal cancer cell
line.® In our study, pectolinarigenin showed an ICsq of
7.02 and 4.07 uM against amelanotic melanoma and
large cell carcinoma cell lines, respectively.

Interestingly, the corresponding pectolinarigenin glyco-
sides, which had never been previously tested, also
exhibited significant cytotoxic activities against the same
cell lines. Indeed, the hydrosoluble flavonoid, pectolina-
rin, showed the highest cytotoxic activity on COR-1L23,
Caco-2, and C32 cell lines with ICs, of 5.03, 6.18, and
7.17 uM. Similar activities were recorded for the three
natural monoacetyl pectolinarin derivatives linariin,
isolinariin A, isolinariin B, and pectolinarigenin-7-O-f-
glucoside. The less sensitive cell line to the L. reflexa
flavones and their derivatives was the renal adenocarci-
noma cell line. The acetylation of all hydroxyl groups
decreased the cytotoxic activity against the cancer cell
lines used in this study. The iridoids antirrhide and anti-
rrhinoside were inactive.

The inhibitory activity of flavones of L. reflexa on the
proliferation of cancer cell lines but not on the normal
human fetal lung MRC-5 suggests a specific mechanism
of action interfering with abnormal proliferation.
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Abstract—?2.4-Disubstituted quinolines with additional substituents in positions 5-8 have been found to have anthelmintic proper-
ties. A number of 2,4-dimethoxy-6- or §-arylquinolines have potent activity against the sheep nematode Haemonchus contortus, with
LDy values of the same order of magnitude as levamisole. These arylquinolines maintain their activity against levamisole-, ivermec-

tin- and thiabendazole-resistant strains of H. contortus.
© 2005 Elsevier Ltd. All rights reserved.

Parasitic nematode infections are a continuing threat in
both human and animal medicine. The most commonly
used classes of drugs to treat such infections are the
benzimidazoles, such as thiabendazole 1, imidazo-thiaz-
oles, such as levamisole 2, and avermectins (obtained
from the fermentation products of Streptomyces avermi-
tilis). There is evidence of emerging resistance to some
drugs in the developing world,! and in some areas with
high agricultural dependence multiple resistance to all
major drug classes is appearing in livestock.? Alterna-
tives to these classes of drug are now being sought (see
Fig. 1).

We have recently published a concise synthesis of the
phenylquinoline alkaloid atanine, 3, shown to be active
against larval stages of the trematode parasite Schistoso-
ma mansoni, the cause of schistosomiasis (bilharzia), a
major health issue in developing countries (see Fig. 2).*

As part of our programme of synthesis and testing of
novel atanine analogues, we synthesized a number of
intermediate trisubstituted quinolines with substituents
in ring positions 5-8. Tests against Sc. mansoni larval

Keywords: Quinolines; Suzuki coupling; Anthelmintics.
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Therapeutics, The Institute of Cancer Research Haddow Laborato-
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stages and the model nematode Caenorhabditis elegans
revealed that some of these intermediates exhibited
anti-nematode activity, differing from the pattern of
activity against schistosomes.’

From these early biological results, we became interest-
ed in aryl-substituted quinolines, and so we set out to
investigate the synthesis of these novel 2,4-dimethoxy
aryl-substituted quinolines by exploring the Suzuki cou-
pling of 5-, 6-, 7- and 8-bromoquinoline intermediates.

Substituted 2,4-dimethoxyquinolines were synthesized by
condensation/cyclization of the appropriately substituted



mailto:keith.jones@icr.ac.uk



S. Rossiter et al. | Bioorg. Med. Chem. Lett. 15 (2005) 4806—4808

aniline 4 with malonic acid and phosphoryl chloride to
give the 2,4-dichloroquinolines 5, followed by displace-
ment by methoxide ion to give the required quinolines
6 (Scheme 1).°

For our proposed synthesis of arylquinolines, the
bromoquinoline precursors were required. The reaction
of 3-bromoaniline gave a mixture of 5- and 7-bromo-
quinolines, which were separable by column chromatog-
raphy (Table 1).

HO,C._COH
| = N X

Z \
R NH, POCIy, 5h, reflux RSN

NaOMe, MeOH
48h, reflux

OMe
XX

_ —
R/ N

6

OMe

Scheme 1. Synthesis of substituted 2,4-dimethoxyquinolines.

Table 1. Yields of bromoquinolines 5 and 6 in Scheme 1

Entry 4 5 (yield %) 6 (yield %)

1 R =2-Br R =8-Br (31) R = 8-Br (64)

22 R =3-Br R =5-Br (6) R = 5-Br (82)
R =7-Br (11) R =7-Br (76)

3 R =4-Br R =6-Br (28) R = 6-Br (93)

#3-Bromoaniline led to a mixture of 5- and 7-bromoquinolines 5.

Yields refer to isolated, purified material.

OMe OMe
‘ X ArB(OH),, Pd(PPh3)4‘ ‘ N X
AN PhMe, Na,CO P aNZ
BI’/ N OMe 80°C, 48h2 3 Ar/ N OMe
7 68-90% 8

Scheme 2. Synthesis of arylquinolines via Suzuki coupling.
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The bromo-2,4-dimethoxyquinolines 7 were then cou-
pled to the required aryl groups under Suzuki condi-
tions’ to yield the arylquinolines 8 (Scheme 2). They
proceeded in good yield, although it was observed that
8-bromoquinolines were much more sensitive, requiring
careful purification of substrate, reagents and solvent
along with strictly oxygen-free reaction conditions to
give consistent yields.3

A number of 2,4-disubstituted quinolines (ca. 80) were
tested against the agriculturally important parasitic
nematode Haemonchus contortus, using the commer-
cial NemaTox larval development screen used for
determining drug susceptibility.® It was observed that
greater than 40% of these compounds exhibited
nematocidal  activity  (LDgg < 100 pg/mL),  with
those exhibiting LDgy better than 25 pg/mL shown
in Table 2.

In particular, it appeared that 6- and 8-substituted
2,4-dimethoxyquinolines showed the greatest activity
against H. contortus. Five compounds, including the
arylquinolines 13-16, had LDy of 12.5 pg/mL or lower
in this first screen, showing potential for useful anti-
nematode activity. The LDgg of compounds 15 and 16,
3.1 pg/mL, was of the same order as the commercial
nematocides, levamisole and closantel. These five most
active compounds were resynthesized in gram quantities
for further investigation (see Fig. 3).

O OMe MeO O OMe
L I
N” “OMe N oMe
15 16

Figure 3.

Table 2. LDyy values for compounds 9-16 (substituted at positions 2-8) against H. contortus

Compound C-2 C-3 C4 C-5 C-6 C-7 C-8 LDyy (ng/mL)
9 OMe Ph OMe H H H H 25

10 OMe H OMe Me H Me H 25

11° Cl H OMe H H H H 25

12 OMe H OMe H Cl H H 12.5

13 OMe H OMe H H H Ph 12.5

14 OMe H OMe H H 4-MeO-CgHy 12.5

15 OMe H OMe H Ph H H 3.1

16 OMe H OMe H 4-MeO-C¢Hy H H 3.1

5.10

# Synthesized from 2,4-dimethoxyquinoline by bromination at position 3 and subsequent Suzuki coupling.

®Product of incomplete substitution of 2,4-dichloroquinoline by methoxide.
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Table 3. LDy values of compounds 12-16 against susceptible and drug-resistant nematodes

Compound LDyy (png/mL)
H. contortus  H. contortus VSRG, H. contortus Lawes, H. contortus CAVR,  T. colubriformis  O. circumcincta
susceptible benzimidazole resistant  levamisole and ivermectin resistant
benzimidazole resistant
12 13 13 8.8 6.3 25 13
13 6.3 44 6.3 3.1 50 6.3
14 6.3 6.3 3.1 3.1 6.3 3.1
15 3.1 3.1 3.1 3.1 6.3 3.1
16 3.1 2.2 1.6 1.6 3.1 3.1
1 0.16 5 5 0.16 nt nt
2 1.6 1.6 >100 0.78 nt nt

nt, not tested.

Compounds 12-16 were tested against susceptible
strains of H. contortus, strains resistant to benzothiaz-
oles (VSRG strain), ivermectin (CAVR strain) or both
benzothiazoles and levamisole (Lawes strain) plus sus-
ceptible strains of Trichostrongylus colubriformis and
Ostertagia circumcincta. Results are shown in Table 3,
with activities of thiabendazole 1 and levamisole 2 for
comparison.

Of these compounds, 15 and 16 exhibited the greatest
activity against susceptible strains of H. contortus
(3.1 pg/mL), comparable in potency to levamisole. Com-
pounds 15 and 16 were also active against the various
drug-resistant strains of H. contortus, with 16 proving
to be even more potent (LDgyy 1.6 pg/mL) against both
the multiple-resistant Lawes strain and the ivermectin-
resistant CAVR strain. There is also evidence of activity
against the important parasitic nematodes 7. colubrifor-
mis and O. circumcincta.

In summary, we have prepared novel arylquinolines in
good yield via Suzuki coupling of substituted bromo-
quinolines. We have demonstrated that a number of
these quinolines, in particular the 6-arylquinolines 15
and 16, show promising potency against susceptible
and drug-resistant strains of an important nematode tar-
get and represent a new class of anthelmintic compounds.
There is obvious potential for lead optimization and fur-
ther development to offer a new line of defence against
drug-resistant parasitic nematode infections.
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Abstract—A novel class of 4-arylamino-phthalazin-1-yl-benzamides is described as inhibitors of vascular endothelial growth factor
receptor II (VEGFR-2). Several compounds display potent VEGFR-2 inhibitory activity with an ICsy as low as 0.078 uM in an
HTRF enzymatic assay. These compounds are relatively selective against a small kinase panel.

© 2005 Elsevier Ltd. All rights reserved.

Angiogenesis, the formation of new vasculature from an
existing vascular network, is an important physiological
process that is involved in embryonic development, fol-
licular growth, and wound healing, as well as patholog-
ical conditions such as cancer.! Although angiogenesis is
a highly complex process, there is a large body of evi-
dence that suggests that an endothelial cell-specific mito-
gen, vascular endothelial growth factor (VEGF), is a
major regulator of these events.? The biological effects
of VEGF are mediated by two receptor tyrosine kinases
known as VEGFR-1 (also known as Flt-1) and VEG-
FR-2 (also known as KDR in humans or flkl in mice).
The present understanding seems to indicate that the
effect of VEGF binding to VEGFR-2 is the major
mediator of vascular endothelial cell mitogenesis, angio-
genesis, and microvascular permeability,? and inhibitors
of VEGFR-2 have therefore become a major focus of
many research organizations. One such approach for
obtaining VEGFR-2 inhibition involves using small
organic molecules to block adenosine triphosphate
(ATP) binding to the intracellular kinase domain of

Keywords: Vascular endothelial growth factor; Kinase inhibitor;

Angiogenesis; Phthalazine.
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the receptor, resulting in diminished VEGF signal
transduction. Numerous compounds, such as PTK 787
(1) and ZD 6474 (2), have been shown to be effective
in this manner,*> with these and other molecules pro-
gressing to the clinic for further evaluation. In this Let-
ter, we disclose some of our own work toward inhibition
of VEGFR-2 with small molecules and detail a new class
of phthalazine compounds that act at this receptor.®

7
HN /Q/Br
N

y @”"Dﬁ

A screening campaign examining the ability of com-
pounds to block the phosphorylation of a biotinylated
polypeptide substrate (p-GAT, CIS bio international)
in a homogeneous time-resolved fluorescence (HTRF)
assay,” at an ATP concentration of 2 pM, identified
4-{4-[4-(chloro-difluoromethoxy)-phenylamino]-phthala-
zin-1-yl}-benzamide (3) as an inhibitor of VEGFR-2
(IC50=0.19 uM, Table 1). To evaluate this class of
compounds further, a number of analogs were synthe-
sized according to the details in Scheme 1. Thus,
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Table 1. Enzymatic activities of (3-23) toward VEGFR-2 kinase’
R

zZz

0% "NH,

Compound R Enzymatic, ICsy (uM)?

3 NH(4-OCF,Cl)Ph 0.19 £0.05
4 NH(3-t-Bu)Ph 0.47 £0.07
5 NH(4-z-Bu)Ph 0.078 £0.02
6 NH(4-Br)Ph 0.1 +£0.03
7 NH(3,4-Cl,)Ph 0.84 £0.26
8 NH(3-Cl)Ph 1.7+0.2
9 NH(3-Me)Ph 1.6 £0.22
10 NH(3-Br)Ph 1.2+0.1
11 NH(4-Cl)Ph 1.3£0.1
12 NH(4-Me)Ph 1.8+0.2
13 NH(4-OMe)Ph 20103
14 NH(4-CO,Me)Ph 2.7+0.7
15 NH Ph >10
16 NH(2,4-Me,)Ph 69*1.1
17 NH(4-CONH,)Ph >10
18 NH(4-SO,NH,)Ph >10
19 NH(4-OBn)Ph >10
20 Morpholin-4-yl >10
21 Piperidin-1-yl >10
22 O (4-OCF3)Ph >10
23 S (4-OCF;)Ph >10

#1Csq values were determined from logarithmic concentration-inhibi-
tion curves (at least eight points) and are given as means of at least
two separate experiments.

1 1

a HNAT HNAT
N [N ' "N
N N N
Cl Cl Ar?

Scheme 1. Reagents and conditions: (i) Ar'NH,, Et;N, "BuOH,
100 °C; (ii) Ar’B(OH),, K,COjs, PdCly(PhsP),, 1,4-dioxane, H,O,
pwave, 100 °C.

commercially available 1,4-dichlorophthalazine was first
reacted with an amine to give the mono-substituted ad-
duct.® The remaining chloride was then coupled with a
boronic acid or a boronic acid ester under Suzuki reac-
tion conditions with microwave irradiation to give the
desired final compound. In addition, further examples
of our design were prepared by a custom synthesis
supplier.’

As can be seen from Table 1, phthalazine derivatives
incorporating a 4-carbamoylphenyl group were effec-
tive at inhibiting VEGFR-2. For example, compounds
(3-7) displayed submicromolar activity against VEG-
FR-2. Other substituents present in the aromatic
amine that appear to be tolerated include the meta-
chloro, meta-methyl, meta-bromo, para-chloro, para-
methyl, para-methoxy, and para-methoxycarbonyl
groups (8-14). Significantly, an absence of substitu-
tion, or ortho-substitution of the aromatic amine with

a methyl group, resulted in compounds that were
poorly active against VEGFR-2 (15 and 16). In addi-
tion, a number of other congeners were also not active
(17-19). Compounds (3-19) differ in their substitution
of a phenyl ring, which is believed to occupy a hydro-
phobic pocket in the VEGFR-2 kinase domain. Many
of the substituents active in our compounds have also
been noted as favorable groups in a related class of
phthalazine VEGFR-2 inhibitors.* Finally, replace-
ment of the aromatic amine of (3) with a tertiary ali-
phatic amine, or with an aromatic ether, or thioether
resulted in the abolition of VEGFR-2 inhibition (20—
23). These observations suggest the importance of an
aromatic secondary amino group that may participate
in hydrogen bonding interactions at the active site.
Similar results were observed for related phthalazine
scaffolds where a secondary amino group is a crucial
elenient for binding at the VEGFR-2 kinase active
site.

As can be seen from Table 2, the amide of the lead ser-
ies could be moved to the meta-position of the phenyl
ring, although inhibitory activity against VEGFR-2
was somewhat diminished (compare compounds 24

Table 2. Enzymatic activities of (24-48) toward VEGFR-2 kinase’

O
HN

N

N

_R2
Compound R! R? Enzymatic,

ICso (UM)*

24 4-t-Bu 3-CONH, 0.40 £ 0.11
25 4-OCF,Cl 3-CONH, 41103
26 4-t-Bu 4-CONHMe 0.13 +0.02
27 4-Cl 4-CONHMe 3104
28 4-Me 4-CONMe, >10
29 4-OCF,Cl  4-CO-morpholin-4-yl  49+1.2
30 4-OCF,Cl 4-CONHCH,CH,OH 1.1+0.5
31 4-OCF,Cl  4-CONH'Bu >10
32 4-OCF,Cl 4-CONH'Pr >10
33 4-OCF,Cl  4-CO,Me 0.63 +0.18
34 4-Cl 4-CO,Me 0.36 + 0.02
35 4-OCF,Cl  4-Me-3-SO,NH, >10
36 4-OCF,Cl  4-Me-3-SO,NHPr >10
37 4-OCF,Cl  4-Me >10
38 3,4-Cl, 4-Me >10
39 4-Cl 4-Me >10
40 4-OCF,Cl  4-OMe >10
41 3,4-Cl, 4-OMe >10
42 4-Cl 4-OMe >10
43 4-OMe 4-OEt >10
44 4-Cl 4-OEt >10
45 4-Me 4-OEt >10
46 4-OCF,Cl 4-Cl >10
47 4-OCF,Cl H >10
48 4-OMe H >10

#1Csq values were determined from logarithmic concentration—inhibi-
tion curves (at least eight points) and are given as means of at least
two separate experiments.
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Table 3. Enzymatic activities of selected compounds toward VEGFR-
1 and VEGFR-2 kinases’

Compound % Inhibition of % Inhibition of
VEGFR-1 at 10 pM* VEGFR-2 at 10 pM*
4 60 86
5 73 93
6 53 71
10 51 74

# Average of n = 3.

and 25 to 5 and 3). Mono-methyl substitution at the
amide group was tolerated, although the activity seems
to be reduced in some cases (26 and 27), whilst bis-
methylation at the amide group resulted in an inactive
compound (28). This alkylation strategy could also be
extended to include substitution with a group to aid
in solubility (29 and 30). Substitution with bulkier
groups, such as tert-butyl and iso-propyl, resulted in
a complete loss of activity (31 and 32), suggesting a rel-
atively restricted binding area. The amide moieties in
(3) and (4) could be replaced by a methoxycarbonyl
subunit (33 and 34) without significant loss of activity.
However, two sulfonamide replacements of the amide
resulted in no inhibitory activity against VEGFR-2
(35 and 36), although it should be noted that these
are disubstituted analogs. Removal of the amide group,
or its substitution with another small group (Me, OMe,
OEt, Cl) in compounds (37)—-(48), completely eliminat-
ed the activity toward VEGFR-2 kinase. Thus, the
presence of a carbonyl-containing group (amide or
methyl ester) proved to be important for activity in this
class of compounds.'®

A number of compounds described above were also test-
ed against a small kinase cross-reactivity panel including
VEGFR-1, a related receptor tyrosine kinase. The com-
pounds showed little or no activity against EGFR,
FGF-R1, InsR, c-Met, or IGF-1R at a screening con-
centration of 10 uM.!! However, preliminary data indi-
cated a significant inhibitory activity for both VEGFR-1
and VEGFR-2 kinases (Table 3).

In summary, this Letter describes a new class of arylph-

thalazine compounds as inhibitors of the VEGFR
kinase family members.
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