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Abstract—The in vitro antimalarial activity of bis-pyridinium salts, N,N’-hexamethylenebis(4-carbamoyl-1-decylpyridinium bro-
mide) and their derivatives, against the Plasmodium falciparum FCR-3 strain (ATCC 30932, chloroquine-sensitive) was evaluated.
All test compounds exhibited antimalarial activity over a concentration range of 3.5 uM to 10 nM. The chain length of the N1-alkyl
moiety was found to be very beneficial in terms of antimalarial activity, and in this series of compounds, the most appropriate N1-

alkyl chain length was found to be eight.
© 2006 Elsevier Ltd. All rights reserved.

Malaria is one of the most serious parasitic diseases
throughout tropical and subtropical regions, and yet it
remains a major health problem in developing parts of
the world. Every year, 300-500 million people suffer
from this disease, and approximately 2 million people
die of it.! Recently, with the development of various
routes of transportation, malaria has become an even
larger problem, in that tourists infected with malaria
can spread the disease. Furthermore, global warming
accelerates this problem. Therefore, malaria is currently
an urgent worldwide problem, in addition to being a
tropical- and subtropical-specific issue. Furthermore,
the spread of malaria strains resistant to chloroquine,
mefloquine, and many other available drugs has
extremely limited the ability to control this disease. This
urgent situation has promoted the necessity for the
development of novel antimalarial drugs (Fig. 1).

The histones of Plasmodium falciparum have recently
been proposed as targets for the treatment of blood-
stage parasites.>® Such histones are present in abun-
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dance, are antigenic, and may play a role in the pathol-
ogy of malaria.> For example, a naturally occurring
compound, apicidin, has been shown to inhibit the in vi-
tro growth of P. falciparum.? It has been suggested that
apicidin acts on parasites by inhibiting histone deacetyl-
ase, thus interfering with the continuous acetylation/de-
acetylation process and preventing cell proliferation. In
addition, trichostatin A (TSA), hexamethylenebisaceta-
mide (HMBA), and its analogues such as azelaic bishy-
droxamic acid (ABHA) and suberohydroxamic acid
(SBHA), which are included in inhibitors of histone
deacetylase, have also been shown to exert potential
activity against P. falciparum.*

The pharmacological concept of molecule duplication is
often an efficient way to identify additional active com-
pounds.  N,N’-Hexamethylenebis(4-carbamoyl-1-dec-
ylpyridinium bromide) (5) is a recently developed
antimicrobial agent.> Although this bis-pyridinium salt
has a quaternary ammonium moiety, its molecular
structure resembles that of HMBA, and this similarity
suggests that compound 5 and its derivatives may be
useful as antiparasitic agents.

This paper describes the evaluation of the antimalarial
activity of compound 5 and its derivatives as novel anti-
malarial drug candidates against P. falciparum in vitro.
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Figure 1. Chemical structures of chloroquine, quinine, HMBA, and compound 5.

As shown in Scheme 1, bis-pyridinium salts 3-8 were
prepared according to previously described methods.?
In brief, isonicotinic acid (1) was used as the starting
material and was converted into diamide 2 by reflux in
sulfonyl chloride followed by reflux with 1,6-diamino-
hexane in dichloromethane. The resulting diamide 2
was further transformed into the corresponding bis- -pyr-
idinium salts 3-8 by stirring 2 with 1 -bromoalkane in
DMF at 100 °C. Elemental analyses, '"H NMR spectra,
and other spectral data were consistent in terms of all
of the structures examined. The in vitro antimalarial
activity of the bis-pyridinium salts 3-8 against the
P. falciparum FCR-3 strain (ATCC 30932, chloro-
quine-sensitive) and the mammalian cell cytotoxicity of
these salts, as determined with the use of mouse mam-
mary tumor cell line FM3A, were assessed according
to slightly modified versions of the standard methods.°
All of the test compounds were assayed in duplicate.
Drug-free control cultures were run simultaneously.
All data represent means of two experimental assays.
The EC5, value of the experimental samples was defined
by comparison with that of drug-free controls exposed
to the same conditions. Selectivity was estimated based
on the ECsy ratio between malaria parasites and the
mouse mammary tumor cell line FM3A, which served
as a model host. When the selectivity value exceeded a
value of 10, the activity of the compound was considered
to be effective. Moreover, the compounds were consid-
ered to be very effective when selectivity was >100,
according to the present evaluation system.

o) o)
a
HoN(CHo)gNHp ~— ————— 7 H/H(’\H |\
N~ _N
1 2
_ b O)L N~ )‘\©
CoHany
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Scheme 1. Reagents and conditions: (a) 1—isonicotinic acid, SOCl,, in
CHCl;, reflux; 2—NaOH, H,0; (b) C,H,,+Br, in DMF.

The results are summarized in Table 1. Bis-pyridinium
salts 3-8, the chain lengths of which varied with respect
to the Nl-alkyl moiety, exhibited antimalarial activity
(ECsg) within a concentration range of 3.5uM to
10 nM, inclusively. Comparison of the ECs, values re-
vealed that the highest activity was achieved by com-
pound 4 (ECsy = 10 nM), which was approximately 10
times more active than quinine (ECsy =110 nM) and
half as active as chloroquine (ECso =18 nM). On the
other hand, the ECso values of these compounds in
FM3A cells did not differ substantially. When selective
toxicity was used as an index, the highest level of selec-
tivity was recognized in the case of compound 4 (580),
which showed about half the selectivity of quinine
(910) and one-third that of chloroquine (1800). As re-
gards the issue of N1-alkyl chain length, the most potent
compound 4 had an octyl group as its N1-alkyl moiety.
Compound 3, the Nl-alkyl chain length of which is
shorter than that of compound 4, exhibited weaker
activity than that exhibited by compound 4. The com-
pounds with Nl-alkyl chains longer than that of com-
pound 4 were also weaker than compound 4 in terms
of activity. In addition, the activity of the compounds
weakened progressively with chain lengths longer than
8. Therefore, the chain length of the Nl1-alkyl moiety
was found to be crucial with respect to achieving anti-
malarial activity among the compounds examined here,
and the most appropriate N1-alkyl chain length was re-
vealed to be 8 (Fig. 2).

Table 1. Antimalarial activity, cytotoxicity, and selectivity of com-
pounds 3-8

Compound n FCR-3 ECsy FM3A ECsy  Selectivity
(nM) (nM)

3 6 52 >17,300 >333

4 8 10 5800 580

5 10 40 450 11

6 12 130 420 3

7 14 1100 2800 3

8 16 3500 2200 Non

Chloroquine 18 32,000 1800

Quinine 110 100,000 910






2760 K. Fujimoto et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2758-2760

10000 5
mily
1000 | L g

_ O O
2
=100 | *
3 * o

10 X 3

1

0 5 10 15 20

N 1-alkyl chain [-]

Figure 2. Effect of N1-alkyl chain lengths against antimalarial activity
(#) and cytotoxicity (OJ).

Thus, we prepared a candidate antimalarial agent with
potent antimalarial activity and low cytotoxicity, and
we observed a structure-activity relationship between
the chain length of the N1-alkyl moiety and antimalarial
activity.

The bis-pyridinium salts investigated in this report are
easily prepared in only two steps from isonicotinic acid.
Because antimalarial drugs are primarily used in devel-
oping countries, easy and inexpensive preparation are

important features of potential antimalarial agents.
Therefore, based on the present findings, it appears that
these bis-pyridinium salts could be greatly advantageous
as candidate antimalarial agents.

The study on the mode of action is now in progress.
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Abstract—A series of anthranilodinitrile-based biaryls were synthesized and evaluated in vitro against extracellular promastigotes
and intracellular amastigotes of Leishmania donovani. Among various screened compounds, a biaryl with trifluoromethyl group 5f
showed 83% inhibition against promastigotes and 70% inhibition against amastigotes of L. donovani at 8 and 20 pg/mL concentra-

tions, respectively.
© 2006 Elsevier Ltd. All rights reserved.

Leishmaniases are parasitic diseases caused due to inva-
sion of reticulo-endothelial system of vertebrate host by
different species of the hemoflagellates of the genus
Leishmania. The disease is transmitted in vertebrate
after inoculation of promastigotes by the bite of the
infected female phlebotomine sandfly.! Among various
kinds of clinical manifestations, visceral leishmaniasis
known as ‘Kala-azar’ is more fatal in untreated cases,
which causes fever, cough, abdominal pain, diarrhea,
hepatomegaly, splenomegaly, and pancytopenia. Leish-
mania donovani is the prime accused of visceral leish-
maniasis, which is more prevalent in countries of
tropical region.?

The current scenario for the chemotherapy of leishman-
iasis is highly alarming, which is limited to handful of
drugs with undesirable side effects and patients are
bound to compromise with the existing arsenal of
drugs.3 Over the last few decades, pentavalent antimo-
ny has played an important role in the treatment of vis-
ceral leishmaniasis but the emergence of drug resistance
and serious side effects (pancreatitis and hepatotoxicity)
have compelled researchers to search for new potential
compounds.® Pentamidine is a drug of choice in resis-
tant cases of antimony class of compounds, while
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amphotericin B is useful in unresponsive and relapse
cases of visceral leishmaniasis.” However, the treat-
ments with these drugs are associated with severe toxic
side effects. In a major breakthrough in antileishmanial
chemotherapy, miltefosine,® a hexadecyl-phosphocho-
line, has recently found to be very effective for the treat-
ment of human visceral Leishmania infections including
antimony-resistant cases. Although the development of
miltefosine for oral administration in patients with solid
tumors was prevented by its dose-limiting gastrointesti-
nal toxicity,” the long-term side effects of the drug and
the emergence of resistant parasites in patients with vis-
ceral leishmaniasis are yet to come. Recent advance-
ments'® in the identification and understanding of
genome sequence of Leishmania major parasite have
provided new impetus to find new ways of treating this
neglected disease and have generated potential hope to
discover new antileishmanial agents in near future. In
such enthusiastic moments, search for effective and safer
chemotherapeutic agents for the treatment of leishman-
iasis is highly desirable. This paper deals with synthesis
and antileishmanial activity of a new class of anthrani-
lodinitrile-based biaryls, which possess good inhibitory
activity in in vitro models.

4-Arylanthranilodinitriles may be considered as biaryls
in which one of the two-phenyl rings is functionalized
with an amino group flanked between two nitrile substit-
uents. This class of compound possesses interesting bio-
logical activities.!'"'> These anthranilodinitrile-based
biaryl compounds have been either synthesized by the
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reaction of o,B-unsaturated carbonyl compounds with
malononitrile’® or by the reaction of o-methylene ke-
tones and enaminoketones with malononitrile!* sepa-
rately, but they suffer from low yield of the desired
product. Recently, we have developed a new procedure
for the synthesis of this class of compounds through
carbanion-induced ring transformation of 2H-pyran-2-
ones.!> A key intermediate ketene dithioacetal 1 was
prepared from easily accessible precursors ethyl
cyanoacetate, carbon disulfide, and methyl iodide as de-
scribed earlier.'® The ketene dithioacetal 1 on Michael
addition—cyclization reaction with various commercially
available substituted propiophenones 2a—c¢ or phenyl
acetones 2d-h under alkaline conditions furnished 2H-
pyran-2-ones 3a-h in high yields (Scheme 1). It is note-
worthy that cyclic dienones 3a—h generated from ketene
dithioacetal 1 have promising topology as useful
substrates for ring transformation reactions, flexible
substitution pattern, and the presence of a good leaving
alkylsulfanyl group for generating molecular diversity.
Our synthetic approach to prepare functionalized
biaryls 5a-h is based on Michael-Ziegler—Thorpe-
retro-Diels—Alder type reaction of 2H-pyran-2-ones
3a-h with malononitrile 4 under mild reaction
conditions. Hence, stirring an equimolar mixture of
2H-pyran-2-ones 3a-h, malononitrile, and powdered
KOH in DMF for 12-15h at room temperature
afforded functionalized biaryls in excellent yields
(Scheme 1).

A plausible mechanism, depicted in Scheme 1, suggests
that the reaction is initiated by the Michael addition of
an anion, generated from a molecule of active methy-
lene ketone 2, to the ketene dithioacetal 1 followed
by intra-molecular cyclization to form a 2H-pyran-2-
one intermediate 3. The lactone 3 has three electrophilic
centers; C2, C4, and C6 in which C6 is likely to be
highly electrophilic due to extended conjugation, and
the presence of an electron-withdrawing nitrile group
at position 3. The 2H-pyran-2-one is attacked by carb-
anion generated from malononitrile, followed by
Thorpe cyclization involving one of the nitrile function-
alities of malononitrile and C-3 of the pyranone ring to
form a bicyclic intermediate and further by decarboxyl-

2735

ation to furnish biaryl 5 in excellent yield. All the
synthesized compounds were characterized by spectro-
scopic analysis.!”-18

In the sandfly vector, Leishmania parasites exist as extra-
cellular promastigotes, while in the mammalian hosts
they exist primarily as intracellular amastigotes within
phagolysosomes of macrophages. Various in vitro mod-
els have been developed to access in vitro antileishma-
nial activity of drug candidates. Our biological test
system involves microscopic counting of live promasti-
gotes in control and treated culture. Taking pentamidine
as a control, we have evaluated antileishmanial activity
of functionalized biaryls against extracellular promasti-
gotes of L. donovani and intracellular amastigotes resid-
ing in murine macrophages at various concentrations.
The activity profile of the compounds is summarized
in Table 1.

The WHO reference strain of L. donovani promastigotes
(MHOM/IN/80/Dd-8) originally obtained from Imperi-
al College, London, has been maintained since then in
this laboratory in NNN (Nacy, McNeal, and Nicoll)
medium and as amastigotes in golden hamster.

To assess the inhibition of promastigote growth,
1 x 10° promastigotes/mL were allowed to multiply for
4 days in medium alone or in the presence of serial dilu-
tion of drug ranging from 4 pg to 8 pg/mL.The protozo-
an counts were taken wusing hemocytometer.
Pentamidine was used as positive control.

For assessing activity of compound against amastigote
stage of the parasite, mouse macrophage cell line
J-774A was used. Cells were seeded in 96-well plate at
5x 10* cells/100uL/well and the plates were incubated
at 37° in CO, (5%) incubator. After 24 h, the medium
was replaced with fresh medium containing stationary
phase promastigotes (2.5 x 10° promastigotes/100 pL/
well). Promastigotes invade the macrophages and trans-
formed into amastigotes. The test compounds in appro-
priate concentration (20 pg/mL in complete medium)
were added after replacing the previous medium. Plate
was incubated at 37 °C in CO, (5%) incubator for 48 h

SMe
.
NC. _COOEt R o CN
KOH | CH,(CN
I +  RICHCOR? o= , + 2(CN)2
MeS”~ “SMe R 0" "0 4
1 2 3
KOH | DMF
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Scheme 1.
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Table 1. In vitro antileishmanial activity for the compounds 5a-h

Compound R! R? Concentration Promastigotes® Concentration Amastigotes®
(ng/mL) (% inhibition) (ng/mL) (% inhibition)
Sa CH; CeHs 4 25 20 23
8 48
5b CH; 4-CIC¢Hy 4 46 20 10
8 50
Sc CH3 4-CH3OC6H4 4 31 20 25
8 53
5d 2-FC¢Hy CH; 4 37 20 61
8 60
Se 4-FCeHy4 CH; 4 43 20 62
8 65
5f 4-CF5C¢Hy CH; 4 67 20 70
8 83
Sg 2,4-(OCH3;),CsH3 CH; 4 36 20 56
8 59
5h 3,4-(OCH3),CH3 CH; 4 60 20 53
8 69
Pentamidine 2 71 20 48

#Values are the average of percentage inhibition after day 1, 2, 3, and 4.

more. Pentamidine was used as positive control. After
incubation, the drug containing medium was decanted
and the cell monolayers were stained with Giemsa for
45 min and at least 100 infected macrophages per sample
were counted under optical microscope. Efficacy was ex-
pressed as the percent inhibition of amastigote multipli-
cation using the following formula:

PI = 100 — {(AT x 100)/AC},

where PI is percent inhibition of amastigote multiplica-
tion, AT is actual number of amastigotes cells in treated
groups, and AC is actual number of amastigotes per 100
macrophage cells in untreated control group.

The data suggest that several arylanthranilodinitriles
represent interesting leads as antileishmanial agents.
The structure—activity relationship of the screened biar-
yls revealed that antileishmanial activities are signifi-
cantly dependent on the point of attachment of aryl
ring (R' or R? =aryl) on the basic anthranilodinitrile
ring. In general, aryl ring para to amino group (5d-h,
R!=aryl, R?=Me) of anthranilodinitrile ring pos-
sessed good inhibitory activity against extracellular pro-
mastigotes (59-83% at 8 pg/mL concentration) and
intracellular amastigotes (53-70% at 20 pg/mL concen-
tration) of L. donovani, while aryl ring meta to amino
functionality (5a—c) showed moderate inhibition. It is
evident from the activity profile of 5d-h that the com-
pounds have weak inhibitory effect on the L. donovani
promastigotes, comparing with standard drug pentami-
dine, whereas they exhibited better inhibition against
intracellular amastigotes of the L. donovani. Among var-
ious screened compounds, 4-amino-2-methyl-6-meth-
ylsulfanyl-4’-trifluoromethyl-biphenyl-3,5-dicarbonitrile
(5f) was found to be the most active, which showed 83%
inhibition against promastigotes and 70% inhibition
against amastigotes of L. donovani at 8 and 20 pg/mL
concentrations, respectively. Rest of the compounds
(5d, e, g, h) possessed slightly better inhibition against
amastigotes comparing with standard drug.

In conclusion, we have identified a new series of anthra-
nilodinitrile-based biaryls as inhibitors of L. donovani.
The preliminary investigations revealed that the anthra-
nilodinitrile class of compounds has potential as antile-
ishmanial agents and has opened a new avenue for
further exploration.
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General procedure for the synthesis of 2H-pyran-2-ones
3a-h. A mixture of ethyl 2-cyano-3,3-di(methylsulfa-
nyl)acrylate 1 (10 mmol), propiophenone or aryl acetone
(11 mmol), and powdered KOH (12 mmol) in dry DMSO
(50 mL) was stirred at room temperature for 10 h. After
completion, the reaction mixture was poured into ice
water with constant stirring. The precipitate thus obtained
was filtered and purified on a silica gel column using
chloroform as eluent; 3a: Yellow solid; mp 180-182 °C; 'H
NMR (200 MHz, CDCls) 6 2.17 (s, 3H, CH3), 3.02 (s, 3H,
SCH3), 7.48-7.54 (m, 5H, ArH); IR (KBr) 1707 (CO),
2216 cm™! (CN); MS (FAB) 258 (M*+1).

General procedure for the synthesis of 5. A mixture of 2H-
pyran-2-ones 3a-h (1 mmol), malononitrile (4, 1.2 mmol),
and powdered KOH (1.2 mmol) in dry DMF (5 mL) was
stirred at room temperature for 12-15 h. At the end the
reaction mixture was poured into ice water with vigorous
stirring and finally neutralized with dilute HCI. The solid
thus obtained was filtered and purified on a silica gel
column using chloroform-hexane (1:2) as eluent. Com-
pound 5a: white solid; yield 94%; mp 220-222 °C; 'H
NMR (200 MHz, CDCls) 6 2.16 (s, 3H, CH3), 2.59 (s, 3H,
SCH3), 5.12 (br s, 2H, NH,), 7.20-7.25 (m, 2H, ArH),
7.47-7.50 (m, 3H, ArH); IR (KBr) 2221 (CN), 3348 (NH),
3407 cm ™ !(NH); MS (FAB) 280 (M*+1). Compound 5b:
white solid; yield 91%; mp 200-202°C; 'H NMR
(200 MHz, CDCl;) o 2.16 (s, 3H, CH3), 2.59 (s, 3H,
SCH3), 5.15 (br s, 2H, NH,), 7.18 (d, J=8.2 Hz, 2H,
ArH), 7.48 (d, J = 8.2 Hz, 2H, ArH); IR (KBr) 2221 (CN)
3350 (NH), 3413 (NH), cm~'; MS (FAB) 314 (M*+]).
Compound 5¢: white solid; yield 89%; mp 188-190 °C; 'H
NMR (200 MHz, CDCls) 6 2.19 (s, 3H, CH3), 2.57 (s, 3H,
SCH3), 3.87 (s, 3H, OCH3), 5.13 (br s, 2H, NH,), 7.00 (d,
J=8.6Hz, 2H, ArH), 7.17 (d, J = 8.6 Hz, 2H, ArH); IR
(KBr) 2228 (CN) 3364 (NH), 3457 (NH) cm~'; MS (FAB)
310 (M™+1).
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Tetrazole thioacetanilides: Potent non-nucleoside inhibitors of
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Abstract—A series of aryltetrazolylacetanilides was synthesized and evaluated as HIV-1 non-nucleoside reverse transcriptase inhib-
itors on wild-type virus and on the clinically relevant K103N mutant strain. Extensive SAR investigation led to potent compounds,
with nanomolar activity on K103N, and orally bioavailable in rats.

© 2006 Elsevier Ltd. All rights reserved.

Non-nucleoside reverse transcriptase inhibitors (NNR-
TIs)! have found widespread use in HIV therapy in mul-
tidrug regimens and in the so-called highly active
antiretroviral therapy (HAART), a combination of
nucleoside HIV reverse transcriptase inhibitors
(NRTIs), NNRTIs and protease inhibitors (PIs).? How-
ever, the main concern in the use of NNRTIs in the clin-
ic still remains the rapid emergence of drug resistance,
due to mutation of the HIV-RT enzyme.3

The most frequent HIV mutant strain observed in pa-
tients failing therapy with NNRTIs is K103N.# This
mutation is observed in patients treated with each of
the only three currently marketed NNRTI drugs: nevira-
pine, delavirdine and efavirenz,*> thus creating cross-re-
sistance and preventing therapeutic efficacy of any
further treatment with available NNRTTIs.

In this respect, the identification of novel NNRTIs,
characterized by high potency on both the wild-type
HIV-1 and the clinically relevant HIV-1 RT K103N mu-
tant strain, is a constant goal for drug development.

Keywords: HIV; Non-nucleoside reverse transcriptase inhibitors; Tet-

razole thioacetanilides.

* Corresponding author. Tel.: +39 06 91093276; fax: +39 06
91093225; e-mail: Ester_Muraglia@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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From high-throughput screening (HTS) of our com-
pound collection, two interesting compounds (1-2) were
identified as potent low nanomolar inhibitors of HIV-1
RT polymerase, with submicromolar activity in a cell as-
say® and significant in vitro activity on the K103N mu-
tant strain (Fig. 1).

The two lead compounds proved not to be orally bio-
available and were rapidly metabolized in rat plasma
to the corresponding carboxylic acids.

This prompted us to undertake an extensive medicinal
chemistry effort aimed at improving the pharmacokinet-

\ &

WT RT Pol (IC50) 5 nM
K103N shift 4x

N\N S/\n/ \©
(0]

1

WT RT Pol (IC50) 5 nM
K103N shift 3x

Figure 1. Lead tetrazole thioacetanilide inhibitors of HIV-RT, iden-
tified by HTS.
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ic properties together with the intrinsic activity on the
K103N mutant.

A SAR study at the anilide moiety of over 300 com-
pounds (a selection displayed in Table 1) revealed that
2-substitution is the only allowed monosubstitution,
nitro and halogen being the substituents of choice
(compounds 1-5). Monosubstitutions at the 3- or 4-
positions are generally not well tolerated (compounds
6-7), and 2,6-disubstitution completely abolishes activ-
ity (compound 8). The preferred aromatic disubstitu-
tion pattern is 2,4 (compounds 9-11), and, in this
latter case, the preferred 2-substituents are halogens,
as already seen for 2-monosubstitution, and also
methyl (as in compound 11). Introduction of a 2-
methyl gained significant activity from inactive 4-
substituted compounds (compare 11 with 7), though
to a lesser extent compared to chlorine (compare 10
with 7).

Table 1. SAR at anilide moiety

This observation proved to be extremely important
when we discovered that anilides substituted in the 4-po-
sition with sulfonamide (Table 2, compound 12), car-
boxamide, or aliphatic chains bearing a tertiary amine,
were stable in rat plasma.

By introducing chlorine or methyl in the 2-position, we
were able to obtain stability in rat plasma, conferred by
the 4-substituent, and very high intrinsic potency on
both the WT and K103N mutant enzymes and in spread
cell based assays, conferred by the 2-substituent.

A simultaneous SAR study on the aryl linked to the tet-
razole core (Table 3) provided a further opportunity to
identify potent compounds. The pattern of aromatic
substitution is more tolerant compared to the anilide,
accepting most of the disubstitutions, except 3,4-disub-
stitution (compound 22) and the preferred substituents
are again halogens and methyl.

N-N
{0\ NHR
N\N)\S/Y

o}

Compound R

WT RT Pol ICs¢* (nM)

K103N shift” CICys° (nM) 10% FBS/50% NHS

NO,

3 /\© 3

Br
4 /\© 7
5 /\ilj 31
6 / \©NOZ 200
/

2

Cl
8 A jij na¢
Cl
NO,
9 A \©\ 4
Cl

Cl

10 A \©\ 22
NO.

2

11 /\@ 165
NO.

2

3 11/90

5 100/810
3 312/1250
nd* na’

nd? na®

nd? na®

3 31/400

5 78/1250
3 1250/na’

#1Cs values are means of at least two independent experiments.
®Ratio ICsy K103N RT Pol mutant/ICsy WT RT Pol.

© The two values of CICys refer to cell based assays in the presence of 10% FBS (fetal bovine serum) and 50% NHS (normal human serum). See Ref. 6.

9na: not active (>5 uM), nd: not determined.
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Table 2. Anilide substitutions that confer stability in plasma

N-N
{0\ NHR
N\N)\SW

o]

Compound R WT RT Pol ICsy* (nM) K103N shift® CICys° (nM) 10% FBS/50% NHS
A
12 1252 nd¢ 1250/na¢
SO,NH,
13 / \é\ 54 1 50/580
SO,NH,
Cl
14 £ \©\ 4 3 16/62
SO,NH,
15 / 55 1 31/62
CONH
Cl 2
16 £ \©\ 3 2 8/16
CONH,
Cl
A
17 H \ 5 2 8/16
N~ NC
c ©
5 62/62

18 /\@ 13

#1Csq values are means of at least two independent experiments.
®Ratio ICsy K103N RT Pol mutant/ICsy WT RT Pol.

The two values of CICys refer to cell based assays in the presence of 10% FBS (fetal bovine serum) and 50% NHS (normal human serum). See Ref. 6.

9na: not active (>5 pM), nd: not determined.

More interestingly, the aryl SAR study gave compounds
with low or no shift (K103N shift = 1) on the K103N
mutant, which could be identified by appropriate substi-
tutions on the aryl rings.

With the above SAR studies in hand, we envisaged the
possibility to optimize the activity on both the wild-type
RT enzyme and the K103N mutant strain by combining
some of the most active anilides with some of the best
aryls. The most relevant results are reported in Table 4.

We were delighted to see that by suitable combinations
of the anilides and aryls it is possible to obtain very po-
tent compounds on the WT RT, retaining the same low
nanomolar enzymatic activity on the relevant mutant
K103N.

The possibility to combine the best aryls with the ani-
lides that confer the highest activity, but also the re-
quired metabolic stability, allowed also the
optimization of the pharmacokinetic properties of the
series (Table 5).

The 2-nitrophenylanilide 3 had the same pharmacoki-
netic profile as the lead compound 1, characterized by

total absence of oral exposure and extremely high values
of plasma clearance, the latter being due, at least in part,
to the already discussed hydrolytic metabolism.

The substitution of the labile 2-nitroanilide with more
stable anilides, such as in 13-14, not only significantly
decreased the plasma clearance, but produced orally
bioavailable compounds.

One of the best compounds tested was 29, which exhib-
ited acceptable oral bioavailability and plasma
clearance.

In summary, an extensive SAR demonstrated that aryltet-
razolyl thioacetanilides are potent inhibitors of HIV-1
RT, with low nanomolar intrinsic activity on the enzyme
and submicromolar antiviral activity in HIV infected
cells. With a suitable combination of substitution pat-
terns both on the aryl linked to the tetrazole core and
the anilide aryl, it is possible to identify compounds which
maintain the same intrinsic activity on the wild-type HIV-
1 enzyme and the clinically relevant K103N mutant.

The tetrazole derivatives were synthesized as outlined in
Scheme 1, starting from the commercially available





E. Muraglia et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2748-2752 2751

Table 3. SAR at aryl moiety
NO,

AN H

’ N

by ©
R o

Compound R WT RT Pol ICsy* (nM) K103N shift® CICys° (nM) 10% FBS/50% NHS

19 /é/c' 4 1 31/200
Cl
20 /©/ 23 1 78/1250
Cl
|
21 /ij/ c 10 1 63/250
F

22 230 2 na¢
Cl
Cl
Br
23 3 3 8/62
Cl
24 EE[ 12 1 78/125
Cl
25 (ji 18 1 63/250
26 i:[ 3 3 8/31
Cl

27 °'\©/C' 4 1 15/62

#1Csq values are means of at least two independent experiments.

®Ratio ICsy K103N RT Pol mutant/ICs, WT RT Pol.

¢ The two values of CICys refer to cell based assays in the presence of 10% FBS (fetal bovine serum) and 50% NHS (normal human serum). See Ref. 6.
9na: not active (>5 uM).

Table 4. Effect of combination of aryl and anilide SAR on potency and resilience on K103 mutant

/Nig\ H Cl
N, N
Seae!
o)
R SO,NH,

Compound WT RT Pol ICsy* (nM) K103N shift® CICos° (nM) 10% FBS/50% NHS

R
|
28 i:[c 9 i 62/250
Cl
29 /@/C' 3 1 16/125
Cl

#ICsq values are means of at least two independent experiments.
°Ratio ICsy K103N RT Pol mutant/ICs; WT RT Pol.
©The two values of CICys refer to cell based assays in the presence of 10% FBS (fetal bovine serum) and 50% NHS (normal human serum). See Ref. 6.
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Table 5. Rat PK profiles®

Compound F (%) Clp (ml/min/kg) ti
3 0 272

14 33 125 0.23

13 60 85 0.83

29 33 37 1.1

#Oral and iv dosing at 3 mg/kg. PO formulation: suspension in
PEG400. iv formulation: solution in DMSO/PEG400/water
20:60:20.

_ I \ " \
Ar—NCS N~N)\SH _ N~N)\S/\002H
| |
Ar Ar
30 31
c ’N_’;l)\ NR;R
- N. 1R2
N ST
Ar 0
32

Scheme 1. Reagents and conditions: (a) NaN3, H,O, reflux (70-95%);
(b) chloroacetic acid, HO, 2 N NaOH, reflux (80-95%); (c) PCls,
aniline, toluene/CHCl;, rt 1-2 h then 70 °C 1-3 h. Purification by RP-
HPLC.

isothiocyanates. Reaction with NaN3 produced the cor-
responding tetrazole-thiols 30, which were alkylated
with chloroacetic acid in aqueous conditions. The final
anilides were accessed by reaction of the thioacetic acids
31 with the required anilines in the presence of 1.2 equiv

of PCls by a slightly modified literature procedure.” All
the final compounds have been purified by RP-HPLC.
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Abstract—A series of potent inhibitors of tyrosinase and their structure—activity relationships are described. N-Benzylbenzamide
derivatives (1-21) with hydroxyl(s) were synthesized and tested for their tyrosinase inhibitory activity. With this series, compound
15 provided a potent tyrosinase inhibition: it effectively inhibited the oxidation of L-DOPA catalyzed by mushroom tyrosinase with

an ICsq of 2.2 pM.
© 2006 Elsevier Ltd. All rights reserved.

Tyrosinase (E.C. 1.14.18.1), also known as polyphenol
oxidase, is a multifunctional copper-containing enzyme
widely distributed in nature. It is the key enzyme in
the undesirable browning of fruits and vegetables, and
coloring of skin, hair, and eyes in animals.!? It catalyzes
two distinct reactions of melanin biosynthesis: the
hydroxylation of monophenols to o-phenols, and con-
version of the o-diphenols to the corresponding o-qui-
nones, which are the initial steps in the pathway.
These quinones are highly reactive and tend to polymer-
ize spontaneously to form brown pigments of high
molecular weight, namely melanin, which determine
the color of mammalian skin and hair.? This enzymatic
oxidation of L-tyrosine to melanin is of considerable
importance because melanin has many functions, and
alterations in melanin synthesis occur in many disease
states. Therefore, tyrosinase inhibitors have become
increasingly important in the food industry as well as
in medicinal and cosmetic products.*>

Many tyrosinase inhibitors are polyphenol derivatives of
trans-stilbene or chalcone which have been investigated
intensively.>® They are constructed with one of two

Keywords: Tyrosinase inhibitor; N-Benzylbenzamides; 4-Substituted

resorcinol; SAR.

* Corresponding author. Tel.: +82 42 860 4564; fax: +82 42 860
2675; e-mail: kdpark@kribb.re.kr

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.018

distinct substructures: a 4-substituted resorcinol or cate-
chol moiety. It was suggested that 4-substituted resor-
cinol-type inhibitors bind to the enzyme binuclear
active site.” The catechol structure may behave as a che-
lator to the copper ions in the tyrosinase. These poly-
phenols generally compete in inhibition with
tyrosinase.® Recently, a naturally occurring tyrosinase
inhibitor, N-(p-coumaroyl)serotonin, has been de-
scribed, which contains two aromatic rings connected
by an amide bond (Fig. 1).®

In our continuing search for tyrosinase inhibitor, a new
group of compounds, with a similar structure to the ref-
erenced inhibitors, was designed, synthesized, and test-
ed. N-Benzylbenzamides also consist of two aromatic
rings like stilbene separated by three atoms like chalcone

B LD

t-Stilbene O chalcone

OH
HO
H
\©\/ﬁ('\l\/\[©
|
o NH

N-(p-coumaroyl)serotonin

Figure 1. Structure of tyrosinase inhibitors.
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and connected by an amide bond like N-(p-
coumaroyl)serotonin.

To evaluate this class of compounds further, a number
of analogues were constructed with various hydroxyl
substituents at both aromatic rings of the molecule.
Our hypothesis was that the position of the hydroxyl(s)
attached to the rings of N-benzylbenzamide must be of
major importance in that activity in the same manner
of stilbene and chalcone. Therefore, changing the posi-
tion of hydroxyl(s) would be very useful to find a potent
tyrosinase inhibitor.

N-Benzylbenzamides were synthesized according to the
details in Scheme 1. Thus, commercially available benzyl
amine, with hydroxyl(s) or methoxy group(s), was first
reacted with an acyl chloride, with methoxy group(s),
to give the hydroxy or methoxy substituted N-benzylb-
enzamide. The methoxy group(s) was then demethylated
with boron tribromide to give the desired final com-
pound in good yields.’

The two aromatic rings in N-benzylbenzamides are not
symmetric, thus the inhibitory effects on tyrosinase were
tested and compared according to the position of hydro-
xy group(s) on both rings A and B.!° The in vitro results
for compounds 1-21 are given in Table 1. Compounds 5,
10, 15, and 20 with resorcinol on ring B (2’,4’-OH) dem-
onstrated high tyrosinase inhibitory activity. However,
compounds 17-19 and 21 with resorcinol on ring A
(2,4-OH) remarkably decreased inhibitory activity.
Especially, compound 5 exhibited 30 times the activity
than compound 19 which has opposite positions of
hydroxyls on its rings to compound 5. These observa-
tions suggests that 2’,4’-substituted resorcinol substruc-
ture on ring B plays an important role in determining
their activity. Among compounds 5, 10, 15, and 20,
compound 15 with resorcinols on both rings A and B
(3,5,2',4',-OH) exerted the most potent inhibitory activ-
ity with an ICsy of 2.2 uM.

In compounds 6, 11, 16, and 21, the catechol subunit on
ring B (3’,4’-OH) was oxidized by tyrosinase to its o-qui-
none derivatives in addition to the oxidization of origi-
nal substrate, L-DOPA. Tyrosinase inhibitory activity
of those compounds thus could not be determined being
tested because the absorbance at 475 nm in the test was
abnormally increased by those o-quinone derivatives.
Interestingly, tyrosinase inhibitory activity was not so

S X i X =z
\ | — | H |
S Cl+ HoN X S N 2\
n[R] n[R] n[R] n[R]
0 o

R = -OH or -OMe
. X 7
" \ H |
= N U\
n[OH] n[OH]
(o]

Scheme 1. Reagents and conditions: (i) TEA, THF, rt, 80-93%; (ii)
BBT3, CHzClz, -20 OC, 65-78%.

Table 1. The inhibitory effect of N-benzylbenzamide (1) and its
derivatives (2-21) on mushroom tyrosinase activities

| N . |
R'5 A H B 1-R?
= N X

(o]
Compound R! R? ICso" (LM)
1 H H 1990
2 3,4,5-OH H 780
3 3,4,5-OH 4'-OH 1180
4 3,4,5-OH 3’4’ 5'-OH 555
5 3,4,5-OH 2'.4'-OH 17
6 3,4,5-OH 3/.4'-OH nd®
7 3,4-OH H >2000
8 3,4-OH 4'-OH >2000
9 3,4-OH 3'.4'5'-OH 280
10 3,4-OH 2'.4'-OH 11
11 3,4-OH 3’.4'-OH nd
12 3,5-OH H 700
13 3,5-OH 4'-OH 710
14 3,5-OH 3'.4',5'-OH 705
15 3,5-OH 2'.4'-OH 2.2
16 3,5-OH 3’.4’-OH nd
17 2,4-OH H 1660
18 2,4-OH 4'-OH 1820
19 2,4-OH 3'.4.5'-OH 550
20 2,4-OH 2 4-OH 29
21 2,4-OH 3’.4'-OH nd
Kojic acid 16.3

#Values were determined from logarithmic concentration—inhibition
curves (at least eight points) and are given as means of three
experiments.

® Means not determined because of promoting effect which could act as
cofactor like diphenol.

much affected by the catechol subunit on ring A in com-
pounds 9 and 10. It is likely that 3,4-OH of ring A is not
oxidized by tyrosinase as cofactor like another diphenol.

The kinetic behavior of the oxidation of L-DOPA cata-
lyzed by tyrosinase at different concentrations of com-
pound 15 was studied. The inhibition data were
further analyzed by a Dixon plot, which showed that,
the plot of 1/V versus [I] was characterized by straight
lines at different fixed substrate concentrations intersect-
ing in the second quadrant (Fig. 2A). The replot of
slopes represented a straight line not going through
the origin reflecting the linear mixed-type inhibition
(Fig. 2B). In the Lineweaver—Burk plot, straight lines
at different fixed inhibitor concentrations intersected
with a common intersection point in the second quad-
rant (data not shown). The Kj value estimated from this
Dixon plot was 1.3 uM as shown in Figure 2A.

In similar experiment testing, the tyrosinase effect of
chalcone derivatives substituted with hydroxyl(s), the
inhibitory potency was determined by the position rath-
er than the number of hydroxyl(s).!' In this study as
well, the position of hydroxyl(s) was the major factor
affecting potency. Besides, removal of the hydroxyl or
its substitution with another small group (OMe, NO,,
Cl, and F) significantly reduced the activity toward
mushroom tyrosinase (data not shown). Therefore, the
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>
S

1/V (uM/min)™*

2 -1 0 1 2
[Inhibitor] (uM)
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Slope
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Figure 2. (A) Dixon plot for the inhibitory effect of compound 15 on
L-DOPA oxidation catalyzed by mushroom tyrosinase. The inhibitor
concentrations used were 0, 1.1, and 2.2 uM. The L-DOPA concen-
trations used were 1 mM (O), 0.5mM (H), 0.25mM (A), and
0.125 mM (@). (B) Secondary replot of slopes from Dixon plot versus
I/[L-DOPA]. Values are means of three separate experiments.

presence and the position of hydroxyl(s) proved to be
important for their activity in this class of compounds.

In summary, a series of N-benzylbenzamides has been
established as a new class of tyrosinase inhibitors. Struc-
tural feature of resorcinol on aromatic ring B (2/,4’-OH)
was most important for potent inhibitory activity. Com-
pound 15, N-(2,4-dihydroxybenzyl)-3,5-dihydroxyben-
zamide,'> was found to be eight times more potent
than the positive control, kojic acid.
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Abstract—The active site topology, substrate specificity, and biological roles of the human cytochrome P450 CYP2J2, which is
mainly expressed in the cardiovascular system, are poorly known even though recent data suggest that it could be a novel biomarker
and potential target for therapy of human cancer. This paper reports a first series of high-affinity, selective CYP2J2 inhibitors that
are related to terfenadine, with K values as low as 160 nM, that should be useful tools to determine the biological roles of CYP2J2.

© 2006 Elsevier Ltd. All rights reserved.

In the human genome, 57 genes have been found to code
for cytochromes P450 (CYPs) that are involved in the
oxidative metabolism of endogenous compounds and
xenobiotics.! The main CYPs implicated in drug metab-
olism, such as CYP3A4, CYP2C9 or CYP2D6, and
those responsible for the biosynthesis of steroid
hormones have been extensively studied,' and several
X-ray structures of human CYPs have been recently
published.? Much less is known about recently discov-
ered human CYPs such as CYP2J2.!:3 This cytochrome
seems to be primarily expressed in heart?; it has also
been found in kidney, liver, lung,* and the gastrointesti-
nal tract.’ Its biological role is presently unclear, even
though it has been found to catalyze the oxidation of
a few drugs such as ebastine in the intestine.®’ More-
over, recombinant CYP2J2 catalyzes the epoxidation
of arachidonic acid to four cis-epoxyeicosatrienoic acids
(EETs), with regio- and stereo-selectivities that match
those of the EETs isolated from heart tissue.®> Some
EET-derived metabolites play important roles in regula-
tion of vascular tone® and in a host of processes related
to cancer cell behavior, angiogenesis, and tumor patho-
genesis.” Very recent data suggest that CYP2J2 pro-
motes the neoplastic phenotype of carcinoma cells and

Keywords: Cardiovascular system; Terfenadine; Ebastine; Hydroxyl-

ation; Suicide substrates; Monooxygenases.
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may represent a novel biomarker and potential target
for therapy of human cancers.! However, little data
are presently available on the active site topology and
substrate specificity of CYP2J2.! This communication
reports the design and synthesis of a first series of
high-affinity inhibitors of human CYP2J2. These inhib-
itors should be useful tools to determine the biological
roles of this cytochrome.

Hydroxylation of the drug ebastine by recombinant
CYP2J27 expressed in baculovirus-infected Sf9 insect
cells® was used as an assay to find CYP2J2 inhibitors.
During a first screening for such inhibitors, compound
1, derived from the drug terfenadine by oxidation of
its benzylic alcohol function, was found to inhibit
CYP2J2!" with an ICs; value of 0.7 £ 0.1 pM. This val-
ue was much lower than the ICsy found for terfenadine
itself (8.1 £ 0.4 uM) (Table 1), that was previously de-
scribed as an inhibitor of CYP2J2.!> Then, compound
1, called terfenadone in the following, was used as a
starting point for the design of high-affinity inhibitors
of CYP2J2. Ebastine,’ terfenadine,'? and compound 1
are all hydroxylated by CYP2J2 at a site that is weakly
reactive from a chemical standpoint, a CH; of the #-bu-
tyl group (Scheme 1). This regioselectivity in favor of the
least reactive part of these substrates implies their strict
positioning in the CYP2J2 active site in order to main-
tain the #-butyl group in close proximity of the heme
iron for transfer of an oxygen atom from O,. Therefore,
a series of compounds derived from 1 by replacement of
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Table 1. Inhibitory effects of terfenadone derivatives toward recombi-

nant CYP2J2
) X
Q) )

Inhibitor -R 1C50* (M)
Terfenadine 81104
Terfenadone, 1 —C(CHz);3 0.7£0.1
2 —CHj 0.7+0.1
3 -CH,-CH; 0.6+0.1
4 —CH,-CH,—CHj; 04+0.1
5 —~CH,-CH=CH, 0.4+0.2
6 —(CH,);CH; 0.7+£0.2
7 —-CH,-CH,-OH 1.3£0.8
8 ~CH,~CH,~CH,-OH 1.9%0.3
9 —~CH,-CH,-CH,-OAc 2.5%0.5
10 -O-CH; 7.6 0.6
11 -Br 42+0.6
12 —~CH,~CHF, 22+09
Oy
13 A = @0 6.7+23

#Compound concentration leading to 50% inhibition of the hydrox-
ylation of ebastme by CYP2J2 expressed in baculovirus-infected Sf9
insect cells.> Conditions as described in Ref. 15. Under these condi-
tions, the K, of ebastine hydroxylation was 0.5 uM. Values are
means = SD from three to four experiments.

®Ar=-C¢Hs-R.
CH3
S cn,
CH;
HO N7

1 Terfenadine

Q) h
Scheme 1. Formula and site of CYP2J2-dependent hydroxylation of
ebastine and terfenadine.

its z-butyl group with various R groups of different size
and polarity was synthesized (Scheme 2). This included
compounds bearing functions previously known to lead
to suicide inactivation of cytochromes P450 after in situ
oxidation.!* This is the case for the terminal double
bond of compound 5, since terminal alkenes act as
mechanism-based inhibitors of cytochromes P450 after
N-alkylation of the heme by an intermediate derived

©/R CI(CH,);COCl
T

a ™"y

(¢}

R HOC(Ph)Z‘C

———» HO

from P450-catalyzed oxidation of the substrate double
bond.!* The choice of the CHF, and benzodioxole func-
tions of compounds 12 and 13 was also made on the ba-
sis of literature data on suicide substrates of cytochrome
P450.'4 In situ hydroxylation of the C—-H bond of CHF,
groups leads to an electrophilic intermediate able to
acylate the P450 protein, whereas inactivation of cyto-
chrome P450 by benzodioxole derivatives is due to the
formation of an iron—carbene bond after oxidation of
the benzodioxole CH, group.'* The structure of com-
pounds 5, 12, and 13 has been chosen in order that
CYP2J)2-catalyzed oxidations occur at the site leading
to inactivating metabolites, assuming that hydroxylation
of 5, 12, and 13 should occur on the homobenzylic
position as the hydroxylation of compound 1 and
terfenadine.

The general synthetic route used for the preparation
of terfenadone derivatives (Scheme 2) with
R =(CH,),CH; (with n=0-3), (CH,),OH and
(CH,),OCOCHj3; (with n=2 or 3), Br, CH,CHF,,
OCH,0-, and OCHj3; involved an acylation of the ben-
zenic starting compound with 4-chlorobutanoic acid
chloride in the presence of FeCls, AICI; or SnCly and
reaction of the corresponding product with o,0-diphen-
yl-4-piperidinomethanol. In the case of 7 and 8, the
starting compounds were the acetates of 2-phenyletha-
nol and 3-phenylpropanol, respectively. Deprotection
of the alcohol function was done as the last step of
the synthesis. Compound 5 was obtained from reaction
of 11 with allyltributyltin, in the presence of
tetrakis(triphenylphosphine)palladium(0).

The structures of all the terfenadone derlvatives listed in
Table 1 were completely established from their '"H NMR
and mass spectra; 'H NMR spectroscopy analysis in the
presence of an internal standard showed that all these
compounds were more than 95% pure.

Table 1 compares the ICsy values measured for the
inhibition of ebastine hydroxylation catalyzed by
recombinant CYP2J2. It shows that most of the
synthesized terfenadone derivatives are good CYP2J2
inhibitors with ICs, values at the low M range. Com-
pounds 4 and 5 had the highest affinity with an ICs,
value of 0.4 uM. In fact, increasing the chain length
from R = methyl to R = propyl results in a gradual de-
crease of the ICsq value, whereas a further increase of
the chain length (R = butyl) leads to a loss of affinity.
Introduction of a polar function in the R substituent
generally leads to a decrease in the affinity of the
inhibitors. Compounds such as 10 and 13 in which
oxygen atoms have been introduced at benzylic posi-
tions exhibit ICso values one order of magnitude

WO

Scheme 2. General synthetic route used for the preparation of terfenadone derivatives (for the nature of R, see Table 1).
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Table 2. Comparison of the inhibitory effects of terfenadone deriva-
tives toward vascular cytochromes P450

Compound 1Cs (uM)?

CYP2J2 CYP2B6 CYP2C8 CYP2C9 CYP3A4
4 04£01 28+x1 >100 263 79+0.5
5 04+£02 21%1 >100 21%1 5.5%1.0

#Compound concentration leading to 50% inhibition of CYP2B6-
catalyzed 7-benzyloxyresorufin O-deethylation,'® CYP2C8-catalyzed
6-o-hydroxylation of taxol,'” CYP2C9-dependent 4’-hydroxylation
of diclofenac,'® and CYP3Ad4-catalyzed 6-B-hydroxylation of tes-
tosterone,'® respectively. Microsomes from W(R)fur yeast strain
expressing each of these cytochromes P450?° were incubated with the
corresponding substrate at a concentration equal to the K, value of
the studied reactions (0.5, 5, 10, and 20 pM, respectively) and a
NADPH-generating system. Incubations and analyses of the reaction
mixture were performed as described previously.'®' Values are
means * SD from three to four experiments.

greater than those observed for compounds bearing an
alkyl chain (R = Et or Pr, 3 or 4 for instance). Com-
pounds such as 7, 8, 9, and 12 in which an OH, OAc
or F substituent have been introduced in the R-chain
farther from the phenyl ring exhibit intermediate ICs,
values, around 2 pM. Thus, the best inhibitors (in
terms of ICsy value) were compounds 4 and 5. Preli-
minary experiments showed that compound 4 is a
competitive inhibitor of CYP2J2-catalyzed hydroxyl-
ation of ebastine with a K; of 160 £ 30 nM and also
a competitive substrate of CYP2J2. Compound 5
seems to be a time-dependent inhibitor, as expected
for a compound bearing a terminal double bond.'4
Interestingly, compounds 12 and 13 involving a
CHF, and benzodioxole function, respectively, also
led to time-dependent inhibitory effects that suggest
a mechanism-based type of inhibition.

Table 2 compares the inhibitory effects of the best inhib-
itors found for CYP2J2, compounds 4 and 5, toward the
other main human cytochromes P450 that are present
in the cardiovascular system, CYP2CS, CYP2C9,
CYP2B6, and CYP3A4.2! The data clearly show that
compounds 4 and 5 are selective inhibitors of CYP2J2,
as they are nearly inactive toward CYP2CS8 and their
I1Csq values for CYP2C9, CYP2B6, and CYP3A4 are
1-3 orders of magnitude higher than those observed
for CYP2J2.

In conclusion, the aforementioned results have led to
the first selective, high-affinity inhibitors of CYP2J2,
compounds 4 and 5, that exhibit ICsy values around
400 nM. Compound 4 is a competitive inhibitor char-
acterized by a K; of 160 nM, a value that is remarkably
low for a human cytochrome P450 inhibitor.'* Addi-
tional studies are underway to determine the type of
inhibition exhibited by compounds 5, 12, and 13, and
to use these new inhibitors as tools to study the biolog-
ical roles of CYP2J2 in vitro and in vivo. In light of
the recent findings that CYP2J2 promotes the neoplas-
tic phenotype of carcinoma cells, these compounds are
also currently being investigated as potential anti-can-
cer therapeutics.
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Abstract—A series of modified colchicine and isocolchicine analogs (C-7 substituent) were synthesized and evaluated in vitro against
a PC3 cancer cell line and for inhibition of microtubule polymerization. The colchicine analogs all displayed strong inhibition of
tubulin polymerization, while compounds 6 and 20 also possessed an increased cytotoxic activity as compared to colchicine. More
importantly, isocolchicine analogs 7, 15, and 17 showed inhibition of microtubule polymerization with ICsy values ranging from 58
to 68 uM. In addition, 7 displayed strong cytotoxic activity with an ICsy = 93 nM which was more potent than colchicine analog 12.

© 2006 Elsevier Ltd. All rights reserved.

The compound colchicine (1) (Fig. 1) is a highly potent
antimitotic agent that derives its therapeutic benefit by
binding to the protein tubulin.!?> The mechanistic under-
standing of colchicine—tubulin binding has been highly
investigated using both structure-activity relationship
(SAR) studies and thermodynamic analyses.’> These
studies suggest that the A- and C-rings of the parent
molecule comprise the minimum structural feature
necessary for high affinity drug—tubulin binding. An
example illustrating the importance of the C-ring is re-
vealed by isocolchicine (2), which is virtually inactive
in binding to tubulin.®” Recently, however, the discov-
ery of the first active isocolchicine analog (3) (B-ring

(0]
MeO I MeO
IMINHCCH,,
MeO MeO
OMe @ OMe O
o OMe

1 OMe

Figure 1.

Keywords: Colchicine; SAR; Tubulin; Isocolchicine; Antimitotic.

substituent modified) has prompted renewed interest in
the role of the B-ring in colchicine-tubulin binding.?
Therefore, in a continuing effort to identify potent tubu-
lin binding isocolchicine analogs and to investigate the
SAR of the B-ring substituent we decided to synthesize
and biologically evaluate a series of colchicine and iso-
colchicine analogs modified at the C-7 position of the
B-ring.

Deacetylcolchicine (4) and deacetylisocolchicine (5) ob-
tained from colchicine (Scheme 1) *!* were reacted with
lithium perchlorate and propylene oxide in acetonitrile
to afford their respective B-amino alcohols in 95%

(0] MeO (0]
““NH|CICH3 “““NH—ISI=O
MeO
OMe

O OMe

0 N(CHj3),
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Scheme 1. Reagents and conditions: (a) I—2 N HCI/CH;0H, reflux; 2—CH,N,/CH,Cl,; (b) propylene oxide, LiClO4, CH3CN; (c) DMSO, (COCl),,

CH,Cl,, TEA, —60 °C.

8 0
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Scheme 2. Reagents and conditions: (a) (CH3CO),0, CH,Cl,, 0 °C; (b) P4S;, Na,CO3, THF, 0 °C; (c) COCl,, THF; (d) 4 and 5, TEA, CH3;CN.

yield.!! It should be noted that various metal salts
(LiOTf, ZnCl,, and CoCl,) were initially used prior to
lithium perchlorate; however, they all resulted in non-
regioselective attack of the amine on the epoxide
ring.!>!? Initial attempts at alcohol oxidation utilized
both pyridinium chlorochromate and pyridinium
dichromate, however, no product formation was ob-
served.!* Thus, we alternatively employed Swern oxida-
tion whereby the B-amino alcohols were added to a
solution of DMSO/oxalyl chloride at —60 °C to afford
compounds 6 and 7 in 88% yield.!> The two isomers
were separated using radial chromatography.

To investigate the role of the amide carbonyl group, we
sought to synthesize analogs of 1 and 2 whereby the
amide was replaced with a thioamide functionality.

Our initial attempts at thioamide formation involved the
use of Lawesson’s reagent;'® however, this resulted in
conversion of the C-ring carbonyl into a thiocarbonyl.
To synthesize our thioamide analogs (12 and 13), we in-
stead utilized a procedure that relied on the use of thio-
acylating reagent 11, which was synthesized as shown in
(Scheme 2).!7 Compound 8 was chosen as our benzimi-
dazolone source and it was reacted with acetic anhy-
dride to afford compound 9 in 89% yield. Conversion
of the amide in 9 to a thioamide was accomplished using
phosphorus pentasulfide to give 10 in 72% yield.
Compound 10 was reacted with two equivalents of phos-

gene for 4 h at room temperature to yield thiobenzimi-
dazolone 11 (71%). Thiobenzimidazolone 11 was then
reacted with a mixture containing isomers 4 and 5 in
acetonitrile. The reaction was monitored by TLC and
after stirring for 48 h at room temperature compounds
12 and 13 were afforded in a combined 76% yield. The
two isomeric compounds were separated using radial
chromatography.

Additional investigation of the amide carbonyl was
sought through conversion of the carbonyl moiety into
a methylene (CH,) group. Initial attempts at the syn-
thesis of compounds 18 and 19 (Scheme 3) focused
on the use of reducing agents such as LiAlH, and bor-
ane-dimethyl sulfide; however, no formation of the de-
sired secondary amine occurred.'® Thus, we instead
attempted to synthesize the target amines utilizing a
Mitsunobu alkylation of a 2-nitrobenzenesulfonamide
intermediate (14 and 15).!° The alkylation reactions
proceeded in moderate yield but reaction times tended
to be of the order of 2-3 days. We therefore alterna-
tively employed the use of compounds 16 and 17
(2,4-dinitrobenzenesulfonamide), as shown in (Scheme
3), which were more efficiently alkylated using Mitsun-
obu conditions in 8 h.?® The dinitrobenzenesulfona-
mide-protecting group was removed under mild
reaction conditions to yield compounds 18 and 19
(82%) which were separated using radial chromatogra-
phy. It is of interest to note that an attempt to form
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Scheme 3. Reagents and conditions: (a) 2-nitrobenzenesulfonyl chloride, TEA, CH,Cl,; (b) 2,4-dinitrobenzenesulfonyl chloride, 2,6-lutidine,
CH,Cl,; (¢) CH3CH,I, K,CO3;, CH;CN; (d) HSCH,CO,H, TEA, CH,Cl,; (e) 2,4-dinitrobenzenesulfonyl chloride, TEA, CH,Cl,.

Table 1. Inhibition of microtubule polymerization and cytotoxic activity against PC3 cell lines for compounds 6, 7, and 12-21

Colchicine isomer  ICsy, MTP assembly” (WM)  ICsp, PC3® (nM)

Isocolchicine isomer

ICsp, MTP assembly (uM)  ICso. PC3® (nM)

1 1.7 £ 0.04° 11 +£0.65°
6 8.3+0.37 7.6%2.1
12 22%0.10 97.5+28.7
14 5.6 £0.14 198+11.8
16 9.7+£0.27 50 £16.6
18 5.1£0.16 17.6 £13.2

20 4.6£0.17 9.0£2

2

7
13
15
17
19
21

Inactive® 4,600 0.19
68 2.4 93+10.3
Inactive® 1,752 £ 435
58+24 905 £ 117
59+438 10,250 £ 1,639
Inactive® 1,722 + 819
Not soluble 5,700 £ 754

# Concentration of ligand required to effect a 50% reduction in microtubule polymerization.

® Human prostate cancer cells were used for cytotoxicity measurements.

¢ Values represent means + SD of at least three determinations (assay procedure described in supplementary materials section).
9 Inhibition of polymerization measured up to a concentration of 300 uM drug.
¢ Inhibition of polymerization measured up to a concentration of 150 uM drug.

16 and 17 using triethylamine (2 equiv.) rather than
lutidine as the base resulted in the formation of
compounds 20 and 21, respectively, as the major reac-
tion products.

The antimicrotubule activities of compounds 6, 7, and
12-21 were assayed by their ability to inhibit in vitro
assembly of microtubule protein (Table 1) using col-
chicine and isocolchicine as reference compounds.?!
As expected, the nature of the C-7 substituent did
not greatly affect the in vitro polymerization activity
of colchicine analogs (6, 12, 14, 16, 18, and 20) which
all displayed strong microtubule inhibition. The most
active compound was the thioamide analog 12
(ICsp = 2.2 uM) possessing an activity nearly identical
to that of colchicine (ICso=1.7). Concerning the
aromatic analogs (14, 16, and 20), compound 20 pos-
sessed the strongest inhibition with an I1Csy = 4.6 pM.
Introduction of a methylene group between the amide
nitrogen and carbonyl of colchicine resulted in com-
pound 6 which displayed nearly a 5-fold reduction
in activity (ICsp = 8.3 uM) as compared to colchicine.
Interestingly though, conversion of the carbonyl in

colchicine into a methylene group resulted in the more
active compound 18 (ICso=5.1 uM) as compared
to 6.

Of significant importance was the antimicrotubule
activity displayed by select isocolchicine analogs.
The most active isocolchicine analog was compound
15 with an ICsy value of 58 uM. This analog con-
tained an aromatic nitrobenzenesulfonamide substitu-
ent at the C-7 position. Addition of a second nitro
group on the C-7 aromatic ring resulted in com-
pound 17, which displayed similar activity
(ICs50 =59 uM) as compared to 15. Removal of the
sulfonyl group, however, resulted in poor compound
solubility beyond 30 uM as seen in 21. Insertion of
a methylene unit between the amide nitrogen and
carbonyl in inactive isocolchicine 2 (Table 1) resulted
in the active compound 7 (ICsy = 68 pM). Interesting-
ly, the thioamide isocolchicine analog 13 displayed no
activity, which is in contrast to 12 the most active
analog in the colchicine series. Compound 19, conver-
sion of the carbonyl into a methylene group, was
inactive as well.
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In Table 1, we have also reported the cytotoxic activi-
ties of the analogs against a human prostate cancer cell
line (PC3).2?> The most active colchicine analogs were
compounds 6 (ICso=7.6nM) and 20 (IC5y=9.0 nM)
which were both more potent than the parent com-
pound colchicine (ICsy = 11 nM). Additional colchicine
analogs (12, 14, 16, and 18) all displayed strong cyto-
toxic activities as well. Concerning the isocolchicine
analogs, compounds 7, 13, 15, and 19 were significantly
more active than the parent isocolchicine. Most note-
worthy was compound 7 (ICso =93 nM) which dis-
played strong antiproliferative activity. Remarkably,
compound 7 possessed stronger activity than the colchi-
cine analog 12. The remaining isocolchicines (17 and
21) possessed cytotoxicities of 10,250 and 5700 nM,
respectively.

In conclusion, a series of B-ring C-7 substituent mod-
ified colchicine and isocolchicine analogs were synthe-
sized and evaluated for antimicrotubule and cytotoxic
activity. The colchicine derivatives all displayed strong
potencies with 12 possessing the strongest antimicrotu-
bule inhibition and 6 and 20 displaying a more potent
cytotoxicity against PC3 than colchicine. Interestingly,
compound 6 was 5-fold less active in the MTP assay as
compared to colchicine. Previous studies have indicat-
ed that the association rate of colchicine analogs bind-
ing to tubulin is affected by the C-7 substituent.??
Thus, 6 may bind slower to tubulin than colchicine
which could explain its lower potency in the MTP as-
say (fixed/short incubation time) as compared to the
cytotoxicity experiments (3 days incubation time)
where kinetics should not be a factor. A most notewor-
thy finding was the potency displayed by isocolchicine
compounds 15 and 17. Previous studies have indicated
that select isocolchicine analogs (aromatic C-7 side
chains) may be able to interact with o-tubulin through
their B-ring substituent thereby increasing their overall
binding affinity for the protein.® Compounds 15 and 17
could likely interact with tubulin in a similar manner
which would explain their improved activity as com-
pared to inactive isocolchicine. A most unexpected re-
sult in the iso series was the relatively high activity of 7
in both the MTP and cytotoxic assays. In fact, com-
pound 7 surprisingly displayed a stronger inhibition
against PC3 cell lines as compared to colchicine deriv-
ative 12. In further studies, we will focus on determin-
ing the association rate of 6 with tubulin as compared
to colchicine. In addition, we will synthesize analogs of
7 (-NHCH,CH,COCHj3;, etc.) to further explore the
SAR of isocolchicinoids of this type.
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Abstract—MTAN has been known to occur in a variety of bacterial cell types. Due to the evolution of bacterial strains which are
resistant to some of the most powerful antibiotics there has been a renewed interest in the development of novel anti-microbial
agents. Presented herein is a synthesis of a potent MTAN inhibitor, namely 2-amino-4-[5-(4-amino-5H-pyrrolo[3,2-d]pyrimidin-

7-y1)-3.,4-dihydroxypyrrolidin-2-ylmethylsulfanyl]-butyric acid (1).

© 2006 Elsevier Ltd. All rights reserved.

5’-Methylthioadenosine/S-adenosylhomocysteine nucle-
osidase (MTAN) catalyzes the hydrolysis of 5’ methylthi-
oadenosine (MTA) to adenine and 5’-methylthioribose
(MTR), and the hydrolysis of S-adenosylhomocysteine
(SAH) to adenine and S-ribosylhomocysteine (SRH).!
MTAN occurs in a variety of bacterial cell types (both
Gram-positive and Gram-negative).

Inhibition of MTAN may have several important effects.
First, MTA is produced as a byproduct during the for-
mation of spermadine by the action of spermadine syn-
thase.>> MTA is a potent inhibitor of spermadine
synthase. Therefore, the buildup of MTA, which may
occur as a result of MTAN inhibition, may result in de-
creased polyamine biosynthesis.*® Polyamines are pos-
tulated to play key roles in growth processes and the
regulation of DNA synthesis. Therefore, inhibition of
MTAN may impact the regulation of cell growth and/
or DNA synthesis.

Second, MTAN inhibition would block the methionine
salvage pathway in bacterial cells. In the bacterial methi-
onine salvage pathway, MTA is converted to MTR by
MTAN. MTR is then acted on by a pathway of bacte-
rial enzymes to produce methionine and S-adenosylme-
thionine. S-Adenosylmethionine is an important methyl
donor in a variety of intracellular reactions.®!° Inhibit-
ing the conversion of MTA will block methionine sal-

Keywords: Purine pathway; PNP.
* Corresponding author. Tel.: +1 205 444 4606; fax: +1 205 444
4640; e-mail: babu@biocryst.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.02.029

vage and will also impact reactions dependent on
methyl transfer from S-adenosylmethionine.

Finally, MTAN inhibition may impact the production
of various autoinducer (AI) molecules important for a
variety of bacterial functions.!'-'> AT molecules are in-
volved in a bacterial process termed ‘quorum sensing’,
whereby the bacteria can monitor the presence of other
bacteria in their surroundings by producing and
responding to various Al molecules. In this manner
the bacteria can determine a count of other bacteria
and modulate their responses accordingly. A variety of
behaviors are controlled by this quorum sensing path-
way. These behaviors generally require a group of bac-
teria to carry out the behavior in synchrony to be
effective and include bioluminescence, expression of vir-
ulence factors, biofilm formation, conjugation, and pig-
ment production. MTAN is involved in the regulation of
both the AI-1 and AI-2 pathways.

As a result, MTAN is an important target for the devel-
opment of novel anti-microbial agents. Such new anti-
microbial agents may provide alternate treatment to
recently reported ‘super-bugs’ that are resistant to even
the most powerful of the currently used antibiotics.
Since MTAN is not present in humans, this new class
of MTAN inhibitors would not be expected to harm
the host.

MTAN shares certain structural features with 5'-
methylthioadenosine phosphorylase (MTAP). MTAP
is an enzyme found in a variety of organisms, including
humans, and catalyzes the reversible phosphorolysis of
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CO,H
Rl= CH2CH2C{{
NH,
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Figure 1. Inhibitor of MTAN, compound 1.

MTA to adenine and 5’-methylthioribose-1-phosphate
(MTR-1P).13°1¢ Both MTAN and MTAP have active
sites that can be divided into three discrete regions: (i)
the adenine/purine binding region; (ii) the ribose binding
region; and (iii) the 5’-alkylthio binding region. While
MTAN and MTAP possess certain similarities, there
are also dissimilarities. The ribose binding site of
MTAN lacks the amino acid contacts to coordinate a
phosphate anion. As a result, MTAN is a nucleosidase
rather than a reversible phosphorylase. In addition,
the 5’-alkylthio binding site is somewhat more extended
in MTAN than in MTAP.

Over the past two decades various groups have investigat-
ed potent inhibitors of MTAP.!” Recently, Schramm and
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co-workers have reported a novel class of aza-C-nucleo-
sides which are very potent against MTAP.!® Based on
the similarity of the crystal structures of MTAP and
MTAN, we proposed the replacement of the 5’-hydroxyl
group with 5’-thio-L-homocysteine and 6-oxo with
6-amine which could give an inhibitor selective for
MTAN. Herein we describe the synthesis of one of the
potent inhibitor of MTAN (Fig. 1), namely 2-amino-4-
[5-(4-amino-5H-pyrrolo[3,2-d]pyrimidin-7-yl)-3,4-dihydr-
oxypyrrolidin-2-ylmethylsulfanyl]-butyric acid (1).

The target aza-C-nucleoside, 1, was successfully pre-
pared using the methodology as outlined in Scheme 1.
Our ultimate selection of route was based on early work
from our group in which a substituted aldehyde was
used to construct a substituted amino pyrrole, which
was further elaborated to a pyrrolo[3,2-d]pyrimidine
derivative.'”

Compound 2, synthesized by a previously known
method,?® was treated with a catalytic amount of
DMAP and triethylamine followed by methylsulfonyl
chloride at ambient temperature. Upon workup of
the reaction, the crude mesylate was taken directly
to the next step without any further purification.
The thio group was introduced at the 5’-position using
BOC protected L-homocysteine thiolactone and sodi-

— l\l/Ie p—
BOC 1|30c IISOC N
| on N CN Nl Me
N b 1 RIS
HO a, R'S c CN d
II \ d \ OII ‘\
o>< X ><
2 3 — 4 —
2
x |
N
1|30c OH 1|30c N._CN 1|30c @ oN
R'S N | RIS N | R'S N
CN e CN g NH,
1 1 1 \ 1 \
Il \ I \ 7 \
5 6. R2=H 8. R%Z=CO,FEt
f h . 2
E7. R? = CO,Et E9. R’=H
CO,H NH,
Rl= CHZCH2C\H
NH,

Scheme 1. Total synthesis of MTAN inhibitor 1. Reagents and conditions: (a) MsCl, DMAP, TEA; (b) NaOMe, MeOH, [Boc]-L-homocysteine
thiolactone (66%, two steps); (c) BuOCH(NMe),; (d) THF/H*/H,O (65%, two steps); (¢) NH,CH,CN, NaOAc (E/Z mixture, 92%); (f) ethyl
chloroformate, DBN; (g) DBN; (h) 0.1 equiv Na,CO5 (54%, three steps); (i) formamidine acetate, EtOH (39%); (j) H*/MeOH (88%).
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um methoxide, which displaced the 5'-O-mesylate
group. Purification of the sample gave the desired
compound 3, as syrup in 66% yield (two steps). Treat-
ment of 3 with tert-butoxy-bis(V,N-dimethylami-
no)methane (Bredereck’s reagent) in DMF at 70 °C
for 1 h gave the enamine 4, which was used without
any purification. The crude enamine was subjected
to mild acid hydrolysis to afford 5, as syrup (65%,
two steps). The "H NMR spectra of 4 and 5 indicated
that they were single isomers.”?! Compound 5 was
treated with aminoacetonitrile and sodium acetate at
ambient temperature and chromatographed to give 6
as a mixture of E/Z diastereomers, as indicated by
NMR spectra.

Based on our earlier experience the enamine nitrogen
had to be protected to affect a cyclization to the pyrrole
under basic conditions. Conversion of 6 to 9 was conve-
niently carried out as a one-pot reaction. Compound 6,
was temporarily protected as the carbamate by treat-
ment with ethyl chloroformate in the presence of one
equivalent of DBN at 0 °C for 1 h. Addition of another
equivalent of DBN to the same pot followed by stirring
at ambient temperature gave the pyrrole 8. Evaporation
of the solvent followed by treatment with sodium car-
bonate furnished 9 (54%, three steps).>?> Treatment of
9 with formamidine acetate furnished 10 (39% yield).
Finally, compound 10 was deprotected under acidic con-
ditions to furnish the target molecule 1 (88% yield) as a
white solid.?3

Since MTAN catalyzes the hydrolysis of MTA to ade-
nine and MTR, the activity of the enzyme can be
determined by measuring the initial rate of reaction.
The K; value was determined by carrying out the reac-
tion in a final volume of 1 mL in the presence of fixed
concentrations of the substrate MTA (250 uM),
MTAN (10 nM), and potassium phosphate (100 mM)
at pH 7.4. The inhibitor concentrations were varied
from 0.01 to 1 uM. The enzyme was first pre-incubat-
ed with the inhibitor at rt for 10 min. The reaction
was Initiated by adding substrate into the tubes
containing the pre-incubated enzyme plus the inhibi-
tor. The reaction mixture was then immediately
transferred into quartz cuvettes (10 mm), and the de-
crease in absorbance at 275nm was recorded at
25 °C for 10 min using a Cary 3E UV-spectrophotom-
eter (Varian).

The K; values for the inhibitor were extrapolated by fit-
ting the initial rate and the corresponding inhibitor con-
centrations to the following equation:?

Vo Ko + [S]
Vo K+ I[S]+Knlll/K

where Vy is the rate in the presence of inhibitor, V
is the rate in the absence of inhibitor, [/] is the inhib-
itor concentration, [S] is the substrate concentration,
and K, is the Michaelis constant (0.5 uM). The K;
value for compound 1 was determined to be
1.7 nM. Compound 1 was not tested on MTAP as
we did not have easy access to the purified protein.

Second, MTAN accepts both 5'-methylthioadenosine
and S-adenosylhomocysteine as substrates, while
MTAP recognizes only 5-methylthioadenosine as
the substrate. The compound described in this manu-
script was an analog of S-adenosylhomocysteine and
we believe that it maynot be a potent inhibitor of
MTAP.

Acknowledgments
The authors thank Dr. K. A. Cornell, from the Depart-

ment of Chemistry, Boise State University for a gener-
ous gift of recombinant Escherichia coli MTAN.

References and notes

—

Tabor, C. W.; Tabor, H. Methods Enzymol. 1983, 94, 294,

2. Wallace, H. M.; Fraser, A. V.; Hughes, A. Biochem. J.
2003, 376, 1.

3. Singh, V.; Shi, W.; Evans, G. B.; Tyler, P. C.; Furneaux,
R. H.; Almo, S. C.; Schramm, V. L. Biochemistry 2004, 43,
9.

4. Wolford, R. W.; MacDonald, M. R.; Zehfus, B.; Rogers,
T. J.; Ferro, A. J. Cancer Res. 1981, 41, 3035.

5. Williams-Ashman, H. C.; Secidenfeld, J.; Galletti, P.
Biochem. Pharmacol. 1982, 31, 277.

6. Carteni-Farina, M.; Cacciapouti, G.; Porcelli, M.; Ragi-
one, F. D.; Lancieri, M.; Geraci, G.; Zappia, V. Biochim.
Biophys. Acta 1984, 805, 158.

7. Pegg, A. E.; Borchardt, R. T.; Coward, J. K. Biochem.
J. 1981, 194, 79.

8. Pajula, R. L.; Raina, A. FEBS Lett. 1979, 99, 343.

9. Sufrin, J. R.; Meshnick, S. R.; Spiess, A. J.; Garofalo-
Hannan, J.; Pan, X. Q.; Bacchi, C. J. Antimicrob. Agents
Chemother. 1995, 39, 2511.

10. Riscoe, M. K.; Ferro, A. J.; Fitchen, J. H. Parasitol.
Today 1989, 5, 330.

11. Schauder, S.; Shokat, K.; Surette, M. G.; Bassler, B. L.
Mol. Microbiol. 2001, 41, 463.

12. Chen, X.; Schauder, S.; Potier, N.; Van Dorsselaer, A.;
Pelczer, 1.; Bassler, B. L.; Hughson, F. M. Nature 2002,
415, 545.

13. Lee, J. E.; Cornell, K. A.; Riscoe, M. K.; Howell, P. L.
J. Biol. Chem. 2003, 278, 8761.

14. Lee, J. E.; Cornell, K. A.; Riscoe, M. K.; Howell, P. L.
Structure (Lond.) 2001, 9, 941.

15. Lee, J. E.; Settembre, E. C.; Cornell, K. A.; Riscoe, M. K.;
Sufrin, J. R.; Ealick, S. E.; Howell, P. L. Biochemistry
2004, 43, 5159.

16. Appleby, T. C.; Erion, M. D.; Ealick, S. E. Structure 1999,
7, 629.

17. (a) Lim, M.; Klein, R. S. Tetrahedron Lett. 1981, 22, 25;
(b) Kikugawa, K.; lizuka, K.; Higuchi, Y.; Hirayama, H.;
Ichino, M. J. Med. Chem. 1972, 15, 387; (c) Kikugawa, K.;
Ichiino, M. Tetrahedron Lett. 1971, 2, 87; (d) Lim, M.;
Ren, W.; Otter, B. A.; Klein, R. S. J. Org. Chem. 1983, 48,
780; (e) Lim, M.; Klein, R. S.; Fox, J. J. J. Org. Chem
1979, 44, 3826; (f) Montgomery, J. A.; Shortnacy, A. T.;
Thomas, H. J. J. Med. Chem. 1974, 17, 1197.

18. (a) Evans, G. B.; Furneaux, R. H.; Schramm, V. L.; Singh,

V.; Tyler, P. J. Med. Chem. 2004, 47, 3275; (b) Evans, G.

B.; Furneaux, R. H.; Lenz, D. H.; Painter, G. F;

Schramm, V. L.; Singh, V. C.; Tyler, P. C. J. Med. Chem.

2005, 48, 4679; (c) Singh, V.; Evans, G. B.; Lenz, D. H.;

Mason, J. M.; Clinch, K.; Mee, S.; Painter, G. F.; Tyler, P.





20.

21.

22.

V. P. Kamath et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2662-2665

C.; Furneaux, R. H.; Lee, J. E.; Howell, P. L.; Schramm,
V. L. J. Biol. Chem. 2005, 280, 18265.

. Kamath, V. P.; Ananth, S.; Bantia, S.; Morris, P. E.

J. Med. Chem. 2004, 47, 1322.

Tyler, P. C.; Furneaux, R. H.; Schramm, V. L. Bioorg.
Med. Chem. 1999, 7, 2599.

Compound 3: compound 2 (15.5g, 49.8 mmol) was
dissolved in dry CH,Cl, (300 mL) followed by the
addition of TEA (52.0 mL, 37.3 mmol) and a catalytic
amount of DMAP (0.12 g, 0.99 mmol). MsCl (5.80 mL,
74.7 mmol) was added slowly and the reaction mixture
was stirred for 1 h. The mixture was washed with H,O,
dried, filtered, and evaporated to syrup. The crude sample
was purified by column chromatography (hexanes/EtOAc,
7:3) to furnish the desired product (18.3 g, 94%) as a
syrup. The sample was re-dissolved in MeOH (300 mL)
followed by addition of 25% solution of sodium methoxide
(21.3 mL, 93.5 mmol) and tert-butoxy carbonyl protected
L-homocysteine (16.6 g, 76.8 mmol). The reaction mixture
was stirred for 20 h at 60 °C and then neutralized with
glacial acetic acid. The solvent was evaporated to a syrupy
residue. The crude sample was purified by column
chromatography (hexanes/EtOAc, 7:3) to furnish 3
(8.22 g, 32%) as a syrup. 'H NMR (300 MHz, CDCl5) &
4.80-4.60 (m, 2H), 4.00-4.50 (m, 4H), 3.77 (s, 3H), 2.50—
2.82 (m, 4H), 2.12 (s, 2H), 1.45-1.60 (m, 24H). HRMS
(M+Na)* caled for C,sH4iN30sS: 566.2506. Found:
566.2516.

Compound 5: compound 3 (7.87g, 14.5mmol) was
dissolved in dry DMF (70 mL) followed by addition of
tert-butoxy-bis(N, N-dimethylamino)methane (10.6 ml,
50.7 mmol). The reaction mixture was heated to 70 °C
for 1 h. Toluene was added and the reaction mixture was
washed with H,O, dried, filtered, and evaporated to give
compound 4. The crude sample was re-dissolved in THF/
acetic acid/H,O (1:1:1, v/v/v, 120 mL) and stirred at rt for
4h. The reaction mixture was extracted with CHCl;,
washed with H,O, satd NaHCO; and then dried, and
evaporated. The crude sample was purified by column
chromatography (hexanes/EtOAc, 7:3) to furnish 5 as a
syrup (5.36g, 65%, two steps). '"H NMR (300 MHz,
CDCl3) ¢ 7.18 (s, 1H), 4.80-5.00 (m, 2H), 4.40 (m, 1H),
4.05 (dd, 1H), 3.75 (s, 3H), 3.71 (m, 1H), 2.75 (dd, 1H),
2.58-2.70 (m, 3H), 1.90-2.20 (m, 2H), 1.30-1.60 (m, 24H).
HRMS (M+Na)* caled for CosHyN3O00S: 594.2455.
Found: 594.2466.

Compound 6: compound 5 (5.36g, 93.9 mmol) was
dissolved in MeOH (100 mL) followed by addition of
aminoacetonitrile (5.21 g, 56.3 mol) and NaOAc (7.70 g,
93.9 mmol). The reaction mixture was stirred at rt for
20 h. The solvent was evaporated to dryness and the crude
sample was chromatographed using hexane/EtOAc (1:1)

23.
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as eluent. The desired fractions were pooled together to
furnish 6 (5.25 g, 92%). The mixture was taken directly to
the next step. HRMS (M+Na)" calcd for C,gH43N5OgS:
632.2724. Found: 632.2751.

Compound 9: compound 6 (0.79 g, 1.30 mmol) was
dissolved in dry CH,Cl, (25 mL) followed by addition of
DBN (0.32mL, 2.60 mmol) and ethyl chloroformate
(0.18 mL, 1.95 mmol). The reaction mixture was stirred
at 0°C for 1h. Upon completion of the reaction as
indicated by TLC the reaction mixture was removed from
the cold bath and warmed to rt. DBN (0.32mL,
2.60 mmol) was added and then stirred for 20 h. The
solvent was evaporated to dryness and the crude product 8
was re-dissolved in MeOH (20 mL) followed by 0.1 equiv
solid Na,CO;3; and the mixture was stirred for 1 h. Upon
completion of the reaction the solvent was evaporated to
dryness and the crude sample was purified by column
chromatography (hexanes/EtOAc, 1:1) to give 9 (0.42 g,
54%, three steps). "H NMR (300 MHz, CDCls) 6 8.00 (br
s, 1H), 6.8 (d, 1H), 4.70-5.05 (m, 5H), 4.00-4.50 (m, 4H),
3.75 (s, 3H), 2.52-2.70 (m, 2H), 1.20-1.55 (m, 24H).
HRMS (M+H)+ caled for C28H43N50gSC 632.2724.
Found: 632.2723.

Compound 10: to a solution of 9 (0.42 g, 0.70 mmol) in
EtOH (20 mL), formamidine acetate (0.44 g, 4.21 mmol)
was added and the reaction mixture was refluxed for 20 h.
The solvent was evaporated to dryness and chromato-
graphed using (CH,Cl,/MeOH, 95:5) to give 10 (0.17 g,
39%). '"H NMR (300 MHz, CDCl3) 6 8.15 (br s, 3H), 7.60
(s, 1H), 7.45 (s, 1H), 7.45 (s, 1H), 5.23 (s, 2H), 4.81 (t, 1H),
4.00-4.30 (m, 3H), 3.65 (s, 1H), 2.55 (m, 2H), 2.00 (s, 3H),
1.2-1.5 (m, 24H). HRMS (M+H)" calcd for CoHNgO
§S: 637.3014. Found: 637.2997.

Compound 1: compound 10 (0.17 g, 0.27 mmol) was
dissolved in MeOH (5 mL) and 0.5 N NaOH. The reaction
mixture was refluxed at 75 °C for 2 h. Upon completion of
the reaction the solvent was evaporated to dryness. The
crude mixture was re-dissolved in MeOH (20 mL) and
concd HCI (3 mL) and then heated to 50 °C for 1 h. The
solvent was evaporated to dryness and the residue
was co-evaporated with EtOH to give a white powder.
The product was purified by HPLC and the appropriate
fractions were pooled together to give a solid residue.
The residue was dissolved in H,O (8 mL), filtered
through a Millipore filter (0.25 p), and lyophilized to give
1 (88 mg, 88%) as a white solid. '"H NMR (300 MHz,
D,0) § 8.24 (s, 1H), 7.85 (s, 1H), 4.87 (t, 2H), 4.43 (t, 1H),
3.87 (m, 1H), 3.82 (m, 1H), 3.00-3.30 (m, 2H), 2.80 (t, 2H),
2.20 (m, 2H). '*C NMR 6 174.4, 150.5, 147.4, 131.1, 113.8,
106.8, 73.4, 72.9, 63.6, 57.1, 54.1, 31.7, 30.6, 27.3, 8.8.
HRMS (M+H)" caled for C;sHNgO,S: 383.1496.
Found: 383.1504.
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Abstract—?2-(4-Fluorophenyl)-3-(4-pyridinyl)-5-substituted pyrroles were prepared and evaluated as anticoccidial agents in both
in vitro and in vivo assays. Among the compounds evaluated, the dimethylamine-substituted pyrrole 19a is the most potent inhibitor
of Eimeria tenella PKG (cGMP-dependent protein kinase). Further SAR studies on the side chain of the 2-pyrrolidine nitrogen did
not enhance in vivo anticoccidial activity.

© 2006 Elsevier Ltd. All rights reserved.

Coccidiosis is a parasitic disease which is the major
cause of morbidity and mortality in the poultry indus-

try. Commercial poultry operations would be very costly

without the use of effective anticoccidial agents. Resis- ~COMe
tance to existing coccidiostats is becoming widespread ’
and new broad-spectrum economic drugs directed at .

novel biochemical targets are needed. Coccidiosis is

caused by the invasion of protozoan parasites of the 3

genus Eimeria into various sites in the intestine of the b = 1 W
bird and causing damage to the intestinal lining.! Earlier N
reports>3on studies of Eimeria tenella (Et) demonstrated E 3

that inhibition of a cyclic GMP-dependent protein ki-
nase (PKG) stops the life cycle of the parasites, and thus ) COH « CONMe,
prevents the disease from spreading. Early SAR studies I
from our laboratories showed that diaryl pyrroles are

Et-PKG inhibitors with in vivo anticoccodial activi- F 4 F 5
ty.# % In this paper, we present the synthesis and SAR N7

studies of 2,3-diaryl pyrroles with various substituents — - B

at the 5-position. N

To evaluate these compounds as anticoccidial agents, an
enzyme inhibition assay against the native E. tenella
c¢GMP-dependent protein kinase (Et-PKG) was used 1
for initial in vitro screening. A 7-day in feed model
was carried out to evaluate their in vivo efficacy in

Scheme 1. Reagents and conditions: (a) 4-chloro-3-methoxy-2-bute-
nate, DBU, CH,Cl,, —78 °C; (b) NH40Ac, HOAc, 90 °C; (c) KOH,,

Keyword: Anticoccidial. EtOH, reflux; (d) dimethylamine, EDC, THF; (¢) BH;- THF complex,
* Corresponding author. Tel.: +1 732 594 3924; fax: +1 732 594 reflux; (f) BrCH,COCO,Et, DBU, CH,Cl,, —78 °C; (g) NH4OAc,
5790; e-mail: xiaoxia_gian@merck.com HOACc, 90 °C.

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.01.041



mailto:xiaoxia_qian@merck.com



2818 X. Qian et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2817-2821

Table 1. Et-PKG inhibition and anticoccidial activities of 2-(4-fluorophenyl)-3-(4-pyridinyl)pyrrole analogues

N=
N/

Compound R Et-PKG inhibition Anticoccidial activity at
ICso* (nM) 100 ppm in feed*
E.t. E.a.
4 -CH,CO,H >1000 0 0
5 -CH,CONMe, 0 0
6 *(CHz)zNMez 2 2
8 -CO,Et 430 0 0
#Values are means of three experiments and the same for other tables.
Table 2. Et-PKG inhibition and anticoccidial activities of 2-(4-fluorophenyl)-3-(4-pyridinyl)pyrrole analogues
N=
\_/
\
N R
F H
Compound R Et-PKG inhibition ICsy (nM) Anticoccidial activity at
100 ppm in feed*
E.t. E.a.
14a —(CH,);NMeEt 4.1 0 0
6 7(CH2)2NMe2 2.5 2 2
19a -CH,;NMe, 0.35 0 3
o ) 9 o ; prockeilures and rules of scoring were published in early
ab -P. N. ¢ K.
Ho PNy, — ?(Ij\)\/\/ Cbz —— wo
9 10

Scheme 2. Reagents and conditions: (a) Mel, K,CO3;, DMF; (b) n-
BuLi, CH3P(O)(CH;3),, THF, —-78°C; (c¢) 4-pyr-CHO, K,COs;,
CH;CN; (d) 4-F-PhCHO, thiazolium iodide, Et;N, EtOH, reflux; (e)
NH4OAc, HOAc, 90 °C; (f) LiAlH4, THF, reflux; (g) acetaldehyde,
NaBH(OACc);.

oocyst reduction against two major FEimeria species:
E. tenella (E.t.) and Eimeria acervulina (E.a.). Treat-
ments which provide at least 80% reduction in oocyst
production are rated (3), those with 50-79% are rated
(2), and those with <50% are rated (0). Details of these

The synthesis of 2,3-diaryl pyrrole analogues with vari-
ous S-substituents including carboxylic acid, ester,
amide, and amine is outlined in Scheme 1. The aryl ke-
tone 14 was alkylated with 4-chloro-3-methoxy-2-bute-
nate in the presence of DBU to yield keto ester 2,
which was cyclized with ammonium acetate in acetic
acid to give pyrrole ester 3. Hydrolysis of ester 3 affor-
ded acid 4, which was subsequently converted to
dimethyl amide 5 by EDC-mediated coupling. Borane
reduction of amide 5 yielded N,N-dimethyl amine 6. In
a similar manner, ethyl ester 8 was obtained via the for-
mation of diketone 7 by the coupling reaction of aryl ke-
tone 1 with ethyl bromopyruvate in the presence of
DBU, followed by cyclization as described above. These
analogues were evaluated in both in vitro and in vivo as-
says, and the results are summarized in Table 1.7

When the substituents of the side chain of the pyrrole
are carboxylic acid (4) or ester (8), compounds are inac-
tive both in vitro and in vivo. Although dimethyl amide
5 is a potent Et-PKG inhibitor, it has no in vivo efficacy.
Dimethylamine 6, however, has improved Et-PKG inhi-
bition potency as well as in vivo efficacy. The in vivo
anticoccidial activity of the amine side chain is consis-
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Table 3. Et-PKG inhibition and anticoccidial activities of 2-(4-fluorophenyl)-3-(4-pyridinyl)pyrrole analogues
N=
\_/
\
N R
F H
Compound R Et-PKG inhibition Anticoccidial activity
ICso (nM) 100 ppm in feed*
E.t E.a.
|
19a «_N_ 0.35 0 3
|
14b IN\ 0.71 2 3
|
24 \(‘N7 1.0 0 3
19 ~ N 13 0 0
|
14c \(NJ 2.7 0 0
19 O 37 0 0
~_N
19d 9 7.6 0 0
N
19e 13 0 0

Scheme 3. Reagents and conditions: (a) NaHMDS, allyl bromide,
DMSO; (b) O;, MeOH, 0 °C, then (CHj3),S; (c) NH4OAc, HOAc,
90 °C; (d) DMF, POCIl;, 90 °C then aq NaOAc, 90 °C; (e) amines,
BH;Pyr, EtOH.

tent with early observations from other studies in our
laboratories* ® that a basic amine is essential at this
position. These results led us to explore the length of

the side chain and the effect of different substituents
on the nitrogen of the amine group.

The synthesis of the y-alkylamine analogue 14a (in Ta-
ble 2) was carried out as shown in Scheme 2. Methyla-
tion of N-Cbz-y-amino butyric acid 9 followed by
treatment of the resulting methyl ester with the anion
of methyl phosphonate yielded the intermediate 10.
Horner—Emmons reaction of 10 with 4-pyridine alde-
hyde yielded ketone 11. Stetter reaction of 11 using 4-
fluorophenyl aldehyde and thiazolium salt afforded the
key intermediate diketone 12. Cyclization and lithium
aluminum hydride reduction provided amine 13, which
was reductively alkylated with acetylaldehyde to give
14a. The same method with N-Cbz-o-amino-3-meth-
ylbutyric acid and methyl 1-methylpipecolinate as start-
ing materials provided compounds 14b and 14c,
respectively (in Table 3).

The analogues with an a-alkylamine group side chain
19a—e shown in Table 3 were prepared by reductive ami-
nation of aldehyde 18 with a variety of amines. The syn-
thesis of these compounds is outlined in Scheme 3.
Alkylation of aryl ketone 1 with allyl bromide and sodi-
um Dbis(trimethylsilyl)amide followed by ozonolysis
yielded 16. Formation of pyrrole 17 was accomplished
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Table 4. Et-PKG inhibition and anticoccidial activities of 2-(4-fluorophenyl)-3-(4-pyridyl)-5-pyrrolidinyl pyrrole analogues

N=
N/

\

R
N

F
Compound R Et-PKG inhibition ICsy (nM) Anticoccidial activity
100 ppm in feed*
E.t. E.a.
25 H 3.1 2 0
24 CH; 1.0 0 3
26a —~CH,CH,OH 2.1 0 0
26b (S)-CH,CHOHCHj; 2.8 3 0
26¢ (R)-CH,CHOHCHj 33 0 0
26d —CONHCH; 2.3 0 0
26e —-CO,CH,Ph 2.7 0 0
26f —SO,(4-F-Ph) 1.5 0 0
Cbz group provided 25, which was further modified
§ cbe e o § o . at the pyrrolidine nitrogen by acylation, sulfonyla-
HOO N ——— N —— tion, and alkylation to provide analogues 26a—f (in
Table 4).
20 21
The data presented in Table 2 compare the activities
of analogues with the side chain from C-1 to C-3.
The y-alkylamine 14a is a potent Et-PKG inhibitor
(ICs5p=4.1nM), but has no in vivo anticoccidial
activity at 100 ppm against E.¢z. and FE.a., while the
B-alkylamine 6, Et-PKG (ICsq = 2.5 nM), caused par-
tial reduction of oocyst count (50-79%) at 100 ppm
against both E.z. and E.a. in feed. The shorter a-al-
kylamine side chain 19a (ICso=0.35nM) is one of
the most potent Et-PKG inhibitors and has full in vi-
vo anticoccidial activity (80-100%) at 100 ppm
against E.1.
B\
l For active Et-PKG inhibitors, the in vivo efficacy is
. ;'ﬁa_f R determined by many factors, such as absorption in both
host and parasites. Changes in the basicity and lipophil-
Scheme 4. Reagents and conditions: (a) (COCI),, DMF; (b) icity of the compound with various substituents on the

TMSCHN,, THF; (¢c) HCI, ether; (d) ketone 1, DBU, CH,Cl,,
—78 °C; (e) NH40Ac, HOACc, 90 °C; (f) LIALH, THF, reflux; (g) H»,
20% Pd/C, HOAc, MeOH; (h) epoxides or CH3;NCO, or Cbz-Cl, or
4-F-phenyl sulfonyl chloride.

as previously described. Reaction of 17 with phosphorus
oxychloride in the presence of dimethylformamide and
subsequent heating with aqueous sodium acetate gave
the aldehyde 18.

The substituted 2-pyrrolidine analogues 24, 25, and
26a—f shown in Table 4 were prepared in a similar
manner (Scheme 4). After conversion of N-Cbz pro-
line 20 to the acid chloride, the resulting compound
was treated with trimethylsilyl diazomethane followed
by aqueous work-up and displacement with hydrogen
chloride to yield the chloromethyl ketone 21. The
pyrrolidine 23 was obtained as described earlier.
Lithium aluminum hydride reduction of 23 gave N-
methyl compound 24, while hydrogenolysis of the

amine group might improve the bioavailability of these
compounds, and thus improve the in vivo anticoccidial
activity. Therefore, we prepared a series of a-alkylamine
analogues with different ring sizes (19b—e) and a-alkyl
branches (14b—c, 24). Their anticoccidial activities are
summarized in Table 3.

All the cyclic amine derivatives (19b—e, 24, and 14c) are
very potent Et-PKG inhibitors with ICsy in the low
nanomolar range. As the ring size gets larger from azeti-
dine (19b) to piperidine (19¢), their potencies drop
slightly. Introduction of oxygen or a hydroxyl group
on the piperidine ring (19d—e) resulted in decreased in vi-
tro activities. These results indicate neither the more
lipophilic groups nor the polar groups are tolerated at
this position. On the other hand, introducing an a-alkyl
branch generated mixed results. Although compound
14b showed no improvement in Et-PKG activity, it
has in vivo anticoccidial activity for both E.z. and E.a.
And N-methyl pyrrolidine 24 shows a slight drop in
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potency, but it retains the full in vivo anticoccidial activ-
ity for E.a., while the slightly less potent piperidine 14¢
has lost in vivo activity.

Modification on the nitrogen of 2-pyrrolidine 25 gave
analogues 26a—f shown in Table 4. In general, the sub-
stituents have little effects on Et-PKG inhibition. Most
derivatives have similar in vitro activities. For example,
the enantiomeric isopropanol 26b and 26¢ have similar
Et-PKG activity, but only 26b shows anticoccidial activ-
ity for E.t. at 100 ppm in feed. These results are different
from those observed for 4-piperidine pyrrole containing
a hydroxyl group*¢, while the compounds here do not
have a broad-spectrum of in vivo activity.

In summary, modification of 2-(4-fluorophenyl)-3-(4-
pyridinyl) pyrrole by introduction of various basic amines
at the 5-position has been examined. Most analogues have
good Et-PKG potency. Substitution of large lipophilic
groups or polar groups on the carbon o to the amine nitro-
gen is not tolerated. Compounds 19a and 14b are sub-
nanomolar inhibitors of Et-PKG. However, they did
not display a broad-spectrum of anticoccidial activity.
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Abstract—A new series of 1-N-thiocarboxamide-3-phenyl-2-pyrazolines 1-6 was synthesized by cyclization of different Mannich
bases with unsubstituted thiosemicarbazide. The reaction of cyclized pyrazoline derivatives 1-6 with 2,3-dichloroquinoxaline affor-
ded the title compounds 7-12. The structures of the new compounds were confirmed by elemental analyses as well as 'H, '>*C NMR,
IR and electronic spectral data. The HM1:IMSS strain of Entamoeba histolytica parasite was cultured in vitro and the sensitivity of
the parasite to the synthesized compounds was evaluated using the microdilution method. Among all the pyrazoline derivatives 1-6,
none was found to be a better inhibitor as compared to the reference drug, metronidazole. The quinoxaline derivatives, 9, 11 and 12

were found to be potent inhibitors of E. histolytica.
© 2006 Elsevier Ltd. All rights reserved.

Amoebiasis is a protozoan infection caused by Entamoe-
ba histolytica. The prevalence of amoebic colitis, brain
and liver abscess is greater in developing world.!-?
Amoebiasis is the second leading cause of death world-
wide.> More than 50 million people are infected and up
to 110,000 of these die per annum.* There are numerous
antiamoebic compounds used in medical practice such
as nitroimidazoles. Metronidazole [1(B-hydroxyethyl)-
2-methyl-5-nitroimidazole] is the drug of choice for the
treatment of anaerobic protozoan and bacterial infec-
tions.> 1° Treatment failures among patients with amoe-
biasis often raise the possibility of drug resistance.'!
Therefore, it is desirable to search for new leads as
amoebicidal.

Pyrazolines, bicyclic pyrazolines and quinoxalines are
nitrogen-containing heterocyclic compounds, well
known for their pronounced anti-inflammatory activi-
ty.!>2% These compounds have been developed as
non-steroidal anti-inflammatory drugs. They block the
formation of prostaglandins and have analgesic, antipy-
retic and anti-inflammatory activity.?! The quinoxaline
antibiotics are a family of drugs that include the natural-
ly occurring triostin A and the synthetic derivative [/N-

Keywords: Mannich bases; Thiocarboxamide; Pyrazolines; Quinoxa-

line; Antiamoebic activity.

* Corresponding author. Tel.: +91 11 26981717/3253; fax: +91 11
26980229/1232; e-mail: amir_sumbul@yahoo.co.in

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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MeCys3,N-MeCys7]TANDEM.?? In view of the above
considerations and as part of our continuous efforts to-
wards the identification of more potent amoebicidal,?*
23 we report herein the synthesis of new 1-N-thiocarbox-
amide-3-phenyl-2-pyrazolines 1-6, their quinoxaline
derivatives, 1-(thiazolo[4,5-b]quinoxaline-2-yl)-3-phen-
yl-2-pyrazolines 7-12 and in vitro screening of these
compounds against HM1:IMSS strain of E. histolytica.
To the best of our knowledge, this is the first report of
cyclized pyrazoline derivative having a quinoxaline
moiety and showing very encouraging results as regards
in vitro activity against E. histolytica.

Mannich bases of different ketones (0.2 mol) were
prepared by the reaction with paraformaldehyde
(0.26 mol) and dimethylamine hydrochloride (0.26 mol)
under reflux in a mixture of 35mL of ethanol and
0.5 mL of concd HCI. The reaction works best when a
minimum amount of ethanol and 2 mL of acid/mol ke-
tone are added. After cooling, 200 mL of acetone was
added. The crystals formed were collected, washed with
acetone and dried in vacuo. The methyl phenyl ketone
and ethyl phenyl ketone gave high yields of about 60—
90%, while the yields for 3-bromo and 3-chloro acetoph-
enone and propeophenone in the Mannich reaction were
lower in the range of 30-60%. The Mannich bases have
been reported earlier.>>?® Mannich reaction product
(0.5 mmol) was cyclized with unsubstituted thiosemicar-
bazide (0.5 mol) under basic conditions in methanol
(5 mL) to give 1-N-thiocarboxamide-3-phenyl-2-pyrazo-
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lines 1-6. According to the currently accepted mecha-
nism>”?8 the formation of the cyclized pyrazoline deriv-
atives i1s favoured via thiosemicarbazone formation,
which undergo cyclization under basic conditions to
form the desired pyrazoline ring in all the compounds.
The product mixture contained only unreacted starting
material and the cyclization product, which was purified
by column chromatography using silica gel 60 F,s4, elut-
ed with dichloromethane-methanol (98:2) to give crys-
talline solid compounds but in low yield. All the
cyclized pyrazoline compounds were obtained in
moderate yields (30-50%). The refluxing of 1-N-thio-
carboxamide-3-phenyl-2-pyrazolines 1-6 (0.01 mol)
with 2,3-dichloroquinoxaline (0.01 mol) in absolute eth-
anol (15 mL) gave the corresponding fused 1-(thiazolo-
[4,5-b]quinoxaline-2-yl)-3-phenyl-2-pyrazolines 7-12
(Scheme 1). All the compounds were obtained in good
yields and are stable in the solid as well as in the solution
state. Analytical and spectral data (IR, electronic, and
'H and '*C NMR) are in good agreement with the com-
position of the compounds.?® Other analytical and phys-
icochemical data of the compounds are presented in
Table 1. The purity of the compounds was established
by thin-layer chromatography (TLC) and elemental
analyses. Selected diagnostic bands of the IR spectra
of 1-N-thiocarboxamide-3-phenyl-2-pyrazolines 1-6
and 1-(thiazolo[4,5-b]quinoxaline-2-yl)-3-phenyl-2-pyr-
azolines 7-12 were very informative and provided evi-
dence for the formation of the expected structures.
The compounds 1-6 showed intense bands at 1021-—
1098 cm™ " due to the v(C=S) stretch of the thiocarbox-
amide group, while the compounds 7-12 showed this
band at 991-1094 cm™!. A strong band due to v(C=N)
stretch was observed in the compounds 1-6 at 1530-
1598 cm ™! because of the ring closure. The compounds
7-12 showed two strong bands at 1558-1663 and
1507-1593 cm™! due to v(C=N) stretch of azomethine
nitrogen of pyrazoline ring and quinoxaline ring, respec-
tively. In addition, the absorption band at 1125-
1187 cm ™! in compounds 1-6 and at 1140-1213 cm ™!
in compounds 7-12 was attributed to the v(C-N) stretch
vibrations, which also confirm the formation of desired
pyrazoline ring in all the compounds. The compounds

1-6 showed additional sharp bands in the region
3197-3334 cm ! due to the v(NH)stretch. The electronic
spectra of the compounds 1-6 studied in the UV region
exhibited three absorption bands at 369.2-293.3, 274.6—
237 and 228-204 nm assignable to n —n*, 1 — 1" and
n — ¢" transitions, respectively. The UV spectral data
of quinoxaline derivatives 7-12 were also studied which
showed the same type of transitions as observed in com-
pounds 1-6. They showed three spectral bands at 388.3—
299, 287-248 and 239-204 nm assigned to n — w",
n— 7" and n— o transitions of thiocarboxamide
group (C=S), aromatic ring and azomethine nitrogen,
respectively. In the '"H NMR spectra, the pyrazoline
protons at C4 and Cs carbons in compounds 1-3 and
7-9 appeared as broad triplets at 3.2-3.36 (J=7.14-
9.0 Hz) and 4.18-4.42 (J=6.87-9.0 Hz) ppm, respec-
tively. The CH, protons of the pyrazoline ring in
compounds 4-6 and 10-12 were resonated as a pair of
doublets of doublets at 4.43-4.99 (J=4.5-6.82, 8.5-
11.93 Hz) and 4.06-4.64 (J=4.5-6.82, 8.5-11.9 Hz).
The CH proton of the pyrazoline ring in the same com-
pounds was observed as a multiplet at 3.5-3.87 ppm.
The strong deshielding of the Cs protons compared with
that of the C4 protons of the pyrazoline ring can be
assumed due to its conformation A.3°

The CH; protons at C4 carbon of the pyrazoline ring in
compounds 4-6 and 10-12 showed a doublet at 1.12—
1.36 (J = 5.01-6.66 Hz). The NH proton of thiocarbox-
amide group of the compounds (1-6) showed a singlet at
7.88-8.90 ppm. The protons belonging to the aromatic
ring and quinoxaline ring showed multiplet at 6.09—
8.23 ppm. In the *C NMR spectra, the C4 and Cs car-
bons of the pyrazoline ring in compounds 1-12 resonate
at 42.8-53.2 and 71.2-77.4 ppm, respectively. The com-

R HClcH

H / 3

X/Q\%A/N\CHS
o
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¢
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S
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Scheme 1. Reagents and conditions: (i) methanol, NaOH, reflux; (ii) absolute ethanol, reflux.
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Table 1. Analytical and physicochemical data of pyrazoline and quinoxaline derivatives (1-12)

S. No. Compound/stoichiometry Colour Yield (%) Mp (°C) Found (Calcd)
C H N
1 3-Ph-2-Pz-1-TC/C;oH | N3S Dark yellow 45 118 58.49 (58.53) 5.37 (5.36) 20.62 (20.48)
2 3-3-BrPh-2-Pz-1-TC/C;oH;(N3SBr Light yellow 38 141 42.29 (42.25) 3.47 (3.52) 14.62 (14.78)
3 3-3-CIPh-2-Pz-1-TC/C;oH(N3SCl Cream 35 175 50.15 (50.10) 4.15 (4.17) 17.48 (17.54)
4 3-Ph-4-Me-2-Pz-1-TC/C;1H3N3S Pale yellow 51 97 60.54 (60.27) 5.88 (5.93) 18.97 (19.20)
5 3-3-BrPh-4-Me-2-Pz-1-TC/CH,N;SBr Brownish yellow 44 92 44.35 (44.29) 4.11 (4.02) 14.01 (14.09)
6 3-3-CIPh-4-Me-2-Pz-1-TC/C;H{,N3SCl Light yellow 38 107 52.19 (52.07) 4.47 (4.73) 16.62 (16.57)
7 3-Ph-2-Pz-1-Tz-Qz/C,sH3N;sS Pale yellow 70 117 65.29 (65.26) 3.81(3.93) 21.08 (21.15)
8 3-3-BrPh-2-Pz-1-Tz-Qz/C;gH,N5SBr Creamish yellow 55 174 52.55(52.68) 2.91(2.93) 17.02 (17.10)
9 3-3-CIPh-2-Pz-1-Tz-Qz/C,3sH,NsSCl Dark brown 49 167 59.06 (59.10) 3.22 (3.28) 19.14 (19.15)
10 3-Ph-4-Me-2-Pz-1-Tz-Qz/C19H;5NsS Yellow solid 63 147 66.11 (66.10) 4.29 (4.35) 20.22 (20.30)
11 3-3-BrPh-4-Me-2-Pz-1-Tz-Qz/C19H 4NsSBr  Light yellow 46 179 53.69 (53.78) 3.32(3.30) 16.45 (16.51)
12 3-3-CIPh-4-Me-2-Pz-1-Tz-Qz/C19H14,N5SCl  Yellow 41 184 60.05 (60.10) 3.61 (3.70) 18.39 (18.45)

pounds 1-6 showed a signal at 153.1-156.4 ppm was
assigned due to the azomethine carbon of pyrazoline
ring. The compounds 7-12 showed two signals at
151.1-155.9 and 141.7-146.2 ppm due to azomethine
carbon of the pyrazoline ring and quinoxaline ring,
respectively. Thiocarboxamide carbon (C=S) displayed
a signal at 169.2-181.2 ppm in all the compounds. The
signals from 120.2-140.4 ppm were assumed due to the
aromatic carbons in compounds 1-12.

All the compounds (1-12) were screened in vitro for
antiamoebic activity against HMI:IMSS strain of F.
histolytica by the microdilution method.3' E. histolytica
trophozoites were cultured in TYIS-33 growth medium
as described previously in wells of 96-well microtitre
plate.3> All the compounds were dissolved in DMSO
(40 uL) at which level no inhibition of amoeba oc-
curs33* and the stock solutions of the compounds were
prepared freshly before use at a concentration of 1 mg/
mL. The ICsq values in pM are given in Tables 2 and
3. Metronidazole was used as the reference drug and
had a 50% inhibitory concentration (ICsy 1.69—
1.82 pM) in our experiments. The results were estimated
as the percentage of growth inhibition compared with
the untreated controls and plotted as probit values as
a function of the drug concentration. The ICs, and
95% confidence limits were interpolated in the corre-

Table 2. In vitro antiamoebic activity of thiocarboxamide-3-phenyl-2-
pyrazolines derivatives against HMI1:IMSS strain of Entamoeba

histolytica
H,
X N
N/ <N
S

X
Compound X R 1Cso (M) SD?*
1 H H 17.2 0.15
2 Br H 13.2 0.18
3 Cl H 8.7 0.04
4 H CH; 10.2 0.11
5 Br CH3 5.9 0.65
6 Cl CH; 4.4 0.37
Metronidazole 1.82 0.31

#Standard deviation.

Table 3. In vitro antiamoebic activity of 1-(thiazolo[4,5-b]quinoxaline-
2-yl)-3-phenyl-2-pyrazolines derivatives against HM1:IMSS strain of
Entamoeba histolytica

Compound X R 1Cso (UM) SD?
7 H H 6.76 0.20
8 Br H 4.98 0.11
9 Cl H 1.09 0.08
10 H CH; 2.34 0.23
11 Br CH3; 1.45 0.14
12 Cl CH3; 0.72 0.10
Metronidazole 1.69 0.24

#Standard deviation.

sponding dose-response curve. The pyrazoline deriva-
tives 1-6 showed an ICs, value in the range 17.2—
4.4 uM. Out of six compounds in pyrazoline series,
compound S with 3-bromo and 4-methyl substitution
and compound 6 with 3-chloro and 4-methyl substitu-
tion showed the low ICsy values (5, ICsy = 5.9 uM; 6,
1Csy = 4.4 uM). The conversion of compounds 1-6 into
quinoxaline derivatives 7-12 results in the increase of
their antiamoebic activity. They showed ICsy in the
range 6.76-0.72 uM. Among all the quinoxaline deriva-
tives, the compounds having 3-chloro (9, ICsq=
1.09 uM), 3-bromo-4-methyl (11, ICsy = 1.45 uM) and
3-chloro-4-methyl (12, ICsy=0.72 uM) substitutions
on the pyrazoline ring were distinctly more potent.
The compound 12 is the most active among the series.
The results were statistically evaluated by analysis of
variance. The null hypothesis was tested using ¢ test.
The significance of the difference between the ICsq val-
ues of metronidazole and the compounds 9, 11 and 12
was evaluated by ¢ test. The values of the calculated ¢
were found to be higher than the table value of ¢ at
5% level, thus concluding that the character under study
is said to be significantly influenced by the treatment. All
the 3-bromo and 3-chloro substituted cyclised pyrazo-
line derivatives were found to be more active than their
respective unsubstituted analogues. It was concluded
that the presence of 3-bromo or 3-chloro substituents
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on the phenyl ring and 4-methyl group on the pyrazoline
ring greatly effects antiamoebic activity. Detailed studies
of the toxicity, in vivo and mechanism of action of these
compounds are in progress.
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All the new compounds (1-12) gave satisfactory spectral
data consistent with their proposed structures. Selected
spectral data for compounds 1-12. Compound 1 A«
(nm): 367.7, 231.6, 319.8, 227, 220.2, 208; Vyax (cm™)):
3273 (NH), 1588 (C=N), 1161 (C-N), 1096 (C=S); 'H
NMR (CDClL): (6, ppm) 7.74 (s, 2H, NH5), 7.21-7.67 (m,
5H, Ar-H), 4.41 (t, 2H, CH,, J=7.89 Hz), 3.35 (t, 2H,
CH,, J=17.89 Hz); '*C NMR (CDCly): (6, ppm) 181.2
(C=S), 155.5 (C=N), 1354, 130.1, 127.7, 125.4, 123.8,
121.2 (Ar-C), 75.3 (CH,), 53.2 (CH,).
Com]i)ound 2 Amax (nm): 324.7, 304, 237, 210.1; vpax
(em™): 3334 (NH), 1570 (C=N), 1166 (C-N), 1071
(C=S); '"H NMR (CDCl,): (9, ppm) 7.88 (s, 2H, NH>),
7.26-7.75 (m, 4H, Ar-H), 4.42 (t, 2H, CH,, J = 8.45 Hz),
3.36 (t, 2H, CH,, J=8.45Hz); '3C NMR (CDCl,): (4,
ppm) 176.3 (C=S), 156.1 (C=N), 133.6, 130.3, 125.3—
122.9 (Ar-C), 77.4 (CH,), 48.4 (CH,).
Com;l)ound 3 Jmax (cm’l): 369.2, 328, 239, 227, 204; Vimax
(em™Y): 3267 (NH), 1565 (C=N), 1187 (C-N), 1098
(C=S); 'H NMR (CDCl5): (8, ppm) 7.96 (s, 2H, NH,),
7.21-7.77 (m, 4H, Ar-H), 4.31 (t, 2H, CH,, J = 6.87 Hz),
3.31 (t, 2H, CH,, J=7.14 Hz); 3C NMR (CDCly): (4,
ppm) 177.2 (C=S), 153.1 (C=N), 132.8, 131.3, 124.3-
120.2 (Ar-C), 75.3 (CH,), 49.1 (CH,).
Com}?ound 4 Jax (cm™1): 358, 326, 249, 228, 204; Vinax
(em™): 3289 (NH), 1530 (C=N), 1125 (C-N), 1021
(C=S); '"H NMR (CDCl,): (4, ppm) 8.54 (s, 2H, NH>),
7.26-7.74 (m, 4H, Ar-H), 443 (dd, 1H, CH, J=4.5,
11.4Hz), 4.19 (dd, 1H, CH, J=4.5, 11.4), 3.82 (m, 1H,
CH), 1.36 (d,3H, CH;, J = 6.4); >*C NMR (CDCly): (4,
ppm) 177.8 (C=S), 156.4 (C=N), 133.5, 132.3, 127.5,
124.8-122.9 (Ar-C), 77.4 (CH,), 51.2 (CH), 11.6 (CHs;).
Compound 5 Apax (cm™Y): 341, 322.9, 307.9, 293.1, 274.6,
248.9, 228, 216, 206.1; vmax (cm~'): 3197 (NH), 1597
(C=N), 1139 (C-N), 1094 (C=S); '"H NMR (CDCls): (4,
ppm) 8.07 (s, 2H, NH>), 7.18-7.87 (m, 4H, Ar-H), 3.5-3.8
(m, 1H, CH), 4.93 (dd, 1H, CH, J=5.07, 10.22 Hz), 4.21
(dd, 1H, CH, J=5.07, 10.22 Hz), 1.12 (d, 3H, CH;,
J=5.01 Hz); '*C NMR (CDCl): (6, ppm) 177.4 (C=S),
155.2 (C=N), 131.8, 129.4, 127.8-122.2 (Ar-C), 71.2
(CH,), 42.8 (CH), 12.6 (CH3).
Compound 6 Amax (cm™'): 349.8, 321, 308, 293.3, 274.6,
249, 228, 216, 206; Vmax (cm™1): 3205 (NH), 1598 (C=N),
1138 (C-N), 1078 (C=S); 'H NMR (CDCl;): (8, ppm)
8.90 (s, 2H, NH,), 7.20-7.84 (m, 4H, Ar-H), 3.5-3.78 (m,
1H, CH), 4.68 (dd, 1H, CH, J = 6.82, 11.93 Hz), 4.06 (dd,
1H, CH, J=6.82, 1193Hz), 1.16 (d, 3H, CH;,
J = 6.66 Hz); '*C NMR (CDCl5): (8, ppm) 176.9 (C=S),
156.1 (C=N), 132.6, 129.7, 125.4-121.2 (Ar-C), 74.1
(CH,), 44.7 (CH), 11.4 (CH3).
Compound 7 Ay.x (nm): 388.3, 352.9, 309.8, 237.1, 213.8;
Vmax/em ™'z 3052 (arom. C-H), 1602 (C=N), 1534 (C=N),
1138 (C-N), 1077 (C=S); '"H NMR (CDCls): § 7.04-8.06
(9H, m, aryl-H), 4.18 (2H, t, CH,, J = 7.5 Hz), 3.23 (2H, t,
CH,, J=71.5Hz); 3C NMR (CDCly): (5, ppm) 176.3
(C=S), 155.9 (C=N), 144.2 (C=N), 136.2-122.8 (Ar-C),
77.4 (CH,), 48.4 (CH,).
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Compound 8 A,.x (nm): 338, 321, 244, 239, 225, 218,
204;vmax/em ™' 3118 (arom. C-H), 1663 (C=N), 1593
(C=N), 1140 (C-N), 1078 (C=S); 'H NMR (CDCl;): &
6.09-7.90 (8H, m, aryl-H), 4.3 (2H, t, CH», J=9.0 Hz),
3.2 (2H, t, CH,, J = 9.0 Hz); '3C NMR (CDCl5): (5, ppm)
175.2 (C=S), 154.2 (C=N), 1452 (C=N), 140.2-121.5
(Ar-C), 75.1 (CH,), 48.6 (CH,).

Compound 9 /. (nm): 357.1, 343, 299, 239.5, 209.5,
206.8; vadom™': 3118 (arom. C-H), 1620 (C=N), 1563
(C=N), 1140 (C-N), 1080 (C=S); '"H NMR (DMSO-dj):
(0, ppm) 7.11-8.23 (8H, m, aryl-H), 4.3 (2H, t, CH,,
J=8.17Hz), 3.3 (2H, t, CH,, J=8.17 Hz); '*C NMR
(DMSO-dg): (5, ppm) 170.4 (C=S), 152.2 (C=N), 141.7
(C=N), 138.2-120.8 (Ar-C), 72.3 (CH,), 46.5 (CH>).
Compound 10. A, (nm): 336.2, 322.2, 211, 209; viyay/
em™": 3042 (arom. C-H), 1622 (C=N), 1544 (C=N), 1147
(C-N), 1081 (C=S); '"H NMR (CDCl;): § 7.19-8.01 (8H,
m, aryl-H), 3.54-3.67 (m, 1H, CH), 492 (1H, dd, CH,
J=5.5,10.7Hz), 4.64 (1H, dd, CH, J = 5.8, 10.7 Hz), 1.19
(3H, d, CHs, J = 6.6 Hz); '*C NMR (CDCl3): (8, ppm)
169.2 (C=S), 155.2 (C=N), 142.7 (C=N), 138.2-124.9
(Ar-C), 76.5 (CH,), 47.2 (CH), 12.3 (CH3).

Compound 11 A, (nm): 335, 321, 309, 287, 248, 226, 216,
207; Vmaxfem ™! 2973 (arom. C-H), 1558 (C=N), 1507

30.

31.

32.

33.

34.

(C=N), 1213 (C-N), 1094 (C=S); 'H NMR (CDCl): &
7.16-7.93 (8H, m, aryl-H), 3.5-3.7 (m, 1H, CH), 4.95
(1H,dd, CH, J = 5.66, 8.5 Hz), 4.64 (1H, dd, CH, J = 5.66,
8.5 Hz), 1.12 (3H, d, CHj, J = 5.8 Hz); '*C NMR(CDCls):
(6, ppm) 179.5 (C=S), 151.1 (C=N), 145.2 (C=N), 139.7-
122.1 (Ar-C), 72.2 (CH,), 48.3 (CH), 11.2 (CHs).
Compound 12 4., (nm): 341, 308, 283, 258, 237, 214, 206;
Vmax/em ;3042 (arom. C—H), 1630 (C=N), 1584 (C=N),
1179 (C-N), 991 (C=S); 'H NMR (CDCls): § 7.27-8.05
(8H, m, aryl-H), 3.63-3.87 (m, 1H, CH), 4.99 (1H, dd, CH,
J=15.6, 8.5Hz), 421 (1H, dd, CH, J=5.6, 8.5 Hz), 1.24
(3H, d, CH3, J=4.8 Hz); '*C NMR (CDCly): (d, ppm)
179.5 (C=S), 152.1 (C=N), 146.2 (C=N), 140.4-122.8
(Ar-C), 74.1 (CH,), 49.2 (CH), 10.5 (CHy).
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Quinol fatty alcohols as promoters of axonal growth
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Abstract—The synthesis of three series of quinol fatty alcohols (QFAs) and their biological activities on the promotion of axonal
growth are described. Interestingly, the 15-(2,5-dimethoxyphenyl)pentadecan-1-ol, the QFA bearing 15 carbon atoms on the side
chain (n = 15), shows the most potent promotion of axonal growth in the presence of both permissive and non-permissive naturally

occurring substrates such as Sema3A and myelin proteins.
© 2006 Elsevier Ltd. All rights reserved.

The adult CNS has limited capacity for regeneration.
After a lesion has occurred, the site concerned under-
goes many cellular and chemical changes. The site of
lesion is invaded by a multitude of nerve cells such as
astrocytes, microglial cells, oligodendrocytes and pro-
genitor cells. This constitutes a mechanical barrier,
called the ‘glial scar’,! that axon extensions are unable
to cross. Moreover, these cells over-express many pro-
tein factors like myelin associated proteins (NOGO,
MAG and OMgp),? Sema3A,? chondroitin sulfate pro-
teoglycans all possessing strong inhibitory activity
towards axon extension.*> One therapeutic strategy
emerging from the above considerations is the use of
natural neurotrophic factors in order to improve neuron
survival, sprouting and axon extension. Nonetheless, the
major problems in applying neurotrophic factors are
their poor system penetration, relative instability and
wide range of local and systemic biological activities.®
To address these limitations, innovative therapeutics’
should consider the use of synthetic small molecules able
to mimic the biological effects of natural neurotrophic
factors while avoiding all the side effects.®

Initial screening of Chinese medicinal plants showed
that an w-alkanol, n-hexacosanol, possesses some neuro-
trophic effects.” The combination of this m-alkanol with
a retinol moiety gave tCFA15 (3-(15-hydroxypenta-

Keywords: Ubiquinol; Quinol fatty alcohols; Brain lesion; Glial scar;

Axonal growth; Myelin proteins; Sema3A.
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decyl)-2,4,4-trimethylcyclohexen-2-one). This  com-
pound is able to promote neuron survival and axon-
specific growth on inhibitory substrates such as Sema3A
or myelin associated proteins.!®!!

Despite the mechanical and chemical inhibitory proper-
ties of the glial scar, the local microglial activation re-
sults in an excessive cellular respiration that generates
an accumulation of reactive oxygen species' (ROSs) as
well as nitric oxide.'> ROSs attack cellular membranes
through a process called ‘lipid peroxidation’ which re-
sults in apoptotic cell death. Compounds that are able
to scavenge these oxidizing agents would be of particu-
lar interest to therapy. Synergistic effects have been ob-
served in drug combination studies of trophic factors
with antioxidants.'? As a result, various synthetic com-
pounds comprising an m-alkanol chain have proven to
be active towards nerve cells while maintaining a strong
antioxidant activity.!®!3

Ubiquinol, the antioxidant form of ubiquinone, is a
well-known antioxidant!®!7 and its biological activity
within the CNS is significant.'®!® Since the ubiquinone
moiety is structurally closely related to the antioxidant
moiety of tCFA1S5, we designed a new series of neuro-
trophic compounds combining both the trophic effect
of the w-alkanol chain and the radical scavenging capac-
ity of the hydroquinone ring.

In this study, we analyze the effects of quinol fatty alco-
hols (QFAs) as free radical scavengers and as promoters
of axonal growth. To our great surprise, we found that
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QFAs were able to counteract the inhibitory effects of
proteic factors present within the glial scar. Such effects
could lead to innovative therapeutic strategies for the
treatment of CNS injuries.

Brominated methoxybenzenes 5;_3 were the first interme-
diates needed to prepare the quinol fatty alcohols by
means of a Sonogashira palladium catalyzed cross-cou-
pling reaction. Compounds 5; and 5, were obtained, as
described in the literature, in one step by the bromination
of 1,4-dimethoxybenzene 2; and 1,2,4-trimethoxyben-
zene 2, by either the use of a N-bromosuccinimide®® or
bromine?! in dichloromethane, respectively. Compound
55 was obtained in three steps from 2,3,4-trimethoxyben-
zene carboxaldehyde 3 which was oxidized to 2,3,4-tri-
methoxyphenol 4 through a Baeyer-Villiger reaction.??
It was subsequently methylated with dimethylsulfate®3
in acetone and then brominated with NBS/TFA2*25
(Scheme 1).

The terminal alkynes 9a—e were prepared from O-pro-
tected bromoalcohols 8a—e (Scheme 2). All bromoalco-
hols 7a—e were obtained by monobromination of their
respective diols 6a—e in a mixture of HBr—cyclohexane.?®

The C-10 and C-12 diols were commercially available.
The C-13 and C-14 diols were prepared by reduction
of the corresponding diacids with lithium aluminium

OMe OMe OMe OMe
MeO MeO.
—_— —_—
a Br b Br
OMe OMe OMe OMe
24 51 2 5,
Os OH OMe OMe
MeO. MeO. MeO MeO
—_— —_— —_—
MeO ¢ MeO 9 Meo € MeO Br
OMe OMe OMe OMe
3 4 2, 54

Scheme 1. Reagents and conditions: (a) NBS, CH,Cl,, reflux, 6 h,
80%; (b) Br,, CH,Cl,, 0 °C, Quant; (c¢) i—mCPBA, CH,Cl,, 0 °C to rt;
ii—NaOH 10%, MeOH, 95%; (d) Me,SOy, acetone, reflux, 4 h, 95%;
(e) NBS, TFA, —20 °C to rt, 55%.

hydride. The C-16 diol was obtained by reduction of
the corresponding lactone, hexadecanolide.?®

The synthesis was pursued by a Sonogashira-like palla-
dium catalyzed cross-coupling reaction between the ter-
minal alkynes 9a—e?”-?® and the different arylbromides
5,_3. Catalytic hydrogenation of 10;_3a—e with palladi-
um on charcoal led to the quinol fatty alcohols 1,_za—e.

In an attempt to study the biological activity of QFAs,
we analyzed the ability of each compound to promote
axonal growth on mouse cortical neurons (Table 1).
The experimental protocol has been described in a prior
publication.'! Briefly, mice embryos at the 15th day of
gestation were dissected and cortical extracts were disso-
ciated with trypsine. The neurons obtained were plated
in 6-well plates and cultured on poly-L-lysine coverslips
for 24 h at 37 °C, 5% CO». On day 2, neurons were incu-
bated with the test compound and grown for 24 h at
37 °C, 5% CO,. On day 3, neurons were fixed and immu-
nostained with a primary anti-phosphoneurofilament
antibody (SMi312, Sternberger) and a secondary
Alexa488-coupled antibody. Coverslips were then
mounted on plates with aqua-polymount. In a first series
of experiments we determined which compounds exerted
the strongest biolo%ical effect. An initial screening of all
compounds at 10~ M showed that compounds with a
15 carbon side chain were the most effective.

In a parallel experiment, we evaluated the ability of
QFAs to scavenge hydroxyl radicals present in an etha-
nolic medium. To do so, we used the 2,2'-azinobis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) competi-
tion assay.?’ In the presence of hydroxyl radicals, ABTS
is oxidized to the stable ABTS cation radical (ABTS'™)
observed by its absorbance at 405 nm.

This method measures the relative ability of QFAs to
scavenge hydroxyl radicals and thus inhibits the forma-
tion of ABTS"" as measured by the decrease of its absor-
bance at 405 nm. Results are shown in Table 1.

Examination of Table 1 suggested that compounds bear-
ing 15 carbon atoms on the side chain are the most
active in each family,’® with 1;¢, Q,FAI1S, being the
most active compound on the biological model tested
even though its antioxidant activity is low. No special

HO™ ) oH - HoAﬁgBrT BnO” t) B B0 N

6a-e 7a-e
OMe OMe
| N | N
T —> R _
= Br d AN
OMe OMe
513 10, sa-e

8a-e 9a-e
OMe
a:n=12
b:n=14
—> Rt c:n=15
e ~\yOH d:n=16
OB n e:n=18
" OMe
n-2
1,3a-e

Scheme 2. Reagents and conditions: (a) HBr, cyclohexane, reflux, 6 h, 75-89%; (b) i—NaH, THF, rt, 30 min; ii—BnBr, THF, reflux, 24 h, 72-88%;
(c) lithium acetylide (ethylene diamine complex), DMSO, 0 °C to rt, overnight, 83-90%; (d) 8a-e, piperidine, Pd(PPhs),, 80 °C, 24 h, 71-90%;

(e) Pd/C 5%, H,, EtOH, rt, overnight, 80-92%.
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Table 1. Compounds synthesized and tested
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Compound number  Compound name  Molecular structure

HRMS (M+H") Antioxidant activity Axonal growth

Calculated Found ABTS assay 1Csy (uM) Yl/control (1 nM)

— Ethanol — — — — 100
— Trolox® — — — 600 —

— tCFA15* C,4Hy40, — — >10,000 150
1;a Q,FAI12 CyoH3403 323.2581 323.2575  >10,000 109
1,b Q,FAl4 Cy,H3303 351.2880 351.2884  >10,000 110
1ic Q,FAIlS Cy3Hy003 365.3050 365.3056  >10,000 181
1,d Q,FALl6 Cy4H4,03 379.3207 379.3205  >10,000 120
lie Q,FA18 Cy6Hy603 407.3520 407.3522  >10,000 109
1,a Qs;FAI12 C,1H3504 352.2614 352.2626 720 108
1,b Q;FAl4 Cy3H3004 380.2927 380.2928 720 109
15¢ Q;FAlS Cy4Hy4 104 394.3083 394.3090 720 152
1,d Q;FAL6 CysHy304 408.3240 408.3243 720 135
15e Q3;FA18 C,7Hy4704 436.3553 436.3560 720 106
13a Q4FA12 C»,H3305 383.2972 383.2788 100
13b Q4FA14 C,4H4505 411.3105 411.3108 108
1;5¢ Q4FALS Cy5sHy405 425.3262 4253265 " 158
1ad Q4FAl6 Cy6Hy05 439.3418 439.3433 e 127
13e Q4FA138 CysH5005 467.3731 467.3735 103

Each compound is tested on the ABTS competition assay. The ICs, values were determined as the concentration of the compound required for a 50%
diminution of the ABTS™*. *** stands for an antioxidant activity that did not reach the ICs,. Axonal growth was measured with UTHSCSA Image
Tool 3.0 and is presented as the mean value of three different experiments. Variation was generally +5%.

2 Biological activity of tCFAI1S5 is expressed at 107° M to be consistent with the remaining biological results presented.

correlation between the antioxidant and neurotrophic
activity was found.

After the initial screening of our library of QFAs, a
more triggered study was conducted. Figure 1 shows
the dose-dependent effect of Q,FA15 on the model of
axonal growth. Q,FAILS exerts its highest activity at
10-9 M. To be consistent with our model of a CNS
lesion, we tested the activity of Q,FA15 in the presence
of naturally occurring inhibitory factors present within

200
= . 1
S
g 150F
§ [ Control
~ -12
< 100} 1 10 "°M
g E10°m
> M107™m
S 50r
[e]
x
<<

0

Figure 1. Dose-dependent promoting effect of Q,FALS5 on a model
assay of axonal growth. Data are shown as means+ SEM.
**¥p <0.001.

the glial scar. Table 2 shows that the growth promoting
effect of Q,FAL1S5 is maintained in the presence of both
myelin proteins (1 and 10 pg/mL) and Sema3 A
(100 ng/mL), suggesting that our compound is able to
counteract the inhibitory substrates of the glial scar.

Lesioned axons within the CNS have little or no hope of
regeneration. Previous studies in our laboratories have
shown that tCFA15 was a potent promoter of axonal
growth, acting at 10”7 M.'%!! Herein, we have designed
a similar compound that exerts a promoting effect 100
times stronger than tCFA15s.

Though no synergistic activity is noted between the anti-
oxidant and the neurotrophic moieties, Q,FA15 still
bears a methylated quinol moiety which is highly antiox-
idant in its demethylated form3' (ICso =6 uM on the
ABTS assay). Multiple studies have shown that intracel-
lular demethylases, based on cytochrome P450 activity,
have the ability to demethylate such aromatic com-
pounds within cells.??

In our case, methylation not only confers higher stabil-
ity to Q,FA1S5 but also allows easier CNS penetration.
Demethylated compound within the cells should exert

Table 2. Promoting effect of Q,FA15 as compared to tCFA1S5 upon naturally occurring inhibitory factors present in the glial scar

No inhibitory substrate Myelin proteins Sema3A
1 pg/mL 10 pg/mL 100 ng/mL
No treatment 0 —19.8 —37.6 —-30.2
tCFA15 (10’7 M) +80.0 +28.8 +5.0 +10.2
Q,FA15 (107° M) +81.0 +18.4 -53 +12.4

Data are shown in % of axonal growth as variations from control conditions.
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its antioxidant activity as required by the biological
system.

Finally, preliminary pharmacological studies have
shown that Q,FA1S5 requires cyclic nucleotides
(cAMP/cGMP) to exert its biological effect. Recent find-
ings have shown that the inhibitory effect of Sema3A
can be circumvented by intracellular increases of
cGMP,33 whereas myelin-triggered inhibition can be
circumvented by cAMP.** Moreover, one of the many
targets of intracellular cGMP is cAMP-dependent phos-
phodiesterases resulting in an increase of intracellular
cAMP.* In addition, cAMP-triggered axonal growth
is known to result in over-expression of specific
ol- and BIII-tubulin genes. CNS neurons express three
subtypes of a-tubulin (a1, a2 and a4) and four subtypes
of B-tubulin (BI, BIL, BIIT and BIV) genes. Microtubules
consisting of al- and BIII-tubulin are found in post-
mitotic neurons and exert increased stability.3¢

All these data suggest that Q,FA15 (14¢) is a strong pro-
moter of axonal growth that can circumvent the inhibi-
tory properties of the glial scar. Its very strong
biological activity makes it a very promising candidate
for future therapies the aim of which is the promotion
of functional recovery from CNS lesions.
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Abstract—A series of analogues of andrographolide were synthesized and evaluated as novel a-glucosidase inhibitors. Among them
compound 23, 15-p-methoxylbenzylidene 14-deoxy-11,12-didehydroandrographolide, was a potent inhibitor against a-glucosidase
whose ICsy value was 16 uM. The structure—activity relationships were also discussed.

© 2006 Elsevier Ltd. All rights reserved.

Glycosidase inhibitors are of particular interest in the
development of potential pharmaceuticals such as antit-
umour,'3 antiviral,*> antidiabetics,’® immunoregula-
tory agents'® and so forth. The plant, Andrographis
paniculata,'"'? is extensively used in the traditional med-
icines of Chinese, Indian and other Asian countries.!>!#
Extracts of the plant and their isolated constituents are
reported possessing a wide spectrum of biological activ-
ities including antibacterial,’>!® antiinflammatory,'”-'8
antimalarial, '%2° immunological,?!>> hepatoprotec-
tive>> and anticancer’* properties. In recent years, be-
sides the above bioactivities, the antidiabetic effect of
the plant has attracted researchers’ attention.?>%°

The ethanolic extract of 4. paniculata exhibited antidia-
betic property.?®?” Blood glucose was significantly re-
duced by 52.9% when hyperglycaemic rats were treated
with 50 mg /kg body weight aqueous extract of 4. pan-
iculata.”® Therefore, it is very interesting to investigate
the inhibitory activities of constituents from A. panicula-
ta against glucosidase.

The plant extracts are known containing diterpenes, fla-
vonoids and stigmasterols.?® Diterpenes from A. panicu-
lata, like andrographolide 1, contain three hydroxyls, an
a-alkylidene y-butyrolactone moiety and two fused six-
membered rings. Both the six-membered rings adopt
the chair conformation, whereas the five-membered ring
is in an envelope conformation.3® They were structurally
similar to some known glycosidase inhibitors to some

Keywords: Andrographolide; Analogues; Inhibition; Glucosidase.
* Corresponding author. Tel.: +86 371 67767200; fax: +86 371
67767200; e-mail: livhm@public.zz.ha.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.02.011

extent.’!32 However, there is not any report about activ-
ities of the extracts or constituents of A. paniculata
against glucosidase.

In this study, the a-glucosidase inhibitory activities of
various andrographolide analougues were first reported.
The structure-activity relationship was also investigat-
ed, which would be helpful to screen the bioactive con-
stituents from the plant, design and synthesize novel
stronger a-glucosidase inhibitors and explore the molec-
ular mechanisms of extracts from A4. paniculata as drugs,
especially as antidiabetic agents.

Compounds 2, 3, 4 and 5 were prepared from androgra-
pholide by condensation reaction with different carbonyl
compounds, respectively (Scheme 1).333* Bioactivity
evaluation showed that compound 5 has an inhibition
of 20.1% at 100 uM against a-glucosidase.>>*¢ But no
significant activities were observed among compounds
2-4, nor did the mother compound (1) (Table 1). That
means increasing the lipophilicity of andrographolide
by the protection of 3,19-hydroxyls with aliphatic alde-
hydes with suitable carbochain length is favourable to
the inhibitory activity against o-glucosidase. Com-
pounds 6-12 were synthesized from andrographolide
derivatives and aromatic aldehydes. According to the
biological activity evaluation results, all the above aro-
matic derivatives of andrographolide but 9 showed
inhibitory activities against a-glucosidase. The ICs
values of 6 and 7 are nearly equal and higher than those
of 8-12 (Scheme 1, Table 1).

A natural compound from A. paniculata, 14-deoxy-
11,12-didehydroandrographolide  (13)>” which was
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{43 HO™ | (o}

Scheme 1. Reagents and conditions: (a) H,SO4(0.1 N), THF, reflux-
ing, 1-20h, yield>95%. 2: R'=R?>=H; 3: R'=R?>=CH;; 4:
R1 =H; R?=(CH,);CH;; 5: R'=H; R*=(CH,)sCHs; 6: R' =H;

R? = C¢Hs; 7: R! = H; R? = 3-Br-C¢Hy; 8: R! = H; R? = 4-F-C¢Hy; 9:
R! = H; R?>=4-Cl-C¢Hy; 10: R! = H; R? = 2-MeOC¢H,; 11: R! = H;
R? = 4-MeOC¢H,; 12: R! = H; R? =2.4,5-(MeO);C¢Ho.

Table 1. Inhibitory activities of andrographolide analogues

Compound a-Glucosidase B-Glucosidase
1 ni¢ ni
2 ni ni
3 ni ni
4 ni ni
5 20.1% ni
6 48.9% (101°) nd?
7 49.6% (100°) nd
8 26.2% nd
9 ni ni
10 5.5¢ nd
11 13.2% nd
12 14.5% nd

# Inhibition(%) determined at 100 uM concentration of compound.
*ICsp (LM).

¢No inhibition at 100 pM.

9 Not determined.

synthesized from 1 also, inhibits a-glucosidase 16.5% at
100 uM (Scheme 2, Table 2). Reduction of C-12, 13 ole-
fin bond of andrographolide 1 afforded 14, which inhib-
its a-glucosidase 34.2%. But when the number of olefin
bonds was increased as compound 15, the a-glucosidase
inhibitory activity was lost. The results indicated that
the flexible chain between the y-butyrolactone moiety
and the two six-membered rings is critical to a-glucosi-
dase inhibitory activity. In other words, the large conju-
gated system between the y-butyrolactone moiety and
the two six-membered rings is unfavourable to the inhib-
itory activity.

Compounds 16-24 are 15-ene-substituted derivatives of
compound 13. The biological activity results showed
that increasing the carbochain of Cl15-substituting
group to suitable length (16-19) could enhance the
inhibitory activity against o-glucosidase. But different
aromatic substitution derivatives gave inconsistent bio-
activity results. 4-Fluoro and 4-chlorobenzylidene sub-
stitution (20-21) makes the inhibitory activity lost,
while the activity is retained in 3-bromobenylidene
derivative (22). The a-glucosidase inhibitory activities
of the 4-methoxyphenylidene derivatives (23) and the

So | =P

o
Q?“?if?@”

¥
\O

Qﬁ

16-24

Scheme 2. Reagents and conditions: (a) pyridine, AL,Os, toluene,
refluxing, 6 h, yield 90%; (b) NiCl,, methanol, 0-5 °C, 0.5 h, yield 70%;
(c) methanol, Et;N, rt, 48 h, yield 10%; (d) methanol, Na,COs,
refluxing, 5-24 h, yield 50-90%. 16: R' = H; R = CH;; 17: R! = CH3;

=CHsy; 18: R'=H; R?>=(CH,),CH;; 19: R'=H; R?>=CHC
(CH3) (CH),CHC (CHa),; 20: R! = H; R?=4-F-C¢Hy; 21: R! = H;
R%2=4-Cl-C¢H,; 22: R'=H; R®>=3-Br-C¢H,; 23: R!=H; R>=
4-MeOCgH; 24: R! = H; R?> = C¢HsCHCH.

Table 2. Inhibitory activities of analogues of andrographolide

Compound a-Glucosidase B-Glucosidase
13 16.5% ni®
14 34.2° ni
15 ni ni
16 15.12 ni
17 17.12 ni
18 43.5% (110°) ni
19 ni nd?
20 ni nd
21 ni nd
22 16.7 nd
23 100% (16°) nd
24 84.3* (58°) nd

#Inhibition (%)determined at 100 uM concentration of compound.
b 1Csp (UM).

“No inhibition at 100 uM.

4Not determined.

phenylvinylidene derivative (24) were much stronger
than that of compound 13. Their ICsq values are
16 uM and 58 pM, respectively.

In order to examine the role of the C-8, C-17 epoxy moi-
ety of the new derivatives in exhibiting the a-glucosidase
inhibitory activity, compounds 25-28 were designed and
synthesized. Both 25 and 26 lose the activity when the
exocyclic double bond (A®17) of 13 and 17 (another nat-
ural compound)?® was epoxidized, respectively. Lower
activities were observed in 27 and 28 derived by epoxida-
tion of 23 and 24, respectively (see Scheme 3, Table 3).

In summary, many derivatives of andrographolide
exhibited good a-glucosidase inhibitory activities with
inhibitory percentage ranging from 5.5% to 100% (23:
IC50 =16 uM) at 100 uM. But all the compounds
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Scheme 3. Reagents and conditions: (a) m-CPBA, CHCIs, refluxing,
2 h, and yield 95%; (b) methanol, Na,COs, aldehyde, refluxing, yield
70-85%. 26: R' = CH;, R? = CHj; 27: R' = H, R, = 4-MeOC¢H,; 28:
R!=H, R? = CHCHC¢Hs.

Table 3. Inhibitory activities of analogues of andrographolide

Compound a-Glucosidase B-Glucosidase
25 ni nd¢

26 ni nd

27 37.7%(120°) nd

28 49.2% (101%) nd

# Inhibition(%) determined at 100 uM concentration of compound.
° ICso (uM).

¢No inhibition at 100 pM.

4 Not determined.

determined for p-glucosidase inhibitory activities
showed no inhibitory activities. The results for the struc-
ture—activity relationship studies showed that increasing
the lipophilicity by protection of 3,19-hydroxyls of
andrographolide endows compound 1 with a-glucosi-
dase inhibitory activity. The number and position of ole-
fin bonds between the y-butyrolactone moiety and the
six-membered rings were detrimental to the inhibition
effect. In general, 15-ene-substituted derivatives of 14-
deoxy-11,12,13,14-tetradehydroandrographolide signifi-
cantly increased the a-glucosidase inhibitory activities.
Epoxidation of the exocyclic double bond makes the
inhibitory activity reduced or lost.

Bioactivity studies suggest that probably compounds 13
and 17 with a-glucosidase inhibitory activities may play
an important role in the plant extracts exerting antidia-
betic effect. Zhang’s and Yu’s results showed that etha-
nolic extract of A. paniculata or andrographolide can
lower plasma glucose.?%27-3° That means andrographo-
lide without glucosidase inhibitory activity may also ex-
ert antidiabetic effect. According to He’s result,*® 13 is
one of the andrographolide metabolites isolated from
rat urine, faeces, and the contents of the small intestine.
So it can be deduced that the andrographolide may exert
antidiabetic effect through inhibiting glucosidase after
being metabolized to 13, an a-glucosidase inhibitor in vi-
vo. In other words, a-glucosidase inhibitory activity was
the reason or at least one of the reasons that the constit-
uents of A. paniculata had antidiabetic effects. The pro-
motion of the glucose metabolism was found when
treating diabetic rat with the plant extract or androgra-
pholide.?”-*% So, it can be deduced that extracts of A.
paniculata and andrographolide lower plasma glucose
by inhibiting the disaccharide metabolism and/or pro-
moting the glucose metabolism.
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Abstract—We report the light-activation of allosteric cis and trans acting ribozymes via decaging of a small organic molecule ligand.
To achieve this effectively, we introduce an optimized N-caging group based on a nitrobenzyl core structure. This approach can
potentially be employed toward a light-induced control of gene function.

© 2006 Elsevier Ltd. All rights reserved.

The hammerhead ribozyme is a small RNA motif con-
sisting of three stems that intersect at a conserved cata-
lytic core. It promotes the sequence-specific cleavage of
RNA Iphosphodiester bonds with a rate of about
I min~" at 25°C and neutral pH. This represents a
10°fold rate enhancement compared to the non-cata-
lyzed hydrolysis of RNA."> Using Watson—Crick base
pairing, the hammerhead ribozyme has been engineered
to cleave a variety of different RNA substrates.®> Numer-
ous studies have shown that frans acting ribozymes can
be successfully employed inside living cells to knock
down expression of specific genes and used as functional
genomics tools.*’ Intracellular delivery of ribozymes
can be achieved by either in vivo expression or microin-
jection. Ribozyme technology has found wide applica-
tion in basic and applied research, and several
ribozymes are currently being investigated in clinical tri-
als.® Recently, the catalytic capabilities of RNAzymes
have been further tuned via the integration of a small-
molecule binding aptamer sequence to the ribozyme
yielding an allosteric ribozyme.”-*## For example, an
allosteric hammerhead ribozyme composed of a catalyt-
ic domain connected to a theophylline binding domain
via a communication module (see Fig. 1) has been creat-
ed (other small organic ligands for allosteric ribozymes
include, e.g., ATP, cAMP, TPP, FMN, and
SAM).7-3%15 Upon binding of the ligand, base pairing
at the communication module linking the aptamer and
the catalytic domain is stabilized. This activates the ribo-
zyme leading to subsequent cleavage of the RNA sub-
strate. This technology has been applied to the

Keywords: Caged compounds; Genomics; Photochemistry; Ribozymes;
RNA.
* Corresponding author. E-mail: alex_deiters@ncsu.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.02.034

generation of RNA-based sensors for small organic mol-
ecules and to the evolution of new aptamers using an
in vitro selection.”® However, its utilization in the
small-molecule mediated regulation of gene expression
has not yet been exploited. To achieve control of gene
function with a high temporal and spatial resolution

uu
cCY"Ca,
A WA
GauuGacE
UAGGACCGA
G A
CcaacC

Gauaeeo?
CCAGCGGG 4

»>P0 4
(@]

GyaG

ribozyme A

U
C A
G AA

AUUGACS
GGACCG
A A
U G
CcaacC

G6UUG00
CCCAGCGGG 5

UAGU L——jv——J

>>0
G)> 0]

ribozyme B & RNA substrate

Figure 1. Theophylline responsive ribozymes that cleave RNA in a cis
(intramolecular) (A) and a trans (intermolecular) (B) fashion. B is
shown with its RNA substrate bound. They consist of an aptamer
domain (I), a communication module (II), and a catalytic domain (III).
The flanking regions (IV) define the RNA target.
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and with a minimum of secondary perturbations, light-
mediated gene activation or deactivation is an ideal con-
cept.'® A photoactivatable ribozyme represents a poten-
tial photochemical gene control element. This system
would be comprised of: (1) a photocaged small organic
ligand'7~!° and (2) an allosteric ribozyme which is acti-
vated by this ligand. The principles of photocaging have
previously been applied to ribozyme systems, but not to
the extent where a potential control of gene function is
achievable. Chaulk and MacMillan has previously
reported photocaging of the RNA substrate of a ribo-
zyme.?® However, for obvious reasons this approach is
impractical when attempting to achieve translational
control of mRNA. Additionally, Breaker and co-work-
ers have employed photocaged cAMP to assay activity
of an allosteric ribozyme,?! but this approach has no po-
tential to be employed in gene control, as cAMP is an
endogenous natural metabolite. As a result, the
ribozyme would be constitutively activated by intracel-
lular cAMP.

We selected theophylline (1) as a small organic ligand,
due to its absence in bacterial, yeast, and mammalian
cells, its high solubility in an aqueous environment, its
low toxicity, and its ability to bind selectively to certain
RNA sequences.>??3 Since 1 is not present in animal
cells, it can be used as an exogenous regulator of gene
control in model organisms. Hence, we synthesized the
photocaged compounds 2-5, blocking the 9-NH posi-
tion with a variety of caging groups,!”!° as previous
studies have demonstrated that this position is crucial
for efficient binding to a known RNA aptamer.?>?? In
2-5, we caged this position with photoremovable nitro-
benzyl groups (Scheme 1).

Irradiation of 2-5 (0.1 mM) with non-photodamaging
UV light (365 nm, 23 W, hand-held UV lamp) irrevers-
ibly removes the photoprotecting group and delivers free
theophylline (1). Our studies commenced with 2, which
is easily synthesized and decages under UV irradiation.

o} o
HaCoy N 365 nm HaCo N,
A e LY
H0 0~ "N Hsa
|
CH3 F‘ CHg
2-5 1
CO,H
Resolimen
2 (t%2 = 24 min) 3 (t‘/z =11 min)
<ﬁ ﬁ i
NO,
4 (12 = NA) 5 (V2 =2 min)

Scheme 1. Caged theophyllines 2-5. Half-life times under irradiation
conditions (0.1 mM, 365 nm, 23 W, hand-held UV lamp) are given in
parentheses. NA, not applicable.

However, it produces a potentially toxic benzaldehyde
as a byproduct in the decaging reaction and displays
low solubility in an aqueous environment. This problem
was solved by synthesizing the carboxy-modified
molecule 3. It displayed high aqueous solubility but still
relatively slow decaging properties. In 4 we employed a
carbamate protecting group which has been proven to
provide rapid decaging. However, 4 was highly unstable
in an aqueous environment and hydrolyzed on a minute
time scale. Finally, with 5 we introduced the (2-nitro-
valeryl)oxymethyl (NVOM) group as a new amino
photoprotecting group. Related caging groups have pre-
viously been used for the photoprotection of hydroxy
functionalities.>* The NVOM group is prepared via
methyl addition to nitropiperonal, followed by forma-
tion of the chloromethyl ether. The chloromethyl ether
is then utilized in the caging of theophylline (Cs,COs;,
DMEF, rt). The NVOM caging group has several advan-
tages over other amino caging groups: it decages rapidly
via irradiation with non-photodamaging UV light, it
produces a less toxic acetophenone byproduct in the
photodecaging, the caged molecule is highly stable in
an aqueous environment at various pH, and the caging
step proceeds in high yield. Moreover, the caged theoph-
ylline 5 is non-toxic and easily penetrates cell mem-
branes. This has been validated in both Escherichia
coli and Danio rerio, as 0.1 mM incubations with 5 yield-
ed no alterations in growth rate or phenotype. These
incubations resulted in intracellular concentrations of
approximately 0.06 mM in both, bacterial cells and
zebrafish embryos, as determined by LC-MS analysis
of the cell lysates.

The allosteric ribozymes we selected are comprised of
the catalytic domain of a hammerhead ribozyme
coupled with a theophylline aptamer via a communica-
tion module shown in Figure 1.2! The cis acting ribo-
zyme A cleaves itself in an intramolecular fashion and
is used as a model system. The trans acting ribozyme
B can be utilized to cleave virtually any RNA by tailor-
ing its flanking sequences.

In the absence of the small organic molecule, the allo-
steric ribozyme A is inactive. However, in the presence
of its effector 1, binding of the aptamer and structural
reorganization occur. This event is transmitted to the
catalytic domain via the communication module, acti-
vating the ribozyme to induce intramolecular cleavage.
The RNA degradation was detected by SDS—poly-
acrylamide gel electrophoresis (PAGE) of a radiola-
beled oligonucleotide. The gel shown in Scheme 2
displays the photoactivation event: in the absence of
the small organic ligand, the ribozyme is inactive
and remains uncleaved even after 90 min of incubation
(lane 1). Presence of theophylline (1) induces complete
self-cleavage after 90 min (lane 2). In contrast, the
photocaged theophylline 5 does not activate the ribo-
zyme as lane 3 shows, verifying the importance of the
9-NH group for catalytic activity. However, lanes
4-6 display the progressing cleavage of the photoacti-
vated ribozyme by irradiation with a hand-held UV
lamp (365 nm, 23 W) for just 5 min. Complete RNA
cleavage was observed after 90 min.
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Scheme 2. Photochemical activation of the allosteric ribozyme A by
irradiation for 5min, followed by complete intramolecular RNA
cleavage within 90 min. PAGE of light-activated **P labeled ribozyme
visualized using a phosphorimager. Lane 3 shows uncleaved ribozyme
(D) in the presence of 5 but absence of UV light. Lane 6 shows the same
reaction after brief UV irradiation, indicating complete RNA cleavage
yielding a truncated ribozyme (II). The other lanes are described in
more detail the text.

In order to employ an allosteric ribozyme for gene
silencing studies, the RNA cleavage event needs to be
conducted in a trans rather than a cis fashion. This
has been demonstrated for non-allosteric ribozymes
directed against the mRNA of a variety of targeted
genes;>> 3% however, we describe a photochemically
activatable system leading to RNA cleavage in a trans
fashion. As it is possible to introduce modified sequenc-
es in the flanking regions of the ribozyme, this method
can be specifically tailored to knock down virtually
any gene of interest. The sequence of the ribozyme B
and the target RNA is depicted in Figure 1. Rapid
decaging of 5, via irradiation with a hand-held UV lamp
(365 nm, 23 W) for 5 min, leads to activation of the allo-
steric ribozyme B, formation of a ternary complex con-
sisting of the ribozyme, 1, and the RNA substrate,
followed by complete RNA substrate degradation with-
in 480 min. This photoactivated RNA cleavage is docu-
mented by SDS-PAGE (Scheme 3). Only the 5'-*’P
endlabeled RNA substrate (13 nucleotides) is visible in
lane 1. In the presence of a non-allosterically regulated
hammerhead ribozyme (5-GGGCGACCCUGAUGA
GGCCUUCGGGCCGAACCGGU-3') complete cleav-
age of the substrate is achieved in 240 min (lane 2). In
the presence of ribozyme B but absence of theophylline
(1) (Jane 3), or in the presence of caged theophylline
5 but in the absence of UV light (lane 4), no ribozyme
activity is detected and the RNA substrate remains
intact even after 240 min of incubation. As expected,
presence of 5 and brief UV irradiation (5 min) induce
complete RNA degradation over the course of 480 min
(lanes 5-8).

. 365 nm
ribozyme B + substrate + 5 —— >

(0] - .
Hsc\N AA U, cleavage site
BUP N cG GGUUGGC
N [ | [
(0] EH H GA CCCAGCGGG 5
3 GUAG

lane 1 lane 2 lane 3 lane 4 lane 5 lane 6 lane 7 lane 8

-5 +5 +5 +5 +5 +5
240min 240min 240min 240min 60min 120min 240min480min
-Uv. -uv +UV -UV +UV +UV +UV +UV

- T esa- s
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Scheme 3. Light-activation of the frans acting allosteric hammerhead
ribozyme B followed by cleavage of a single-stranded 5'->2P labeled
RNA oligomer. Lane 4 shows uncleaved RNA substrate (I) in the
presence of 5 but absence of UV light. Lane 8 shows the same reaction
after Smin of UV irradiation followed by incubation for 480 min,
indicating complete cleavage to a shorter RNA strand (II). The other
lanes are described in more detail in the text.

In summary, we have demonstrated the photochemical
activation of cis and trans acting allosteric ribozymes
by irradiation of a photocaged exogenous ligand. This
enables photoactivation of ribozyme function in a pre-
cise temporal and spatial control. Future developments
will demonstrate the in vivo activity of this system and
the application of the NVOM amino caging group in
the photoactivation of other biological macromolecules.
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Abstract—The structure-activity relationship of a novel subseries of 4-anilinoquinazoline EGFR inhibitors substituted at the C-6
position with carbon-linked side chains has been investigated. This exploration has led to the discovery of novel aminomethyl
carboxamides with good biological, pharmacokinetic and physical properties.

© 2006 Elsevier Ltd. All rights reserved.

Approximately 20 years after the epidermal growth
factor receptor (EGFR) was identified as a potential
anticancer target,! the first small molecule ATP-
competitive inhibitors of the intracellular tyrosine
kinase domain of EGFR have been approved for the
treatment of patients with advanced non-small-cell-
lung cancer (NSCLC). Figure 1 represents the two
selective  EGFR tyrosine kinase inhibitors (TKIs)
gefitinib (Iressa)®* ¢ and erlotinib (Tarceva)® currently
on the market.

A number of agents which target other kinases in addi-
tion to EGFR have also been developed. For instance,
lapatinib (erbB2-EGFR)* or ZACTIMA™ (VEGFR-
EGFR)’ is currently being evaluated in phase III clinical
trials. Monoclonal antibodies targeting the extracellular
ligand-binding domain are another successful approach
to inhibiting the EGF signaling pathway, leading to the
discovery of cetuximab (Erbitux), now approved in
association with Irinotecan for advanced colorectal
cancer.®

Keywords: EGFR tyrosine kinase; Kinase inhibition; Anilinoquinazoline.
* Corresponding author. E-mail: Laurent.Hennequin@astrazeneca.
com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Small molecule inhibitors of EGFR on the market.

The anilinoquinazoline core has been extensively used in
the design of tyrosine kinase inhibitors as a mimic of the
adenine of ATP. The key role of adenine in the binding
of ATP into the intracellular kinase domain is well
established.” The positioning of the aniline into the
selectivity pocket, rather small and lipophilic in the case
of EGFR, is also well described.® In this paper, we pres-
ent a new sub-family of 4-anilinoquinazolines as potent
and selective EGFR inhibitors.

The synthesis of 6-aminomethyl-4-anilinoquinazolines
3-36 (Fig. 2) was fully described recently.® The amino
function was introduced either by reductive amination
on aldehyde 1 or by nucleophilic displacement of chlo-
ride 2. Depending on the steric hindrance and/or the
reactivity of the amine, R; and R, were either intro-
duced in one step or sequentially.
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Figure 2. General synthesis of C-6 aminomethyl anilinoquinazolines.

The in vitro activity of the compounds was measured in
two assays.” The enzyme inhibition assay reflects the
ability of a compound to compete with ATP and inhibit
the phosphorylation of a tyrosine containing polypep-
tide substrate by an EGFR tyrosine kinase enzyme.
The cell activity was measured by the ability of a com-
pound to inhibit the in vitro proliferation of EGF-stim-
ulated human tumour cell line, KB (ATCC No.
CCL-17).

Table 1 lists enzyme and cell inhibition potencies of a
subset of pyrrolidines 3-12. Going from the pyrrolidine
3 to the prolinamides 4-7 resulted in up to a 30-fold
improvement in potency.

Previously reported work demonstrated that several
anilines were suitable for inhibiting EGFRTK.!® Both
the 3-Cl, 4-F and the 2-F, 3-Cl anilines gave compounds
more or equally potent than Iressa in this prolinamide
series (45 and 6-7).%¢ The absolute configuration of
the chiral centre was not crucial for potency or other
properties (6-7). Substitution on the prolinamide ring
was explored and tolerated (see 4-OMe example 8).
However, the nature and position of the carboxamide
group were key to maintain high potency against
EGFR. Primary amides were more potent than

Table 1. Pyrrolidines 3-12

secondary and tertiary amides (7 vs 9-10). The isomer
of position 3 on the pyrrolidine ring (11) or the homol-
ogated carboxamide 12 were both less potent than 6.

A variety of ring systems (13-17) substituted with a car-
boxamide group were synthesized, as shown in Table 2.
The lowest difference of potency with previous com-
pounds was observed with piperidine 14, which is struc-
turally the closest to prolinamides 6-7. More important
modifications of the ring led to a slight decrease in
potency (13 and 15-17).

Acyclic variants allowed greater SAR modifications
without loss of potency, as shown in Table 3. The sec-
ondary amine with an o-methyl 18 displayed moderate
in vitro activity, but the tertiary amine 19 was 7-fold
more active. A combination (o-methyl + tertiary
amine) led to the alanine derivatives 20-21 that
showed potent nanomolar inhibition of EGFRTK,
analogous to prolinamides 6-7. Compounds 20 and
21 were also up to 5-fold more potent than the sec-
ondary and tertiary amides 22-23 or the cyclised
amide 24.

Table 4 shows that a variety of alkyl substituents
were tolerated on nitrogen (21 and 25-26). The only

Compound Aniline R!, R? Enzyme inhibition 1Csy™® (uM) Inhibition of KB growth ICs® (uM)
Iressa 2-F, 3-Cl See Figure 1 0.033 0.054
3 2-F, 3-Cl HH 0.36° 0.30
4 3-Cl, 4-F (R) 2-CONH, 0.006° 0.04
5 3-Cl, 4-F (S) 2-CONH, 0.02 0.09
6 2-F, 3-Cl (S) 2-CONH, 0.03 0.055
7 2-F, 3-Cl (R) 2-CONH, 0.01 0.025
8 2-F, 3-Cl (R, R) 2-CONH,-4-OMe 0.01 0.025
9 2-F, 3-Cl (R) 2-CONHMe 0.05 0.1
10 2-F, 3-Cl (R) 2-CONMe, 0.45 0.95
11 2-F, 3-Cl (S) 3-CONH, 0.08 0.15
12 2-F, 3-Cl (S) 2-CH,CONH, 0.17° 0.13

#In all tables, the enzyme inhibition assay is run at 2 pM ATP.
®In all tables, numbers are a geometric mean of 2 or more values.
¢ Indicates one measurement.
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Table 2. Variety of rings 13-17
I
HN
R1\N SN
be P

Enzyme inhibition Inhibition of KB

Compound R'R? N

ICso (uM) growth ICsp (uM)
O N
13 ;:N/ 0.03 0.08
N
o YN
14 5 N 0.008* 0.075

o)
15 ;N/ 0.05° 0.09

N
O a
16 { 0.07* 0.09
N/
o
17 N)KC\ 0.05 0.3
N/

#Indicates one measurement.

Table 3. Linear chains 18-24
Compound R'R*N

Enzyme inhibition Inhibition of KB

1Cso (UM) growth 1Csy (uM)
CONH, 4
18 . 0.15° 0.12
WINN
CONH,
19 § " 0.02* 0.045
|
CONH,
20 0.009 0.03
\ N
|
CONH,
21 A ; 0.008 0.025
CONHMe
2 NN 0.03 0.02
|
CONMe,
23 0.04* 0.09
) N
|
0
N
24 d 0.02 0.07
N

# Indicates one measurement.

noticeable exception was when we introduced a basic
group on the side chain as shown by compound 27.
Substitution of the alanine methyl group with ether

chains of variable length (28-30) or an amine (31)
sustained an excellent level of potency. We neverthe-
less reached a limitation when introducing longer
basic chains.

In parallel with this weakly basic series (pK, of
20 =6.8), we also explored compounds of higher
pK, in order to modulate the pharmacokinetic profile
of the series. As shown in Table 5, cyclic basic
amines (pK,s from 7.1 to 9.1) generally displayed
excellent potency in both in vitro assays. Piperidines
32-33 and azetidines 34-36 were of interest in view
of their larger volume of distribution (>1L/kg in
rat) compared to their neutral counterparts (cf. Table
6). However, they tended to suffer from higher clear-
ance, some efflux or P450 inhibition (data not
shown) which in turn led to bioavailability below
50%.

This series of 6-aminomethyl quinazolines proved to
be very selective for EGFR over other erbB family
members (erbB2 and erbB4 selectivities > 20-fold) as
well as over a wide panel of different kinases
(IC50> 10 uM against more than 20 representatives
of different kinase classes).!! Moreover, the best neu-
tral compounds, either proline or alanine derivatives,
exhibited good physical properties, as represented in
Table 6 with compounds 6, 20 and 21. The solubili-
ties of these derivatives were high for weakly basic
quinazolines, probably due to the reduction of logP
generated by incorporating a carboxamide group.
Levels of unbound drug in plasma were in a range
2-10% in rodent, 1-3% in dog and ~5% in human.
The neutral compounds also proved devoid of signif-
icant P450 inhibition (ICsq > 10 uM), showing good
absorption (CaCO, Papp A-B>13cms'-107% and
no efflux.

Pharmacokinetics evaluated in rat and dog showed
in general low clearances (<10 ml/min/kg), small
volumes of distribution (~1L/kg) and moderate
plasma half lives. Combined with good physical
properties, this led to good bioavailabilities (>50%)
in both species. The antitumour activity of these
anilinoquinazolines was examined using a human
tumour xenograft model in athymic mice (Lovo,
colorectal tumour).” As shown in Table 6, once
daily oral administration of 25-50 mg/kg/day for
up to 18 days significantly inhibited (37-60%) the
growth of these established LoVo tumours, which
compares favourably with previously published activ-
ity for Iressa.’d At the doses used, the percentage of
inhibition observed was in good agreement with
sustained free plasma exposure (free Cp, ~ cell
ICsp).

In conclusion, anilinoquinazolines possessing C-6 ami-
nomethyl side chains proved to be potent and selective
inhibitors of EGFR tyrosine kinase. Moreover, the most
interesting compounds displayed excellent physical
properties and high bioavailabilities in rat and dog. In
vivo, they showed significant antitumour activity in
xenograft model.
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Table 4. Chain variations 25-31

2675

Compound R! R? Enzyme inhibition Inhibition of KB
ICso (LM) growth ICsy (uM)
21 Me Me 0.008 0.025
25% i-Pr Me <0.001 0.05
26 CH,CH,OMe Me 0.01° 0.055
27 CH,CH,NMe, Me 0.12° 0.09
28 Me CH,OH 0.02 0.03
29 Me CH,OMe 0.03° 0.035
30 Me CH,CH,OMe 0.01 0.05
31 Me CH;NMe, 0.05° 0.075
& Compound 25 was very potent but also poorly soluble (1 uM at pH 7.4 in phosphate buffer).
® Indicates one measurement.
Table 5. Basic series 32-36°
I
CONH, HN
1
N SN
| N/)
Compound Ring Enzyme inhibition Inhibition of KB pK. Rat CI° Rat Vd°©
1Cso (nM) growth ICsy (uM)
1
32 Q 0.009 0.04 8.3 55 7.5
N
7
1
33 Q 0.025¢ 0.095 9.1 114 4.9
! d
34 0.02 0.01 7.9 36 9.4
-
Ve
1
35 ,\,:l 0.009¢ 0.035 7.8 61 7.2
1 d
36 MeQ 0.006 0.045 7.1 35 4.2
\\/N
#Rings are attached by the quaternary carbon 1.
® Expressed in ml/min/kg.
¢ Expressed in L/kg.
9 Indicates one measurement.
Table 6. Pharmacokinetic, in vivo efficacy and physical properties
Compound Physical Pharmacokinetics® LoVo xenograft
properties
Sol® LogD Rat free Rat/dog ClI Rat/dog Vd Rat/dog T Rat/dog F Dose % inhibition
(UM) drug (%) (ml/min/kg) (L/kg) (h) (%) (mg/kg/day) tumour
6 260 3.6 3.7 3/5 0.7/0.4 6.6/0.7 111/88 25 434
20 40 34 6.0 6/— 0.6/— 4.3/— 58/— 25 374
21 40 34 6.5 12/14 0.8/0.4 4.8/0.4 75163 50 60°°

#Oral:iv dose = 5:2 mg/kg for rat, 2:1 mg/kg for dog.
®Measured at pH 7.4 in phosphate buffer.
¢ Average of two distinct experiments.

49 inhibition of the tumour volume by caliper measurement after 18 days.

€% inhibition after 13 days.
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Abstract—3-[6-(2-Dimethylamino-1-imidazol-1-yl-butyl)-naphthalen-2-yloxy]-2,2-dimethyl-propionic acid and analogs were
designed and synthesized as highly potent and selective CYP26 inhibitors, serving as retinoic acid metabolic blocking agents
(RAMBAS), with demonstrated in vivo efficacy to increase the half-life of exogenous arRA.

© 2006 Elsevier Ltd. All rights reserved.

All-trans retinoic acid (atRA) (1), a naturally occurring
retinoid, is biosynthesized and present in a multitude of
human and mammalian tissues, and performs a critical
role in the regulation of gene expression, cellular differ-
entiation, and proliferation of epithelial cells.! Retinoids
have proven to be valuable agents in treating skin relat-
ed diseases as well as in tumor therapy.? Furthermore,
atRA has been successful in treating both acute myelog-
enous leukemia (AML) and acute promyelocytic leuke-
mia (APL), changing the prognosis of APL from a
fatal leukemia to a highly curable disease.’

Despite the effectiveness of atR A, clinical uses have been
significantly hampered by the emergence of resistance.
The oxidative catabolism of arfRA to 4-hydroxy-atRA
by CYP26, an inducible cytochrome P450 enzyme,* is
believed to be one important mechanism of resistance.
The systemic concentration of arRA is tightly controlled
through such a negative feedback mechanism, limiting
its plasma levels and therefore, its biological efficacy.’

Keywords: All-trans retinoic acid; atRA; Retinoic acid metabolic

blocking agents; RAMBA; CYP26; Cancer.

* Corresponding author. Tel.: +1 631 962 0787; fax: +1 631 845
5671; e-mail: mmulvihill@osip.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Inhibitors of CYP26, also known as retinoic acid meta-
bolic blocking agents (RAMBAS), have proven to be
effective in blocking the catabolic effects on arRA.%7
Additionally, CYP26 inhibitors have the potential to
provide an alternative approach of potentiating endoge-
nous atRA, avoid the frequency and severity of compli-
cations associated with intensive high dose atRA
therapy, and provide an effective means of treatment fol-
lowing relapse in cases where resistance emerges due to
CYP26 upregulation.

To explore the therapeutic potential of increasing
endogenous levels of arRA through small molecule
CYP26 inhibitors, a series of 2,6-disubstituted naphtha-
lenes were designed via a de novo approach. As de-
scribed in our previous report,” we designed a novel
class of highly potent and selective naphthyl-based
CYP26 inhibitors, which displayed inhibition of
proliferation of both T47D and AT6.1 cells in vitro in
combination with afRA. From our efforts, 3-[6-(2-di-
methylamino-1-imidazol-1-yl-propyl)-naphthalen-2-yloxy]-
2,2-dimethyl-propionic acid la emerged as a lead
CYP26 inhibitor (Fig. 1). We report herein, our success-
ful efforts to further optimize lead CYP26 inhibitor 1a
through modifications of R'-R®, affording highly po-
tent, selective, and orally bioavailable CYP26 inhibitors
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1a (R', R?, RS, R¢, RS = CH, and R® =H)

Figure 1. Naphthyl-derived CYP26 inhibitor.

with in vivo efficacy resulting in the increase of duration
of exogenous azRA.

Our naphthyl-based CYP26 inhibitor optimization pro-
gram focused SAR modifications to four series: series I:
modifications to R' and R? while holding R*® con-
stant; series II: modifications to R> and R*, while hold-
ing R' % and R ° constant; series I1I: merging optimized
modifications from series I and II; series IV: modifica-
tion to R® and R® while holding R'™ constant.

Two synthetic strategies were pursued in order to af-
ford appropriate advanced intermediates which would
be suitable for late stage analoging to afford targeted
compounds (Schemes 1 and 2). Scheme 1 illustrates

(@)
6
Rs —_—
8 X
RO

3(X=Cl)

8RO

the two synthetic pathways used to prepare key inter-
mediate 7. Scheme 2 illustrates the synthetic pathway
used to prepare final compounds. The first route
which incorporated the amino moiety (NR’R?) earlier
in the synthesis was utilized to prepare compounds of
series I and began with the treatment of 2-bromo-6-
methoxynaphthalene 2 with magnesium to afford the
naphthylmagnesium bromide Grignard species which
was added to a solution of 2-chloropropanoylchloride
in THF cooled to —78 °C to afford a-chloroketone 3
(Scheme 1).® Conversion of chloroketone 3 to the
more reactive iodoketone 4 via the Finkelstein reac-
tion (Nal and acetone) proceeded smoothly and subse-
quent alkylation with amines cleanly afforded
aminoketones 5. Deprotection of methyl ether 5 with
HBr/acetic acid afforded naphthenol 6. Alkylation of
naphthenol 6 under standard Mitsunobu conditions
(PPh;, DIAD, and HOCH,C(R'R*CO,R) cleanly
afforded ethers 7. The second route incorporated the
amino moiety (NR’R?) at a later stage in the synthesis
and was utilized in preparing compounds of series II.
The synthesis began with the preparation of naphthyl-
magnesium bromide Grignard species followed by
reaction with a suitable acid chloride (CIC-
OCH(R’RY)) to afford ketone 8. Hydrolytic deprotec-
tion of the methyl ether of compound 8 with HBr/
acetic acid afforded naphthenol 9, which cleanly
underwent Mitsunobu-directed alkylation with suitable

0
L R®
e
RS
. OO
RO 3R’N‘R“

5 (R8 = Me)
d(»s(m:ﬂ)

I (0]
R6
7
RO)S(\O 3R/N\R4
'R R? 7

2
(6] O
f | R® e R® c
L DO PN OO
8 5 7
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R
10 (Y = H)
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Scheme 1. Reagents and conditions: (a) i—Mg, THF; ii—CICOC(X)(R’)(R®), —78 °C; (b) Nal, acetone; (c) HNR’R*, MeOH; (d) HBr/AcOH,
120 °C; () DIAD, Ph;P, HOCH,C(R'R*CO,R’; (f) i—Mg, THF; ii—CICOCH(R)(R®), ~78 °C; (g) Br,, dioxane, 120 °C.!"!"

OH
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Scheme 2. Reagents and conditions: (a) NaBH,, MeOH; (b) CDI, CH3;CN, 65 °C; (¢) NaOH, MeOH/THF.
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alcohols (HOCH,C(R'R*)CO,R”) to afford ethers 10.
Bromination of compound 10 with bromine in diox-
ane afforded bromoketone 11, which was reacted with
amines to afford aminoketones 7.

Key intermediate 7 underwent reduction with NaBH4,
affording a 4:1 mixture of sym:anti-aminoalcohols 12
(syn isomer).” The isomers were easily separable by
column chromatography. Based upon our previous
SAR which demonstrated that the syn isomer was more
potent than the anti isomer, the syn isomer 12 was taken
on to its respective syn-imidazolyl product 13 by
reaction with CDI in acetonitrile.® Hydrolysis of the
ester moiety of 13 afforded final carboxylic acid-derived
products 1.

The efficacy of compounds 1a—t, as inhibitors of CYP26
was demonstrated and confirmed by a number of phar-
macological in vitro assays.” The in vitro biochemical
assay was performed using microsomal preparations
from T47D cells induced to express CYP26. Enzymatic
activity was measured as the conversion of the radiola-
beled substrate to its metabolites, 4-OH-arRA (4-hy-
droxy all-trans retinoic acid) and 4-oxo-atRA (4-oxy
retinoic acid) by separation on a C;3 HPLC column.
Inhibition of CYP26 activity in the presence of variable
naphthalene analog concentrations was used to deter-
mine the ICsgs. Cell activity was determined for most
of the compounds; a subset of the results are as noted
(Table 5).

For series I, modifications to R! and R? while holding
R constant from the original lead compound 1a affor-
ded potent and selective CYP26 inhibitors (Table 1).
Cycloalkyl groups such as cyclopentyl and cyclohexyl
were preferred over that of cyclobutyl, cyclopropyl, or

pyranyl.

For series II, modifications to R and R* of the amino
moiety while holding R and R>® constant with small
alkyl groups were generally tolerated (Table 2). Howev-
er, larger groups afforded a decrease in potency as well
as an increase in CYP3A4 activity. It was therefore con-

Table 1. SAR of R!/R? modifications (series I)

N
0

O '//H
Ho)g(\o ‘ ‘HSC/ “CH,

1 2

R R

Compound CR'R? Biochemical ICsy (nM)

CYP26 CYP3A4
la C(CH;), 20.0 6300.0
1b C(CH,CH;), 37.0 5300.0
1c Cyclopropyl 34.7 7500.0
1d Cyclobutyl 40.0 7000.0
le Cyclopentyl 7.3 8200.0
1f Cyclohexyl 11.2 8000.0

1g 4-Pyranyl 46.7 >20,000.0

Table 2. SAR of R¥/R* modifications (series 1I)

N
.

R T T
HO%@O SROR?

Compound NR’R* Biochemical ICsy (nM)
CYP26 CYP3A4

1h NMeEt 9.0 1700.0

1i NEt, 5.0 580.0

1j N(Me)iPr 3.0 400.0

1k N(Me)cyclohexyl 125.0 448.0

11 N(Me)nBu 60.0 2270.0

1m Morpholino 34.0 2150.0

In Pyrrolidinyl 583.0 NT

cluded that the dimethylamino moiety at NR’R* was
optimal, affording both CYP26 potency and selectivity.

Series III consisted of the merger of the best R'2 moiety
(cyclopentyl) with the best R** moieties in an attempt
to gain synergy between the two series (Table 3). The hy-
brids were more potent and moderately selective
inhibitors.

Series IV focused on the chiral center at the C2 position
of the propyl appendage (Table 4). Replacement of the
methyl group at R® with H afforded a significant loss
in potency (compound 1r). However, replacement of H
at R> with methyl was tolerated (compound 1s). The
most significant breakthrough resulted from the incor-
poration of an ethyl side chain at R®. Compound 1t
was an inhibitor of CYP26 at 1.3 nM and was >2300-
fold selective toward CYP3A4.

With the identification of highly potent and selective
CYP26 inhibitors through in vitro screening and medic-
inal chemistry efforts, in vivo profiling was conducted to
determine those with suitable PK properties. Four key
compounds, le,f,0, and t, in conjunction with original
lead 1a, met all criteria for potency, selectivity, and

Table 3. Combining R'/R? and R¥/R* modifications (series I1I)

N
£

L O
HO)S(\O *RTORY
1R RZ

Compound NR3R* CR'R? Biochemical ICs,
(nM)
CYP26 CYP3A4
1o NMeEt Cyclopentyl 4.2 2300
1p N(Me)iPr  Cyclopentyl 1.6 800.0
1q NEt, Cyclopentyl 1.4 1010.0
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Table 4. SAR of R¥/R® modifications (series IV)

N
o

6

R
[R5
~
Compound R’ R® Biochemical ICs, (nM)
CYP26 CYP3A4
1r H H 403.0 >20,000.0
1s CH; CH; 26.0 2100
1t H CH,CH; 1.30 3300.0

bioavailability (Table 5). Compounds 1a and t were pro-
gressed to in vivo efficacy studies, designed to determine
whether co-administration of arfRA and an orally bio-
available CYP26 inhibitor afforded an increase in the
overall plasma exposure of exogenous arfRA. The in vivo
studies used to determine the pharmacokinetics of the
lead compounds as well as in vivo efficacy were as fol-
lows: dose solutions for oral administration were pre-
pared by dissolving compounds at 0.5 mg/mL (of the
free base) in water for injection, and for intravenous
administration at 0.1 mg/mL (of the free base) in water
for injection. Female CD-1 mice (approximately six
weeks old) were dosed with compounds at 10 mL/kg
(5 mg/kg) by oral gavage and at 10 mL/kg (1 mg/kg)
by intravenous injection into the tail vein. Three mice
were dosed at each timepoint, terminal blood samples
in EDTA were taken by cardiac puncture and plasma
samples were analyzed by HPLC-MS/MS using calibra-
tion and quality control samples prepared in blank
mouse plasma. All plasma samples were extracted by
protein precipitation with acetonitrile (50 pL plas-
ma + 250 pL of acetonitrile) followed by centrifugation
(10,000g for 10 min at 4 °C). Pharmacokinetic parame-
ters were obtained by noncompartmental modeling of
the median (n = 3) concentration—time data.

The in vivo efficacy studies were carried out similarly,
with the RAMBA compounds dosed at 10 mg/kg in
water for injection by oral gavage. Dose solutions of
atRA for oral administration were prepared by dissolv-
ing the compound at 0.5 and 2.0 mg/mL in 1.5% v/v
DMSO in safflower oil and were dosed by oral gavage
at 10 mL/kg (5 and 20 mg/kg) immediately prior to the

Table 5. Profile of compounds 1a,e.f,0, and t

RAMBA compounds. Plasma samples were collected
and extracted as above, and analyzed by HPLC-UV
(atRA) and HPLC-MS/MS (RAMBASs) using calibra-
tion and quality control samples prepared in blank
mouse plasma. The efficacies of compounds 1a and t
are illustrated in Graph 1, in which co-administration
of RAMBASs increases the half-life of atRA, resulting
in increases in the level and duration of atfRA plasma
exposure (Table 6).

In conclusion, a series of [2-imidazol-1-yl-2-(6-alkoxy-
naphthalen-2-yl)-1-methyl-ethyl]-dimethylamines were
designed and synthesized as CYP26 inhibitors, serving
as retinoic acid metabolic blocking agents (RAMBAS).
Building upon the SAR from compound 1a, a series of
modifications were made to R'™® of compound 1 and
ultimately afforded highly potent and selective CYP26
inhibitors 1le,f,0, and t. The lead compounds main-
tained excellent pharmacokinetic and physiochemical
properties and demonstrated the ability to suppress
CYP26-mediated catabolism of atRA, improving the
in vivo half-life of afRA and its overall plasma concen-
trations. This approach provides a means for modulat-

8 -

7
% 6 —®-5mg/kg atRA
E-“ 5 —*—5mg/kg atRA +
P 10mg/kg Compound 1a
547 —®—5mg/kg atRA +
g 3 10mg/kg Compound 1t
8 2
o

1

0 T i T Y .

0 2 4 6 8 10
Time (Hrs)

Graph 1. Plasma concentrations of arRA (uM) at 5 mg/kg alone and in
combination with compounds 1a and t.

Table 6. PK parameters for arRA at 5 mg/kg alone and in combina-
tion with compounds 1a and t

arRA alone arRA +1a arRA +1t

Dose schedule

Con (LM) 5.24 6.66 7.72
Cgp, (LM) <0.01 0.04 2.73
AUC a5 (ng h/mL) 1686 6472 9896
AUC a5 (fold increase 1 3.8 5.9

vs atRA alone)

Properties la le 1f 1o 1t
Biochemical potency (nM) 20 7.3 11.2 39 1.3
Cell activity (nM) 125 <100 <100 <100 <5
CYP3A4 (nM) 6300 8200 8000 2300 3300
CYPIA2 (nM) >5000 >5000 >5000 >5000 >5000
CYP2D6 (nM) >5000 >5000 >5000 >5000 >5000
CYP2C9 (nM) >5000 >5000 >5000 >5000 >5000
Chax 5 mg/kg po (uM) 6.0 5.5 23 13 6.7
AUC o, 5 mg/kg po (ng h/mL) 4919 5799 17,492 18,946 5434
Terminal ¢/, 1 mg/kg iv (h) 2.5 2.49 2.46 7.1 2.76
Oral bioavailability (F %) 99 77 99 99 73
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ing endogenous or exogenous afRA exposure in vivo
and therefore, the potential to improve arRA related
responses, resulting in a potentially therapeutic antican-
cer modality.
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Compound 5, where R¥%®=Me, was synthesized by
treating compound 2 (R® = Me) with BuLi, followed by
reaction with 2-dimethylamino-2-methylpropionitrile and
subsequent qluenching with aqueous H,SO,.

HOCH,C(R Rz)C02R7 was synthesized by reacting
C(R'R*(CO,R"), with LiAl(OrBu); in THF to afford
HOCH,C(R'R*CO,R’. In the case where CR'R? equals
cyclopentyl, CH,(CO,R7), was reacted with NaH and
I(CH,),I in THF to afford C(R'R?(CO,R’), where
C(R'R?) equaled cyclopentyl.
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Abstract—As dysfunction of cerebral cholinergic neurotransmission is one of the main features in patients with Alzhei-
mer’s disease, in vivo imaging of the vesicular acetylcholine transporter (VAChT) can be of great value for the early
diagnosis of this disease. Two series of positional isomers of m-iodobenzyltrozamicol (MIBT): 3-hydroxy-4-(N-phenylpip-
erazinyl)piperidine and 4-hydroxy-3-(N-phenylpiperazinyl)piperidine substituted by benzyl, aryl, alkyl or vinyl groups at
the nitrogen have been synthesized. These compounds have been evaluated in vitro by competition studies and five
compounds (N-benzyl derivatives) showed high affinity for the VAChT (11 nM <ICsy <66 nM). These compounds will
be soon radiolabeled with ['*I] for further biological evaluation using single photon emission computed tomography

(SPECT).
© 2006 Elsevier Ltd. All rights reserved.

Cholinergic neurotransmission plays an important role
in the central nervous system which requires the synthe-
sis of acetylcholine (ACh) in the cytoplasm, accumula-
tion in presynaptic vesicles, and release from the
terminal neuron. The vesicular acetylcholine transporter
(VAChKT) which is responsible for ACh accumulation
into presynaptic vesicles plays a crucial role in regulating
cholinergic neurotransmission as it concentrates and
makes ACh available. Moreover, as the VACHhT is
located exclusively on cholinergic neurons, it has
emerged as a useful target to study cholinergic
function.! 3 Alzheimer’s disease (AD) is a progressive

Keywords: Vesicular acetylcholine transporter; VAChT; Vesamicol

derivatives.
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.033

and neurodegenerative disorder which affects the
cholinergic system and leads to cognitive deficits. More-
over, as this disease is progressive, the initial stages are
not well defined compared to normal age ‘decline’ and
it is classified as mild cognitive impairment. Exploration
of cholinergic neurotransmission and especially the
detection and quantification of the VACHhT in vivo
should provide important and useful information for
the early diagnosis of this disease. As vesamicol
(Fig. 1) binds to the VAChHT but also to sigma receptors,
structure—activity relationship studies (SARs) have been
employed” to aid the development of radiopharmaceuti-
cals suitable for use in single photon emission computed
tomography (SPECT) and positron emission tomogra-
phy (PET).> Among those radio]i%ands, (-)-2R,3R)-
2-hydroxy-3-(4-phenylpiperidino)-5-[ *IJiodotetralin [(—)-
['#1)-5-IBVM] (Fig. 1) is the most promising SPECT
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Figure 1. Vesamicol analogs.

compound to be used in human studies. This radioiodin-
ated derivative was found to be a reliable marker of cho-
linergic integrity at 22 h postinjection, as its binding
correlates with choline acetyltransferase (ChAT) activi-
ty.® In addition, a 3.7% reduction Per decade in cortical
blndlng has been reported with [ “’I]IBVM in normal
%13ng and an inverse relat10nsh1p between cortical

I[IBVM binding and the severity of AD has been
reported7 Furthermore, although its gastrointestinal
toxicity is not an issue, its slow pharmacokinetics are

far from ideal.”-

To improve these parameters, SARs have been
performed on vesamicol structures which revealed that
the piperidine group of vesamicol is important to obtain
compounds with high affinity for the VAChT.® More
recently, Bando et al.! have reported that the
replacement of the piperidine ring of IBVM by a piper-
azine ring resulting in the formation of DRCI140
derivative (Fig. 1) afforded a high affinity compound
(Kiprciao = 1.21 nM) with high selectivity for VAChT
over G receptors.

Alkylation of the trozamicol scaffold (Fig. 1) at nitrogen
by a m-iodobenzyl group afforded a highly potent deriv-
ative for the VAChT (Kj+)misr = 4.8 £ 1.1 nM)."" Sim-
ilarly, [(—){'"*F}-FBT] (Fig. 1) has proved to be a
suitable radioligand in non-human primate studies using
PET,'? but has yet to be assessed in human studies.

From these results, we hypothesized that a fused skele-
ton between DRC-140 and MIBT structures (Scheme
1, target compounds) should result in compounds with
a high affinity for the VAChT. Here, we report the syn-
thesis of new aza-trozamicol derivatives and their in vitro
evaluation on a human VAChHT cell line.

Two series of compounds (6a-k and 7a-k) were pre-
pared as presented in Scheme 1. The synthesis started
with 1-methyl-1,2,3,6-tetrahydropyridine hydrochloride
1, which was converted into its corresponding carba-
mate 2 by treatment with 2,2,2-trichloroethylchlorofor-
mate under reflux. The crude carbamate was then
treated with m-chloroperbenzoic acid which generated
the required epoxide’ 3. The addition of phenylpiper-
azine to the epoxide 3 afforded two regioisomers 4 and
5 which were separated by flash chromatography (silica
gel, EtOH/Et;N, 10/1). The amine function was then
deprotected (6a and 7a) by reduction with zinc in acetic
acid'? in quantitative yield.

1

2655

3

- HO\ HO\
— o —
¢ N N—<:/\N—/< d 7 N N—<:/\NH
=/ OCH,CCl =/ -/
c 4 6a
< HO
Q @ = OO0
N N
/ NH
)/-—00H200|3

5

atete
or—> —N N-R or

7a

{__5

6b-k 7b-k

R R
b CHyCeHs ] CHoCH=CH,
€ CHy-0-Br-CgHy h CH,C(CHg)=CH.
d  CHp-m-Br-CgHg i (F)-CHp-CH=CHCHj
e CHy-pBrCgH, j CHy-C=CH
f CH,CHs k  (E)-CHzCH=CHI

Scheme 1. Reagents and conditions: (a) Cl;CCH,0,CCl, reflux, 3 h;
(b) m-CPBA, Et,0, rt, 5 h; (c) 1-phenylpiperazine, EtOH, reflux, 20 h;
(d) Zn/AcOH, rt, 48 h; (e) RBr (2.5 equiv), EtOH (10 mL/mmol), Et;N
(140 pL/mmol), KI, reflux, 16 h.

The exact regioisomer (3-OH or 4-OH) of the piperidine
ring was confirmed by X-ray diffraction measurements
carried out on compound 7a.'* Both piperidine and
piperazine rings were found to exist in the chair confor-
mation with the piperidine and piperazine rings nearly
perpendicular: 80.9° for the (S,S) derivative and
—83.5° for the (R,R) derivative. These angles conformed
to those described for (—)-vesamicol® and a trozamicol
derivative.!!

N-Alkylation of 6a or 7a was performed with the appro-
priate alkyl bromide reagent in ethanol which gave the
corresponding  N-substituted-4-hydroxy-3-(N-phenyl-
piperazinyl)piperidine 6b—j or N-substituted-3-hydroxy-
4-(N-phenylpiperazinyl)piperidine 7b—j in 50-71% yield.
Compounds 6k or 7k were obtained in two steps. Stan-
nyl analogs of 6k or 7k were prepared by N-alkylation
of 6a or 7a with (E)-3-chloro-1-tributylstannylprop-
2-ene in ethanol' in 56% and 59% yield, respectively.
Treatment with iodine of these stannyl derivatives in
CHCI; resulted in compounds 6k or 7k in 66% and
71% yield, respectwely All target compounds were char-
acterized by "H NMR and mass spectrometry and gave
results consistent with the assigned structure.

Human VAChT stably expressed in the PC12 cell line, '
which is a common model system for neurosecretory
phenomena, was used to screen target compounds.
Because the cell line expresses a relatively large amount
of human VAChT (>2 pmol/mg postnuclear superna-
tant) displacement of bound [*HJ-vesamicol by compet-
ing ligands is monophas1c and simple. A low
concentration of [*H]-vesamicol was used so that the
ICsy value for displacement is essentially equal to the
K, value. Cells were grown in quantity, harvested, and
homogenized to prepare a low-speed, postnuclear super-
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Table 1. ICsy values (nM) at the human VAChT compared to the literature data

Compound R Series 6° Series 6'° Series 7% Series 7'°
a H ~100 5000 (£700) >100 2900 (£400)
b CH,CeHs 57 (£26) 83 (£7) >100 30 (£7)

c CH,—0-Br—-C¢Hy 11 (+4) 55 (£8) 47 (x£18) 22 (£6)
d CH,-m-Br-C¢Hy 66 (+24) — 46 (+20) 21 (£8)

e CH,—p-Br—-C¢Hy >100 310 (£130) >100 25 (£10)
f CH,CH; >1000 — >1000 —

g CH,CH=CH, >100 — >100 —

h CH,C(CH;)=CH, >100 — >100 —

i (E)-CH,-CH=CHCHj3; ~100 — >100 —

i CH,C=CH >1000 — >100 —

k (E)-CH,—CH=CHI >100 — >100 —

#Values are means of three experiments, standard deviation is given in parentheses. In the same conditions, (—)-vesamicol showed an ICs, =

20 (+2.3) nM.

®iterature data obtained on VACHT isolated from the electric organ of Torpedo cali ornica,'’ (*)-vesamicol showed a K4 = 34 (£6) nM.

natant rich in synaptic-like microvesicles containing
human VAChHT. Competition was allowed to proceed
for 24 h to ensure equilibration of low concentrations
of target compounds. It could not be carried out at
37 °C due to the length of incubation. However, binding
of vesamicol is not strongly temperature dependent.

Because IBVM and MIBT are compounds with high
affinities for the VAChT; ICsy values have only been
determined for potent compounds with I1Cs, lower than
100 nM. Affinities of synthesized compounds are pre-
sented in Table 1.

The only structural difference between prezamicol ana-
logs (6’a—e),!” and compounds 6a—e, trozamicol analogs
(7'a—e)!” and compounds 7a—e is the replacement of the
4-phenylpiperidine group for a N-phenylpiperazine
group. Comparison of their in vitro affinities would pro-
vide information on the impact of an additional nitro-
gen at this part of the molecule. Even compounds 6a
(IC59 ~ 100 nM) and 7a (ICso> 100 nM) displayed
higher affinities for the VAChT compared to prezamicol
(6'a; 1Cs50=5000nM) and trozamicol (7'a;
ICso = 2900 nM),"”  compounds 6b,6c, and 6e
(ICso =57, 11, and >100 nM, respectively) exhibited
similar affinities for the VAChT compared to their pre-
zamicol analogs 6’b,6'c, and 6’e (ICsq =83, 55, and
310 nM, respectively).!” Moreover, even compounds 7¢
and 7d (ICso=47 and 46 nM, respectively) showed
VACHKT affinities in the same range of magnitude as
their trozamicol analogs 7’c and 7'd (ICsy =22 and
21 nM, respectively), while compounds 7b and 7e
(IC50 =>100 nM) are less potent compared to com-
pounds 7’b and 7’e (IC5y = 30 and 25 nM, respectively).
Because the substitution of the 4-phenylpiperidine group
for N-phenylpiperazine generated compounds with or
without improved affinities for the VAChT, an addition-
al nitrogen at this part of the molecule cannot be consid-
ered as essential for the binding to the VAChT.

Except for the benzyl group for which the VAChHT affinity
could be considered significantly different for compounds
6b and 7b, the VAChHT affinity in series 6 and 7 is in the
same range for each R substituent. In these series of com-
pounds, the orientation of the nitrogen in the piperidine
ring relative to the hydroxyl group (in position 3 or 4)

seems not to influence the binding affinity. These results
contrast with those obtained previously for trozamicol
and prezamicol congeners.'”!'® For these compounds,
the 1,4 orientation of the nitrogen relative to the hydroxyl
group (trozamicol series) was found to be preferred.

Regarding the nature of the R group, substitution of
compounds 6a and 7a with alkyl, alkenyl, and alkynyl
groups was based on results obtained for hydroxylated
decahydroquinoline vesamicol derivatives.'® In this
study, a (E)-iodoprop-2-enyl group was successfully
introduced to obtain a compound with nanomolar
VACHT affinity. Contrary to these results, the N-alkyl-
ation of compounds 6a or 7a failed to obtain com-
pounds with VAChT potency. Only some of the
benzyl derivatives displayed ICsy less than 100 nM
(6b—d and 7c—d). Moreover, the position of the bromide
atom on the benzyl group induces variability in the
VACHKT affinity as the para-substituted derivatives
(6e and 7e) showed low VACKT affinities. Here also,
these results contrast with those obtained for benzyl-
substituted prezamicol or trozamicol derivatives as the
biological activity was not influenced by the position
of the substituent on the ring.!”

Although it is well known that interaction at the
VAChHT binding site is stereoselective,” only racemic
mixtures have been screened. We can expect that enan-
tiomeric separation of compounds 6b—d and 7c¢-d would
provide compounds with improved VAChT affinity. In
parallel, as compound 6c¢ is the most potent of this ser-
ies, its radiolabeling with bromide-76 but also with
iodine-125/123 is underway to further evaluate its in vivo
pharmacological profile.
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Abstract—Potent inhibitors of the human PDE IV enzyme are described. Substituted 8-arylquinoline analogs bearing nitrogen-
linked side chain were identified as potent inhibitors based on the SAR described herein. The pharmacokinetic profile of the best
analog and the in vivo efficacy in an ovalbumin-induced bronchoconstriction assay in conscious guinea pigs are reported.

© 2006 Elsevier Ltd. All rights reserved.

Type 4 c-AMP specific phosphodiesterase (PDE 1IV) is
an enzyme responsible for the hydrolysis of the 2nd
messenger c-AMP in many cell types.! Inhibition of
this enzyme can significantly increase the intracellular
c-AMP concentration, leading to major alterations in
cell biochemistry and function.!'® For example, some
inflammatory processes and antigen-induced broncho-
spasm can be attenuated using a PDE IV inhibitor.?
Because inflammation and bronchoconstriction are
major factors of respiratory diseases such as asthma
and COPD (chronic obstructive pulmonary disease),
the inhibition of PDE IV enzyme represents a promis-
ing therapeutic target. One of the major issues associ-
ated with the development of PDE IV inhibitors,
however, has been their propensity to induce emesis.
This observation has been reported on several proto-
typical compounds.*

We recently disclosed a new class of substituted 8-aryl-
quinolines as potent and well-tolerated (emesis) PDE
IV inhibitor®> exemplified by compound 1.

Keywords: PDE4; TNF-o; c-AMP; Asthma; COPD.
*Corresponding author. Tel: +1 514 428
patrick_lacombe@merck.com

8686; e-mail:

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.043

In an effort to expand the SAR in this series of §-aryl-
quinolines, we explored the possibility of introducing
heteroatoms to replace the photolytically unstable ole-
finic linker. Of all the potential replacements investigat-
ed, including ethers, thioethers, sulfones, and
sulfonamides, the analogs bearing amine and amide
linkers were found to be the most promising replace-
ments for the double bond found in compound 1.

Our initial SAR efforts focused on the evaluation of the
amide tether. For that purpose, a series of compounds
were prepared following the synthetic approach de-
scribed in Scheme 1. Suzuki coupling of aryl bromide
2 and 3-carboxybenzeneboronic acid or 3-aminobenzen-
eboronic acid afforded the desired intermediates 3 and 4,
respectively. The latter was converted to the correspond-
ing amide analogs (5-10) using HATU as the coupling
reagent. The specific affinities of these derivatives for
the four isoforms of the human PDE IV enzyme® were
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measured. Their respective ability to block the release of

~ SOeMe O SOzMe \/ O SOeMe TNF-a through inhibition of PDE IV in a LPS stimu-
\N a \N c N
Br
2

lated human whole blood assay (HWB) was also evalu-
O O ated.” The results are summarized in Tables 1 and 2.
OH

ZT

Both amide linkers (5,6) are equipotent in the enzyme
assay but differ substantially (10-fold) in the human
whole blood assay. Because the activity of amide 6 is less
= O SOMe Z O SO-Me shifted in the presence of plasma proteins, it was selected
SN d SN as the linker of choice for further SAR. As exemplified

b 3 0© 610 O

by aryl amide 8 and primary amide 7, substitution is re-

‘ ‘ JOL quired to obtain intrinsic potency on the PDE IV en-
NH, N R zymes. Moreover, in order to achieve potency in the
4 ° HWRB assay, polar substituents in the para position are
Scheme 1. Reagents and conditions: (a) 3-carboxybenzeneboronic required (compounds 6, 9, and 10).
acid, Pd(PPhs),, Na,COs, n-PrOH, 80 °C; (b) 3-aminobenzeneboronic
acid, Pd(PPhs),, Na,CO;, n-PrOH, 80 °C; (c) amine, HATU, Hiinig’s Having successfully replaced the olefinic moiety of com-
base, DMF; (d) carboxylic acid, HATU, Hiinig’s base, DMF. pound 1, we then evaluated the pharmacokinetic profile

Table 1. Biological data for amide derivatives 5 and 6

Compound R GST-PDE IV?TICs* (nM) HWB ICs0° (M)
A B C D
(0]
5 NN 1.7 1.2 10.6 23 1 (£1)
H
H
6 NS 3.5 0.5 26 2.8 0.14 (£0.06)
(0]

#Values are means of two experiments.
®Values are means of three experiments, standard deviation is given in parentheses.

Table 2. Biological data for amide derivatives 7-10

Compound R GST-PDE 1V?T ICsy* (nM) HWB ICs,°
A B C D (WM)

7 H 78 40 490 74

8 Ph 16 5.9 97 10 7 (£3)

9 ¢ \ \N 3.1 0.9 17 3.0 0.2 (+0.1)
Cl

10 Eﬁ 0.6 0.4 5.5 0.7 0.09 (+0.03)
_N

Cl

#Values are means of two experiments.
®Values are means of three experiments, standard deviation is given in parentheses.
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of these new compounds. We observed that most of prepared. These analogs were synthesized via the Suzuki
these amides were poorly absorbed after oral dosing coupling of aryl bromide 2 or 2a and 3-formylbenzeneb-
and were readily metabolized in rats to the inactive car- oronic acid, followed by their reductive amination with
boxylic acid 3. 4-methylthioaniline to give amine 12. This amine could

then be converted into either an amide, urea or carba-
In an attempt to overcome this metabolic instability, a mate. Finally, oxidation using oxone produced the
series of tertiary amines and amides (Table 3) were desired sulfones 14a—19a (Table 3).

Table 3. Biological data for derivatives 14a—19a
SO
N

R
AP

v

S0

2

O

Compound R GST-PDE IV?T ICsy* (nM) HWB ICs°
A B C D (LM)
14a 1.0 0.1 9.5 0.5 1.8 (£0.6)
15a 0.2 0.1 1.0 0.3 0.08 (+0.03)
16a 0.3 0.1 0.9 0.1 0.03 (£0.005)
17a 0.1 0.1 1.7 0.1 0.14 (+£0.14)
18a 0.1 0.03 0.05 0.1 0.04 (£0.04)
19 )\ i 0.3 0.3 42 0.3 0.08 (+0.03)
a . . . . B TU.
o)kg

#Values are means of two experiments.
®Values are means of three experiments, standard deviation is given in parentheses.

Table 4. Biological data for derivatives 20-23

(e o]
Compound R! R? GST-PDE 1V?T ICsy* (nM) HWB ICs,°
A B C D (LM)
20 H H 0.1 0.1 1.7 0.1 0.1 (+0.1)
21 Cl H 15 44 70 10 4 (£1)
22 F H 0.6 0.3 6.4 0.8 0.05 (+0.02)
23 H Me 1.8 0.7 25 1.9 0.4 (+0.4)

#Values are means of two experiments.
®Values are means of three experiments, standard deviation is given in parentheses.





P. Lacombe et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2608-2612 2611

g T I M LT
b,c \N
Br
g Ll
2R' =SO,Me -0 \©\
1_
2aR' =CN 11 ‘i/ 12 S/
O Yy
NS
N e SN
2
BN v
Ao SOl
- -
14-19 O//S\\ 13 S/

[0}

2
©
4

Scheme 2. Reagents and conditions: (a) 3-formylbenzeneboronic acid,
Pd(PPhs),;, Na,CO;, DME, 80 °C; (b) 4-methylthioaniline, EtOH,
reflux; (c) NaBH;CN, EtOH; (d) acyl chloride, DMAP, Et;N, CH,Cl,,
or isocyanate, DBU, THF, or 4-fluorobenzyl bromide, NaH, DMF; (e)
oxone, THF/MeOH/H,O0.

Table 5. Biological data for derivatives 24-30

Tertiary amines as exemplified by 14a exhibited good
intrinsic potency but were found to be highly shifted
in the HWB assay. Whole blood activity was regained
by reintroducing the carbonyl group outside the tether
(14a vs 15a). Carbamate (19a) and ureas (17a, 18a) were
also found to exhibit acceptable whole blood potencies.
Unfortunately, as it was the case for the previous amide
series, these series of compounds were metabolically
unstable. Indeed, oxidative cleavage occurred in vivo
leading to carboxylic acid 3a as the main circulating
metabolite observed in rat plasma following oral dosing.
For example, the concentration of acid 3a present in the
blood at T}y, is 30 times higher than the parent drug for
compound 15a and 23 times higher for compound 17a.

We then tried to circumvent this metabolic degradation
through the introduction of electron-withdrawing sub-
stituents onto the phenyl ring adjacent to the site of
metabolism (Table 4). The addition of a fluorine led to

Compound R GST-PDE IV?T ICs,® (nM) HWB ICs,°
A B c D (WM)
(0]
24 *g 10 42 41 6.7 2.0 (+0.8)
(0]
25 v)kg 1.6 0.6 17 14 0.8 (+0.5)
(0]
26 /@AE 23 0.6 12 1.8 0.56 (£0.2)
F
(racemic)
(0]
27 Q)k% 15 5.8 51 7.0 1.4 (£0.4)
F
(enantiomer A)
(o]
28 Q)% 18 0.5 7.5 0.7 0.25 (£0.07)
F
(enantiomer B)
(0]
29 § 1.5 0.4 5.9 0.5 0.27 (£0.08)
HO
(0]
30 Ng 2.1 0.7 14 1.7 0.21 (£0.06)
N/

#Values are means of two experiments.

®Values are means of three experiments, standard deviation is given in parentheses.
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the equipotent analog (22), while the introduction of the
larger chlorine substituent (21) resulted in a dramatic
loss in potency. Furthermore, these substitutions failed
to block the oxidative cleavage of the molecule. Howev-
er, the appendage of a methyl group directly onto the
benzylic position (by using MeLi in THF at —78 °C in-
stead of step (c) in Scheme 2) provided us with the de-
sired metabolic stability with minimal loss in HWB
potency.

Having resolved the metabolic stability issue with this
type of tether, a series of amide derivatives were pre-
pared (Table 5). As exemplified by the acetamide deriv-
ative 24, smaller groups led to less potent compounds.
By reintroducing bulkier groups, like 4-fluoro-benzoyl
(i.e., derivative 26), we were able to regain the desired
potency on the enzyme as well as in the HWB assay.

The pharmacokinetic profile of compound 26 in rats and
in squirrel monkey was established. It showed a half-life
of 2 and 7 h, respectively, following iv administration, as
well as good oral bioavailability when dosed in 60%
PEG 200/water (67% with Cpax = 2.7 uM and 98% with
Cax = 0.9 uM, respectively). The in vivo efficacy of 26
was then evaluated in the ovalbumin-induced broncho-
constriction assay in conscious guinea pig.® Following
this protocol, the amide 26 showed 74% inhibition at
30 pg/kg when administered interperitoneally (ip). In
comparison, CDP-840%-" a prototypical PDE IV inhib-
itor, which has shown efficacy in animal models as well
as in human, exhibited a 55% inhibition when dosed ip
at 1 mg/kg in this model.

The racemic mixture 26 was resolved® and the more po-
tent enantiomer (28) exhibited a 2-fold improvement in
intrinsic potency on PDE IV. Introduction of polar sub-
stituent (i.e., 29) or heterocycle (i.e., 30) also led to an
increase in whole blood activity.

In conclusion, we have demonstrated that the intro-
duction of nitrogen containing tethers to substituted
8-arylquinolines can lead to potent inhibitors of the
PDE IV enzyme. Moreover, blocking the metabolic
degradation of those compounds by introducing a
substituent at the benzylic position gave us the desired
pharmacokinetic profile in rats and in squirrel
monkeys. Subsequently, a prototypical example of this
series, compound 26 was found to be active in an
ovalbumin-induced bronchoconstriction assay in con-
scious guinea pig and is currently been evaluated to
determine its emetic threshold.
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Abstract—Novel sialyl donors 4 bearing a thioimidolyl moiety as the leaving group were successfully prepared from the correspond-
ing arylthio derivatives 3 and a peracetylated chloro derivative of NeuSAc 2 in the presence of N,N-di-isopropylethylamine with
moderate yields. The reaction of 4 with various alcohols 5 was effectively activated by AgOTf as the promoter to give the corre-
sponding O-sialosides 6 with good yields. Selective activation of 4a over 4-pentenyl 2-glycoside of Neu5Ac 7 with AgOTf was also

achieved.
© 2006 Elsevier Ltd. All rights reserved.

N-Acetylneuraminic acid (sialic acid, Neu5Ac) and its
various analogs play essential roles in a variety of bio-
chemical and biological processes.! The development
of an efficient method of O-sialylation has been a chal-
lenging task in the field of sialic acid chemistry.> Recent
analysis has focused on the utilization of metal triflate
salts as activators for milder and stereoselective O-glyco-
sylation.> Recently, AgOTf or Cu(OTf), promoted
O-sialylation wusing S-benzoxazolyl and S-thiazolyl
glycoside derivatives of NeuS5Ac has been reported.*
As part of our program aimed at the development of
new O-sialylation reaction,®> we demonstrated the utility
of glycosyl thioimidates of Neu5Ac based on a variation
of the remote activation concept® in the synthesis of
O-sialoside.” Here, we report the preparation of sialyl
donors bearing a thioimidolyl moiety and their applica-
tion to stereoselective O-sialylation.

Synthesis of 4a-d was achieved by pathways from 2a,
which was easily prepared from 1a with AcCl. We suc-
ceeded in stereoselective preparation of o-sialosides
4a,% 4b,* 4c, and 4d through SN2 displacement of the
chloro group in 2 with 2-mercaptobenzothiazole 3a, 2-
mercaptobenzoxazole 3b, 2-mercaptobenzimidazole 3c,
and 2-mercapto-5-nitro-benzimidazole 3d in the pres-
ence of N,N-di-isopropylethylamine® in CH,Cl, at room

Keywords: Sialic acid; O-Sialylation; Thioimidolyl group; Silver
triflate.

*Corresponding author. Tel/fax: +81 54 264 5108; e-mail:
ikeda@ys2.u-shizuoka-ken.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.037

temperature with 95%, 58%, 49%, and 56% yields,
respectively (Scheme 1). Faillard and Rothermel have
reported the synthesis of 4a using phase-transfer cataly-
sis'® from 2a and 3a with only a moderate yield of 53%.
Compound 4e was also synthesized from 2b prepared
from 1b and 2a with a 63% yield.

We started our investigation on the glycosylation of 4a
with p-nitrobenzyl alcohol 5a'! as an acceptor. The gly-
cosylation reaction between 4a and 1.5equiv of Sa
using 2.0 equiv of AgOTf!? in CH,Cl, at room temper-
ature gave the expected glycoside 6a'? with an 89% yield
as an anomeric mixture with B-anomer as the major
product (Table 1, entry 1). Next, glycosylations of other
glycosyl donor 4b—d with 5a were examined. As summa-
rized in Table 1, the reactions of 4b—d with 5a were acti-
vated by AgOTf as a promoter to give 6a with 72%,
63%, and 64% yields, respectively (entries 2-4). Different
reaction conditions including promoters and solvents
were tested. The reaction using Cu(OTf),'* or MeOTf'?
as promoters afforded 6a with 48% and 36% yields,
respectively (entries 6 and 7). These results show the
superiority of AgOTf to Cu(OTf), or MeOTf as promot-
ers. The solvent effect was then examined using CH;CN
and CH,Cl,. A relatively large amount of a-glycosides
was obtained in CH;CN with a-anomer as the major
product (o/f = 2:1), as expected from the assistance of
the nitrile solvent effect,'® compared to the use of
CH,Cl, (entries 5,'7 7, 9, and 10). Encouraged by these
results, we next examined the coupling of 4a with bio-
logically relevant acceptors, galactose derivatives 5b,
5¢, and 5d. The reaction of 4a with 5b promoted
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ACO OAc
R-SH GO2R
3a-d  Apou N Z4
- . s 4</
-Pr,NEt
é)HFZCI AcO Y
2y 4a-e
1and 2
1a (R=H, R'=Me, X =OH) da(Y=S,Z=H,R =Me), 4b (Y =0, Z=H, R' = Me)
1b (R=H, R'=Bn, X=0H) c 4c (Y=NH,Z=H, R'=Me), 4d (Y =NH, Z=NO,, R' = Me)
AcCl
2a (R=Ac, R'=Me, X=Cl) d4e (Y=S,Z=H,R =Bn)
2b (R=Ac,R'=Bn, X=Cl)
Scheme 1. Synthesis of 4.
Table 1. Glycosylation reactions between 4a—e and 5a—d
Entry Glycosyl donor  Glycosyl acceptor Condition® Product Yield (%)
(o/p)°
AcQ PAC oo e
1 4a 0N~ )-CH,OH AgOTf, rt, CH,Cl, MOCHZONOZ 89 (1:6)
5a AcO
6a
2 4b 5a AgOTf, rt, CH,Cl, 6a 72 (1:7)
3 4c 5a AgOTf, rt, CH,Cl, 6a 63 (1:8)
4 4d 5a AgOTf, rt, CH,Cl, 6a 64 (1:8)
5 4a 5a AgOTf, =20 °C to 0 °C, CH3CN 6a 71 (2:1)
6 4a 5a Cu(OTf),, rt, CH,Cl, 6a 48 (1:9)
7 4a 5a MeOTf, —20 °C to 0 °C, CH;CN 6a 36 (2:1)
AcO, PAc

CO,Me
AcOn
><o o) }c/Néw\O
8 4a o AgOTH, rt, CH,Cl, AcO o) 54 (1:3)
L0

5b 1)
9 4a 5b AgOTf, =20 °C to 0 °C, CH3CN 6b 54 (2:1)
AcO_ PAC copn
o o AcOr- .
10 4e 5a AgOTf, —20 °C to 0 °C, CH3CN :C/Nsw\OCHQ-Q—NOZ 41 (2:1)
AcO
6e
HO AQ PR oM
o) AcO- 0
11 4a HO sph AgOTH, rt, CH,Cl, AcNH o 33 (1:2)
C1,0 T AcO
roc HO o]
5¢ SPh
6c €10
NHTroc

HO
12 4 HO&@» AgOTHf, rt, CH,Cl 41 (1:3
a TrocO SPh g > Tt 202 AcO  OAc (1:3)

NHTroc CO,Me
5d AcO o
AcNH O
AcO
O,
HO
Trocggg/sph

6d NHTroc
Troc: ClzCCHzOC(O)*, C145 CH}(CH2)12C(O)*

#With respect to 4, 1.5 equiv of 5 and 2.0 equiv of promoter were used. Reaction time was 15 h.

®Isolated yields. The stereochemistry of 6 was confirmed by "H NMR (500 MHz) spectral comparison of the chemical shifts of 3H,q signals of the
glycosides. The anomeric ratios were determined on the basis of the integration ratios of the 3H.q signals of the glycosides in '"H NMR
spectroscopy.

by AgOTf in CH,Cl, at room temperature gave the cor- increase of a-selectivity was observed with a-anomer as
responding Neu5Ac(2-6)Gal 6b with a 54% yield (entry the major product (54%, o/f = 2:1) (entry 9). It should
8). When CH;CN was used as the solvent at —40 °C, an be noted that no glycosylation* of 4b with 5b in the
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+ 5b
AcO, OAc - 6b

AgOTf, CHoCl,

Scheme 2. Selective activation of 4a in the presence of O-pentyl
glycoside of NeuSAc 7.

presence of AgOTf in CH3;CN was observed. The glyco-
sylation of 4a with 5¢ afforded the resulting (2—6)sialoside
6¢ with a moderate yield of 33% (entry 11). Coupling of 4a
with 5d gave 6d with a 41% yield (entry 12).

To evaluate the applicability of 4a to the armed-—
disarmed like coupling reaction,'® we performed com-
petitive glycosylation of 4a with the 4-pentenyl 2-glyco-
side of NeuSAc 7. The glycosylation of 4a in the
presence of 7 with 5b was carried out using AgOTf in
CH,Cl, at room temperature to give 6b with a 43% yield
(o/B =1:6) together with the recovery of 89% of 7
(Scheme 2). The selective activation of 4a over 7 was
achieved in the presence of AgOTf.

In summary, we have developed an efficient method
for the preparation of novel sialyl donors bearing a
thioimidolyl moiety and demonstrated their utility
toward synthesizing various o-sialosides. We are
currently applying this methodology to the synthesis of
other oligosaccharides.
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Abstract—The structural features contributing to the different pharmacokinetic properties of the TACE/MMP inhibitors TNF484
and Trocade™ were analyzed using an in vivo cassette-dosing approach in rats. This enabled us to identify a new lead compound
with excellent pharmacokinetic properties, but weaker activity on the biological targets. Directed structural modifications main-
tained oral bioavailability and restored biological activity, leading to a novel compound almost equipotent to TNF484 in vivo,

but with a more than tenfold higher oral bioavailability.
© 2006 Elsevier Ltd. All rights reserved.

Matrix metalloproteases (MMPs) and the closely related
family of a Disintegrin and Metalloprotease (ADAM)
enzymes have attracted considerable interest as drug
targets for the treatment of arthritis, periodontal dis-
ease, tumor metastasis, tumor growth, aneurysm, and
atherosclerosis.! We recently described a series of B-ar-
yl-succinic acid hydroxamates as highly potent dual
inhibitors of TACE and matrix metalloproteinases.*
Notably the key compound (2,3 R)-N*-((S)-2,2-dimethyl-
l1-methylcarbamoyl-propyl)-N'-hydroxy-2-hydroxy-
methyl-3-(4-methoxy-phenyl)-succinamide ~ (TNF484)
potently inhibited the release of the pro-inflammatory
cytokine TNFa from cells as well as the LPS-induced
systemic TNFao release in rats. This compound also
showed in vivo activity in models of airway inflamma-
tion and pneumococcal meningitis.>® Despite this
impressive in vivo activity, its poor pharmacokinetic
(PK) profile with an oral bioavailability (F) of approxi-
mately 3% in rats remained a major concern. Several
other hydroxamate-tyjlge inhibitors, for example,
Marimastat or Trocade ™, underwent clinical trials for
the indications of cancer and rheumatoid arthritis.”:8
Trocade™ is structurally rather distinct from TNF484
(see Fig. 1) and has a reported absolute oral bioavail-
ability of 26% in rats, as well as good tolerability and
pharmacokinetics in arthritis patients.® Thus, we set

Keywords: TNFa; TACE; MMP; Metalloproteinase; Dual; Inhibitor;
Pharmacokinetics; Cassette-dosing; Bioavailability; Oral; Clearance;
Absorption; Rheumatoid arthritis; Trocade; TNF484; Claisen—Ireland
rearrangement.
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0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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out to determine structural features that had either ben-
eficial or deleterious effects on the pharmacokinetic
properties of Trocade™ and TNF484, respectively.

In an effort to establish a structure—PK relationship be-
tween these two compounds, we designed the three chi-
meras 1, 2, and 3 of TNF484 and Trocade™. The
synthesis of Trocade™ was published by Broadhurst
et al.'® and our group has reported the process develop-
ment of TNF484.!! Accordingly, all our inhibitors were
prepared following this methodology. The key step was
the diastereoselective Lewis acid promoted Claisen—Ire-
land rearrangement!? shown in the general Scheme 1.

The Claisen—Ireland rearrangement produced the race-
mic mixtures with erythro/threo ratios of typically 10:1
or better. The enantiomerically pure acids were obtained
by crystallization with S-(—)-1-phenyl-ethylamine. After
the coupling with appropriate amines, the olefins were
subjected to ozonolysis followed by reductive workup
with dimethylsufide. The crude aldehydes were used
without further purification and oxidized to the carbox-
ylic acids by sodium chlorite. Finally, the acids were
activated with morpholinoethyl isocyanide (MEI) and
2-hydroxy-pyridine-N-oxide (HOPO) and then coupled
with TMS-protected hydroxylamine. Simple hydrolysis
with water gave the desired hydroxamic acids in good
yields.

Assessing the pharmacokinetics in a timely fashion and
with a high throughput'? was of key importance for this
project. In our hands, cassette-dosing!* in conscious,
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Figure 1. Chemical structures of TACE/MMP-inhibitors.

permanently cannulated rats'> proved to be a very use-
ful and reliable tool which guided our structural modifi-
cations toward inhibitors with considerably improved
pharmacokinetic properties.

The results of our first cassette-dosing experiment are
summarized in Table 1. For comparison, we have also
included the pharmacokinetic profile of TNF484 when
administered as single compound (last entry). The com-
parable outcome supports again the reliability of
cassette-dosing within a series of similar compounds.
We could confirm both, the low (3%) and the medium
(32%) oral bioavailabilitiy (F) of TNF484 and
Trocade™, respectively. Interestingly, we found that

Cl

Scheme 1. Synthesis of succinic hydroxamates. Reagents: (a)
LiHMDS, TMS-Cl, TiCl,, THF; (b) HNR'R?, BOP-Cl, NEt;,
CH,Cl,; (c) i—ozone, MeOH; ii—Me,S; iii—NaClO,, NaH,POy,, -
BuOH, water; (d) i—MEI, HOPO, CH,Cl,; ii—TMSONH,;
ili—water.

the higher bioavailability of Trocade™ did not lead to
a much higher maximal blood concentration (Cpax)
which can be explained by the relatively high clearance
(CL). Apart from the oral bioavailability, the most pro-
nounced differences between Trocade™™ and TNF484
were the low clearance and the small volume of distribu-
tion (Vsg) of the latter. This is typical for polar and
hydrophilic compounds like TNF484 which have a high
polar surface area (PSA) and a low clog P. The combi-
nation of a low clearance with low oral bioavailability
suggests that the latter is limited by a poor absorption
rate. Replacing the hydroxymethyl group in TNF484
by the hydantoin residue in 1 further increased the polar
surface area together with a slight increase in clogP.
This did not significantly affect the bioavailability, but
it led to a further reduction of C,,,.x, mainly due to a
higher clearance. Replacement of the zert-butylglycine
amide group by piperidine in 2 had a quite dramatic
influence on the overall pharmacokinetic profile. Due
to the higher lipophilicity, both clearance and volume
of distribution were significantly higher but the absorp-
tion rate improved, which resulted in a better bioavail-
ability of 13%. An even bigger effect was observed for
3 (F = 36%), where the hydantoin residue was replaced
with the original hydroxymethyl group present in
TNF484. We attribute this substantial improvement
mainly to a good absorption rate, combined with a
slightly lower clog P and polar surface area, leading to
a more than threefold reduction in clearance compared
to Trocade™. This is also mirrored in the high Cjax
of 253nM (dose-normalized to 1mg/kg). To our





2634 P. Janser et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2632-2636

Table 1. Pharmacokinetic parameters (means = SEM) calculated from plasma levels after iv (1 mg/kg each) and po (3 mg/kg each) administration of

a cocktail of five compounds to conscious rats (n = 4)

Compound CL (mL/min/kg) Vss (L/kg) Cpnax PO (nM) F (%) clog P PSA
TNF484 9.2 (£0.3) 0.37 (2£0.02) 31.7 (26.7) 2.8 (£0.4) 0.62 137.0
Trocade™ 67.8 (£3.5) 2.31 (£0.19) 58.3 (£10.3) 31.6 (£6.8) 2.12 110.3
1 18.5 (£0.9) 0.48 (£0.04) 19.0 (£7.0) 3.2 (£0.8) 0.85 157.4
2 84.9 (17.6) 2.45 (20.28) 28.3 (£8.0) 13.0 (£2.0) 1.51 119.5
3 18.8 (£0.4) 1.08 (£0.03) 253.3 (+44.3) 359 (£5.2) 1.36 99.1
TNF484° 10.0 (£1.1) 0.34 (£0.03) 42.7 (£18.3) 3.2 (20.7) 0.62 137.0

Results from an identically designed experiment where TNF484 was administered as a single compound are shown for reasons of comparison.

#Mean from individual animals, dose-normalized to 1 mg/kg.
®Dosed as a single compound.

surprise, the anticipation that the hydroxymethyl group
would be a metabolic weak point (e.g., oxidation,
glucuronidation, sulfation, etc.) was not confirmed,
and thus, we could identify 3 as a new lead compound
with excellent pharmacokinetic properties, even better
than Trocade™ (cf. Fig. 2).

Unfortunately, 3 was much less potent than TNF484 at
inhibiting both the recombinant enzymes as well as the
cellular TNFao release from human peripheral blood
mononuclear cells (HPBMCs), as can be seen in
Table 2. By comparison of the two pairs 3/TNF484
and 1/2 it is obvious that the removal of the ferz-butyl-
glycine amide unit leads to improved pharmacokinetic
properties, but at the same time is responsible for the
loss of activity. Therefore, our further efforts were aimed
at restoring the amide group to recover the activity,
while maintaining the favorable PK properties.

First, we replaced the piperidine in 3 with pipecolic
amides (cf. 4). Despite a tenfold increase in potency on
TACE, the cellular activity was still >10 uM. Introduc-
tion of an ethyl substituent instead of the hydroxymeth-
yl group in 5 did not change TACE or MMP inhibition
but improved the ICsy to 836 nM in the cellular TNFo
release. Finally, we replaced the methoxy-phenyl
substituent by chloro-phenyl and obtained with
compound 6 a TACE inhibitor with a cellular ICs, of
316 nM. The PK properties of these compounds are
summarized in Table 3.

0.8 q
0.6
0.4 1

0.2

Plasma levels of parent compound (uM)

0.0 F— T T T ,
0 30 60 120 240 360 420
Time (min)

Figure 2. Plasma level time courses in rats (n = 4) for: O, TNF484; H,
Trocade™; [, 3. Shown are means £ SEM.

Table 2. In vitro potencies (measured in duplicate) for compounds

Compound MMP-1* MMP-3* MMP-13* TACE* HPBMC"

Ki(aM) K (nM) K; (aM)  K; (nM) 1Cso (nM)
TNF484 1 0.9 0.5 0.6 48
Trocade™ 0.3 56 1 230 >10,000
1 0.7 12 3 57 484
2 83 187 19 321 >10,000
3 213 300 55 66 >10,000
4 23 n.d. 10 8 >10,000
5 25 11 7 8 836
6 0.7 5 2 5 316

2 Determined by fluorimetric assay using recombinant enzymes.'®

® Human peripheral blood mononuclear cells, stimulated with LPS/y-
interferon.*

Not unexpectedly, the quite polar inhibitor 4 still had an
unfavorable pharmacokinetic profile, again indicating
poor absorption. In contrast, the more lipophilic ethyl
derivative 5 resembled more the profile of 3, but this
structural modification also increased the clearance
which could be responsible for the lower bioavailability
of only 20%.

A further increase in lipophilicity and a reduction of po-
lar surface area, accompanied with the elimination of a
possible metabolic weak point by replacing the p-meth-
oxy group in 5 with a p-chloro substituent in 6, proved
to be highly beneficial. Compound 6 had a well-bal-
anced pharmacokinetic profile, that is, moderate clear-
ance, medium volume of distribution, and a good
bioavailability of 65.7%. A further interesting aspect
was the high maximal blood concentration of 452 nM
(dose-normalized to 1 mg/kg). This result motivated us
to perform a single compound administration experi-
ment with compound 6 (last entry in Table 3). With
the exception of the higher volume of distribution (indi-
cating good tissue penetration) we could confirm the
cassette-dosing study. A comparable oral bioavailability
of 47% and a maximal blood concentration of 389 nM
were found.

With this profile, we decided to test 6 in the LPS-in-
duced systemic TNFo release model in rats (see
Fig. 3)."7

At the four doses tested (1, 3, 10, and 30 mg/kg) it inhib-
ited TNFa release into plasma by 29%, 53%, 70%, and
94%, respectively. From these data we calculated an
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Table 3. Pharmacokinetic parameters (means = SEM) calculated from plasma levels after iv (1 mg/kg each) and po (3 mg/kg each) administration to

conscious rats (n = 4)

Compound CL (mL/min/kg) Vss (L/kg) Cpnax PO (nM) F (%) clogP PSA
4° 23.2 (£1.0) 1.06 (£0.05) 38.1 (£11.0) 8.4 (£1.7) 0.75 128.2
5 68.0 (£2.6) 5.95 (£0.41) 48.0 (£15.0) 19.9 (£2.7) 1.29 108.0
6 43.3 (£2.3) 2.25 (%£0.13) 452 (+67) 65.7 (£9.6) 2.08 98.7
6° 28.1 (£2.6) 16.67 (£2.37) 388.6 (+60.7) 47.1 (£8.3) 2.08 98.7

Inhibitors 5 and 6 were dosed as a cocktail of five compounds, whereas 4 was administered as single compound. Results from an identically designed
experiment where 6 was administered as a single compound are shown for reasons of comparison.

#Mean from individual animals, dose-normalized to 1 mg/kg.
®Dosed as a single compound.

120 q
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Figure 3. Release of TNFa into plasma of rats (n = 4-7) treated orally
with four different doses of 6 compared to vehicle alone (=control).
Shown are means = SEM; n.s., not significant; *p < 0.05; **p <0.01;
wHkp < 0.001.

EDsy of 1.5 mg/kg, which is almost equipotent with
TNF484 which had an EDsy of 1 mg/kg in the same
model.*

Poor oral bioavailability and its associated high var-
iability in exposure is a frequent cause for failure
in clinical drug development. We have shown that
cassette-dosing was a useful and reliable tool to as-
sess the pharmacokinetics of a series of TACE/
MMP-inhibitors in the rat. We successfully applied
this technique to identify the key structural features
that are responsible for the different pharmacokinetic
properties of TNF484 and Trocade™. These findings
proved to be instrumental in our efforts to improve
the poor absolute oral bioavailability (3%) of the po-
tent TACE/MMP-inhibitor TNF484. A new lead
compound (3) could be identified with excellent phar-
macokinetic properties, but significantly weaker
potency in vitro. Further structural modifications
guided by parallel screening for good in vitro potency
and superior biopharmaceutical and pharmacokinetic
properties resulted in the new inhibitor 6 which is
equipotent to TNF484 in vivo, but has a more than
tenfold higher absolute oral bioavailability (47%) in
rats and thus a reduced variability in exposure. Con-
sidering that rat pharmacokinetics is often representa-
tive for the human situation, we anticipate that
inhibitor 6 should have a smaller risk of clinical
failure.
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PK cassette-dosing in rats. The experiment was per-
formed in conscious, fed, permanently cannulated rats
kept under standard conditions. For oral administration
by gavage, a mixture of ethanol (3%) and cornoil was
used as a vehicle (5 mL/kg), whereas for the intravenous
route compounds were administered into the femoral
vein as a solution in N-methyl-2-pyrrolidone (30%) in
polyethylene glycol 200 (0.5 mL/kg). Plasma samples of
approximately 70 pL were collected from the femoral
artery for 24 h after iv administration and for 7 h after
oral dosing. iv and po administration was in the same
animals with a 48 h washout period between adminis-
trations. After acetonitrile precipitation of plasma sam-
ples (25 pL), parent drug concentrations in extracts were
measured using a specific HPLC/MS method. Complete
details of the procedure are given as supporting
information.

16.

17.

Neumann, U.; Kubota, H.; Frei, K.; Ganu, V.; Leppert,
D. Anal. Biochem. 2004, 328, 66.

Rat LPS challenge. Conscious male Sprague-Dawley rats,
kept under standard conditions, were orally dosed by
gavage with aqueous solutions of 6 at doses between 1 and
30 mg/kg (4-7 rats per group; controls receiving vehicle
only were included in the study). The rats were anesthe-
tized 3 h later for the remaining experimental procedure.
The carotid arteries (for blood sampling) and jugular veins
(for LPS injections) were cannulated, and one hour
thereafter a single dose (500 pg/kg) of LPS was given.
One hour later, arterial blood was taken, and plasma was
prepared and, subsequently, was tested for TNFa con-
centrations (ELISA). TNFa inhibition of the compound-
treated groups was calculated as a percentage of controls
treated with vehicle only. Additionally, an EDs, was
determined.
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Abstract—A series of aminoalkoxy phenyl-substituted naphthalene-1-yl-methanone was synthesized and tested for its anti-hypergly-
cemic activity in SLM and STZ-S rat models. Some compounds (3b, 4c and 4h) of the series were showing significant anti-hyper-
glycemic activity in male Sprague—Dawley rats in sucrose-loaded model (SLM) as well as in streptozotocin-induced model (STZ-S).
Active compounds were also evaluated for relative binding affinity against glucagon receptor.

© 2006 Elsevier Ltd. All rights reserved.

Diabetes (type-2) is a disease characterised by insulin
resistance, hyperglycemia and hyperinsulinemia, leading
to impaired secretion of insulin in latter stages.! Diabe-
tes is often associated with obesity, dyslipidemia and
hypertension, which are collectively known as syndrome
X or insulin resistance-associated disorders (IRAD).?
Current therapies for type-2 diabetes have inherent
problems of non-compliance, ineffectiveness and hypo-
glycemic episodes with insulin and sulfonyl ureas.? Dif-
ferent types of peroxisome proliferator-activated
receptor (PPAR) agonists (glitazones and glitazars) have
been shown to have beneficial effects on the described
characteristic of type-2 diabetes. Glitazone type thera-
peutics are in market but some of them have been
reported to have hepatotoxicity.* Therefore, there is a
greater need for more effective and better-tolerated oral-
ly active agents.

Glucagon is a 29-amino acid polypeptide produced in
the pancreatic a-cells and secreted in response to falling
glucose levels during the fasting period. Glucagon
increases glucose production by promoting glycogenoly-
sis and gluconeogenesis in the liver and attenuation of
the ability of insulin to inhibit these processes. The com-
bined action of glucagon and insulin is responsible for
maintaining glucose homeostasis in the body. Both in-
creased glucagon secretion during the fasting state and

Keywords: Anti-hyperglycemic activity; Naphthalen-1-yl-methanone;

Glucagon antagonists.

* Corresponding author. Tel.: +91 522 2612411; fax: +91 522
2623405; e-mail: dratulsax@gmail.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.013

the lack of insulin-mediated suppression of glucagon
production in postprandial state contribute to the ele-
vated glucagon levels associated with the hyperglycemia
observed in the diabetic state. Therefore, reducing circu-
lating glucagon levels and inhibiting glucagon-immuno-
neutralization of endogenous glucagons  with
monoclonal glucagons resulted in normalization of
hyperglycemic in streptozotocin diabetic rats.’

The study gives indication that glucagon receptor antag-
onists can be effectively used for the treatment of type-2
diabetes. The glucagon receptor is a seven transmem-
brane G-protein-coupled receptor (GPCR) belonging
to the secretin family.®

There are some peptide glucagon antagonists known
such as DesHIS'[Glu’]-glucagon amide, DesHIS'
DesPhe® [Glu’]-glucagon amide and Nleu’Ala!"'®-glu-
cagon amide.” But oral availability and metabolic stabil-
ity of these peptide antagonists are question marked.
Although very few non-peptide glucagon antagonists
were reported in the literature, for example, CP-
99,711, NNC-92,1687 and I? (Fig. 1). This prompted
us to design new non-peptide glucagon receptor
antagonists.

We describe in this paper the design, synthesis and anti-
diabetic activities of (substituted aminoalkoxy phenyl)
naphthalen-1-yl-methanone derivatives.

The design of naphthalen-1-yl-methanone nucleus was
mainly based on CP-99,711, NNC-92,1687 and the
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recently reported compound I (Fig. 1). Our strategy here
was to merge the key pharmacophoric motifs of these
three series into a hybrid structure of type II (4a—k).
These molecules have three important motifs, which
are responsible for the biological activity (Fig. 2).
Whereas naphthalen-1-yl-methanone molecule has four
distinct motifs in which one motif B, is taken from
CP-99,711, motif A, is taken from I and other two mo-
tifs (E, and F,) are selected from two common motifs of
compound I and NNC-92,1687 (E.,E; and F,F;). The

Figure 2. Three main motifs responsible for biological activity of CP-
99,711. A, heterocyclic moiety; B, alkyl amino chain; C, phenyl. NNC-
92,1687: F, phenolic moiety; E, linker and A, heterocyclic moiety;
Compound I: A,, naphthalene; E,, linker; F;, phenolic moiety.

motif B, was designed as side chain having substituted
alkylamino groups, as present in CP-99,711 (glucagon
antagonist). Interestingly similar side chains are also
present in rosiglitazone and adrenergic receptor -3 ago-
nists. The phenolic group motif-F, was taken from mo-
tifs-F/F1 of NNC-92,1687 and compound I. In the motif
E, only the carbonyl hinge was kept as present in NNC-
92,1687 and Compound I. Whereas the main nucleus
(motif A,) was selected as naphthalene moiety. The mo-
tifs A/A; are having heterocyclic moieties, which were
changed into naphthalene moiety. The selection of
naphthalene nucleus was based on motif A, of
compound I (Fig. 2). As F, and B, motifs together are
bulkier therefore, unsubstituted naphthalene (A,) and
only carbonyl hinge (E,) are selected from motifs E
and E;. The designed phenyl-substituted alkylamino
naphthalen-1-yl-methanone nucleus II (4a-k) is shown
in Figure 3.

Synthesis of naphthalen-1-yl[4-(2/3-amino-1-yl-alkoxy)-
phenylmethanone derivatives (4) was achieved starting
from 1-naphthoic acid (Scheme 1). Friedel Crafts acyla-
tion reaction of anisole with 1-naphthoic acid in the
presence of AlICl; or polyphosphoric acid gave 4-meth-
oxy-phenyl naphthophenone (1). The reaction gave bet-
ter results, when polyphosphoric acid was used as
catalyst, which on reaction with pyridine hydrochloride

A -1 (4ak)

Figure 3. General structure of synthesized compound [substituted
naphthalen-1-yl-methanone] II (4a-k).

HO.
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Cry :‘ ; °
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Scheme 1. Reagents and conditions: (a) anisole, (PPA) polyphosphoric
acid, 80 °C; (b) pyridine hydrochloride 120 °C or BBr3, 6 h stirring; (c)
acetone/K,CO; reflux; (d) acetone/K,CO; reflux or DMF/K,COs,
80 °C.
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at 120 °C or boron tribromide at room temperature gave
demethylated product 4-hydroxy-phenyl naphthophe-
none (2). Boron tribromide gave better yield than pyri-
dine hydrochloride. The 4-hydroxyl-phenyl
naphthophenone (2) on Willimson O-alkylation reaction
with bromochloroalkanes in the presence of dry K,COj3
and acetone transformed into [(2/3-chloro alkoxy)-phen-
yllnaphthalen-1-yl methanone (3) which on treatment
with various aliphatic and aromatic amines in acetone/
K,CO; under refluxing condition or in DMF/K,CO3/
DMAP at 80 °C under anhydrous conditions gave the
desired product as free base (4). Which on treatment
with oxalic acid in methanol gave [(2/3-substituted
aminoalkoxy phenyllnaphthalen-1-yl-methanone as
their oxalate salts (4a-k). The synthesized compounds
were tested for their anti-hyperglycemic activity and
are listed in Table 1.

All the synthesized compounds were evaluated for anti-
hyperglycemic activity in sucrose-loaded model (SLM)
using male Sprague-Dawley rats. Compounds showing
promising anti-hyperglycemic activity are 3b (22%), 4b
(17.2%), 4c (14.9%), and 4h 28.8%. But out of these,
only activity shown by 3b and 4h was significant at
p <0.05. The most active compound in the series
(n=1) as well as in (n = 2) have alkyl pyrrolidine as a
side chain. All the compounds then evaluated for anti-
hyperglycemic activity in sucrose charged streptozotocin
(STZ-S)-induced B-cell damaged diabetic model of Spra-
gue—Dawley strain male albino rat model. Compounds
3b and 4h were showing 17% and 27% glucose lowering
activity, respectively, at 100 mg/kg dose. It is interesting
to report here that compound having alkyl pyrrolidine
substitution in both the series [n=1 (17%), n=2
(27%)] was active and most potent compounds in entire
series. Whereas alkyl piperidine substitution is showing
moderate activity in n = 1 series (11.3%) but it is show-
ing insignificant activity in n =2 (6.8%) series. Com-
pounds showing activity in SLM as well as STZ-S
models were assayed for competitive binding of '**I-glu-
cagon to the human glucagon receptor.” Compounds
exhibited moderate activity against the human glucagon

2721

receptor binding affinity 4b: ICsy = 55 uM, 4h:ICsy =
17 uM, and 4k: ICsy = 35 uM). All compounds tested
were functionally competitive antagonists. Compound
4 h was showing quite comparable anti-hyperglycemic
activity with standard drugs (metformin, glibenclamide
and glyclazide) in STZ-S rat model (Table 1).

Sucrose-loaded model. Compounds were tested for their
effect on glucose tolerance curve in rats of average
body weight 169 £ 20 g, an indirect effect of measuring
anti-hyperglycemic activity. The blood glucose levels of
all animals were checked after an overnight fasting
(16 h) by glucostrip (Boehringer—Mannheim). Animals
showing blood glucose level between 60 and 80 (mg/
dl) (3.33-4.44/mM) were divided into two groups of
five to six animals each. Animals of experimental
groups were administered the suspension of the syn-
thetic compounds orally (made in 1.0% gum acacia)
at a dosage of 100 mg/kg body weight. Animals of con-
trol group were given an equal amount of 1.0% gum
acacia. A sucrose load (10.0 g/lkg) was given to each
animal orally exactly after 30 min postadministration
of the test sample/vehicle. Blood glucose of each ani-
mal was determined at 30, 60, 90 and 120 min postad-
ministration of sucrose. Food but not water was
removed from the cages during the course of experi-
mentation. Quantitative glucose tolerance of each ani-
mal was calculated by area under curve (AUCQC)
method. The % fall in blood glucose level was calculat-
ed by comparing AUC of experimental and control
group. Samples showing significant inhibition
(» <0.05) on postprandial hyperglycemia (AUC) were
considered as active samples.

Sucrose challenged streptozotocin-induced model. A cal-
culated amount of the fresh solution of streptozotocin
(STZ) dissolved in 100 mM citrate buffer (pH 4.5) was
injected to overnight fasted rats (60 mg/kg) intraperito-
neally. Blood was checked for glucose content 48 h later
by glucometer and animals showing blood glucose pro-
file between 150 and 250 mg/dl were selected and were
divided into different groups. Half an hour posttest

Table 1. Anti-hyperglycemic activity of aminoalkoxy naphthophenone derivatives 3 (a,b), 4 (a—k)'°

Compound n R! R? % Anti-hyperglycemic activity
SLM STZ-S

3a 1 — — 24 ND
3b 2 — — 22 8.5
4a 1 Piperidine — 15.4 11.3
4b 1 Pyrrolidine — 17.2 17
4c 1 H C¢HsCH, 14.9 5.6
4d 1 H CeHy, 7.16 Nil
4e 1 H 4-OCH;C¢Hss 9.71 9.2
4f 1 C,H; C,H; 7.21 Nil
4g 2 Piperidine — 7.16 6.8
4h 2 Pyrrolidine — 28.8 (p < 0.05 active) 27
4i 2 H C¢HsCH, 8.06 7.5
4j 2 H CeHi, 11.16 Nil
4k 2 H 4-OCH;C¢Hss 16.17 12.6
Metformin 12.9 19.1
Glibenclamide 33.7 29.0
Glyclazide 40.4 27.7
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sample treatment, a sucrose load of 2.5 g/lkg body
weight was given to each rat. Blood-glucose levels were
again tested at 30, 60, 90, 120, 180, 240, 300 min, and
24 h posttest sample/drug administration. Food but

not

water was withdrawn from the cages during the

experiment.

In conclusion, we have described a novel series of naph-
thalen-1yl-methanone, which is showing promising anti-

hyp

erglycemic activity in SLM and STZ-S rat models.

The most active compound 4h is showing 28.8% blood
sugar lowering activity in SLM model and 27% in
STZ-S model and it is also exhibiting glucagon antago-
nistic activity (ICso = 17 uM). The work has generated a
new lead and further optimisation of lead is in progress.
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(4-Methoxy-phenyl)naphthalen-1-yl-methanone (1). A
mixture of 1-naphthoic acid (5g, 28 mmol), anisole
(9 ml, 0.082 mol) and polyphosphoric acid (45g) was
taken in rb flask. The reaction mixture was heated at 80 °C
for 8 h. Reaction mixture was poured on ice and extracted
with ethyl acetate. Organic layer was concentrated to give
(1). Which was recrystallised with benzene-hexane.(4-
Hydroxy-phenyl)naphthalen-1-yl-methanone (2). 4-Meth-
oxy-phenyl naphthophenone (2.5 g, 14 mmol) was taken
in dry dichloromethane (30 ml) and stirred for 15 min at
0 °C. Boron tribromide (5ml, 1 M soln in CH,Cl,) was
slowly added to the reaction mixture and stirred the

solution for 16 h. Reaction mixture was extracted with
ethyl acetate and recrystallized with methanol to yield
2.General method of O-alkylation: [4-(2-chloro-ethoxy)-
phenyl J-naphthalen-1-yl methanone (3a). (4-Hydroxy-
phenyl)-1-naphthlen-1-yl-methanone (1) (0.01 mol) and
bromochloro ethane (0. 015 mol) were refluxed in dry
acetone in the presence of baked K,COj3 (1.5 mmol) under
anhydrous conditions. After completion of the reaction
K,CO; was filtered and acetone was distilled off, and the
product was crystallized from ethyl acetate/hexane to give
[4-(2-chloro-ethoxy)-phenyl]-naphthalene-1-yl-methanone
3a. Yield 82%. Mp 75-79 °C; MS (FAB) 311 (M*1); IR
(KBr): 1651ecm™! (C=0), 2965cm™! (CH,-H Str);
1600 cm~! (ArH); '"H NMR (CDCl3) d: 4.26 (t, 2H, O
CH,), 3.83 (t, 2H, CH,Cl), 6.84 (d, 2H, ArH), 7.42-7.54
(m, 4H, ArH), 7.82-8.15 (m, SH, ArH).
[4-(3-Chloro-propoxy )-phenyl ]-naphthalen-1-yl-meth-
anone (3b). Yield 85%; mp 60 °C; IR (KBr): 1651 cm ™!
(C=0), 2965 cm™! (CH,-H Str), 1600 cm~! ArH); MS
(FAB) (M*+1) 323; '"H NMR (CDCl;) &: 4.14 (t, 2H,
OCH,), 3.60 (t, 2H, C1 CH,), 2.13 (m, 2H, CH, CH, CH,),
6.82 (m, 2H, ArH), 7.20-7.41 (m, 4H, ArH), 7.72-7.95 (m,
5H, ArH).

General method of N-alkylation: naphthalen-1-yl-[4-(2-
piperidin-1-yl-ethoxy )-phenyl ]-methanone  (4a). [4-(2-
Chloro-ethoxy)-phenyl]-naphthalen-1-yl-methanone (3a)
(10 mmol), piperidine (15 mmol) and K,CO; (1.0 mol)
were taken in acetone (anhydrous) and the reaction
mixture was refluxed for 6 h. On completion of reaction,
as monitored by TLC. K,COj; was filtered off, in the case
of acetone, reaction mixture was distilled off, poured into
water (60 ml) and extracted with ethyl acetate thrice. The
solvent was distilled off and chromatographed on basic
alumina using hexane and ethyl acetate to yield 4a. Which
on treatment with oxalic acid in methanol gave oxalate
salt of 4a. Yield 83%; mp 125 °C; IR (KBr): 1652 (cm ™)
C=0, 1600cm~! ArH, 2929 (CH,-Str); MS (FAB)
(M*+1) 449; '"H NMR (CDCl;) 6: 4.24 (t, 2H, OCH>),
291 (t, 2H, NCH,), 2.76 (m, 4H, NCH>) 1.62 (m, 4H-
CH,) 1.24 (p, 2H, CH, CH, CH,) 6.84 (d, 2H, ArH), 7.2
7.4 (m, 4H, ArH) 7.7-7.9 (m, 5H, ArH). Anal. Calcd for
(4a) CrsH»7NOg: C, 69.48; H, 6.00; N, 3.11. Found: C,
69.17; H, 6.14; N, 3.21.
Naphthalen-1-yl-[4-(2-pyrrolidin-1-yl-ethoxy )-phenyl -
methanone (4b). Yield 81%; mp 155 °C, IR (KBr): 1653
(C=0), MS (FAB) (M*+1) 435, 'H NMR (CDCl;) : 4.1
(t, 2H, OCH,), 2.0-2.5 (m, 6H, NCH,), 1.2-1.6 (m, 4H, H,
2,3), 6.8 (d, 2H, ArH), 7.2-7.4 (m, 4H, ArH) 7.7-7.9 (m,
5H, ArH). Anal. Calcd for C,sH,sNOg: C, 71.7; H, 6.20;
N, 3.21. Found: C, 71.5; H, 6.33; N, 3.39.
[4-(2-Benzylamino-ethoxy )-phenyl |-naphthalen-1yl-meth-
anone (4¢). Yield 72%; mp 220 °C; IR (KBr): 1652 cm™!
(C=0), 1600 (Ar-H); MS (FAB) (M+1) 382; '"H NMR
(CDCly) 0: 3.97 (t, 2H OCH,), 2.54 (t, 2H, NCH.>), 3.84 (s,
1H, C¢HsCH,), 7.12-7.26 (m, 5H, ArH), 6.85 (d, 2H,
ArH) 7.28-7.52 (m 4H, ArH) 7.8-8.3 (m 5H, ArH). Anal.
Calcd for CosH,5sNO»: C, 81.80; H, 6.56; N, 3.57. Found:
C, 81.52; H, 6.32; N, 3.57.
[4-(2-Cyclohexylamino-ethoxy )-phenyl J-naphthalen-1yl-
methanone (4d). Yield 64%; mp 210 °C; (KBr): 1652 cm™"
(C=0), 1600 (Ar-H); MS (FAB) (M" + 1) 463; "H NMR
(CDCly) o: 4.14 (t, 2H, OCH,), 2.53 (t, 2H, NCH,), 2.46
(m, 1H, NH-CH), 1.10-1.92 (m, 10H, C¢H ), 6.84 (d, 2H,
ArH), 7.22-7.46 (m 4H, ArH), 7.71-7.97 (m, 5H, ArH).
Anal. Calcd for C,7H,9NOg: C, 69.90; H, 6.26; N, 3.00.
Found: C, 69.5; H, 5.87; N, 3.36.

4-[2-(4-Methoxy benzyl amino-ethoxy)-phenyl]-naphtha-
len-1yl-methanone (4e). Yield 70%; mp 140 °C; IR (KBr):
1652 cm ™! (C=0), 1600 (Ar); MS (FAB) (M*+1) 397; 'H
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NMR (CDCly) d: 3.73 (s, 3H, OCHj), 4.15 (t, 2H, OCH,),
3.56 (t, 2H, NCH,),6.67 (d, 2H, ArH), 6.78 (d, 2H, ArH)
6.86 (d, 2H, ArH), 7.21-7.45 (m 4H, ArH), 7.7-7.93 (m,
5H, ArH). Anal. Calcd for C,6H»3NO5: C, 78.58; H, 5.79;
N, 3.52. Found: C, 78.14; H, 5.69; N, 3.72.
[4-(2-Diethylamino-ethoxy )-phenyl [-naphthalen-1yl-meth-
anone (4f). Yield 80%; mp 171 °C; IR (KBr): 1652 cm™!
(C=0), 1600 (Ar-H); MS (FAB) (M*+1) 437; 'H NMR
(CDCl5) o: 1.12 {t, 6H, CH,-(CH3),}, 4.15 (t, 2H, OCH.,),
2.5-2.96 (m, 6H, NCH,), 6.81-6.92 (d, 2H, ArH), 7.42—
7.56 (m, 4H, ArH), 7.83-8.24 (m, 5H, ArH). Anal. Calcd
for C,sH»7NOg: C, 68.64; H, 6.17; N, 3.40. Found: C,
66.72; H, 5.71; N, 3.29.
Naphthalen-1-yl-[4-(2-piperidin-1-yl-propoxy )-phenyl -
methanone (4g). Yield 82%; mp 165 °C; IR (KBr): 1652
(em ™' C=0, 1600 cm™"' ArH, 2929 (CH,-Str); MS (FAB)
(M*+1) 463; '"H NMR (CDCly) d: 4.24 (t, 2H, OCH,),
2.96 (t, 2H, NCH,), 2.73 (m, 4H, NCH,) 1.65 (m, 4H-
CH,) 1.24 (p, 4H, CH, CH, CH,). 6.86 (d, 2H, ArH),
7.21-7.46 (m, 4H, ArH), 7.73-7.98 (m, 5H, ArH). Anal.
Calcd for C,7H,9NOg C, 69.9; H, 6.22; N, 3.02. Found: C,
69.56; H, 6.33; N, 3.37.
Naphthalen-1-yl-[4-(3-pyrrolidin-1-yl-propoxy )-phenyl |-
methanone (4h). Yield 80%; mp 158 °C; IR (KBr): 1653
(C=0); MS (FAB) (M*+1) 449; '"H NMR (CDCl,) 9: 4.12
(t, 2H, OCH,), 2.11-2.53 (m, 6H, NCH,), 1.23-1.64 (m,
4H, CH,), 6.88 (d, 2H, ArH), 7.22-7.47 (m, 4H, ArH)
7.72-7.96 (m, 5H, ArH). Anal. Calcd for C,sH»7NOg: C,

69.48; H, 6.0; N, 3.11. Found: C, 69.42; H, 5.87; N, 3.21.
[4-(2-Benzylamino-propoxy )-phenyl ]-naphthalen-1yl-
methanone (4i). Yield 70%; mp 210°C; IR (KBr):
1652 cm™! (C=0), 1600 (Ar-H); MS (FAB) (M+1) 396,
'"H NMR (CDCly) &: 3.94 (t, 2H OCH,), 2.54 (t, 2H,
NCH;), 1.83 (m, 2H CH, CH, CH,) 3.86 (s, 1H,
Cs¢HsCH,), 7.10-7.21 (m, 5H, ArH), 6.86 (d, 2H, Ar H)
7.82-8.12 (m, SH, ArH), 7.21-7.47 (m, 4H, ArH). Anal.
Calcd for C,;H,5NO,: C, 82.02; H, 6.32; N, 3.54, Found:
C, 82.23; H, 6.22; N, 3.45.
[4-(2-Cyclohexylamino-propoxy )-phenyl |-naphthalen-1y!-
methanone  (4j). Yield 60%; mp, 165°C; IR
(KBr):1652cm™ (C=0), 1600 (Ar-H); MS (FAB)
(M*+1) 477; '"H NMR (CDCly) é: 4.14 (t, 2H, OCH,),
2.53 (t, 2H, NCH,), 2.46 (m,IH, NH-CH), 1.12-1.87
(m,10H, C¢Hy9), 1.95 (m, 2H, CH, CH, CH,), 6.86 (d, 2H,
ArH), 7.21-7.44 (m 4H, ArH), 7.73-7.97 (m, 5H, ArH).
Anal. Calcd for CpgH3NOg: C, 75.16; H, 6.4; N, 2.93.
Found: C, 75.23; H, 6.26; N, 3.10.
{4-[2-(4-Methoxybenzylamino-propoxy )-phenyl [-naphtha-
len-1yl-methanone} (4k). Yield 72%; mp 130 °C; IR (KBr)
1652 cm™! (C=0), 1600 (Ar-H); MS (FAB) (M*+1) 411;
'"HNMR (CDCl;) 6: 3.76 (s, 3H, OCH3), 4.14 (t, 2H,
OCH,), 3.56 (t, 2H, NCH,), 1.94 (m, 2H, CH, CH, CH,),
6.68 (d, 2H, ArH), 6.76 (d, 2H, ArH) 6.85 (d, 2H, ArH),
7.23-7.49 (m 4H, ArH), 7.72-7.97 (m, 5H, ArH). Anal.
Calcd for C,7H,5NO;3: C, 78.83; H, 6.08; N, 3.40. Found:
C, 78.53; H, 6.48; N, 3.10.
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Abstract—An imidazolylpyrimidine was identified in a CXCR2 chemokine receptor antagonist screen and was optimized for poten-
cy, in vitro metabolic stability, and oral bioavailability. It was found that subtle structural modification within the series affected the
oral bioavailability. Potent and orally available CXCR2 antagonists are herein reported.

© 2006 Elsevier Ltd. All rights reserved.

Chemokines,' by interaction with their respective G-
protein-coupled receptor (GPCR), have a profound
influence on leukocyte migration and upregulation of
adhesion receptors. They are predominantly classified
into two large families, CXC and CC, based on their
amino acid sequence. The actions of CXC chemokines
are mediated through six cell surface receptors, CXCR 1
to CXCReo.

Ligands for the CXCR2 receptor, for example, interleu-
kin-8 (IL-8, CXCL38), induce migration of neutrophils,
monocytes, and T lymphocytes toward a site of inflam-
mation. As such, the CXCR2 receptor and IL-8 are
thought to play a crucial role in inflammatory diseases.
Therefore, antagonism of CXCR?2 could be beneficial to
these inflammatory diseases.?

The goal was to identify small molecule antagonists of
human CXCR2 that possessed suitable potency and

Keywords: Chemokine; CXCR2; Pyrimidine; Microsomal stability;

Oral bioavailability.

* Corresponding author. Tel.: +1 609 452 3695; fax: +1 609 655
4187; e-mail: kanho@pcop.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.028

pharmacokinetic properties for proof-of-principle effica-
cy studies.

A binding assay based on membranes prepared from
CHO cell transfected with human CXCR2 receptor
and labeled IL-8 was used to screen the Pharmacopeia
libraries (~500,000 compound, 1996). The initially ac-
tive compound identified, imidazolylpyrimidine 1, had
a K; of 60 nM and it served as the starting point for
an optimization program. Compound 1 was divided into
four domains: the pyrimidine core and three pendant
groups R', R%, and R*. Presented herein is the optimiza-
tion of the R' and R? domains.

l\ _____________________ 4 1
Ki = 60 nM

Preparation of the pyrimidine analogs is exemplified for
compound 40 (Scheme 1). 2,4-Dichloro-6-propylpyrimi-
dine (4) was prepared from reaction of 2,6-dichloropyr-
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Cl

Cl_N-_C
N__ClI z
Yl\(cl _nPILi, ELO ﬁ/\( DDQ E/\l(

DMF, DBU

1. Isomer separation

o)
H2N\=)LN/\/\O/\

8
DIEA, DMSO, 80 °C

Scheme 1. Preparation of pyrimidine analogs.

imidine (2) with n-propyllithium followed by oxidation
of the intermediate (3) with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ).> Reaction of 4 with 4-trif-
luoromethoxyphenylimidazole (5) yielded a mixture
of two isomers which were separable by column chroma-
tography. The preferred 2-substituted pyrimidine isomer,
7, was reacted with a leucine derivative 8 to afford
product 40. The triazole analog 27 was prepared in an
analogous manner except substituting 1,2,4-triazole
for 5.

The substituted phenylimidazoles (10) were prepared via
two routes; refluxing bromoacetophenone (9) in form-
amide* or reacting benzaldehyde (11) with p-tolylsulfo-
nyl isocyanide (TosMIC) followed by heating of
intermediate 12 in methanolic ammonia (Scheme 2).

RY,;
formam|de reflux A N\7
=/ \NH

10
= 4-MeO-, 4|=3co 4-Cl-, 4-F-, 4-F4C-, 4-NC-, 4-O,N-, 3-F4CO-

0L
~CHO TosMIC, KCN, EtOH N
R4; - . ( B
' 0"
X

=
11 12 R*
R* = 2-F;CO-
NH MeOH  R&— Ny
7 =~ .
10

Scheme 2. Preparation of substituted phenylimidazole from bromo-
acetophenones or benzaldehyde.

F4CO

4
+
FCO’@"@\I N Cl
’ ¥
Ny
7
N=
MNY N\)LN/\/\O/\

40

Analogs 28 and 29, the pyridylpyrimidines, were pre-
pared by a different route (Scheme 3). Condensation of
amidate 15 with B-ketoester 16 yielded a pyrimidinone
17, which was converted to the chloropyrimidine 18 with
phosphorus oxychloride. Displacement of the chloride
with the leucine derivative 8 gave the final products
(28 and 29).

Although imidazolylpyrimidine 1 possessed good in vitro
potency, it lacked stability with only 26% remaining
after 30 min in the presence of rat liver microsomes
(see Table 1) and had very poor bioavailability of much
less than 1% in rat. The lack of microsomal stability was
reflected with the relatively high clearance (1750 mL/h/
kg) observed in vivo after iv dosing. The highly lipophil-
ic n-octyl thioether moiety is prone to oxidation by the
liver enzymes and likely to contribute to the instability
of the compound. Thus, 1n1t1al optimization efforts were
focused on this domain (R') (Table 1). A twofold de-
crease in potency was observed when the thiol group
was removed (19). Compounds with successive removal
of two carbons from the chain, namely, the n-hexyl and
n-butyl derivatives (20 and 21, respectively), led to a
stepwise decrease in activity. With respect to microsom-
al stability, shortening of the chain length afforded more
stable compounds. Rat liver microsomal stability was
further enhanced via the addition of a branched alkyl
group (z-butyl, compound 22), however, this stability
gain was offset by a lack of potency.

The n-butyl analog 21 showed a good balance between
potency (1.7puM) and microsomal stability (68%
remaining after 30 min), and thus was used as the start-
ing point for the next round of optimization—where the
focus was to optimize the R? domain, the imidazole moi-
ety (Table 2). A marked improvement in potency was
observed with the addition of a methyl substituent to
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Scheme 3. Preparation of pyridylpyrimidines.

Table 1. Modification of R! domain

JN\)LN/\/\O/\
Compound R! K (nM) RLM?® (% rem)
1 (n-Octyl)-S- 60 26
19 n-Octyl- 120 36
20 n-Hexyl- 290 50
21 n-Bu- 1700 68
22 t-Bu- 6000 83

#Values are means of at least two experiments with standard deviation
<+30%.

®Rat liver microsome stability was measured by incubation of com-
pound (10 pM) in enzyme (300 nM) for 30 min at 37 °C. The % of
compound remaining after 30 min was quantitated by a LC method.
Values are means of two experiments, with a standard deviation of
<x20%.

the 4-position of the imidazole ring (24). Conversely,
substitution at the 2-position (23) was not tolerated
and resulted in a significant loss of potency. Bulkier
groups, such as a t-butyl (25) and phenyl (26), were per-
mitted in the 4-position of the imidazole and afforded
compounds with potency similar to that of the methyl
analog 24.

Replacement of the imidazole ring with a triazole (27) or
4-pyridine (28) group provided inactive compounds.
However, a twofold improvement in potency was seen
for the 3-pyridyl analog 29, indicating that the nltrogen
atom placement within the heteroaromatic R? group
may be important for potency. Although many of the
R? modifications yielded compounds that were more po-
tent than 21, all exhibited lower microsomal stability.

Further optimization of compound 26, the 4-phenyl
imidazole analog, illustrated that changing the electron-

HZN\:)LN/\/\O/\

i_H
\TN\ Cl \|_ 8
N

DIEA, DMSO, 80 °C

Table 2. Modification of R? domain

sz//N N\)LN/\/\O/\

N \'_

Compound R? K (nM) RLM?® (% rem)
N=\
21 N~ 1700 68
23 N=( >10,000 27
N~
24 /’\CN\; 90 25
N=
25 %/N\gs 85 13
N=\
26 @&Ng 100 2
N=
27 g\;,\N\; >10.000 30
2
28 NT y >5000 52
=
N
29 7\ ; 750 36

See Table 1 for footnote a and b.

ic nature of the aryl ring altered the potency and in vitro
metabolic profile of the series (Table 3). In general, all
modifications at the 4-position (termed R?) yielded com-
pounds with improved potency over 26 (R*=H).
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Table 3. Substituted phenyl analogs

N
RLO_&\'I\IY N\)LN/\/\O/\
\'_

Table 5. Positional isomers of the trifluoromethoxy substituent

N
7\ =
F3CO%NY N\)LN/\/\O/\

Compound R* K (nM) RLM" (% rem)
26 H- 100 2
30 Me- 40 35
31 MeO- 42 30
32 HO- 32 65
33 F3CO- 17 66
34 Cl- 27 54
35 F- 37 20
36 F5C- 14 80
37 NC- 43 50
38 O,N- 160 48
39 H,N- 600 nd

See Table 1 for footnote a and b.

Exceptions were the nitro (38) and amino (39) analogs.
More importantly, these compounds showed substantial
improvement in microsomal stability, with compounds
32, 33, 34, and 36 having greater than 50% of the com-
pound remaining after 30 min incubation with rat liver
microsome.

Wlth these more stable compounds in hand, the aliphat-
ic R! group was re-visited with the aim to further reduce
the lipophilicity of the moiety and was exemplified by
the series based on compound 33 where carbons were
sequentially removed from R' (Table 4). The calculated
AlogP reflects the overall change 1n lipophilicity
brought in by reducing the size of the R! group.

The potency of the n-propyl analog (40) was comparable
with the n-butyl (33) derivative, however, compounds
with that of shorter R' groups are two- to threefold less
active (compare 33 with 41 and 42). Modification of this
domain had little effect on microsomal stablhty
However, complete removal of the alkyl chain, R' =

Table 4. R' homologs

N
FSCO
\(J : N/\/\O/\
Compound  R! K RLM" % F AlogP
(nM) (% rem) (rat)*
33 n-Bu- 17 66 7 6.74
40 n-Pr- 25 74 33 6.29
41 Et- 57 77 18 5.83
42 Me- 44 67 22 5.16
43 H- 200 5 4 4.88

Compound Position of K RLM"® % F
CF;0- (nM) (% rem) (rat)
40 para- 25 74 33
44 meta- 35 55 7
45 ortho- 50 13 5

See Table 1 for footnote a and b.

H, gave compound 43 that was significantly less active
and less stable to rat liver microsomes.

The potency of the o-, m-, and p-trifluoromethoxy posi-
tional isomers was similar (Table 5), however the ortho
analog (45) was rapidly metabolized by the microsomes
with only 13% remaining after 30 min, compared with
55% and 74% for the meta and para compounds (44
and 40, respectively).

Oral bioavailability data (% F) for the trifluoromethoxy-
phenyl series are shown in Tables 4 and 5. As a general-
ization in this series, compounds with good in vitro
microsomal stability (>60% remaining after 30 min in

nmol/mL
10 3
ry
»
°
1 e e
\. i.v.
1 E \. —A— p.o
] T .0.
1 AT \o
_f A \.
1% \
[ :
\T
A
0.1 T T l ]
0 2 4 6 8
time (h)

Figure 1. Pharmacokinetic profile of compound 40 in rats (n = 3) after
dosing 4 pmol/kg iv and po.

Table 6. PK parameters of compound 40

Rat Dog*

Dose (umol/kg)

iv 4 2

po 4 4
t12 (h) 2.7+0.05 1.1+0.1
Cl (mL/h/kg) 590 + 25 723 +3
Vs (L/kg) 1.99 +0.06 2.79 £0.20
AUC..® (h nmol/mL) 243 +£0.27 1.39+£0.70
Cinax” (nmol/mL) 0.66 £0.12 0.30 £ 0.04
F (%) 33£3 25+12

See Table 1 for footnote a and b.
¢Compound was dosed at 4 mg/kg iv and po.

fn=2.
®po.
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rat liver microsomes) showed reasonable oral bioavail-
ability (% F > 20). Exception was seen with compounds
33 which illustrate that although subtle structural mod-
ification may not dramatically affect metabolic stability,
they may profoundly affect oral bioavailability, as seen
in the comparison of n-butyl and n-propyl analogs (33
and 40). It may be hypothesized that the addition of
an extra carbon atom negatively affects the physico-
chemical properties of 33 thereby reducing drug absorp-
tion leading to the observed difference in oral
bioavailability.

The pharmacokinetic (iv and po) profile in rats and rel-
evant PK parameters (rat and dog) of compound 40 are
shown in Figure 1 and Table 6, respectively.

Compound 1, obtained from the CXCR2 chemokine
receptor antagonist screening program, was optimized
for potency and in vitro metabolic stability. Metabolism
related to the bulky and lipophilic n-octyl thio group
was addressed by replacing it with smaller aliphatic moi-
eties (R'). Optimization of the imidazole domain (R?) by
introduction of the 4-(4-substituted-phenyl)imidazole
group yielded particularly potent molecules. Pharmaco-
kinetic studies performed on the series highlighted the
importance of in vitro microsomal stability, which in
this series appears to be one of the key determining fac-
tors for good oral availability. However, subtle structur-
al changes within a series, such as altering chain length,
can drastically affect pharmacokinetic profiles while

having little effect on potency or microsomal stability.
Two compounds (40 and 42)° were identified with both
good potency (K; < 50 nM) and oral bioavailability (>20
% in rat).
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Abstract—Continuing our research aimed at obtaining new compounds with high affinity and selectivity toward o;-AR, a new series
of arylpiperazine derivatives was designed, synthesized, and biologically tested. The new compounds 1-17 are characterized by a
phenylphthalazin-1(2H)-one fragment connected through an alkyl chain to an arylpiperazine residue. The pharmacological profile
of these compounds was evaluated for their affinity and selectivity toward a;-AR, o,-AR and toward SHT o serotoninergic receptor.
A discussion on the structure—activity relationship (SAR) of these compounds is also reported.

© 2006 Published by Elsevier Ltd.

The o4-adrenoceptors (a1-AR) are a family of G-pro-
tein-coupled seven-transmembrane helix receptors com-
prising of multiple subtypes. Currently, three distinct
oj-adrenoceptors—oa; o, o, and ojp—have been de-
fined in native tissues and their c-DNA has been cloned
and expressed in various cell lines, o,, ojp, and oq.'

o;-Adrenoceptors are therapeutically interesting because
of their involvement in the control of blood pressure®>
and for benign prostatic hyperplasia (BPH).*

The fact that o;-blockers have been used in the treat-
ment of benign prostatic hyperplasia (BPH) for more
than two decades and combined with experimental data
showing that BPH is the most common benign tumor in
men has led in recent years to a marked increase in the
search and development of new o;-AR antagonists.’

It is well known that the addition of arylpiperazinylalkyl
side chains into different heterocycles, such as uracils or
the pyrimido[5,4-b]-indole moiety,® provides compounds
that effectively lower blood pressure by antagonizing the
o;-AR. Among the compounds that show high affinity

Abbreviation: TBAB, tetrabutyl ammonium bromide.

Keywords: o-Adrenoceptor affinity; on-Adrenoceptor affinity; SHT | o-

serotoninergic affinity; Phenyl-phthalazinone fragment; Arylpipera-

zines, Structure-activity relationships (SAR).

* Corresponding author. Tel.: +39 075 5855136; fax: +39 075
5855161; e-mail: noemi@unipg.it

0960-894X/$ - see front matter © 2006 Published by Elsevier Ltd.
doi:10.1016/j.bmcl.2006.02.068

toward o;-ARs, considerable attention has been given
to molecules containing an arylpiperazinyl moiety as
the pharmacophoric portion.

There are many reports in the literature regarding com-
pounds containing a pyridazin-3(2H)-one fragment and
their potential biological activities as antihypertensive
agents; compounds GYKI-127437 or phenyl-phthalazi-
none I3 are examples. This literature survey led to the
suggestion that the arylpiperazinyl and pyridazinone
moieties are key elements for o;-AR affinity.

I R=H
R = NHNH,

In the course of our studies in the field of new and
selective o;-AR ligands, containing a pyridazin-
3(2H)-one ring, we have recently synthesized several
compounds having an arylpiperazinylalkyl chain at
the 2-position of the pyridazinone moiety, and a
group such as furoyl-piperazine or 1,4-benzodioxan-
2yl-methyl-piperazine at the 4-, 5- or 6-positions.
Some of these compounds showed high affinity for
o;-ARs, 10714
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Based on the results from our previous works,!'014

the new compounds that have an ortho-substituted
phenylpiperazinylalkyl pyridazinone moiety as the
common chemical scaffold, which allows for varia-
tions to be introduced on the terminal moiety linked
to the pyridazinone nucleus and on the size of the
ortho-alkoxy constituent, were designed and prepared
for study.

Moreover it was reported by us,!"!? that a gradual in-
crease in affinity may be obtained by lengthening the
polymethylene spacer between the pyridazinone and
arylpiperazine moieties of the piperazinylalkylpyridazi-
none derivatives. On the other hand, ay/a, selectivity
is mainly dependent on the characteristics of the ter-
minal molecular fragment directly linked to the pyrid-
azinone ring. On the basis of these considerations and
taking into account our previous experience in this
field, our goal was to discover novel compounds char-

1

G. Strappaghetti et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2575-2579

acterized by good affinity for o;-AR, possibly, high
selectivity toward o;-AR with respect to o,-AR or
to SHT 4.

In this work, we report the synthesis and pharmacolog-
ical data of new compounds in which the phenyl-phthal-
azin-1(2H)-one fragment is present as terminal
molecular moiety.

The objective of this paper was to probe the importance
of this phenyl-phthalazinonic fragment in relationship
to the affinity and selectivity toward ao;-AR, when the
arylpiperazinyl fragment is present and the alkyl chain
as the spacer between the two major constituents of
the molecule.

Compounds containing a 4-(4-methylphenyl)phthalazin-
1(2H)-one fragment, connected to an arylpiperazine
moiety by an alkyl chain of two, four or seven carbon

R
(0] 0]
—(CHz)z N | |
~N N—(CHy-)
2N Na
R'=o- OCH3 15
m
CH;
(0]
| b, c o d, e f,g R!
SO g | — -
N =X N—CHpn—N N
N ! /
18a n=2 x=Br ~N |
18 18b n=4 x=Br 3 n=2 R'=0-0CH;
18¢ n=7 x=Br 4 n=2 R'=0-OCH(CH,),
5 n=4 R'=H
CH; i 6 n=4 R'=0-OCH;
CH; 7 n=4 R'=0-OC,H;
h CHs 8 n=4 R'=0-OCH(CH;),
1 13n=7 R'=0-OCH;
14n=7 R's0-OC,H;
- [ -
I
— —N N—(CHyn—N N
N—(CHy)s o) )
__/ o | N N __/ 1
N—C—N N D) R
9 _N /= 10 n=4 R'= m-Cl

CH;

11 n=4 R'= m-CF;
16 n=7 R'=m-Cl
17 n=7 R'= m-CF;

Scheme 1. Reagents: (a) acetone, dry potassium carbonate, 1-(2-chloroethyl)-4-phenylpiperazine (19), 1-(2-chloroethyl)-4-(2-methoxyphenyl)piper-
azine (19a); (b) Br(CH,),Br, TBAB, KOH, benzene; (c) acetone, dry potassium carbonate, Br(CH,)4Br, or Br(CH,);Br; (d) acetonitrile, dry
potassium carbonate, 1-(2-ethoxyphenyl)piperazine (20); or 1-(2-isopropoxyphenyl)piperazine (20a); (e) acetonitrile, dry potassium carbonate,
1-phenylpiperazine (20d), or 1-(2-isopropoxyphenyl)piperazine (20a); (f) acetonitrile, dry potassium carbonate, 1-(2-methoxyphenyl)piperazine (20e),
or 1-(2-ethoxyphenyl)piperazine (20); (g) isoamyl alcohol, dry potassium carbonate, 1-(2-methoxyphenyl)piperazine (20e), or 1-(2-ethoxyphenyl)pi-
perazine (20); (h) acetonitrile, dry potassium carbonate, 1-(3-chlorophenyl)piperazine (20b) or 1-(3-trifluoromethylphenyl)piperazine (20c);
(i) acetonitrile, dry potassium carbonate, 1-(2,3-dihydrobenzo[l,4]dioxin-2-ylmethyl)-piperazine (21); (1) acetonitrile, dry potassium carbonate,
2-piperazin-1-yl-pyrimidine (22); (m) acetone, dry potassium carbonate, 3,4-dihydrophthlalazin-1(2H)-one (23).
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atoms, were synthesized (compounds 1-8, 10-14, 16,
and 17).

Moreover, to confirm the importance of the arylpiper-
azine fragment as the pharmacophoric portion with
respect to the o-AR affinity, an arylpiperazine moiety
was replaced by 1,4-benzodioxan-2-yl-methyl-piperazine
or a phthlazin-1(2H)-one group (compounds 9 and 15).

Table 1. Chemical and physical data of compounds 1-17

2577

The synthetic pathways to compounds 1-17 are shown
in Scheme 1.

Alkylation of 4-p-tolyl-2H-phthalazin-1-one (18) with
1-(2-chloroethyl)-4-phenylpiperazine (19) or with 1-
(2-chloroethyl)-4-(2-methoxyphenyl)piperazine (19a)
(both synthesized following the method described by
Bourdais)' in acetone in the presence of dry potassium

Compound Formula Mp (°C) Yield (%)
1 Cy7HsN4O-2HCI'1/2H,0 190-191 20
2 C28H30N402'2HC1'1/ZH20 224*226 40
3 C29H32N4022HC1H20 21 87220 63
4 C30H34N,0,2HCl 196-198 80
5 C»oH3,N,0-2HCI 208-212 90
6 C30H3,N,0,2HCI-1/2H,0 204-206 70
7 C31H36N402'2HC1 199*200 50
8 C3,H35N,0,2HCI-H,0 177-179 80
9 C3>H36N4052HCIH,0 240-244 60

10 CyoHj3,CIN4O-HCI'1/2H,0 205-207 45

11 C30H31F3N40‘2HC1 156*158 70

12 C,7H3NgO-2HCI-1/2H,0 227-229 80

13 Cs33H4oN4O,:3HCI 162-168 40

14 C3,H5N,0, 1HCI 155-157 45

15 Cs30H30N40,.HCI 40-44 30

16 C3,H3,N,OCI-HCI-1/2H,0 96-100 45

17 C33H37F3N40‘HC] 170*172 60

Table 2. o;-AR, o,-AR, and SHT) A serotoninergic receptor binding affinities of compounds 1-8, 10, 11, 13, 14, 16, and 17

o]
|

I
LI

N— (CHyn-N

N
\_/Q

CH;

Compound n R K" (nM)

o-AR or-AR 5-HT A Ratio a/oy Ratio SHT; /o
1 2 H 253+0.12 4262 + 1469 6200 *+ 870 168.5 245.0
2 2 0-OCHj3 3.5+1.48 578 +269.3 473 £ 105 165.0 135.1
3 2 0-OC,H; 39+0.82 867 £ 95 951 £ 100 222.3 244.0
4 2 0-OCH(CHs;), 5.0+ 0.70 1301 + 140 1288 + 182 260.2 257.6
5 4 H 23.9+5.11 186 *+ 36 450 £ 95 7.8 18.8
6 4 0-OCHj3 2.6 +0.51 60.37 £ 10 38.5+4.7 23.2 14.8
7 4 0-OC,Hj; 2.23+£0.48 60.47 £ 15 4175 27.1 18.3
8 4 0-OCH(CHs;), 1.07 £0.18 96 + 32 81£35 89.7 75.7
10 4 m-Cl 12.4 £4.07 178.2 £ 20 116 £ 11 14.4 9.3
11 4 m-CF5 111.6 £ 11 186.5 £ 16.2 71.8 + 14 1.6 1.5°
13 7 0-OCH3 8.4+0.6 105 = 10.5 101 =28 12.5 12.0
14 7 0-OC,H; 73312 889 £ 160 207 £ 35 121.3 28.2
16 7 m-Cl 37.0+7.0 430.0 +43.0 673.0 £ 75.0 11.6 18.2
17 7 m-CF; 382.0 £ 70 4180 = 1000 722 + 160 10.9 1.9
P 0.24 £0.05 >10,000
R 40£0.3
D 2.0%0.2

#The K; values are means + SD of a series of separate assays, each performed in triplicate. Inhibition constants (K;) were calculated according to the
equation of Cheng and Prusoff:?® K; = ICso/1 + (L/Ky), where [L]is the ligand concentration and Kj its dissociation constant. Ky of [*H]prazosin (P)
binding to rat cortex membranes was 0.24 nM (o), Kg of [*PHJrauwolscine (R) binding to rat cortex membranes was 4 nM (o), and K4 of [°H]8-OH-
DPAT (D) binding to rat cortex membranes was 2 nM (5-HT4).

b5, /5HT A ratio.
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carbonate, at reflux, afforded compounds 1 and 2, respec-
tively, in moderate yield.

Starting with 18, intermediate 18a was obtained, by
alkylation with 1,2-dibromoethane under phase transfer
catalysis, according to the procedure reported by
Yamada.'® In turn, 18a was converted to the final com-
pounds 3 and 4, in 60-80% overall yield, by reacting it
with 1-(2-ethoxyphenyl)piperazine (20) or 1-(2-isoprop-
oxyphenyl)piperazine (20a),!” respectively, in acetoni-
trile/dry potassium carbonate at reflux.

The alkylation of 18 with o,®-dibromoalkanes hav-
ing four or seven methylene groups was used to pre-
pare intermediates 18b and 18c, respectively (dry
potassium carbonate/acetone, at reflux). Compounds
5 and 8 were prepared by reacting intermediate 18b
with 1-phenylpiperazine (20d) or 1-(2-isopropoxyphe-
nyl)piperazine (20a), respectively, in acetonitrile in
the presence of dry potassium carbonate at reflux.
Using the same procedure as that described for com-
pound 5, compounds 13 and 14 were obtained by
reacting intermediate 18¢ with 1-(2-methoxyphenyl)pi-
perazine (20e) or 1-(2-ethoxyphenyl)piperazine (20),
respectively.

Compounds 6 and 7 containing a fragment of
1-(2-methoxyphenyl)piperazine or 1-(2-ethoxyphenyl)pi-
perazine, respectively, were prepared by using isoamyl
alcohol and dry potassium carbonate at reflux.

Compounds 10 and 11, 16 and 17 containing a linker of
four or seven carbon atoms, respectively, were prepared
by direct alkylation of 18b or 18¢ with the 1-(3-chloro-
phenyl)piperazine (20b) or 1-(3-trifluoromethylphenyl)-
piperazine (20c), according to the procedure reported
for the synthesis of compound 5.

Compounds 9 and 12, were prepared by alkylation of
18b, with 1-(2,3-dihydrobenzo[l,4]dioxin-2-ylmethyl)-
piperazine (21) or with 2-piperazin-1-yl-pyrimidine
(22), respectively, using the same procedure described
above for compound 5.

Finally, compound 15 was prepared, starting with the
intermediate 18c¢ using 3,4-dihydrophthalazin-1(2H)-
one (23), acetone/dry potassium carbonate, as described
above for compound 5.

The chemical and physical data for these compounds are
reported in Table 1.

The pharmacological profiles of these compounds were
evaluated for their affinities toward o;-AR, o>-AR,
and 5-HT, s serotoninergic receptor by determining the
ability of each compound to displace [*H]prazosin,
[*HJrauwolscine, and [’H]8-OH-DPAT, respectively,
from specific binding sites on rat cerebral cortex.'® K;
values were determined on the basis of three competition
binding experiments in which seven drug concentra-
tions, run in triplicate, were used.?’

Table 3. o;-AR, a,-AR, and SHT,, serotoninergic receptor binding affinities of compounds 9, 12, and 15

o]
|

N— (CHyn—R
|
_N

CH,
Compound n R K (nM)
CX]‘AR dz-AR S-HTlA Ratio 0!2/0{1 Ratio 5HT|A/0L|
o
9 4 /~ N\ 180.0 + 30 278.0 + 48 1928.0 + 340 1.5 10.7
—N N 0
N ~
12 4 N \NJ\ | 270.0 £ 19.5 2034 £ 150 1181 £ 170 7.5 4.4
—_ S
/ N
(0]
|
15 7 N 26%"° 15%° 10%"° nd nd
P 1{1 0.24 + 0.05 >10,000
NS
R 4.0%0.3
D 20%0.2

#The K; values are means * SD of series separate assays, each performed in triplicate. Inhibition constants (K;) were calculated according to the
equation of Cheng and Prusoff:® K, = ICsy/1 + (L/Ky), where [L] is the ligand concentration and Kj its dissociation constant. Ky of [3H]prazosin (P)
binding to rat cortex membranes was 0.24 nM (a;), Ky of [PHJrauwolscine (R) binding to rat cortex membranes was 4 nM (a,), and Ky of [*H]8-OH-
DPAT (D) binding to rat cortex membranes was 2 nM (5-HT4).

® Percent inhibition at the 10 pM dose.
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The pharmacological data reported in Tables 2 and 3
confirm that:

The phenylpiperazine system is essential for determin-
ing affinity toward all the receptors considered. In
fact, the compounds bearing a 2-methyl-2,3-dihydro-
benzo[1,4]dioxine (compound 9) or a phthalazinonic
nucleus (compound 15) were characterized by a signif-
icant decrease in affinity toward the previously
described receptor. This could be due to differences
in the hydrophilic/lipophilic nature of this portion of
the molecule, as suggested by our previous stud-
ies.!1% In addition, the literature reports that there
is usually a decrease in affinity toward o;-AR with
simple heterocyclic rings, such as pyrimidine (com-
pound 12).

It is confirmed that increasing the bulkiness of the
alkoxy group at the ortho-position of the phenyl ring
attached to the piperazine nucleus leads to an
enhanced affinity toward o;-AR. Some examples are
compounds 1-8; compound 8, which has an isoprop-
oxy group and a linker of four carbon atoms,
showed the highest affinity. Moreover, it has been
confirmed that, a meta-substitution leads to a marked
drop in affinity toward o;-AR. Compounds 10, 11,
16, and 17 in which a chlorine atom or CF; group
is present, the affinity values toward o;-AR are sever-
al orders of magnitude higher than those of the
ortho-substituted compounds (compounds 6, 7, 13,
and 14).

The different ethyl-, butyl- or heptyl-chain extensions
that constitute the spacers between the arylpiperazine
system and the terminal heterocyclic fragment exerted
a weak influence determining selectivity of the new com-
pounds toward o;-AR. Compounds 1-4 containing a
two-carbon atom linker showed the better selectivity;
compound 4, with an o-isopropoxy group, showed the
highest selectivity toward the o;-AR (op/a; = 260 or
SHTa/o; = 257). In contrast, lengthening the spacer
to a four, or seven methylene unit, decreased the selec-
tivity toward o;-AR; compounds 5-8, 7, 13, and 14
are examples.

In conclusion, for these compounds, in which is pres-
ent 4-p-tolyl-2H-phthalazin-1-one such as terminal
molecular fragment, a four-carbon atom spacer is
the best polymethylene chain for affinity; while a
two-carbon atom spacer is the best for selectivity.
Therefore, the selectivity toward the o;-AR
receptor can be improved, by blocking the terminal

heterocyclic moiety linked to pyridazinone nucleus
and by shortening the chain that connects the two
parts of the molecule.
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Abstract—A series of N-alkyl-N-arylmethylpiperidin-4-amines have been prepared and are demonstrated to be inhibitors of both

serotonin and norepinephrine reuptake.
© 2006 Elsevier Ltd. All rights reserved.

Major depressive disorder is currently the fourth leading
cause of disease or disability world wide and is projected
to rise to second by 2020.! Furthermore it has been sug-
gested that dual serotonin (5-HT) and norepinephrine
(NE) reuptake inhibitors offer the potential for superior
anti-depressant activity.> That enhancing both seroto-
nergic and noradrenergic neurotransmission results in
anti-depressant efficacy is now supported by clinical
experience with duloxetine (Cymbalta™) (1), a dual
5-HT and NE uptake inhibitor.>*

As part of a program seeking to identify new dual up-
take inhibitors a series of alkylaminopiperidines that
possess potent dual 5-HT and NE transport inhibition
properties have now been identified (Fig. 1).>°

The initial compounds synthesized for this SAR were
analogues of 2 where R1 was varied to investigate which
alkyl, cycloalkyl and substituted alkyl groups main-
tained dual 5-HT and NE transport inhibition.

Alkylated 4-aminopiperidines were straightforwardly
synthesised by two general routes from N-Boc-piperi-

Keywords: Serotonin; Norepinephrine; Reuptake; Transporter; Inhib-

itors; Aminopiperidines.

* Corresponding author. Tel.: +44 0 1276 483536; fax +44 0 1276
483525; e-mail: Gallagher_p@lilly.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.008

Duloxetine 1 2

Figure 1.

done (3) by reductive amination with either 2-trifluo-
romethylbenzylamine (4) or an alkylamine (7) to give
amines (5) and (8), respectively, in good yields (Scheme
1).78 Benzylamino piperidine (5) was reductively ami-
nated with either aldehyde or ketone (6). Conversely
alkylaminopiperidine (8) was reductively aminated with
either 2-trifluoromethylbenzaldehyde (9) or benzylated
with 2-trifluoromethylbenzyl bromide (10). Both routes
provided compounds (11-23) whose transporter affinity
is tabulated below (Table 1). Tartrate or fumarate salts
of the secondary amines were routinely prepared and
affinity data has been generated on these salts (Tables
1-4).

Taking advantage of the availability of 4-bromobutyro-
nitrile and trifluoro-methanesulfonic acid 2-trifluoro-
methoxy-ethyl ester,” benzylamino piperidine (5) was



mailto:Gallagher_p@lilly.com



J. R. Boot et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2714-2718 2715

H, R CF,

NH CF H, R , s
i @ ’ L SN
CF.  HN o 0 AN

4 3
—_— —_—
N3 2 5 11-23
Boc N ’}‘
Boc
)H\vR H, R
’ CHO CH_Br
Al NH, g @[ @[ :
7
ﬁj o CF; £ CF,
a
s N i
Boc

Scheme 1. Reagents: (a) H,, EtOH, 10% Pd/C, 45-80%, (b) i—RCHO,
Na(AcO);BH, DMF, CICH,CH,CI; ii—TFA, CH,Cl,; iii—tartaric
acid or fumaric acid MeOH, 15-75%.

alkylated under basic conditions to give the cyano and
trifluoromethoxy analogues (25 and 26) (Table 1). The
trifluoroethyl analogue was made by trifluoroacetylation
with trifluoroacetic anhydride, followed by reduction of
the trifluoroacetamide (28) with borane-THF to give
(27) (Scheme 2).

The compounds in Scheme 1 were evaluated for their
affinity at the 5-HT, NE and dopamine (DA) receptors.
neurotransmitter re-uptake (Table 1). Several com-
pounds with nanomolar affinity at SERT and NET were
identified. The following SAR conclusions can be
drawn: (i) that substitution on an alkyl chain alpha to
the 4-amine is detrimental to NE uptake (cf. 19), howev-
er cycloalkyl substitution, for example (20) does not im-
pact NE uptake; (ii) branching beta to the 4-amine has
less impact and is better tolerated (e.g., 16, 18 and 21);
(ii1) substituting with fluorine at the terminus of an alkyl

chain produces compounds with similar activity to the
un-fluorinated analogues. An exception to this latter
observation is the reduced activity of the trifluorometh-
oxy analogue (26) when compared to the methoxy ana-
logue (24).

Having investigated alkyl substituents it was decided to
retain a single alkyl chain and investigate the scope of
benzyl substitution.

The compounds in Table 2 were synthesized via N-Boc-
piperidine (8) (Scheme 1) and converted to compounds
28-43 by reductive amination with the requisite aryl
aldehyde.

Of the monosubstituted analogues synthesised (Table 2),
3- or 4-substitution (e.g., 29, 30, 32, 33, 35, 36) was det-
rimental to NE transporter affinity in comparison to 16.
However on replacing the trifluoromethyl with methyl
(34), chloro (40), methylthio (41) or trifluormethoxy
(42) groups, dual inhibition was retained.

Affinity at the dopamine transporter was more prevalent
with certain substitution patterns, thus the 3-methyl
(35), 3-fluoro (38) and 2-chloro (40) substituents all
had inhibition of DA transport of less than 100 nM.

Following the limited success of monosubstitution of the
aryl moiety a series of disubstituted analogues were syn-
thesized (Table 3). Disubstituted compounds were syn-
thesized analogously to the compounds in Table 2.

Disubstitution was more rewarding than monosubstitu-
tion. Thus maintaining methyl, trifluoromethyl or chlo-
ro substituents in the 2-position and substituting with

Table 1. Binding affinities at the serotonin, norepinephrine and dopamine transporters compounds 11-27.

RT CFS

\Nﬁ

?
Compound R1 Salt* 5-HT®® NEb© DAY
11 Me- A (—40 £ 7%) (—67% * 4%)° 3+ 1%)
12 Et— A 8§+0.2 612 (=21 0.2%)
13 n-Pr— A 22+%0.2 6.5%+04 (=12 % 1%)
14 Me,CH- A 5.6+0.1 26%2 (=31 % 3%)
15 n-Bu— A 1.5+04 5.1+£0.5 (=31 £ 2%)
16 Me,CHCH,— A 1.4+0.1 32%£03 210 £ 30
17 ¢-CsHsCH,— A 1.5+0.1 6+ 1 (—27+0.1%)
18 Me;CCH,— A 43%0.5 2.7%£0.1 160 £ 14
19 Et,CH— A 68412 86+ 2 (—41 + 0.4%)
20 c-CsHo— A 3.6%0.1 4.1%0.1 (—45 % 0.7%)
21 Et,CHCH,— A 6.9+ 0.6 6.1 1.5 (=39 + 1%)
2 MeO(CH,)o— A 2.5+0.03 83+02 (4 + 3%)
23 F3C(CH,)— A 28+0.1 9.840.7 (=35 + 3%)
24 MeO(CH,)s— B 22402 6.8+0.7 (—8 +2%)
25 NC(CH,);— B 0.58 £ 0.05 21+2 (—15 % 1%)
26 F3CO(CH,),— B 17£0.5 S1t1 (—8 = 1%)
27 F;CCH,- B 46%04 33+2 (=22 +2%)

% A, fumarate; B, tartrate.
bK{, nM.

©% inhibition at 1 uM. Binding affinities and displacement measurements were done in triplicate.*
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Table 2. Binding affinities at the serotonin, norepinephrine and dopamine transporters

Ty R
()

Compound R2 Salt® 5-HT®® NEb© DA®®
16 2-CF3 A 14£0.1 3.1+£0.3 200 * 30
28 H FB¢ 8.4+0.6 91+6.4 (—60.4 + 0.8%)
29 3-CF; A 0.26 £0.02 255+ 13 (—63.9 + 0.6%)
30 4-CF; A 0.07 £0.01 300+7 (—28.5+2.2%)
31 2-CN A 1.2 £0.04 42+2 (—=10.3 + 1.6%)
32 3-CN A 0.48 £0.07 690 22 201 £ 32
33 4-CN A 0.28 £ 0.01 190 £ 2 (—24.2 £ 0.6%)
34 2-Me A 1.5+04 33+0.2 240 = 19
35 3-Me A 22%0.1 150 £ 21 98 £29
36 4-Me FB 0.99 +0.10 69 +3 (—60.4 + 1.4%)
37 2-F A (—43.9 £ 4.9%) 15%£0.1 330£5.7
38 3-F A (=39 = 3.7%) 43+ 1 86.5+2.8
39 4-F A 1.91£0.2 78 £ 12 200+ 7.2
40 2-Cl A 1.6 £0.1 1.4%0.1 83+3
41 2-MeS A 1.1+0.2 33%£0.2 (=17.5%0.1%)
42 2-OCF; A 22+0.2 7.1£0.3 (—16.4 £ 0.3%)
43 2-MeO A 151 145+ 10 (4.0 = 4.0%)

2 A, fumarate; B, tartrate.

® K, nM.

©% inhibition at 1 uM. Binding affinities and displacement measurements were done in triplicate.*

4 Free base.

Table 3. Binding affinities at the serotonin, norepinephrine and dopamine transporters

R2
jpaes
N

Compound R2 R3 Salt® 5-HT®¢ NEP¢ DA<
16 2-CF; H A 1.4+£0.1 3.2+0.3 210 =30
44 2-CF; 5-F A 79+0.9 3.4+40.1 (=19 £ 2%)
45 2-MeO 4-MeO A 22102 1060 + 30 (1.8 £ 1.6%)
46 2-F 4-F A 3.1+£0.40 20£23 580 £ 40
47 2-Me 4-Me A 0.39 £0.12 4.8%0.3 (=16 = 1%)
48 2-CF; 6-F A 4.1£0.40 6.0£0.8 (=18 £ 2%)
49 2-MeO 5-F A 14+£0.14 42112 (=2 % 1.8%)
50 2-CF; 4-F A 0.30 £ 0.1 1.8+£0.3 190 = 20
51 2-Cl 4-Cl A 0.96 £ 0.1 20£0.2 230 £ 20
52 2-Cl 3-CF; A 0.48 £ 0.1 420 = 18 (=37 £ 3%)
53 2-Cl 5-Cl A 2.1+0.2 5.5+0.30 (=22 = 3%)
54 2-Cl 5-CF; A 9.6t1 175+9 (=11 % 3%)
55 2-F 4-CF; A 5.8+1 22+0.1 120 £ 20

A, fumarate; B, tartrate.
> K, nM.

©% inhibition at 1 uM. Binding affinities and displacement measurements were done in triplicate.*

fluorine, methyl or chlorine produced potent dual inhib-
itors (e.g., 47, 50). Notable exceptions are the 2,4-dime-
thoxy analogue (45) which retained SERT affinity (K vs
SERT = 2.2 nm) but had much reduced NET affinity (K;
vs NET > 1 uM) and the trifluoromethyl analogues (52
and 54) which also had reduced NET affinity of
K; =419 nm and 175 nm, respectively.

From this exercise the 4-fluoro-2-trifluoromethyl substi-
tution pattern was selected for optimization towards

dual SERT and NET inhibition and tolerance to alkyl
chain modification was reinvestigated.

Alkyl and alkoxy alkyl analogues (65-72) were synthe-
sized by reductive amination with N-Boc protected ben-
zylamine (60) with selected carboxaldehydes followed by
deprotection.

Additional nitrile analogues (Scheme 3) were synthe-
sized to improve upon the NET affinity of 25. The
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Table 4. Binding affinities at the serotonin, norepinephrine and dopamine transporters

CF,

R1 3
NN@
)
N
H

Compound R1 Salt® 5-HT®® NEP© DA®®

50 Me,CHCH,— A 0.3+0.1 18403 200 + 20

65 n-Pr— A 0.8+0.2 3.6+0.5 (=21 % 3%)
66 n-Bu— A 1.3%0.1 83*1.4 (=32 £ 2%)
67 ¢-C3HsCHp— A 0.8%0.1 6.1%0.5 (=26 * 2%)
68 ¢-C3HsCH,— B 0.4 +0.05 6.5+0.7 (=22 +2%)
69 ¢-C4H,CH,— B 2.5+0.7 3.1%05 (—45 + 2%)
70 MeO(CH,)s— B 1.1+£0.3 54+0.8 (=7 +0.2%)
71 EtO(CH,),— B 28%0.1 9.6+ 1.0 (=3 £0.1%)
72 Me,CHO(CH,),— B 3.0+ 0.6 9.7+0.6 (5 +0.5%)
73 NC(CH,)— B 0.4 £0.05 133+1.5 (—4 £0.5%)
74 NC(CH,)s— B 0.4 +0.05 133+1.5 (10 + 1.2%)
75 Me,(CN)CCH,— B 42+03 159+12 (—17 £ 0.6%)
76 Me,(CN)C(CH,),— B 0.7 +0.05 62+0.4 (=23 £ 2%)
77 HO(CH,),~ A 3.1%0.2 959 +6.3 (=7 % 1%)
78 Me,(OH)CCH,~ B 40+05 42403 (—8 % 1%)
79 Me,(OH)C(CH,),— B 50%03 (=23 £ 1.3%) (1.3 £ 0.9%)

% A, fumarate; B, tartrate.
® K., nM.

©9% inhibition at 1 uM. Binding affinities and displacement measurements were done in triplicate.*
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N OHC 3
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5 25 -
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¢ Boc \ H N N b N
Boc Boc H
57 73
CF, CF ocr 3
Ao
FC™ N @ N s CF, CF,
ﬁj fj NCth c NC ﬁ\
"y
NT 28 26 N ﬁj F E
Boc H
d N 59 N 75
Boc H
CF,
CF,
F,C N B ></CHO CF,
HN NG ><A
61 NC N
27 F —_—
N d F
H N N
Boc 60 H 76

Scheme 2. Reagents: (a)—i Br(CH,);CN, K,CO;, CH5;CN, 45%; ii—
TFA, CH,Cl, 87%, (b) i—CF3;0(CH,;),0S0,CF3;, K,CO;, CH3CN
63%,; ii—TFA, CH,Cl, 96%; iii—tartaric acid, MeOH, 87%, (c) i—
(CF3C0),0, DMAP, Et;N, CH,Cl,, 81%, (d) i—BHj3, THF, 70%; ii—
TFA, CH,Cl,, tartaric acid, MeOH, 39%.

cyanoethyl analogue (73) was synthesized from N-Boc-
piperidone (3) by consecutive reductive aminations
with aminopropionitrile (56) to give protected
hydroxyethylamino piperidine (57) and then 4-fluoro-
2-trifluoromethylbenzaldehyde (58) and subsequent
deprotection.

Di-alkylation alpha to the nitrile group of (59) with
LDA and methyl iodide, followed by deprotection with
trifluoroacetic acid produced (75).

Scheme 3. Reagents: (a) i—56, Na(OAc);BH, THF, 70%, (b) 58,
Na(OAc);BH, THF; iii-TFA, CH,Cl,; iv—tartaric acid, MeOH, 38%
for steps ii-iv, (c) i—LDA, Mel, THF, 32%; ii—TFA, CH,Cl,; iii—

THF, 97%; ii—TFA, CH,Cl,; iii—tartaric acid MeOH, 66% for steps
ii—ii.

The higher homologue of (75) was obtained via reduc-
tive amination with 2,2-dimethyl-4-oxobutyronitrile'”
(61) followed by deprotection to give (76) (Scheme 3).

Seeking groups with comparable hydrogen bond accept-
ing capability to the nitrile function, prompted the syn-
thesis of (77-79) (Scheme 4).!! These were synthesized
according to Scheme 4. Thus N-Boc piperidone (3) was
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CF, oF
OHC 3
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- = —_— F
N a N b N T
Boc Boc H
3 63

CF,
63 o HO Nﬁ
N T8
H

Scheme 4. Reagents: (a) i—62, Na(OAc);BH, THF, 70%, (b) 58,
Na(OAc);BH, THF; iii—TFA, CH,Cl,; iv—fumaric acid, MeOH,
38% for steps ii-iv, (c) i—63, LiClO4, MeOH, 65 °C, 71%; ii—TFA,
anisole, CH,Cl,, 92%; iii—tartaric acid, MeOH, 99%, (d) i—64,
CHCl3, 99%; ii—MeMgCl, THF, 92%; iii—TFA, CH,Cl,; iv—tartaric
acid, MeOH, 58% for steps iii-iv.

reductively aminated with ethanolamine (62) to give 63,
followed by reductive amination with aldehyde 58 and
deprotection to give alcohol 77. Benzylamino piperidine
60 was alkylated with epoxide 63 to give a tertiary alco-
hol (78). The higher homologue of 78 was prepared by
conjugate addition to ketone 64 followed by Grignard
reaction with methyl magnesium chloride to give (79).

Maintaining the aryl substitution as 4-fluoro-2-trifluoro-
methyl showed that of the alkyl chains examined the
activity paralleled that of the analogues in Table 1. Im-
proved NET inhibition was not observed with the ana-
logues in Table 4, however the compound having the
closest affinity to the isobutyl side chain was the cyclo-
butylmethyl analogue (69). However (69) had weaker
SERT inhibition than (16).

Of the nitrile analogues synthesized, three showed
sub-nanomolar affinity at the 5-HT transporter and
one of these (76), had the highest NET affinity (K; vs
NET = 6.2 nm) of any nitrile investigated.

The decision to replace the nitrile functionality with an
alcohol moiety was also rewarded with good dual activ-
ity with (78), however the hydroxyethyl (77) analogue
was one of the least active analogues in this SAR.

As no improvement in NET transporter activity over
(16) was observed on varying the side chain of the 4-flu-
oro-2-trifluoromethylbenzyl analogues it was decided to
advance (16) into in vivo studies. Thus in in vivo micro-
dialysis experiments with (16), increases above basal lev-
els of synaptic 5-HT and NE levels of 202 + 24% and of
249 + 21%, respectively, at 3 mg/kg po have been dem-
onstrated. Further in vivo studies will be published
elsewhere.
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Abstract—A novel series of achiral TNF-a converting enzyme (TACE) inhibitors has been discovered. These compounds exhibited
activities from 0.35 to 11 nM in a porcine TACE assay and inhibited TNF-a production in an LPS-stimulated whole blood assay
with an ICsq value of 23 nM for the most potent one. They also have excellent selectivities over related metalloproteases including

aggrecanases.
© 2006 Elsevier Ltd. All rights reserved.

Tumor necrosis factor-o. (TNF-o)!' is a potent proin-
flammatory cytokine which is primarily produced by
monocytes and macrophages and exists as a 26 kD
membrane bound propeptide (pro-TNF-o). Pro-TNF-o
is processed by sheddases to release the 17 kD soluble
form (s-TNF-a). Disregulation of TNF-a is implicated
in chronic inflammatory diseases such as rheumatoid
arthritis, psoriasis, and Crohn’s disease.”? Marketed biol-
ogics that work by sequestering pro-TNF-o and s-TNF-
o, such as enbrel, remicade, and humira, have clinically
validated anti-TNF therapy for the treatment of these
chronic inflammatory diseases.> While these biologics
are effective, they are expensive and must be adminis-
tered parenterally.

An alternate approach is to inhibit the release of s-TNF-
o via inhibitors of TNF-a converting enzyme (TACE).
TACE is a member of the metzincin family and is the
primary sheddase for releasing soluble TNF-o from
cells.* It has been shown that inhibition of TACE blocks
soluble TNF-a release; thus, a small molecule that can
selectively inhibit TACE may represent a valid approach
to anti-TNF-o therapy.> Selectivity over other MMPs is

Keywords: TACE inhibitors; Metazincin; Metalloprotease; Sheddase;

Tumor necrosis factor; Antiinflammatory; Hydroxamic acid.

*Corresponding  author. Tel.: +1 609 252 3153; e-mail:
john.gilmore@bms.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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desirable since some broad spectrum and partially selec-
tive MMP inhibitors have been reported to cause mus-
culoskeletal side effects.® This paper will disclose a
novel series of selective, achiral TACE inhibitors.

Earlier efforts in our TACE program led to the discov-
ery of an acyclic B-aminohydroxamic acid analog 1
(Fig. 1). This compound has an ICsy of 1 nM in a

pTACE’ assay and is selective against several matrix
metalloproteinases (MMPs); however, it is not effective
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Figure 1. B-Aminohydroxamic acid series (1-4).
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in inhibiting TNF-a production in human whole blood
assay (WBA). In classic fashion, this compound is
thought to work by forming a bidentate bond between
the hydroxamic acid moiety and the catalytic Zn ion
in the active site. Additionally, the carbonyl group of
the central amide forms two important hydrogen bonds
to Glyl163 and Leul64 of the protein backbone.® The
[(2-methyl-4-quinolinyl)methoxy]phenyl P1’ group is
the critical determinant of selectivity for TACE relative
to other MMPs.” !

In an effort to discover compounds which have both
pTACE as well as WBA activities, several series of cyc-
lic-B-aminohydroxamic acids were designed and synthe-
sized (2-4). The first series was formed by cyclizing o,
to the hydroxamic acid (Fig. 1, 2). The synthesis and
evaluation of these compounds will be disclosed in
another paper.'? Alternatively, we envisioned generation
of two new series formed by cyclizing o,o and B, to the
hydroxamic acid (Fig. 1, 3 and 4).

The o, cyclization series was studied first. The o, sub-
stitution was designed to help in vivo stability of the
hydroxamic moiety through steric hindrance since this
is known to be a problem in other series. The synthesis
of the a,a-cyclic-B-aminohydroxamic acids (7a—g) is out-
lined in Scheme 1. Methyl cyanoacetate was alkylated
with various dibromides followed by reduction of the ni-
trile using platinum oxide to afford the cyclic primary
amines 5a,b, and g. These amines were coupled to the
P1’ side chain 4-[(2-methyl-4-quinolinyl)methoxy]benzo-
ic acid using BOP reagent to afford compounds 6a,b,
and g. Compound 6b was deprotected using TFA to give
6¢c; which was further functionalized at the piperidine

(0]
\O)J\/CN + B X\/\Br

(X = CH,, NBoc, O)

—%ﬁ*@

6a: X = CH,
6b X = NBoc
60 X=NH
6g: X=0

O o}
O\N N
f@*@
o X
X | N
7a-g

Scheme 1. Reagents and conditions: (a) NaH or K,CO;, THF; (b)
PtO,, H,, MeOH, concd HCI; (c) 4-[(2-methyl-4-quinolinyl)meth-
oxy]benzoic acid, BOP reagent, N-methylmorpholine, DMF; (d) TFA,
CH,Cly; (e) various acids, BOP reagent, N-methylmorpholine, DMF;
(f) propionaldehyde NaH(OAc);, 1,2-dichloroethane; (g) NH,OH,
KOH, MeOH.

5a: X = CH2
5b: X = NBoc
5g: X=0

eorfg

nitrogen. The final step was conversion of the methyl es-
ter to the hydroxamic acid using a hydroxylamine/
KOH/MeOH solution to give compounds 7a,b, and d-
g. The Boc-protected compound 7b was deprotected
with TFA to give 7c.

These compounds were tested and found to have activ-
ities ranging from 2 to 12 nM in the pTACE assay and
were selective against other MMPs (data not shown);
however, they showed no WBA activity (Table 1).

The scaffold was then modified by migrating the ring
attachment from the a-carbon to the B-carbon (Fig. 1,
4). Although there is no substitution o to the hydroxa-
mic acid to help prevent possible metabolism, this skel-
eton is ‘neopentyl like’ with regard to the hydroxamic
acid and it was hoped that this would provide enough
steric hindrance to prevent metabolism of the hydroxa-
mic acid.

These compounds were synthesized according to
Scheme 2. Ketone 8 was subjected to a Wittig olefin-
ation to provide esters 9a,b, and z. Addition of ammonia
in a Michael fashion proceeded in good yield at 80 °C in
a sealed tube to provide amines 10a,b, and z. These
amines were coupled to the P1’ side chain using BOP re-
agent to give esters 1la,b, and z. The Boc-protected
piperidine compound 11b was deprotected with TFA
to give 11c and then functionalized with a variety of R
groups to afford compounds 11d-y. Finally, the methyl
ester was converted to a hydroxamic acid by treatment
of a hydroxylamine/KOH/MeOH solution to afford
compounds 12a-z.

These B,B-cyclic B-aminohydroxamic acid analogs were
tested for their activities (Table 2). All the compounds
in this series were active in the pTACE assay with
1Csps ranging from 1 to 8 nM. The excellent selectivities
for these compounds against MMP-1, -2, -9, and -13 can
be attributed to the [(2-methyl-4-quinolinyl)methoxy]-
phenyl P1’ group.® The cyclohexyl derivative, 12a,
exhibited some WBA activity at 737 nM. Replacing
the cyclohexyl with a piperidine scaffold gave more
exciting results. The first compound prepared in this ser-
ies was the Boc-protected piperidine 12b. This com-
pound was twice as potent in the WBA as 12a at
370 nM. Removal of the Boc group to give 12¢ resulted
in a compound which was remarkably potent in the

Table 1. In vitro potency of 7a-g in pTACE and WBA
pTACE Inhibition WBA

Compound X

ICsy* (nM) ICs0° (LM)
Ta CH, 8.6 >3.0
Tb NBoc 2.4 >3.0
Te NH 49 >3.0
7d N-Propyl 11 >3.0
7e N(CO)'Bu 23 >3.0
Tt N-SO,Me 1.9 >3.0
7g o 23 >3.0

#pTACE ICsy and MMP K; values are from a single determination.
®Inhibition of TNF-a release in WBA was determined with three
donors.
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Scheme 2. Reagents and conditions: (a) Ph;P=CHCO,Me, PhMe, A;
(b) NH;, MeOH, 80°C, sealed tube; (c) 4-[(2-methyl-4-quinoli-
nyl)methoxy]benzoic acid, BOP reagent, N-methylmorpholine, DMF;
(d) TFA, CH,Cly; (e) various acids, BOP reagent, N-methylmorpho-
line, DMF; (f) various aldehydes NaBH(OAc)s, 1,2-dichloroethane; (g)
NH,OH, KOH, MeOH.

WBA assay with an 1Csq of 36 nM; however, 12¢ was
found to have very low Caco-2 permeability. An effort
was made to try to increase the Caco-2 permeability
by substituting the piperidine nitrogen.

The first series prepared were alkyl substituents on the
piperidine nitrogen (12d-m). When increasingly lipo-
philic groups were introduced on the piperidine, there
was an increase in Caco-2 permeability in compounds
12h,i, and I; however, these compounds were less active
in the WBA by 4- to 10-fold.

It was postulated that the high basicity of the piperidine
nitrogen was preventing Caco-2 permeation. To try to
improve the physical properties, additional piperidine
derivatives 12n—q were prepared which contained groups
that would reduce the basicity of the piperidine nitrogen.
Again these derivatives exhibited excellent pTACE
activities. Compounds 120,p, and q exhibited marginal
Caco-2 permeabilities and had WBA activities ranging
from 45 to 119 nM.

Several compounds were selected to evaluate the rela-
tionship between the pK, of the piperidine nitrogen,
lipophilicity (HPLC Log P), and the Caco-2 permeation.
As shown in Table 3, there seems to be an inverse corre-
lation between the basicity of the piperidine nitrogen
and Caco-2 permeation. The Caco-2 values were low un-
til the pK, of the piperidine was below 7. Of the com-
pounds studied, only two were outlying compounds.

Compound 12h Wthh had a pK, of 7.75 and a Caco-2

Ppp of 2.4x10™ 6 cm/s and compound 12p Wthh had
a pK, of 6.06 and a Caco-2 P,p,, of 0.55x 10" © cm/s.
While there appears to be a good correlation of Log P
with Caco-2, many compounds were found in this series
with high LogP values (>3.5) and low Caco-2 perme-
ability (data not shown).

The next series examined were non-basic derivatives
(12r-z). These derivatives included amides, sulfona-
mides, and ureas of piperidines and a tetrahydropyran.
Once again, these compounds had excellent pTACE
activities ranging from 0.35 to 3 nM. The WBA activi-
ties were also good ranging from 23 to 212 nM. Com-
pound 12r, which has an acetyl group on the
piperidine, was exceptionally good in the WBA at
23 nM. The Caco-2 permeability was not improved sig-
nificantly in this series, and even extremely lipophilic
compounds such as 12u and v gave marginal Caco-2
permeability.

Many of these compounds were also evaluated in an
LPS-mouse model and were found to have good anti-
TNF-a activity. Compounds 12¢lr,y and z all had
EDsgs of less than 8 mg/kg after oral administration
(Table 2). Despite the low to marginal Caco-2 values,
12¢ and z were examined in more depth. In an expanded
panel of counterscreens, both compounds have excellent
selectivity (>1000x) for pTACE relative to MMP-1, -2, -
9, -13, -14, -15, and -16. Compound 12¢ also showed
over 50-fold selectivity for pTACE over MMP-3,
MMP-8, ADAMTS-1, and ADAMTS-5, and 10-fold
selectivity over MMP-7. Compound 12z was found to
be the more selective of the two with >1000-fold selectiv-
ity over MMP-8, ADAMTS-1, ADAMTS-4, and
ADAMTS-5 as well as more than 80-fold selectivity
over MMP-3 and MMP-7 (Table 4).

Studies using S9 liver cells were performed to assess the
metabolic stability of 12¢ and z. The stability of 12¢ was
excellent despite not having a substituent next to the
hydroxamic acid. After incubation in S9 liver cells for
30 min at 37 °C, 100% of the parent compound was
remaining in rat, dog, and chimp and 92% of the parent
compound was remaining in human. Compound 12z
was less stable. After 30 min incubation in S9 liver cells,
83.8% remained in human and 36.7% in chimps.

Next, the pharmacokinetic profiles of these two com-
pounds was evaluated (Table 5). The pharmacokinetics
of 12¢ was studied in Beagle dogs and Sprague-Dawley
rats in a cassette dose fashion (n = 3) and the pharmaco-
kinetics of 12z was studied in the same two species in a
discrete fashion. The compounds were administered
intravenously and orally, and the plasma levels were
analyzed by LC-MS-MS assay. Compound 12¢ exhibit-
ed very low clearance in both species. This compound
also showed low oral bioavailability as indicated by
the F% values of 8 and 17. In dogs, compound 12z
had high systemic clearance with a terminal half-life of
4.2 h after iv administration. The volume of distribution
at steady state was moderate at 2.5 L/kg. Oral bioavail-
ability was excellent with an F% of 79. In rats, the clear-
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Compound X pTACE WBA MMP-1 MMP-2 MMP-9 MMP-13 Caco-2 LPS-mouse® at
Inhibition  ICs,® (aM) K; (nM) K; (nM) K; (nM) K; (nM) Papp 10 mg/kg (po)
ICso* (nM) (X107 cm/s)
12a CH, 1.4 737 >4949  >3333  >2128  >5025 3.6 Not determined
12b NBoc 7.7 370 >4949  >3333  >2128  >5025 8.2 Not determined
12¢ NH 1.9 36 >4949  >3333  >2128  >5025 0.0 EDsy < 3.0 mg/kg
12d N-Methyl 3.1 109 >4949  >3333  >2128  >5025 0.1 17%
12¢ N-Ethyl 22 26 >4949  >3333  >2128  >5025 0.1 Not determined
12f N-Propyl 2.0 96 >4949  >3333  >2128  >5025 0.1 Not determined
12¢g N-'Bu 3.7 56 >4949  >3333  >2128  >5025 0.1 29%
12h N-CH,'Bu 2.6 143 >4949  >3333  >2128  >5025 2.4 38%
12i N-Di-me-propargyl 23 490 >4949  >3333  >2128  >5025 32 Not determined
12§ N-Phenyl 1.9 52% >4949  >3333  >2128  >5025 0.5 Not determined
at 3 uM
12k N-Benzyl 1.8 290 >4949  >3333  >2128  >5025 0.1 Not determined
121 N-(CH3),COO'Bu 1.9 272 >4949  >3333  >2128 2462 5.3 EDsy = 7.8 mg/kg
12m N-(CH3),COOH 3.2 50 >4949  >3333  >2128  >5025 0.1 24%
12n N-2-(4,5-Dihydrothiazole) 1.2 30 >4949  >3333  >2128  >5025 0.1 100%¢
120 N-CH,CH,SO,Me 1.2 45 >4949  >3333  >2128  >5025 0.81 Not determined
12p N-CH,CH,SO,Et 14 119 >4949  >3333  >2128  >5025 0.55 Not determined
12q N-CH,CH,F 2.6 90 >4949  >3333  >2128 3136 0.55 Not determined
12r N-C(O)Me 1.9 23 >4949  >3333  >2128  >5025 0.1 EDsy = 1.4 mg/kg
12s N-C(O)Et 2.7 39 >4949  >3333  >2128  >5025 0.1 5%
12t N-C(O)'Pr 1.2 89 >4949  >3333  >2128  >5025 0.2 17%
12u N-C(O)'Bu 2.1 102 >4949  >3333  >2128  >5025 0.88 EDsy = 25.5 mg/kg
12v N-C(O)CH,'Bu 1.9 212 >4949  >3333  >2128  >5025 0.79 Not determined
12w N-C(O)Bu 2.2 105 >4949  >3333  >2128  >5025 0.56 48%
12x N-SO,Me 1.0 54 >4949  >3333  >2128  >5025 Not Not determined
determined
12y N-C(O)NMe, 2.8 152 >4949  >3333  >2128  >5025 Not EDs < .3.0 mg/kg
determined
12z (0] 0.35° 150 >4949  >3333  >2128  >5025 0.8 EDs, = 4.7 mg/kg

#pTACE ICsy and MMP K; values are from a single determination.

® Inhibition of TNF-o release in WBA was determined with three donors.

¢See Ref. 11 for LPS-mouse model studies.
4 LPS-mouse for 12n is from ip administration.
¢This is a K; value.

Table 3. pK,, LogP, and Caco-2 relationship

Table 4. Selectivity profile of 12¢ and z

Compound  pK, HPLC LogP Caco-2 Py, (x1076 cm/s) Enzyme 12¢ K; (nM) 12z K; (nM)
12a 10.1 1.62 0 pTACE 1.9¢ 0.35
12g ~9 1.95 0.1 MMP-1 (collagenase) >4949 >4949
12¢ 8.4 2.13 0.1 MMP-2 (gelatinase A) >3333 >3333
12h 7.75  3.66 2.4 MMP-3 (stremolysin-1) 91 82
12q 7.2 2.70 0.2 MMP-7 (matrilysin) 18 25
12n 7.23 2.8 0.1 MMP-8 (collagenase-2) 217 >3100
12i 6.58 3.43 32 MMP-9 (gelatinase B) >2128 >2128
121 64 438 5.3 MMP-13 (collagenase-3) >5025 >5025
12p 6.06 2.48 0.55 MMP-14 (membrane type-1 MMP) >5290 >5290
MMP-15 (membrane type-2 MMP) >7088 >7088
MMP-16 (membrane type-3 MMP) >5554 >5554
ance (1.6 L/h/kg) was comparable to the dog study and ﬁgﬁxg_i (agerecanase-1) 1;;461 4712(0)8
the half-life (0.3 and 1.8 h) and volume of distribution at ADAMTS-5 (aggrecanase-2) 97 1900

steady state (0.3 L/kg) were lower. Additionally, the oral
bioavailability was not as good (15%).

In summary, we have discovered a novel, achiral series
of TACE inhibitors. Our most promising compounds
come from a series of B,B-cyclic B-aminohydroxamic
acid analogs. As a class, these compounds have excel-
lent pTACE activities, good WBA activities, and were
very selective over other MMPs. Within this series,
compound 12z, which has a cyclic tetrahydropyran

#This is an ICsq value.

substitution at the B,p position, is our most promising
lead. This compound exhibited a K; of 0.35nM in
pTACE assays and an ICsy of 150 nM in WBA. De-
spite having low to moderate Caco-2 permeability,
12z had good oral anti-TNF-o activity in the LPS
model. Pharmacokinetic studies demonstrated that it
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Table 5. Pharmacokinetic profiles of 12¢ and z in dogs and rats

Compound Dose (mg/kg) Cl (L/h/kg) ti Vs (Likg) Tmax () Crax (nM) AUC (nM h) F (%)
12¢ (Dog: N-in-1)* iv 0.5 0.3 1.5 0.3 2185

po 1.0 2.1 0.63 126 343 8
12¢ (Rat: N-in-1)* iv3.3 0.6 2.1 0.3 11359

po 6.7 22 0.3 2484 8358 17
12z (Dog: discrete)® iv 2.0 2.3 4.2 2.5 1966

po 10.0 4.0 0.75 4488 7720 79
12z (Rat: discrete)® iv 2.0 1.6 0.3 0.7 2208

po 30 1.8 0.4 3745 4860 15

# N-in-1 studies used an n = 3.
® Discrete dog and rat study is an average of three animals.
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was orally bioavailable with an F value of 79% in dog
and 15% in rat.
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Abstract—The optimisation of a series of glucokinase activators is described, including attempts to uncouple the relationship
between potency and plasma protein binding, and to better understand the key pharmacokinetic properties of the series. The use
of unbound clearance as an optimisation parameter facilitated the identification of GKAS0, a compound which combines excellent
potency and pharmacokinetics with good free drug levels and solubility, and exhibits in vivo efficacy at 1 mg/kg po in an acute rat

OGTT model.
© 2006 Elsevier Ltd. All rights reserved.

Type 2 diabetes is a complex disease which affects 150
million people worldwide, with its prevalence expected
to double by the year 2025." Current therapies do not
achieve adequate glycaemic control,” hence there is a
need for new, effective pharmacological agents.

Glucokinase (GK) is the rate-limiting enzyme for glu-
cose utilisation® both in the liver, where its function is
regulated by a 68 kDa regulatory protein,* and in pan-
creatic B-cells. Phosphorylation of glucose by GK in
the liver promotes glycogen synthesis, whilst in the -cell
this results in glucose-sensitive insulin release.’ Activa-
tion of GK is therefore expected to improve glycaemic
control by modulating hepatic glucose balance and
decreasing the threshold for insulin secretion.®®

Several groups,” including those at Hoffmann-La
Roche,!*!! Lilly,'? Prosidion'® and Banyu'#, have de-
scribed small molecule glucokinase activators (GKAs)
which act by binding to an allosteric site (Fig. 1).!%13
Further reports of GKAs from Novartis'® and Novo
Nordisk!” have appeared in the recent patent literature.

Keywords: Diabetes; Glucokinase; Kinase activator; Unbound clear-

ance; GKA50.

* Corresponding author. Tel.: +44 1625 518616; fax: +44 1625
516667; e-mail: darren.mckerrecher@astrazeneca.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.022

In a recent letter,'® we described our own series of GKAs
and highlighted the interdependence of potency, lipo-
philicity and physical properties within the series. The
thiophene  derivative  6-({3-isopropoxy-5-[2-(3-thie-
nyl)ethoxy]benzoyl}amino)nicotinic acid (GKA22, Ta-
ble 1) was identified as having a suitable balance of
potency and physical properties, and was shown to dem-
onstrate in vivo efficacy at 30 mg/kg po in an acute rat
oral glucose tolerance test (OGTT).

In this paper, we describe our attempts to uncouple the
relationship between potency and plasma protein bind-
ing, and to further develop our understanding of the
DMPK properties of the series. Our key aim for this pro-
gramme of work was to improve upon GKA22 by increas-
ing potency and reducing protein binding, whilst lowering
clearance to improve oral exposure and in vivo efficacy.!’

Our first step was to gain greater insight into the DMPK
properties of the series. Whilst we have previously
reported rat DMPK data for GKA22,'® the accompany-
ing dog data shown in Table 1 proved instructive. As
expected of the series, excellent bioavailability and low
volume of distribution were maintained, but we were ini-
tially surprised to observe that clearance in dog was
higher than in rat. This was contrary to that expected
on the basis of hepatic blood flow in the respective spe-
cies?® and could not be rationalised in terms of in vitro
hepatocyte data.
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Figure 1. Structures of selected glucokinase activators reported in the literature.

Table 1. Pharmacokinetic parameters of GKA22 in rat and dog

H
Qj O

Table 2. Effect of a-branch incorporation on unbound clearance in rat

YO \©/kN \N
H
OR

J 7 8
s / (R =CH,Ph) (R =(S)-CH(CH3)Ph)
% Free (rat) 0.20 0.35
Rat Dog Clearance (mL/min/kg) 3.7 0.6
Clearance (mL/min/kg) 3.8 8.7 Cline (RL/min/10° cells) <1 <1
Hepatic blood flow (mL/min/kg) 72 31 Unbound clearance 1850 171
Clearance (% hbf) 5.3 28
B 1 6 . . . . .
f: 1‘11_}25 }/mm/lo cells) ;126 ;16 4 binding. We have previously described the interdepen-
0 . . .
Unbound clearance® 1461 1359 dence between the enzyme pECsy, and plasma protein

fu is the fraction unbound, that is, % free/100.
#Protein binding determined by equilibrium dialysis.
® Unbound clearance is defined as Cl/f,.>!

However, we were also aware that the % free drug was
higher in dog than in rat and knew that this could influ-
ence the observed in vivo clearance.?! We therefore
decided to consider ‘unbound clearance’ as a composite
parameter?! and observed that this was similar in both
species. Since we wanted to increase % free and lower
clearance,!” it was clear that minimising unbound clear-
ance was a key objective.

Our strategy was built on the observation that incorpora-
tion of an ‘a-branch’ seemed to lower unbound clearance.
This was exemplified by compounds 7 and 8 (Table 2)
which differ only in the presence or absence of a methyl
group at the benzylic or ‘o’ position. Whilst the effect
on protein binding was minor, the in vivo clearance was
significantly reduced. Taken together, the incorporation
of the ‘a-branch’ lowered unbound clearance by an order
of magnitude. Although the in vitro hepatocyte data are
inconclusive, it is tempting to speculate that incorpora-
tion of the ‘a-branch’ serves to reduce unbound clearance
by lowering the potential for benzylic oxidation.

Having identified the beneficial effect of incorporating
an o-branch, we next turned our attention to uncoupling
the relationship between potency and plasma protein

binding,'® and needed to uncouple this relationship to
deliver improvements in both parameters. Our strategy
was to build upon the acceptable balance of properties
exhibited by GKA22, using iterative optimisation and
the knowledge established during our DMPK studies
in order to achieve further improvements in both poten-
cy and % free (Fig. 2).

We therefore synthesised a range of analogues of
GKA22, maintaining the isopropoxy group and varying
the alkyloxy side chain. We quickly found that incorpo-
ration of ether-containing side chains gave compounds

75 1 v _GKA22 ™
74 @ "
[
[ ]
@ 6.5 - ] « =B
3 - T
o 6_ [ | ] .. m
' [ ]
s54 ™ L "
[ ]
5 T T T T T 1
4 4.5 5 55 6 6.5 7
Rat logK1app

Figure 2. Strategy to uncouple the relationship between potency and
plasma protein binding.
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with improvements in % free (compounds 10 and 11),
but also that the (S)-enantiomers were consistently more
potent than the corresponding (R)-isomers (Table 3).
In particular, the (1S)-1-methyl-2-phenylethoxy side
chain (compound 12) demonstrated a significant
improvement in potency. Given that the differences in
protein binding between enantiomers were minor, it
was clear that the (S)-enantiomers demonstrated a much
better balance of potency and protein binding, as
exemplified in Figure 3.

Compounds 10 and 12 were selected for further evalua-
tion and could be considered as complementary to each
other. Compound 10 was a moderately potent GK acti-
vator but exhibited excellent solubility and % free, whilst
compound 12 was a potent GK activator but was less
soluble and more bound to plasma proteins. Pleasingly,
both compounds showed excellent DMPK properties
and demonstrated significant glucose lowering in a rat
OGTT model (Table 4).23

We therefore sought to combine the complementary
profiles of compounds 10 and 12 into a single compound
by combining the fragments that had delivered the
advantageous properties. In other words, we attempted
to hybridise the (1S5)-1-methyl-2-phenylethoxy side
chain which had delivered excellent in vitro potency,
with the (15)-2-methoxy-1-methylethoxy ether side

Table 3. Identification of chiral side chains and stereochemical
influence on potency

© N \N
H
OR

Table 4. Complementary profiles of compounds 10 and 12

T
H
R/\‘/O

10 (R = CH;0) 12 (R =Ph)
Enzyme ECso (uM) 0.61 0.02
Solubility (uM) >3140 8
% Free (rat) 5.34 0.23
Rat clearance (mL/min/kg) 2.3 33
Unbound clearance (rat) 43 1435
Rat bioavailability (%) 100 85
OGTT dose 1 mg/kg 3 mg/kg

chain that had delivered excellent solubility and % free.
We decided to use the chiral ether side chain of com-
pound 10 as a replacement for the isopropyl group of
compound 12 and were pleased to discover that the
resulting compound, GKA50, demonstrated an excellent
balance of potency, solubility and % free. In addition,
GKAS50 demonstrated excellent in vivo pharmacokinet-
ics in both rat and dog (Table 5).

GKAS50 was a clear outlier on the plot of potency against
plasma protein binding (Fig. 4) and showed excellent,

Table 5. Potency, physical properties and pharmacokinetic character-

istics of GKA50
o ﬁcozH
\o/\‘/ O\©/‘LN SN
H
oT

Compound R % Free ECsp??
(rat) (M) Enzyme ECs, (UM) 0.03
8 (8)-CH(CH;)Ph 0.35 0.11 Solubility (M) 1350
9 (R)-CH(CH3;)Ph 0.48 0.95 % Free (rat, dog and human) 0.40, 1.46, 0.44
10 (5)-CH(CH;)CH,OCH; 534 0.61 Rat clearance (mL/min/kg) 1.9
11 (R)-CH(CH3)CH,OCH; 6.22 5.51 Rat bioavailability (%) 99
12 (S)-CH(CH;)CH,Ph 0.23 0.02 Dog clearance (mL/min/kg) 4.4
13 (R)-CH(CH3)CH,Ph 0.23 0.09 Dog bioavailability (%) 100
Clipe: rat, dog and human <1, <1, <1
12 (uL/min/10° cells)
Vs Unbound clearance (rat and dog) 475, 301
@ .
_~ ]
| [ ] 7.5 1 /@ n
7 GKA50 GKA22
8 o . 7 e m
2 651 = » v "0 -
O [ [] A ]
4 10 @ .l../@l.f = Q 6.5 1 . . -bf_
4 ] ] L] ]
o
ss| = W % )y 6 1 T oant gt
=~ O (S)- - [ ]
] ]
1 © O (R)- 331 '
5 T T T T T 1 .
4 4.5 5 5.5 6 6.5 7 5 T T T T T 1
Rat logK lapp 4 4.5 5 5.5 6 6.5 7
Rat logKlapp

Figure 3. Identification of compound 12 with better balance of
potency and protein binding.

Figure 4. Balance of potency and protein binding exhibited by GKA50.
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Figure 5. (a) Glucose lowering and (b) AUC reduction exhibited by GKA50 in a Zucker rat OGTT at 10, 3 and 1 mg/kg po.

dose-dependent efficacy in the high fat fed female Zuc-
ker rat OGTT model,”® demonstrating significant glu-
cose lowering (Fig. 5a) and reduction in area under
the glucose curve (Fig. 5b) at oral doses as low as
1 mg/kg. In terms of OGTT activity, GKASO0 is the most
potent GKA described in the literature and, as such, was
selected for further pre-clinical evaluation.

In summary, we have described the ongoing develop-
ment of our series of glucokinase activators, our under-
standing of the key DMPK parameters and our
attempts to optimise against unbound clearance. We
have also described our attempts to uncouple the rela-
tionship between potency and plasma protein binding,
and highlighted the identification of GKAS0 which suc-
cessfully combines excellent potency with good free
drug levels and solubility. GKA50 has been shown to
exhibit good pharmacokinetics in both rat and dog,
and demonstrated excellent in vivo efficacy in an acute
rat model.
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Abstract—Two novel tiazofurin analogues 2 and 3 were synthesized starting from Dp-glucose. The key step of the synthesis was the
efficient one-step hydrogen sulfide-mediated conversion of 2-azido-3-O-acyl-ribofuranosyl cyanides to the corresponding 2-amido
thiocarboxamides. Compounds 2 and 3 were evaluated for their in vitro antiproliferative activity against certain human tumour cell
lines. Remarkably, compound 2 was found to be 570-fold more potent than tiazofurin against MCF-7 cells, while compound 3
showed the most powerful cytotoxicity against HT-29 cancer cells, being almost 100-fold more active than tiazofurin.

© 2006 Elsevier Ltd. All rights reserved.

Tiazofurin (1, Fig. 1) is a synthetic! C-nucleoside with a
potent antitumour activity.? It is a prodrug as once with-
in the cell it is converted to thiazole adenine dinucleotide
(TAD) which blocks the key step in the de novo synthe-
sis of GTP.? In phase /11 clinical trials, it induced com-
plete haematological remissions in patients with end-
stage acute nonlymphocytic leukaemia, or in myeloblas-
tic crisis of chronic myeloid leukaemia.* Despite the
remarkable efficacy of tiazofurin, lack of specificity
and a significant neurotoxicity remains a problem in
its clinical use.? In the search for new antineoplastic
agents of improved therapeutic effects, many tiazofurin
derivatives were synthesized, including a number of
those with a modified sugar segment.> However, none
of these compounds showed favourable biological prop-
erties. We have recently reported on the synthesis of sev-
eral tiazofurin analogues with modified sugar moieties
that showed increased antitumour activities with respect
to the lead compound 1.%7 The sub-micromolar activity
of 2’-benzamido tiazofurin derivative’ directed our fur-
ther work in this field to the synthesis and biological
evaluation of related molecules bearing different amide
functions at C-2’. Herein, we describe the synthesis of
two new tiazofurin analogues 2 and 3 with hexan- and

Keywords: 2,5-Anhydro sugars; C-Nucleosides; Antitumour agents;

De novo synthesis; Tiazofurin analogues; Thiazoles.
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Figure 1. Tiazofurin (1) and analogues 2 and 3.

dodecanamido functions at C-2’, along with their effects
on the proliferation of some malignant cell lines.

Our strategy for the synthesis of both targets 2 and 3 as-
sumes previous transformation of p-glucose into the
ribofuranosyl thioamides 10 and 16 (Scheme 1), fol-
lowed by their subsequent cyclocondensation with ethyl
bromopyruvate to form the thiazole ring. It was further
assumed that the key intermediates 10 and 16 could be
accessible from the 2-azido-2-deoxy-p-ribofuranosyl
cyanides 9 and 15, through a one-step H,S-mediated
cascade similar to that recently observed in our labora-
tory.” As the previous conversion included a single aro-
matic ester derivative, further evaluation of this method
in the saturated ester series represents an important task
of the present work.

The 2,5-anhydro-p-glucose derivative 4, readily avail-
able from p-glucose,® was used as a convenient starting
material for the synthesis of both targets 2 and 3. Com-
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pound 4 readily reacted with hexanoyl chloride under
the standard acylation conditions to afford the corre-
sponding 4-O-hexanoyl derivative 5 in 87% yield. Reac-
tion of 5 with potassium benzoate in DMF gave the
corresponding 6-0-benzoyl derivative 6 (86%), which
was subsequently treated with sodium azide in dimethyl-
sulfoxide to afford the 3-azido derivative 7 in 47% yield.
Hydrolytic removal of the dioxolane protective group in
7 was achieved in a mixture of trifluoroacetic acid and
6 M hydrochloric acid at +4 °C. The resulting unstable
aldehyde (not shown in the scheme) was not purified,
but was rather immediately treated with hydroxylamine
hydrochloride to yield the corresponding oxime 8 (68%)
as a mixture of the corresponding E- and Z-isomers. The
mixture was not separated (except for the characterisa-
tion purpose), but was rather further treated with mesyl
chloride to give a 68% yield of the corresponding nitrile
9. Moreover, 9 was treated with hydrogen sulfide in pyr-
idine,” to provide an almost quantitative yield of the de-
sired thioamide 10,° a key intermediate in the synthesis
of analogue 2.

After the synthesis of thioamide 10, we were also inter-
ested in preparation of its six-carbon homologue 16, a
key intermediate in the synthesis of dodecan-amido
derivative 3. By applying essentially the same multistep
sequence as that used for the preparation of 9, com-
pound 4 was converted to the nitrile 15. The conversion
of 13 to 15 was carried out without purification of both
aldehydo and oximino intermediates to afford the nitrile
15 in 36% overall yield (three steps). Although the nitrile
15 can be converted to the thioamide 16 under the reac-
tion conditions similar to those already used for the con-
version of 9 to 10 (H,S, Py, rt), at this point we wanted
to explore alternative reagent system for the preparation
of 16 (H,S/DMAP in EtOH), which was also successful-
ly applied in the aromatic ester series.” Accordingly, the

nitrile 15 was treated with hydrogen sulfide gas and 4-
dimethylaminopyridine in ethanol, whereby the desired
thioamide 16'° was obtained in 92% vyield.

The last HyS-mediated conversion of 2-azido-3-0-acyl-
2-deoxy-p-ribofuranosyl cyanides 9 and 15 into the cor-
responding thioamides 10 and 16 deserves some addi-
tional comments. This cascade process is presumably
comprised of an initial addition of hydrogen sulfide to
the nitrile group,!! followed by the azide reduction
and spontaneous O,N-acyl rearrangement. This se-
quence already gave good results in the aromatic ester
series,” but the present work reveals that this method
is even more efficient when applied to the saturated ester
derivatives. The transformation is likely to be a general
method that provides an access to a variety of 2-amido-
ribofuranosyl-thiocarboxamides, which may be further
converted to an array of tiazofurin analogues with dif-
ferent amido functions at the C-2’ position.

With the requisite intermediates 10 and 16 in hands, we
next focused on their transformation to the target C-nu-
cleosides 2 and 3, by using a modified Hantzsch thiazole
synthesis,'? as outlined in Scheme 2. Treatment of both
10 and 16 with ethyl bromopyruvate in refluxing ethanol
gave the required thiazoles 17 and 18 in 54% and 56%
yield, respectively. Final exposure of 17 and 18 to
methanolic ammonia provided the tiazofurin analogues
2'3 and 3" in 66% and 80% yield, respectively.

The newly synthesized tiazofurin analogues 2 and 3 were
evaluated for their antiproliferative activity against hu-
man myelogenous leukaemia K562, promyelocytic leu-
kaemia HL-60, colon adenocarcinoma HT-29, estrogen
receptor positive breast adenocarcinoma MCF7, cervix
carcinoma Hela and normal foetal lung fibroblasts
MRC-5. In vitro cytotoxicity was evaluated after 24-h
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of 3.

cell treatment by using the MTT assay.'> The results,
including the data for the reference compound tiazofu-
rin (1), are presented in Table 1.

Compound 2 was inactive against the K562, HL-60 and
HT-29 malignant cell lines, but showed a powerful cyto-
toxic activity against MCF-7 cells being 570-fold more
potent than the reference compound 1. This analogue
was also active against HeLa cells, but it was almost
2-fold less potent with respect to the parent molecule
1. However, compound 3 exhibited a significant cytotox-
icity against HL-60, HT-29 and HeLa cell lines, but de-
void of any activity towards the MCF-7 neoplastic cells.
This analogue showed the most pronounced cytotoxicity
against the HT-29 cells, being almost 100-fold more po-
tent than tiazofurin. Compound 3 was approximately 2-
and 1.5-fold more active than tiazofurin against HL-60
and HeLa cells, respectively. It also showed a moderate
antiproliferative activity against K562 cells, but it was
more than 6-fold less active than the reference com-
pound 1. Remarkably, both analogues were devoid of
any cytotoxicity against the normal foetal lung fibro-
blasts MRC-5. These results do suggest that 2 and 3
are more selective than tiazofurin, but such a generaliza-
tion should be supported by additional in vitro experi-
ments with a larger number of cell lines.

Due to such a powerful cytotoxicity against certain
malignant cell lines, and their nontoxicity towards the
normal MRC-5 cells, the analogues 2 and 3 may serve
as important leads in the synthesis of more potent and
selective anticancer agents. However, the difference in
their cytotoxic activity is large and suggests that com-
pounds 2 and 3 are not acting at the same biological tar-
get (IMPDH) as tiazofurin.>? In order to explain the
biological activity, structure—activity relationship should
be performed that would include the synthesis and a
more detailed biological evaluation of a series of 2’-ami-
do tiazofurin analogues bearing different R groups in

Table 1. In vitro cytotoxicity of 1, 2 and 3

Compound ICs0" (uM)
K562 HL 60 HT-29 MCF-7 HelLa MRC-5
1 529 9.32 1.01 7.98 4.76 0.85
2 >100 >100 >100 0.014 8.75 >100
3 35.62 4.82 0.011 >100 3.22 >100

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

their amide moiety. Such a study is currently underway
in our laboratory the results will be reported elsewhere.

In conclusion, two novel tiazofurin derivatives bearing a
hexan- (2), or a dodecanamido function (3) in the C-2’
position, were synthesized starting from p-glucose. The
key intermediates for this approach, that is, 2-amido-
D-ribofuranosyl thiocarboxamides 10 and 16, were easi-
ly accessible from the 2-azido-2-deoxy-p-ribofuranosyl
cyanides 9 and 15, through the one-step H,S-mediated
cascade, comprised of an initial addition of hydrogen
sulfide to the nitrile group, followed by the azide reduc-
tion and spontaneous O,N-acyl rearrangement. The se-
quence represents a general and particularly versatile
approach to a variety of 2-amido-p-ribofuranosyl thio-
carboxamides, which can be easily converted to the cor-
responding ribofuranosyl thiazole-4-carboxamides, as
exemplified by the conversion of 10 and 16 to 2 and 3,
respectively. Analogues 2 and 3 have shown a potent
cytotoxic activity against some human leukaemia and
solid tumour cell lines, but did not exhibit any signifi-
cant cytotoxicity towards normal foetal lung MRC-5
cells. These results, along with our previous findings,’
confirmed that the introduction of 2’-nitrogen function-
alities into the tiazofurin sugar moiety may provide ana-
logues of improved antiproliferative effects against some
neoplastic cells, and therefore, it may be of use in the
search for new anticancer agents derived from the lead
compound 1.
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CDCl3): 6 14.00 (Me), 22.56, 25.43, 29.20, 29.22, 29.41,
29.50, 29.52, 29.5 and 31.78 (9x CH,), 36.59 (CH,CO),
58.99 (C-3), 64.76 (C-6), 71.90 (C-4), 84.05 (C-5), 84.63 (C-
2), 128.50, 129.17, 129.61 and 133.43 (Ph), 166.87
(PhC=0), 174.74 (C;;H,3C=0), 203.65 (C=S). CI MS:
miz 479 (M"+H).

After shorter reaction time, the main reaction product was
accompanied with the thiocarboxamide bearing an
unchanged azido group at C-2. This proves that addition
of hydrogen sulfide to the nitrile group precedes reduction
of the azido function.

Aguilar, E.; Meyers, A. 1. Tetrahedron Lett. 1994, 35,
2773.

Selected data for 2: mp 155-156 °C (from MeOH-Pr,0),
[oc]lz)5 —16.44 (¢ 1.11, MeOH). '"H NMR (250 MHz,
methanol-dy): 6 0.85 (t, 3H, J=7.1 Hz, Me), 1.16-1.36
(m, 4H, 2x CH,), 1.56 (m, 2H, CH,), 2.24 (t, 2H,
J=17.7Hz, CH,CO), 3.74 (d, 2H, Jy 5 = 4.6 Hz, 2x H-5),
413 (m, 1H, H-4), 426 (dd, 1H, Jy; =54,
Jy4 =24Hz, H-3'), 453 (dd, 1H, Jy o =8.7,
Jy 3 =54Hz, H-2'), 5.10 (d, 1H, Jy» =8.7Hz, H-1"),
7.56 and 7.88 (2% br s, 0.4H each, CONH,), 8.12 (d, 0.3H,
J=8.9 Hz, NH), 8.21 (s, 1H, H-5); 13C NMR (62.9 MHz,
methanol-dy): 6 14.30 (Me), 23.35, 26.59 and 32.30 (3x
CH>), 36.89 (CH,CO), 60.02 (C-2'), 63.44 (C-5"), 72.70 (C-
3%), 80.61 (C-1"), 88.79 (C-4'), 126.32 (C-5), 150.33 (C-4),
165.67 (C-2), 172.23 and 176.78 (2x C=0); CI MS: m/z
358 (M*"+H); Anal. Calcd for C;sH»3N30sS: C, 50.40; H,
6.49, N, 11.76; S, 8.97. Found: C, 50.12; H, 6.21, N, 11.96;
S, 8.66.

Selected data for 3: mp 133.5-134.5 °C (from MeOH-"Pr,0),
[a]2D5 —17.03 (¢ 0.88, MeOH). '"H NMR (250 MHz,
methanol-dy): 6 0.87 (t, 3H, J=7.0 Hz, Me), 1.18-1.62
(m, 18H, 9x CH,), 2.25 (t, 2H, J=17.3 Hz, CH,CO),
3.74 (d, 2H, Jy s =4.5Hz, 2x H-5), 412 (m, 1H, H-
4"), 426 (dd, 1H, Jy 3 =5.1, Jy o =22 Hz, H-3'), 4.52
(dd, lH, Jlf’zf = 87, Jz"y =51 Hz, H-2’), 5.09 (d, 1H,
Jyy=8.7Hz, H-1'), 821 (s, 1H, H-5); "*C NMR
(62.9 MHz, methanol-dy): 6 14.41 (Me), 23.61, 26.86,
30.10, 30.32, 30.46, 30.59 and 32.93 (9x CH,), 36.94
(CH,CO), 59.92 (C-2"), 63.42 (C-5"), 72.65 (C-3"), 80.66
(C-1"), 88.74 (C-4"), 126.27 (C-5), 150.36 (C-4), 165.59
(C-2), 172.17 and 176.69 (2x C=0); CI MS: m/z 442
(M*+H); Anal. Caled for C,H35N;0sS: C, 57.12; H,
7.99, N, 9.52; S, 7.26. Found: C, 56.92; H, 7.77, N,
9.86; S, 6.90.

Scudiero, D. A.; Shoemaker, R. H.; Paull, K. D.; Monks,
A.; Tierney, S.; Nofziger, T. H.; Currens, M. J.; Seniff, D.;
Boyd, M. R. Cancer. Res. 1988, 48, 4827.
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Abstract—A series of 2-aminothiazole-derived antagonists of the CCR4 receptor has been synthesized and their affinity for the
receptor evaluated using a ['2’IJTTARC (CCL17) displacement assay. Optimization of these compounds for potency and pharmaco-
kinetic properties led to the discovery of potent, orally bioavailable antagonists.

© 2006 Elsevier Ltd. All rights reserved.

CCR4 is a G-protein-coupled receptor from the CC
family of chemokine receptors that is involved in the
migration of inflammatory cells into inflamed tissue.!
CCR4 is predominantly expressed on T lymphocytes,
mainly on those of the Type-2 (Th2) phenotype.
CCR4 is also expressed on monocytes, macrophages,
dendritic cells, and platelets.> The ligands for CCR4
are Thymus and Activation Regulated Chemokine
(TARC, CCL17) and Macrophage-derived Chemokine
(MDC, CCL22).? CCR4 and its ligands have been impli-
cated in a number of inflammatory diseases including
asthma,* psoriasis,® atopic dermatitis,® and solid organ
transplant rejection.” Therefore, it has been postulated
that CCR4 antagonists could play a beneficial role in
the treatment of these diseases.

A series of 2-aminothiazole derivatives (lead structure
shown in Fig. 1) was discovered as antagonists of
CCR4. Compound 1 inhibited binding of radiolabeled
TARC and MDC to CCR4 receptors on the surface of
CEM cells® and also inhibited the in vitro migration of
CEM cells mediated by TARC (ICsy = 6.4 uM).°

In addition to potency optimization, it was also critical
to improve the pharmacokinetic properties of the lead
series in order to obtain compounds suitable for evalua-

Keywords: CCR4; Chemokine; Chemokine receptor; TARC; CCL17;

MDC; CCL22; GPCR.

* Corresponding author. Tel.: +1 6502442425; fax: +1 6502442015;
e-mail: medinaj@amgen.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.01.126

tion in proof-of-concept experiments in vivo. The clear-
ance of 1 in rats after a 0.5 mg/kg iv dose is high (4.2 L/
h/kg) and the half-life is short (0.4 h). The bioavailabil-
ity after oral gavage dosing at 2 mg/kg is 2%. In this
publication, we describe the design of potent CCR4
antagonists with good pharmacokinetic properties in
rats.

The thiazole-derived compounds were synthesized
according to Scheme 1. Anilines were converted to thio-
ureas by treatment with benzoylisothiocyanate followed
by saponification of the benzoyl group. Subsequently,
the N-arylthioureas were treated with o-chloroketones
in refluxing methanol to obtain 2-amino-4-alkyl-substi-
tuted thiazoles (1-8 and 15-26). Compounds 11-14 were
obtained by reacting the N-arylthioureas with 1,3-dichlo-
roacetone in acetone at room temperature, followed by
alkylation of the chloromethylthiazole intermediate with
an appropriate secondary amine.

A series of compounds was synthesized that contained
pyrimidine, isoxazole, and pyrazole as potential replace-

Figure 1. Potency of lead compound 1: CCR4/['>’IITARC:
ICso = 1.7 upM, CCR4/['*I]MDC: ICsy = 3 M.
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Scheme 1. Reagents and conditions: (a) benzoylisothiocyanate, ace-
tone, rt, 1 h, 98%; (b) 10% NaOH, 98 °C, 10 min.; 90%; (c) MeOH,
reflux, 3 h, 80-100%; (d) acetone, rt, overnight, 70-80%; (e) NaHCOs,
Nal, acetone, reflux, 2 h, 60-75%.

ments to the thiazole moiety (Schemes 2 and 3). Pyrimi-
dine 27 was obtained by addition of #BuLi to
2-chloropyrimidine followed by DDQ oxidation and
then reaction with a-naphthylamine. The pyridine com-
pound 32 was prepared by free-radical bromination of
2-bromo-6-picoline, and then displacement of the ali-
phatic and ring bromine atoms with appropriate amines
under thermal and Pd-catalyzed conditions, respectively.

The isoxazole and pyrazole analogs (Scheme 3) were
prepared from a common aryl isocyanide intermediate.
Cyclization with the oxime or the BOC-protected hydra-
zone of ethyl bromopyruvate generated the isoxazole
and pyrazole carboxy esters, respectively. In cases where
the BOC group was not cleaved under the conditions of
the cyclization, a quick TFA treatment provided the
unprotected pyrazole. After conversion of the esters to
the corresponding aldehydes, reductive amination pro-
vided compounds 29-31.

| N
CWI/ X ab HN N\
N~ T
N~
27
RS

Br. N |
Pz | R6

=

32
FsC
R®= é‘d R6=,ﬂ\/\© R7=J‘J\/O

Scheme 2. Reagents and conditions: (a) 7-BuLi, then DDQ, Et,0,
—30°C to 0°C, 1h, 100%; (b) a-naphthylamine, ethylene glycol,
reflux, 54%; (c) NBS, AIBN, C¢Hg, 90 °C, 24 h, 71%; (d) R°R'NH,
Cs,CO;, DMF, rt, 24 h, 9%; (¢) R°NH,, Pd,(dba)s;, dppp, -BuOK,
PhCHj;, 70 °C, 24 h, 73%.
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Scheme 3. Reagents and conditions: (a) Na,CO;, CH,Cl,, rt, 24 h,
35%; (b) DIBAL, PhCH;, —78°C, 30 min, 42%; (c) R°R°NH,
NaHB(OACc)s, 1,2-DCE, rt, 24 h, 22%; (d) TFA, 1 h, 100%; (e) CHsl,
Cs,COs, acetone, 0 °C to rt, 24 h, 41%; (f) (COCIl),, DMSO, Et;N,
CH,Cl,, rt, 24 h, 98%.

The comzls)ound optimization effort was primarily guided
by the ['*’I]TARC ligand displacement assay.® The effect

of replacing the linker region between the naphthalene
and thiazole rings was explored first (Table 1). It was

Table 1. Thiazole derivatives as CCR4 antagonists

X N
v

Compound X R ['**IITARC
ICs" (uM)
1 _NH- CH, 1.7
2 _N(CH;)- CH; >25
3 _NH- ~CH(CHs), 0.17
4 ~CH»- _CH(CH3), >25
5 “NH- ~C(CH3)s 0.08
6 _NH- _CH,C(CH;); 0.22
7 _NH- _Ph 55
8 “NH- %{ %é 0.9
9 _NH- _CH,NH, >25
10 NH- _CH,NHCH,CH; 1.0
11 “NH- “CH,N(CH,CH;), 08
N
12 “NH- Y ﬁ/ 0.045
N
13 _NH- O) 0.018
CFs
14 _NH-

RS
Nﬁ 0.014

#Values are means of three experiments, standard deviation is +30%.
Displacement of ['*’IITTARC from the CCR4 receptor expressed on
CEM.®
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discovered that a secondary amino group is preferred
over a tertiary amine or a methylene linker (compare 1
to 2 and 4).

Exploration of the 4-position of the thiazole ring demon-
strated that bulky alkyl groups are optimal for activity
(5-6). Furthermore, alkyl substitutions are preferred
over aryl substitutions (7-8). In addition, while hydro-
phobic substituents appear to be preferred at this posi-
tion, the hydrophobic alkyl groups can be successfully
replaced by bulky secondary and tertiary amines (11-14).

Concurrently with the optimization of the thiazole sub-
stituents, a series of naphthalene replacements were
evaluated (Table 2). Replacement of the naphthalene

Table 2. CCR4 antagonists with varying N-substituents

R
HN /N
T
[

Compound R 'TITARC ICsp* (LM)
15 © 45
16 /© 0.9
17 \© 2.0
18 Q 0.44
19 :@ 0.26
20 C@ 021
N\ :
21 P 0.3
-
N
2 L 1.5
ol
AN
23 » >25
N vwuv
H |
N
24 @ 0.49
Me\ M
N
25 @ 0.037
B
26 021

G

moiety by unsubstituted phenyl (15) resulted in a signif-
icant loss of activity. While a series of phenyl analogs
with substitutions at positions 2 and/or 3 (16-20)
showed improved activity compared to the unsubstitut-
ed analog, none of these compounds were as potent as
the naphthyl group. A series of bicyclic-heteroaromatic
replacements, which included quinoline (21, 23), iso-
quinoline (22), and indole (24-26) derivatives, was also
explored for potential replacements of the naphthyl moi-
ety. Among these replacements, indoles demonstrated
improved potency. Thus, N-methyl indole 25 is more
potent than the naphthyl-derived analog (5).

A systematic survey of thiazole ring replacements was
also performed. Replacement of the thiazole ring by a
pyrimidine (27) or unsubstituted pyrazole (30) resulted
in the substantial loss of activity, while N-methyl pyra-
zole (31) and pyridine (32) both showed significant activ-
ity (0.37 and 0.34 uM, respectively, against hCCR4/

Table 3. CCR4 antagonists with varying modifications at the thiazole

moiety
T
HN \(/N
R
S\/)/ TY
Compound X Y [*’TITARC
ICs" (LM)

AN
N
27 ‘;D)( >25
Annn N —
~$_N
28 ) 0.08
= Q
29 N N CFs 121

30

>25

31 0.37

32 0.34
e >:

#Values are means of three experiments, standard deviation is £30%.
Displacement of ['*’IITTARC from the CCR4 receptor expressed on
CEM.?

#Values are means of three experiments, standard deviation is 30%.
Displacement of ['*I]-labeled TARC from the CCR4 receptor
expressed on CEM.®





X. Wang et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2800-2803 2803

['*IITARC). However, the most successful example in
this area is the oxazole replacement (28). Compared with
the corresponding thiazole compound (5), the oxazole
possesses comparable potency against CCR4 Table 3.

Placement of bulky hydrophobic tertiary amines at the 4-
position of the thiazole led to the discovery of potent com-
pounds with improved potency and pharmacokinetic
properties. Replacement of the methyl group on 1 by an
N,N-bis(cyclohexylmethyl)methyl amine moiety (13) led
to a significant improvement in potency. Compound 13
is approximately 100-fold more potent as an inhibitor of
TARC and MDC binding to CCR4 than 1 (13; CCR4/
['*IITARC: ICs, = 0.018 pM; ['*IIMDC ICs, = 0.031 pM).
This compound is also a functional antagonist of
CCRA4, as demonstrated by its ability to inhibit TARC-
mediated cell migration (ICsy = 0.53 uM). Furthermore,
compound 13 has improved pharmacokinetic properties
in rats relative to compound 1. The clearance of 13 in rats
is approximately 4-fold lower than that of compound 1
(i.e., 1.07 L/h/kg vs 4.2 L/h/kg) after a 0.5 mg/kg iv dose.
The terminal half-life is also improved from 0.4 to 3.6 h.
The oral bioavailability of compound 13 is 63% following
a 2 mg/kg po dose. Thus, compound 13 can be used as a
reasonable tool to validate the CCR4 target in vivo.

In summary, a novel series of 2-aminothiazole-derived
CCR4 antagonists was discovered and optimized for
potency and pharmacokinetic properties. It was found
that bulky hydrophobic substituents are preferred at
the 4-position of the thiazole ring. These observations
led to the discovery of compound 13, which displays
adequate potency and pharmacokinetic properties to
be used as a tool for further study of the CCR4
receptor.
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. Assays for CCR4 were performed using the human T

lymphoblastic cell line CEM, obtained from the ATCC
(CCRF-CEM variant), which expresses high levels of
endogenous human CCR4. Compounds were diluted into
DMSO and added to individual wells of a 96-well
polypropylene assay plate. CEM cells were resuspended
to 5x10%mL in buffer (RPMI-1640 supplemented with
0.5% BSA); 90 pL was added to each well of the assay plate.
['**IITARC (Perkin-Elmer) was diluted to 100 pM in buffer;
100 pL was added to each well of the assay plate. The assay
plates were incubated at room temperature for 2 h. The
assay mixtures were filtered through GF/B filter plates
using a FilterMate Harvester (Perkin-Elmer). Retained
radioactivity was quantified by scintillation counting.
Migration assays for CCR4 were performed using 96-well
ChemoTX migration plates (NeuroProbe) with a 5 pm pore
size. Compounds were diluted into DMSO and added to
individual wells of two matched 96-well polypropylene
assay plates. TARC (R&D Systems) was diluted to 1 ng/mL
in buffer; 200 pL. was added to each well of the second assay
plate to combine the TARC with compound and then
32 uL of this mixture was plated into the bottom chamber
of the migration plate. The filter membrane for the
migration plate was secured in place. CEM cells were
resuspended to 5 X 10%mL in buffer; 200 puL was added to
each well of one assay plate to combine the cells with
compound, then 50 pL of this mixture was plated onto the
filter membrane of the migration plate. The migration plate
was transferred to a 37°C incubator (5% CO,, 95%
humidity) and incubated for 2h. At the end of this
incubation period, the cells were aspirated from the top
of the filter and the filter was removed. Alamar blue (5 pL)
was added to the bottom chamber, the plate was returned
to the incubator and incubated for another hour. At the end
of this incubation period, the plates were read on a
fluorescent plate reader (530 absorbance, 590 emission).
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Abstract—Previously, the lead compound 5-nitro-furan-2-carboxylic acid 4-(4-benzyl-piperazin-1-yl)-benzylamide was identified in
our anti-tuberculosis drug discovery program. Although this compound demonstrated excellent in vitro activity, it did not meet the
expected in vivo profiles due to structural features that resulted in rapid metabolic cleavage and poor absorption, which therefore
limited its bioavailability. In efforts to increase the bioavailability, a new series of analogues was successfully synthesized using three
modification schemes: replacement of the benzyl group on the piperazine C-ring with carbamate and urea functional groups; intro-
duction of a nitrogen atom into the aromatic ring-B; and expansion of the ring-B to a bicyclic tetrahydroisoquinoline moiety. These
modifications retained strong activity and in some case gained superior anti-tuberculosis activity, increased absorption, and serum

half life.
© 2006 Elsevier Ltd. All rights reserved.

Mycobacterium tuberculosis is a deadly obligate human
pathogen. The global effect of tuberculosis is immense.
According to the World Health Organization, in 2003
there were 8.8 million new cases reported, killing 1.7 mil-
lion people.! Based on the trend over the past few years,
a total of 225 million new cases and 79 million deaths
are expected from tuberculosis between 1998 and
2030.2 According to the Global Burden of Disease
Study, TB is the seventh leading cause of global prema-
ture mortality and disability, and this figure is estimated
to remain the same even in the year 2020.% Further com-
plicating this already adverse situation is the increase in
multi-drug resistant tuberculosis strains,* and the syner-
gistic pathological effects of tuberculosis and HIV
co-infection. Hence, there is an urgent need to develop
new, potent, and fast acting anti-tuberculosis drugs with
low toxicity profiles.

In our ongoing efforts to develop new anti-tuberculosis
agents, we previously discovered a series of nitrofuranyl

Keywords: Tuberculosis; Antibiotic; Bioavailability; Nitrofuran.
* Corresponding author. Tel.: +1 9014486018; e-mail: relee@
utmem.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2006.02.048

amide compounds with inhibitory activity against
M. tuberculosis.>® Among them, 5-nitro-furan-2-carbo-
xylic acid 4-(4-benzyl-piperazin-1-yl)-benzylamide [I]
was identified with good in vitro activity (MICy
0.0125 pg/mL) (Fig. 1).° However, this compound did
not perform well during in vivo studies due to a short
biological half life and rapid elimination. Analysis of
the structure I led us to attribute this behavior to two
sites that are likely candidates for rapid metabolic cleav-
age: the furanyl amide bond and the benzyl-piperazine
bond. Hence, in this study these features were modified
in an attempt to achieve increased bioavailability. Ring-
A has been retained intact, as previous attempts to
change this part of the molecule to nitrothiophene and
nitroimidazole resulted in loss of activity against

/T -Q

Q N N A O ! \
S N e Y

N ) | Ring A ‘""ngr’lé’g’"k&,,iﬁi
Oyl Ring C

II; R = Alkyl, NCOOR, NCONHR;
X=C,N;n=1,2

Figure 1. Lead compound from the previous library and general
structures of the target compounds.
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M. tuberculosis. However, previous modifications at
ring-B and ring-C were well tolerated lending hope that
the proposed modifications would not significantly
diminish the anti-tuberculosis activity while increasing
the potential bioavailability.®

In this study, ring-C analogues were explored by
replacement of the benzyl group with more metabolical-
ly stable functional groups. During synthesis of interme-
diate 9a, it was discovered that the biological activity of
the boc-protected 1a was several fold more active than
the lead compound I. Therefore, the functionalization
of the terminal nitrogen on the piperazine ring was fo-
cused using carbamate and urea groups. Two modifica-
tions to ring-B were explored. The first modification was
the introduction of a nitrogen atom into the ring to
make the molecule more polar, in order to facilitate
solubility and increase absorption. In the second modi-
fication, the ring was expanded to a bicyclic, tetrahy-
droisoquinoline moiety to make a more rigid tertiary
amide, which was expected to be more resistant to pro-
teolysis. The synthesis of the target molecules in these
three schemes, their in vitro activities against M. tuber-
culosis, and bioactivities are discussed in this paper.

The synthesis of 9a (Scheme 1) started from 4-fluoro
benzonitrile [5], which was subjected to aromatic nucle-
ophilic substitution with 1-boc-piperazine [6a] in the
presence of K,COj3 at 90 °C to give the corresponding
nitrile 7a in 89% yield.” 7a was subjected to reduction
with catalytic hydrogenation using Raney-Ni in the
presence of palladium on carbon and lithium hydroxide
to give the corresponding benzyl amine,® which was
immediately subjected to acylation using S-nitro-furan-
2-carbonyl chloride [8] to afford amide 1a in 94% yield.
The boc-protection group on la was removed using
trifluoroacetic acid to give the piperazinyl amine 9a.
Compound 9a was then treated with alkyl chlorofor-
mates in the presence of triethyl amine to afford the

CN
H
CN N
b, c
£ [o}gNe]
n
s K Jy
6a,n=1 0”0
eon=2 K
7a,n=1
7b,n=2

2585

corresponding carbamate derivatives 1b—f, or with alkyl
isocyanates® to afford the corresponding urea derivatives
1g and 1h. The same approach was employed to make
the diazepane (seven-membered ring) analogues, start-
ing with 1-boc-(1,4) diazepane [6b] instead of 6a.

For the synthesis of analogues with a nitrogen atom
incorporated in ring-B, commercially available 6-pipe-
razinonicotinonitrile [10] was used as the starting mate-
rial (Scheme 2). The piperazinyl amine 10 was protected
with a boc functional group, followed by the reduction
of the nitrile functional group by catalytic hydrogena-
tion using Raney-Ni in the presence of palladium carbon
and lithium hydroxide to give the corresponding benzyl
amine 11 in 93% yield. Amine 11 was then treated with
S-nitro-furan-2-carbonyl chloride [8] to give amide 3a in
86% yield. The boc-deprotection of 3a was achieved
using trifluoroacetic acid leaving the secondary amine
functional group open for a variety of functionalization.

Compound 12 was first treated with benzyl bromide in
the presence of K,CO;5 to give 3b (71% yield), a close
analogue of I. Analogous compounds to 1b and 1h were
also synthesized from 12 by treatment with ethyl chloro-
formate in the presence of triethyl amine to afford the
carbamate 3¢ in 79% yield. Similarly, compound 12
was treated with 2-isocyanato-propane in the presence
of triethyl amine to afford the urea derivative 3d in
82% yield.

For the synthesis of bicyclic tetrahydroisoquinoline ana-
logues in the ring-B, an efficient and facile strategy was
developed by employing Schmidt rearrangement'® on
commercially available 5-fluoroindanone [13]. Com-
pound 13 was treated with sodium azide in an acidic
solution to afford lactam 14 in 55% yield"' (Scheme 3).
The amide functionality was then exploited as an elec-
tron-withdrawing group to activate the fluorine on inter-
mediate 14 for nucleophilic aromatic substitution.

o Carbamate derivatives
1b-f, n=1
2c,n=2

N
NN X
11 X . n O
Urea derivatives
1g,h,n=1
2d,n=2

Scheme 1. Reagents and conditions: (a) K,CO3;, DMSO, 90 °C, 8 h; (b) Raney-Ni, H,, Pd/C, EtOAc, LiOH; (c) 8, CH,Cl,, Et3N, rt, 6 h; (d) dil aq
HCI, THF, 0 °C to rt, 1 h; (¢) ROCOCI, Et3;N, THF, rt, 6 h; (f) RNCO, Et;N, THF, rt, 6 h.
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Scheme 2. Reagents and conditions: (a) K,CO5;, DMSO, 90 °C, 8 h; (b) Raney-Ni, H,, Pd/C, EtOAc, LiOH; (c) 8, CH,Cl,, Et;N, rt; (d) CF;COOH-
H,0, THF; (e) BnBr, K,CO5;, DMF, rt, 6 h; (f) EtOCOCI, Et;N, THF, rt, 6 h; (g) ‘PrNCO, Et;N, THF, rt, 6 h.

14

16c: X=8S

Scheme 3. Reagents and conditions: (a) NaN3;, MeSO;H-CH,Cl,; (b)
sec-amine, K,CO3;, DMSO, 140 °C; (c) BH;-THEF, rt; (d) 8, CH,Cl,,
EI3N, rt.

Compound 14 upon reaction with benzyl-piperazine in
the presence of K,CO; at 140 °C for 24 hours afforded
the substituted lactam 15a in 75% yield. Compound
15a was reduced to the tetrahydroisoquinoline deriva-
tive 16a (81% yield) using borane-THF. Compound
16a was then treated with 5-nitro-furan-2-carbonyl chlo-
ride [8] to give the desired target compound 4a in 91%
yield. Similarly, the fluoro group on lactam 14 was
substituted with N-methyl-piperazine and thiomorpho-
line separately to give the corresponding intermediates
15b (83% yield) and 15¢ (69% yield), respectively. The
subsequent reduction of the lactam to tetrahydroiso-
quinoline derivative 16b and 16¢ followed by acylation
with S-nitro-furan-2-carbonyl chloride [8] afforded com-
pound 4b (82% yield) and 4c¢ (79% yield).

Determination of the anti-tuberculosis activity was car-
ried out using microbroth dilution and visual inspection
as described previously.® The MIC values of compounds
in this study range from 0.0062 to 1.56 pg/mL and are
therefore commensurate with current therapeutic anti-
tuberculosis agents (Table 1). Benzyl-piperazine C-ring

substitutions 3b and 4a demonstrated the most potent
MIC activity. Ethyl carbonate 1c¢ had the best activity
of the carbonate/urea series with carbonates la—f and
3¢ having generally better MIC activity than the ureas
1g, 1h, and 3d. The introduction of a diazepane C-ring
2a-d reduced MIC activity compared with the corre-
sponding piperazines I, 1¢, and 1h. The introduction
of pyridyl 3a-d or tetrahydroisoquinoline 4a—¢ B-ring
had little effect on the MIC activity of the series and
was well tolerated.

Preliminary bioavailability of a selected set of com-
pounds was assessed using a bioactivity assay. Briefly,
mice were dosed via oral gavage at 300 mg/kg in 0.5%
methylcellulose. Mice were subsequently bled at set
intervals (at 0.5, 2.5, 4 and 8 h after dosing) with three
mice per time point. The serum collected from these
mice was then serially diluted and tested for anti-tuber-
culosis activity in a bioassay using M. tuberculosis.'>'3
The results from the bioassay reflect approximate con-
centrations of unbound bioactive product in the serum
rather than providing total drug levels (Table 1). The
bioactivity results indicate that compounds 1g, 2d, 3c,
and 3d had the best C,,,,x values. The longest T, values
were obtained for 2a, 3a, 4a, and 4b. Within these data,
general trends were observed. The pyridinyl series 3a—d
achieved the best absorption, the benzyl B-ring series
resulted in short half lives, and the tetrahydroisoquino-
lines 4a and 4b had longer half lives. The diazepane C-
ring compounds 2a and 2d also had better half lives.

This series of compounds has been designed to increase
the bioavailability of lead compound 5-nitro-furan-2-car-
boxylic acid 4-(4-benzyl-piperazin-1-yl)-benzylamide [I]
by addressing the metabolic instability of the molecule
and increasing absorption. Three modification schemes
were explored, 20 compounds were synthesized,'# tested
in vitro for MIC activity, and the bioactivity of nine com-
pounds was tested in mice (Table 1). Modifications in
each of these schemes affected the anti-tuberculosis activ-
ity, presenting the challenge of selecting compounds from
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Table 1. Structures of advanced hit analogues and their anti-tuberculosis activity
Compound 1) MIC90 (l»lg/ml) Cmaxb (“g/ml) Tmax (h) TI/ZC (h)
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R= 7
Structure
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(continued on next page)
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Table 1 (continued)

Compound

Structure

MICy (ng/ml)

Cmaxb (Hg/ml) Tmux (h) T]/ZC (h)

4b R\N\ﬁ\,\(\\ 0.2
\\/N\
dc R\N\ﬁ\’\l/\\\/\s 0.4

0.28* 0.5* 2¢

# Determined using the HCI salt of the compound.

® Drug levels in the mouse serum are estimated by multiplying the dilution factor by the MIC value of the drug in the presence of 10% serum.

¢ Estimated based on graph of concentration versus time curve.

the series that have significant anti-tuberculosis activity,
but are also likely to be well absorbed with a long half life
in serum. Compounds selected under these criteria can
then enter lengthy testing in animal models of tuberculo-
sis infection with an increased chance of success. The first
modification explored was the replacement of the benzyl-
piperazine C-ring substituent of I with carbamates and
ureas. Compounds in this series showed good MIC activ-
ity, increased absorption, and lower serum binding but
were just as rapidly eliminated as I. The second modifica-
tion explored was the introduction of the pyridinyl B-
ring, which had little affect on MIC activity or serum half
life, but significantly boosted absorption, most likely due
to increased solubility. The final modification evaluated
was introduction of tetrahydroisoquinoline B-ring which
significantly increased the serum half life while maintain-
ing or improving MIC activity. This suggests that rapid
metabolism of the furanyl amide bond is the limiting fac-
tor for bioavailability of this series and that bioisosteric
replacement may be a fruitful future strategy for the
development of this series. In the course of this study it
emerged that serum binding and tissue distribution may
also be important factors that need to be addressed as this
series progresses. As it was noted during the bioavailabil-
ity assay the MIC activity of most of the compounds in
this series decreased in the presence of serum, for example
the MIC value for 4a was tenfold worse in the presence of
10% mouse serum. The best compounds in this series are
currently undergoing a detailed microbiological assess-
ment and are being tested in in vivo infection models.
The results from these studies will be reported in due
course. In conclusion, we have successfully further elabo-
rated this series of anti-tuberculosis compounds, devel-
oped compounds with highly potent anti-tuberculosis
activities, and improved bioactivity.
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Abstract—Synthesis and biological data of a novel selective and efficacious factor IXa inhibitor are described along with its crystal

structure in factor VIla.
© 2006 Elsevier Ltd. All rights reserved.

Factor IXa (fIXa) plays a key role in maintaining inter-
nal homeostasis in the intrinsic pathway of the clotting
cascade. Inhibition of fIXa presents an alternative and
viable way of treating thrombosis arising from both ve-
nous as well as arterial vascular injuries. It is believed
that inhibiting fIXa selectively limits thrombosis in low
tissue factor sites, but does not inhibit clotting in high
tissue factor environments such as vascular injury sites
or surgical wounds.! This method could provide a
choice of anti-coagulants with improved therapeutic
index compared to existing therapies which target
thrombin.!

We realized that in order to develop fIXa inhibitors for
various surgical indications, it is important to have
selective inhibitors. The compounds need to be selective
against various trypsin-like serine proteases and, more
importantly, should be able to distinguish between
intrinsic and extrinsic coagulation pathways. In other
words, compounds should exhibit minimal efficacy in a
2x PT assay (measure of effect on the extrinsic pathway)
but should have good efficacy in a 2x APTT assay’
(measure of effect on the intrinsic pathway). In this com-
munication, we present our results on the discovery of a
novel triaryl scaffold for selective inhibition of fIXa.

As a part of our ongoing quest for novel anti-coagulants
for the treatment of various cardiovascular disorders,>
we screened our proprietary small-molecule libraries

Keywords: Factor IXa inhibitors; Serine protease; 3-Hydroxy pyrazole;
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for activity against fIXa. The 5-amidino-benzimidazole
analog 1 was a reasonable lead with a 99 nM potency
for fIXa, however, this potency did not translate into
observed efficacy in ex vivo clotting efficacy assays
(2x PT and 2x APTT >10 uM). In addition, although,
1 has good thrombin selectivity it lacked selectivity
against factors Xa and VIla, and therefore warranted
further optimization.

We were aware from our previous work in this area that
the physicochemical properties of compounds can im-
pact their ex vivo efficacy,? with increased hydrophilicity
(CLogP) of compounds resulting in improved ex vivo
efficacy. In this connection, we were interested in isoster-
ic replacement of the central phenol in compound 1 with
a polar heterocycle, which avoids significantly increasing
the molecular weight. Among numerous analogs synthe-
sized, we found the hydroxy pyrazole compound 2 to be
a promising lead (Fig. 1).

Replacing the central six-membered ring with a five-
membered ring, as in 2, would be expected to bring
about a change in the way the distal phenyl group ex-
tends from the scaffold due to a geometry difference.
In addition, there might be a difference in the ability
of the hydroxyl moiety to hydrogen bond to the protein
due to changes in electronics. Gratifyingly, replacing the
central phenol with a hydroxy pyrazole not only im-
proved potency against fIXa* but also had a positive
effect on efficacy (2x APTT = 2.6 uM). It is likely that
replacement of the phenol with the more polar heterocy-
cle led to improved physicochemical properties which in
turn translated into better ex vivo efficacy. Compound 2
has improved selectivity against the other coagulation
enzymes—thrombin, factor Xa (fXa), and factor VIla
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Figure 1. Isosteric replacement of the central phenol with hydroxyl pyrazole.

(fVIIa).* Selectivity toward tryspin was slightly dimin-
ished. This compound had low efficacy in the 2x PT
assay implying that only intrinsic and not extrinsic path-
way is affected, presumably due to selective fIXa
inhibition.

Next we were interested in finding out if the benzimid-
azole in compound 2 is necessary for its potency toward
serine proteases. Toward this end, compound 3, which is
a simple amide linked to a hydroxy pyrazole, was made
and tested. Not surprisingly, it did not have any activity
against serine proteases possibly due to disruption of the
well coordinated multi-centered hydrogen-bonding
interactions responsible for potency against serine prote-
ases.” In the absence of the amidine, as in compound 4,
there is complete lack of potency for any of the serine
proteases due to loss of key interaction with Asp 189
in the S1 pocket. In compounds such as 1 and 2, the
amidine, in combination with the imidazole NH and
2’-phenol OH, is integral to the binding of this class of
inhibitors to trypsin-like enzymes (Table 1).°

As a first step to gain an understanding of the factors
controlling the potency and selectivity displayed by 2,
a crystal structure in fVIla was obtained (Fig. 2).° De-
spite the change from a phenol to a hydroxy pyrazole
in the center of the molecule, 2 binds very similarly to
other molecules of this type in fVIIa.> A similar array
of hydrogen bonds including short H-bonding interac-
tions between Ser195, the hydroxy pyrazole oxygen,
and a water molecule in the oxyanion hole was observed

Table 1. SAR comparing 1 with hydroxyl pyrazole analogs®

and the interaction of the amidine with Asp 189 was also
comparable. The major differences are likely attribut-
able to the 142° versus 120-125° angle between the Pl
amidino-benzimidazole and the distal phenyl ring
imparted by the five-membered ring of 2. The distal
phenyl ring of 2 angles away from the surface of the
S1’ pocket which is not the case for central phenol ring
containing analogs. This change may in turn be respon-
sible for the observed closer approach of the hydroxyl of
2 to Serl95.

Comparison of the crystal structure of 2 in fVIIa to the
literature structure of 4-amino-benzamidine in human
fIXa’ reveals some key differences that may be responsi-
ble in part for the selectivity. The position of the Asp189
in fIXa is more than 0.75 A lower in the S1 pocket than
for fVIIa and similar to the position observed for
Aspl89 of u-PA.® As a result, the amidine of the ligand
in the literature fIXa structure is nearly a full angstrom
deeper in the S1 pocket than the amidine of 2. A second
difference between the fVIla structure of 2 and that of
fIXa is the position of the 30s loop due to an insertion
in fIXa. The C-a of Phe41 in fIXa is shifted 2.8 A closer
to the S1 pocket than that of residue 41 (C-a) in fVIla,
and this alters the S1’ pocket shape. The Phe4l side
chain is thus located much closer to the distal phenyl
ring of 2.

Both of these structural differences, in concert with the
opened angle of the central ring of 2, may help rational-
ize the observed selectivity. The more linear nature of 2

Compound Structure fIXa K; 2x APTT 2x PT CLogP fIXa Selectivity against
(M) (M) (M) Thrombin fVlila fXa Trypsin
1 )KCE %& 0.09  >10 >10 389 247 9 32 88
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Figure 2. X-ray crystal structure of 2 in fVIla (green) superimposed
onto human fIXa with 4-amino-benzamidine (PDB entry code
Irfn:grey). Residues 57, 102, 191-194, 213-216, and 225-228
(rms = 0.33 A) were used to overlay the proteins.
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Scheme 1. Synthesis of pyrazole based compounds 2-4. Reagents and
conditions: (a) i—(COCl),, CH,Cl,; ii—Meldrum’s acid, pyridine,
EtOH, 0 °C to rt, overnight; (b) p-TsN3, NEt;, CH3CN, 15 °C, 1 h; (¢)
NaH, THF, 0°C to rt, 24 h; (d) 3,4-diamino-benzamidine, PPA,
140 °C, 4 h; (e) 4-amino-benzamidine, DMF heat; (f) pyridine-3,4-
diamine, PPA, 140 °C 4 h.

and the resulting unique orientation of the distal phenyl
ring described above, as compared to central phenol ring
containing molecules, may allow it to bind further down
in the S1 pocket to match the deeper pocket of fIXa. The
fact that the distal phenyl ring is pulled away from the
S1’ pocket may also be beneficial for fIXa binding due
to the shift in the position of the 40s loop. Thus, the side
chain of Phe41 may actually be in a better position for
packing against the distal phenyl ring.

Phenyl acetic acid 5 was converted to B-ketoester 6 via a
reported procedure.” B-ketoester 6 was treated with 4-
carbamoyl-benzenesulfonyl azide and a base to get the
diazo derivative 7. Compound 7 upon treatment with
sodium hydride'® furnished the requisite pyrazole ester
8. Heating the ester 8 with either diamino-benzamidine!!
or pyridine diamine in polyphosphoric acid (PPA)

yielded the corresponding benzimidazole derivatives 2
and 4. Treatment of ester 8 with p-amino-benzamidine
at 100 °C for 2 h afforded the necessary amide 3. Synthe-
sis of compound 1 was reported earlier.'?

By replacing the central six-membered phenol of 1 with
a hydroxy pyrazole, we were successful in producing a
novel triaryl scaffold which selectively and efficaciously
inhibits fIXa. The fVIIa crystal structure with com-
pound 2 was obtained and compared with a published
structure of fIXa. This revealed some key structural fea-
tures which may be responsible for the observed selectiv-
ity seen for fIXa. In addition, the presence of the
heterocycle in the core of the structure possibly helped
improve its physicochemical properties, which is reflect-
ed in an ex vivo clotting assay (Scheme 1).
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Abstract—High-throughput screening of the Merck sample collection identified benzodiazepinone tetralin-spirohydantoin 1 as a
CGRP receptor antagonist with micromolar activity. Comparing the structure of 1 with those of earlier peptide-based antagonists
such as BIBN 4096 BS, a key hydrogen bond donor-acceptor pharmacophore was hypothesized. Subsequent structure activity
studies supported this hypothesis and led to benzodiazepinone piperidinyldihydroquinazolinone 7, CGRP receptor K; =44 nM
and ICsp = 38 nM. Compound 7 was orally bioavailabile in rats and is a lead in the development of orally bioavailable CGRP

antagonists for the treatment of migraine.
© 2006 Elsevier Ltd. All rights reserved.

Migraine is a neurovascular disorder in which neuropep-
tide release and intracranial blood vessel dilation play an
important role.! Characteristic symptoms of migraine
include severe headache, nausea, and sensitivity to light
and sound lasting 4-72 h.2 Approximately 12% of the
general population experience migraine headaches, but
since migraine is underdiagnosed and undertreated, this
may be an underestimate.>

The current standard for the treatment of migraine is 5-
HT;g/1p receptor agonists that form the triptan class of
migraine drugs.* Part of the triptan mechanism of action
involves direct vasoconstriction of blood vessels through
activation of 5-HT,g receptors.> Although selective for
intracranial over coronary vessel constriction, triptans
are contraindicated in patients with cardiovascular
disease. A migraine drug that does not cause direct vaso-
constriction would have significant therapeutic value.

Keywords: CGRP receptor antagonist; Benzodiazepinone; CGRP;

CLR/RAMPI; Migraine.
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3971; e-mail: theresa_williams@merck.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Calcitonin gene-related peptide (CGRP) is a 37 amino
acid neuropeptide present in perivascular sensory nerve
fibers and one of the most potent vasodilators known.®
The CGRP receptor is especially abundant in the tri-
geminal vasculature, a network of intracranial vessels
associated with sensory neurons of the trigeminal gan-
glion.” Activation of trigeminal sensory neurons and
CGRP release are strongly implicated in the pathophys-
iology of migraine headache.® Therefore, a CGRP
receptor antagonist is an attractive therapeutic target
for the treatment of migraine.”'°

In placebo-controlled clinical trials, the potent Boehrin-
ger—Ingelheim CGRP receptor antagonist BIBN 4096
BS was efficacious in alleviating migraine headache
pain.!! Two hours following a 2.5 mg iv dose, 69% of
patients reported significant pain relief. The therapeutic
response was similar to that observed for triptans in pre-
vious clinical trials. No evidence of direct vasoconstric-
tion or effects on hemodynamics was observed with
BIBN 4096 BS.!":'?> The Boehringer-Ingelheim clinical
trial is proof-of-concept for treating acute migraine
headache with a CGRP receptor antagonist. Efficacy
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was achieved by blocking the pathological intracranial
response to CGRP and was not a consequence of direct
vasoconstriction, since the latter was not observed.

The CGRP antagonist BIBN 4096 BS was administered
by intravenous infusion in clinical trials. We sought to
identify a suitable lead compound for a program aimed
at developing an orally active CGRP antagonist to treat
acute migraine headache. High-throughput screening
identified benzodiazapinone 1 as a modest inhibitor of
CGRP binding to native human CGRP receptors
(K; =4.8 uM, SK-N-MC cell membranes). Follow-up
studies demonstrated that benzodiazapinone 1 was a
functional antagonist of CGRP-stimulated cAMP pro-
duction in SK-N-MC cells (ICso = 6 uM). Binding and
functional assays using a recombinant form of the hu-
man CGRP receptor obtained similar results. The struc-
ture of 1 was unique compared to previously published
CGRP antagonists based on p-dibromotyrosine (‘Com-
pound 1)!3 or the dipeptide p-dibromotyrosine-L-lysine
(BIBN 4096 BS)'# (Fig. 1). In contrast to amino acid-
based inhibitors, HTS lead 1 linked two heterocycles
through a urea group: the GPCR ‘privileged structure’!
N-methyl 3-aminobenzodiazepinone and the spirohyd-
antoin derived from B-tetralone (spiro ring fusion as a
mixture of isomers).

CHs e
NH
S "y
O

Simple substituent additions to 1 did not increase poten-
cy, but more substantial structural changes were success-
ful. It was noted that potent CGRP antagonists
incorporated another GPCR privileged structure, either
piperidinylbenzimidazolone in the case of ‘Compound
1,12 or the closely related piperidinyldihydro-quinazoli-
none in BIBN 4096 BS.!# In these compounds, the benz-
imidazolone and dihydroquinazolinone have a C(O)NH
hydrogen bond donor—acceptor pair embedded in the
heterocycle, similar to the hydantoin in 1. This led us
to speculate that ‘Compound 1°, BIBN 4096 BS, and 1
shared a common hydrogen bond donor-acceptor
pharmacophore Eq. 1. An overlay of energy minimized

Ny N._NH
H Cjw
\/N\H/\HJKE/N\H/N o
BIBN4096BS o o
Br
Br OH
NH
O H O/N‘x(
NJ\/N N (0]

o ¥
Compound 1' QBr
Br OH

Figure 1. Previously reported CGRP receptor antagonists.

Figure 2. Overlay of energy minimized piperidinyldihydroquinazoli-
none (blue) and tetralin spirohydantoin (yellow) from Eq. 1.

structures of piperidinyldihydroquinazolinone and one
enantiomer of the tetralin spirohydantoin showed good
alignment between carbonyl amide oxygen—NH pairs

(Fig. 2).

N o

N
(6]

To test the hypothesis of a common pharmacophore, the
2-aminotetralin spirohydantoin substructure in 1 was re-
placed with piperidinylbenzimidazolone or piper-
idinyldihydroquinazolinone, to form hybrid structures
2 and 3.

%—Nﬁ/NYNH (1)
o)

The required 3-aminobenzodiazepine'>'® was treated

with p-nitrophenylchloroformate and triethylamine, fol-
lowed by the appropriate 4-substituted piperidine,'® to
give compounds 2-5 and 7-9 (Scheme 1). Compound
6 was obtained by treating 5 with 1 equiv of NaH and
CH;lI in DMF.2°

The CGRP receptor is heterodimeric and is comprised
of the family B GPCR calcitonin-like receptor (CLR)
and the accessory protein, receptor activity modifying
protein 1 (RAMPI).21:?> Co-expression of CLR and
RAMPI is required to form a functional CGRP recep-
tor. A human neuroblastoma cell line (SK-N-MC)
expresses the native human CGRP receptor and was
used to determine the binding affinity.>> A cell line
expressing recombinant human CLR/RAMPI exhibited
pharmacology identical to that of the natlve receptor.
Binding studies were conducted with [I'>’JCGRP using
E10 (human cloned receptor)®* or SK-N-MC (native hu-
man receptor) cell membranes and results reported as a
K;. The ICsy for antagonism of CGRP-stimulated
increases in intracellular cAMP was determined in E10
cells expressing the human cloned receptor.

R1 R1

N-° 2 N-©
, NHZ—’ NH

N =N N >z
Ci o °

Z=§—NQ - @ éhoQE—NKD

N

rNH T NH N N
(0] (0] (o] \CHB O H
2,9 35,7 6 8

Scheme 1. Synthesis of substituted piperidine benzodiazepinone ana-
logs. Reagents and conditions: (a) p-nitrophenylchloroformate,
DMSO/THF, TEA, 0 °C; 4-Z-piperidine, TEA.
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Hybrid structures were synthesized to link the N-methyl
3-aminobenzodiazepinone component of screening lead
1 to either piperidinylbenzimidazolone (forming 2) or
to  piperidinyldihydroquinazolinone  (forming  3).
Although benzimidazolone 2 was inactive at the concen-
trations tested, benzodiazepine dihydroquinzolinone
enantiomers 3a (3S-enantiomer) and 3b (3R-enantio-
mer) had low micromolar activity.

Overall, the R-enantiomer 3b was approximately 5-fold
more potent than the original lead 1 (Table 1). SAR
studies showed that small lipophilic N-1 benzodiaze-
pinone substituents were well tolerated. Slight increases
in potency were noted for N-ethyl (4) and N-isopropyl
(5) substituents. In partial support of the hydrogen bond
donor-acceptor pharmacophore model, N-alkylation of
the dihydroquinazoline nitrogen was highly detrimental
to activity (compare 5 with N-methyl analog 6),
although steric effects between the ligand and receptor
cannot be ruled out as the cause of poor activity.

Changing the N-1 methyl substituent in 3b to trifluoro-
ethyl increased potency 50-fold. N-Trifluoroethyl benzo-
diazepinone 7 was one of the most potent analogs
prepared, with K; =44 nM. In cell culture, 7 blocked
CGRP-stimulated cAMP production with an
ICs0 = 38 nM. We found that compounds containing
the dihydroquinazoline substructure required protection
from light and air to prevent dihydroquinazolinone ring
oxidation. The ring expanded 1,3-benzodiazepin-2-one 8
was stable in air and was found to be equipotent to 7.
When the optimized N-1 trifluoroethyl benzodiazepine
substituent in the dihydroquinazolinone series was re-in-
troduced to benzimidazolone 2 (K; > 20,000 nM), poten-
cy increased more than 10-fold (9, K;=2370nM),
consistent with dihydroquinazolinone structure—activity
relationships.

Receptor kinetic studies were carried out on compound
7. Competitive binding studies with ['*IJCGRP and 7
(E10 membranes, human recombinant CGRP receptor)

2597

showed K; =48 nM. In the same cell line, compound 7
demonstrated competitive antagonism of CGRP-stimu-
lated cAMP production. Increasing concentrations of
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Figure 3. Concentration-response curves and Schild plot analysis of
compound 7. (a) Concentration-response curves of CGRP-induced
cAMP production in E10 cells expressing human recombinant CLR/
RAMPI in the presence and absence of compound 7. B = 2560 nM;
A =1280nM; V =640 nM; ¢ =320nM; @ =160 nM; [ =80nM;
A = 0 nM. (b) Schild plot showing the effect of compound 7 on CGRP-
induced cAMP production in E10 cells expressing recombinant CLR/
RAMPI. DR is the ratio of CGRP ECs, values in the presence and
absence of compound 7. The X-intercept is equal to the pA, and the K,
calculated using the formula pA, = —log Ky,

Table 1. Binding affinity and antagonist activity for compounds 1-9, compound 1 and BIBN 4096 BS on the human CGRP receptor (CLR/RAMP1)

Compound R! BZD C-3 CLR/RAMPI1 n CLR/RAMPI1 n
K" (nM) lcsob (nM)

1 — R 4250 + 275 4 57% inh (17 uM) 2
2 CHj; RS >13,000 5 —

3a CHj; S 8400 £ 800 3 4450 1
3b CH; R 2200 * 87 4 3640 1
4 CH; CH, R 897 £ 118 4 990 1
5 i-Pr R,S 1060 + 658 5 1810 1
6 i-Pr RS 33% inh (100 pM)© 1 —

7 CF; CH, R 44 £ 17 7 38+24 5
8 CF; CH, R 61 +12 6 43 1
9 CF; CH, R 2370 + 321 3 1,580 1
Compound 1 — — 83 2 75 2
BIBN — — 0.005 £ .001 5 0.100 = .058 7

% K; values were determined using E10 cell membranes expressing a human cloned CLR/RAMPI receptor and are expressed as arithmetic means of n
determinations, along with the standard deveriation.>*
®ICs, values were determined using E10 cells expressing a human cloned CLR/RAMPI receptor and measured the inhibition of CGRP-mediated

¢AMP production.**

€ K; value was determined using SK-N-MC cell membranes as previously described.?





2598 T. M. Williams et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2595-2598

CGRP produced a rightward shift in the dose-response
curve for 7 with no change in maximal response (Fig. 3).
In good agreement with binding experiments, a Schild
plot analysis yielded Ky, = 77 nM (pA, = 7.1). The slope
of the line was 0.9, indicating a 1:1 association of antag-
onist and receptor. In contrast to the human CGRP
receptor, 7 was much less potent on the rat CGRP
receptor, inhibiting only 35% of ['*’I[JCGRP binding at
100 uM. Differences in human and rat RAMPI1 se-
quence, most notably at position 74 (Trp in human
and Lys in rat), were responsible for the species differ-
ence in affinity, an effect also observed for BIBN 4096
BS.?3 In other studies, 7 was inactive on the human
adrenomedullin receptor CLR/RAMP2.?!

A key objective for the program was to identify a CGRP
antagonist lead that could be optimized for oral bioavail-
ability. To this end, the pharmacokinetic profile of 7 was
determined in rats and dogs. In rats, 7 had an iv
t1» = 1.7 h, Cl = 20 mL/min/kg, and had modest but con-
sistent oral bioavailability when dosed as a suspension in
1% aqueous methocel (F=10%, Chax=240nM,
10 mpk) (n = 3). In dogs, 7 was not detected in plasma
after an oral dose of 2 mpk (1% aqueous methocel, n = 2).

A nonpeptide screening lead 1 was identified that had
micromolar affinity for the human CGRP receptor and
was a functional CGRP antagonist in cells. SAR studies
of benzodiazepinone 1 led to a 100-fold increase in poten-
cy and identified 7 as a promising new lead. Benzodiaze-
pinone 7 was shown to be orally bioavailable in rats,
thus offering an excellent lead for the pursuit of potent,
bioavailable CGRP antagonists for the treatment of mi-
graine. A hypothesis of a key hydrogen bond donor—ac-
ceptor antagonist pharmacophore was proposed and
guided antagonist design. A recent publication discussed
the importance of the dihydroquinazolinone NH of BIBN
4096 BS for CGRP receptor antagonist activity. Itis inter-
esting to note that a similar hydrogen bond donor—accep-
tor pharmacophore is also present in CGRP(8-37) and
related peptide antagonists, in the form of the critical
C-terminal peptide amide.?® Thus, it is possible that the
dihydroquinazolinone substructure in 7 and BIBN 4096
BS functions as a conformationally constrained
Ala-Phe-NH, dipeptide amide Eq. 2.

H O
N A NH,
£ N

O

(2)

§—Nﬁ/NgNH
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Abstract—Bitriazolyl compounds were synthesized and their activity against tobacco mosaic virus was assessed. Two of them
showed promising antiviral activity and were more potent than the reference compounds. Moreover, these compounds are predicted
not to be carcinogenic or mutagenic based on the prediction systems. Therefore, the bitriazolyl compounds may provide interesting
new leads or scaffolds for use in further attempts to screen novel antiviral candidates.

© 2006 Elsevier Ltd. All rights reserved.

Triazole units have been attracting considerable atten-
tion in fields such as medicinal and agrochemical re-
search as well as in the material sciences due to their
unique structure and properties. Ribavirin! was the first
synthetic nucleoside found to show a broad spectrum of
antiviral activity against many RNA and DNA viruses,
and it is the only small-molecule drug available to date
for treating patients infected with the hepatitis C virus.?
Fluconazole, which bears two 1,2,4-triazole residues, is a
powerful antifungal agent.®> Recently, a 1,2,3-triazole li-
gand (syn-1) was found to be a potent acetylcholinester-
ase inhibitor.* In our ongoing project, which focuses on
novel triazole compounds for use in the fields of medi-
cine and agrochemicals, we are interested in developing
bitriazolyl compounds (Scheme 1). Using Huisgen 1,3-
dipolar cycloaddition,® we developed a simple and effi-
cient procedure for synthesizing bitriazolyl compounds
starting with azido-triazole and alkynes.® In a screening
of antiviral candidates for combating the tobacco mosa-
ic virus (TMV), we found that two of these compounds
showed extremely promising antiviral activity. This sug-
gests that bitriazolyl compounds may have considerable

Keywords: Triazoles; Antiviral candidates; Bitriazolyl compounds;

Huisgen 1,3-cyclcoaddition; Tobacco mosaic virus.
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potential for use in the fields of agrochemical research.
Here we report on the synthesis and characterization
of these novel bitriazolyl compounds as well as on the
assessment of their antiviral potential against the tobac-
co mosaic virus (TMV).

The synthesis of the bitriazolyl compounds is presented
in Table 1. Under mild conditions, azido-triazole (1)
readily engaged in a copper(I)-catalyzed Huisgen reac-
tion with a variety of terminal acetylenes (Table 1),
giving regioselectively 1,4-disubstituted 1,2,3-triazole
products (2) with good yields.” The isomeric structure
of the 1,4-disubstituted product was confirmed by the
X-ray structure of 2f (Fig. 1).® This regioselectivity
is in agreement with the previously proposed
reaction mechanism, where the copper (I) acetylide
formed undergoes stepwise addition with the azide.’
By treating with NH3/MeOH, the bitriazolyl com-
pounds (2) were further transformed into (3) with the
exocyclic ester group being converted to an amide
group (Table 1).1°

Interestingly, the two triazole rings present in 2f were
found to be almost co-planar and at a dihedral angle
of only 8.3° (Fig. 1B). This finding suggests that the
bitriazolyl motif present in these compounds differs
from the biphenyl motif. Biphenyl compounds are not
co-planar because the four hydrogen atoms located in
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Scheme 1. Representative triazole compounds: ribavirin, fluconazole, the potent AChE inhibitor syn-1 and bitriazolyl compounds.

Table 1. Bitriazolyl compounds 2 and 3 synthesized from 1

o}
R 0 R o
N —c= —
N— m)\ooH3 R-C=CH h?:\N—(N %OCH NH4/MeOH R_\N_(N %NH
H/N N’ \ 3 N \ 2

CuSO0O, /sodium ascorbate, ) N—NH 35°C N—NH
1 THF/H,0 1/2, 80°C 2 3
Entry R Product Yield (%) R’ Product Yield (%)
1 I 2 85.3 3 70.0
CH3CHOC— 2 HoN-C— 2
2 ('? 2b 92.4 HO—-CH,— 3b 71.5
CH3COCH2_
3 Qr 2 77.5 3 81.0
OH OH
4 & 2d 717 & 3d 77.4
OH OH
5 O— 2e 85.1 Q— 3e 89.8
6 @— 2f 85.0 @— 3f 95.0
7 CH34©7 2 84.5 CH34©— 3g 77.0
8 CHSOO— 2h 82.5 CHSOO— 3h 924
9 F@ 2i 70.0 F@ 3i 83.0
10 Hsc(H20)4‘©7 2j 81.5 HSC(HZC)44©— 35 90.0
the ortho-positions result in steric hindrance, making co- ortho-position, the proton in the 1,2,4-triazole ring was
planarity impossible. In order to prevent the steric located on N2 instead of NI, as confirmed by the

hindrance which occurs when the groups are in the high-resolution X-ray structure of 2f (Fig. 1A).
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Figure 1. X-ray structure of 2f.

Table 2. Antiviral activity of bitriazolyl compounds against TMV

Compound Antiviral activity (%)
DHT 45+ 5
2a 20+ 7
2b 36+8
2¢ 105
2d 1738
2e 75+ 11
2f 635
2g 10+7
2h 15+11
2i 1216
2j 23+ 12
Ribavirin 49 +8
3a 0

3b 8x5
3¢ 13+3
3d 0

3e 76
3f 0

3g 61
3h 0

3i 0

3j 2812

In our search for new antiviral candidates capable of
combating the agricultural plant virus, we used the
tobacco mosaic virus (TMV) as a model system for
assessing the antiviral activity of the newly synthesized
bitriazolyl compounds. The antiviral activity of the syn-
thesized bitriazolyl compounds was assessed using the
conventional half-leaf juice rubbing method!’!? with
the fresh leaves of tobacco plants and the commercial
products, 2,4-dioxohexahydro-1,3,5-triazine (DHT)
and ribavirin, as the control standards.'?!'* The antiviral
activities of the bitriazolyl compounds are listed in Table
2. Compounds 2e and 2f showed excellent levels of activ-
ity against TMV, since the rates of antiviral efficiency of
these compounds were found to be as high as 75+ 11%
and 63 + 5%, respectively, whereas those of the reference
standards, DHT and ribavirin, were only about 45 * 5%
and 49 * 8%, respectively. The bitriazolyl compounds
may therefore serve as interesting new leads for antiviral
candidate capable of combating the plant virus. We are
currently trying to obtain more bitriazolyl compounds
with a view to establishing a reliable structure—activity
study for lead development and lead optimization.

The antiviral effects of the bitriazolyl compounds 2e and
2f may result either directly from the inhibitory effects of
the viral replication process or indirectly from the sys-
temic acquired resistance (SAR) against TMV induced
in the tobacco plant.!® In order to elucidate the antiviral
mechanism at work in 2e and 2f, studies were carried out

B

Q ”J N . /% o)
B A &

Table 3. Induction of systemic acquired resistance (SAR) of tobacco
plant against TMV

Compound Concentration Induction of SAR (%)
entry (ng/mL) Leaf spray Soil treatment
BTH 100 95+4 96 £ 8

2e 100 0 0

2f 100 105 104

on how systemic acquired resistance against TMV was
induced in tobacco, using acibenzolar-S-methyl (BTH,
Syngenta product) as the control compound as
previously described in the literature.'®!” Our results
(Table 3) indicated that, in both 2e and 2f, little if any
induction of systemic resistance activity against TMV
occurred, while the control compound, BTH, had
extremely high induction effects, with the induction rate
reaching more than 90%. These data indicate that the
antiviral effects of compounds 2e and 2f are exerted
via direct inhibition of the viral replication process,
which requires to be studied in more detail.

With the view to undertaking further lead development
and lead optimization using bitriazolyl compounds as
antiviral agrochemicals capable of combating the plant
virus, it is important to evaluate their toxicity due to
the increasing concern about environment protection
and human health. We therefore evaluated the mutage-
nicity/carcinogenicity of the newly synthesized bitriazol-
yl compounds using the programs of prediction system
for carcinogenic toxicity (CISOC-PSCT) and prediction
system for mutagenic toxicity (CISOC-PSMT), respec-
tively.'®1? Carcinogenic toxicity means the extent to
which a compound is liable to cause cancer, while
mutagenic toxicity indicates whether it has tendency to
induce abnormal mutations. Both carcinogenicity and
mutagenicity are important indicators to the toxic
potential of a chemical compound. Based on the predic-
tion systems, none of the newly synthesized bitriazolyl
compounds are predicted to be carcinogenic or muta-
genic (Table 4), suggesting that these compounds are
promising candidates for further screening with a view
to developing safe and efficacious antiviral candidates
in the fields of agrochemical and possibly also pharma-
ceutical research.

In conclusion, we have discovered bitriazolyl com-
pounds having antiviral activity against TMV. Two of
them are of special interest, because they are more po-
tent than the commercial products, DHT and ribavirin.
These bitriazolyl compounds can be prepared conve-
niently and are predicted not to be carcinogenic or
mutagenic based on the prediction systems. Therefore,
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Table 4. Predicted results of carcinogenic and mutagenic toxicity of the bitriazolyl compounds using the CISOC-PSCT and CISOC-PSMT programs,

respectively

Entry Carcinogenicity Mutagenicity
Toxicity Non-toxicity Predictability (%) Toxicity Non-toxicity Predictability (%)

2a 0.001 0.951 78 0.01 0.50 82
2b 0.001 0.707 70 0.01 0.56 80
2c 0.001 0.952 82 0.01 0.71 84
2d 0.001 0.943 82 0.01 0.72 84
2e 0.001 0.654 81 0.01 0.57 85
2f 0.001 0.920 79 0.02 0.24 82
2g 0.001 0.837 81 0.01 0.24 84
2h 0.001 0.924 80 0.01 0.29 83
2i 0.001 0.904 80 0.02 0.23 83
2§ 0.001 0.785 83 0.01 0.56 86
3a 0.001 0.979 76 0.06 0.10 80
3b 0.001 0.911 79 0.02 0.21 81
3c 0.001 0.981 82 0.01 0.47 84
3d 0.001 0.977 82 0.01 0.48 84
3e 0.001 0.791 82 0.01 0.33 86
3f 0.001 0.988 79 0.07 0.09 82
3g 0.001 0.935 81 0.07 0.09 84
3h 0.001 0.943 84 0.05 0.13 84
3i 0.001 0.982 80 0.08 0.09 83
3§ 0.001 0.891 83 0.01 0.32 86

bitriazolyl compounds constitute interesting leads for
the development of new antiviral candidates. Further
studies on their structure-activity relationships, optimi-
zation of these compounds, and investigation of the
mechanisms underlying the antiviral activity of these
compounds, as well as screening bitriazolyl leads against
other viruses, are actively underway in our laboratories.
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x 100 (Formula 1),

Plant Pathol. 2000, 56, 95.

Evaluation of induction of systemic acquired resistance
against TMV: 20 mL of 100 pg/mL tested compound
solution was sprayed to 4-5 leaves of tobacco plant of
Nicotiana tabacum L. var. Xanthi-NC twice in the two
consecutive days or by soil treatment twice. TMV of
5.88 x 1072 pg/mL was inoculated 7 days later in the top
leaf which has grown after the compound application.
Each experiment was repeated for five times, while the
double distilled water and acibenzolar-S-methyl (BTH)
were used as reference control of standard plant activator.
The treated tobacco plant was placed at 25 °C for 72 h of
cultivation. The induction activity of antiviral efficacy was
calculated by comparing the average numbers of the viral
inflammations on the top leaf with corresponding control
according to the following Formula 2:

,_CK-T
T CK

where 7 is the activities of systemic acquired resistance
(%); CK is the average numbers of viral inflammations
of control leaves; T'is the average numbers of viral inflam-

x 100 (Formula 2),
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mations of the inoculated leaves. The induction activities
of systemic acquired resistance were divided into four lev-
els: excellent, 7> 70%; good, I: 50-70%; bad, I. 30-50%;
no induction activity, I < 30%.

(a) Liao, Q.; Yao, J. H.; Li, F.; Yuan, S. G.; Doucet, J. P.;
Panaye, A.; Fan, B. T. SAR QSAR Environ. Res. 2004, 15,
217; (b) Introduction about two prediction programs is
published in the website: <http://202.127.145.116/>.

19. The accuracy of the prediction model in carcinogenic

toxicity is about 84% and that in mutagenic toxicity is about
85%. For the results of PSCT, if the predictability is greater
than 70%, non-toxicity is greater than 0.65 and toxicity is less
than non-toxicity, the compound is not carcinogenic and its
reliability is about 85%. For PSMT, if the predictability is
greater than 80% and toxicity is less than non-toxicity, the
compound is not mutagenic and its reliability is about 84%.



http://202.127.145.116



		Discovery of bitriazolyl compounds as novel antiviral candidates for combating the tobacco mosaic virus

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

science (hoinzer:

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 2769-2772

Synthesis and biological evaluation of a novel structural type
of serotonin 5-HT; receptor antagonists

Ramachandran Venkatesha Perumal®* and Radhakrishnan Mahesh®

4Department of Pharmaceutical Chemistry, Periyar College of Pharmaceutical Sciences for Girls,
Trichirappalli-620 021, Tamil Nadu, India
°Pharmacy Group, Birla Institute of Technology & Science, Pilani-333 031, Rajasthan, India

Received 30 September 2005; revised 20 January 2006; accepted 2 February 2006
Available online 28 February 2006

Abstract—A series of novel 3-substituted quinoxalin-2-carboxamides were designed as per the pharmacophoric requirement for
5-HTj; receptor antagonists and prepared by microwave irradiation and also by conventional method. The compounds were char-
acterized by spectral data (IR, '"H NMR, and MS) and the purity was ascertained by microanalysis. The synthesized compounds
were evaluated for 5-HT3 antagonisms in longitudinal muscle-myenteric plexus preparation from guinea pig ileum against 5-HTj3
agonist, 2-methyl-5-HT. Among the test compounds, N-{3-[(4-methylpiperazin-1-yl)methyl]-4-hydroxyphenyl}-3-methoxyquinoxalin-2-
carboxamide 4e showed most favorable 5-HT; receptor antagonism.

© 2006 Elsevier Ltd. All rights reserved.

Serotonin (5-hydroxytryptamine, 5-HT) is a neurotrans-
mitter involved in various pharmacological effects in
several peripheral and central nervous systems.! Fifteen
5-HT receptor subtypes belonging to 7 major classes (5-
HT,—5-HT;) have been reported so far.>? Recently,
5-HTj; receptor subtype has gained much attention be-
cause of the clinical use of 5-HT; receptor antagonists
(RAs) in the treatment of cancer chemotherapy-induced
nausea and vomiting,® and also in postoperative nausea
and vomiting.*> Moreover, a number of preclinical
studies suggest that 5-HT3; RAs can be used in the treat-
ment of various central nervous disorders such as
anxiety, schizophrenia, drug abuse, withdrawal, and
age-associated memory impairments.®” Hibert et al.®
proposed the pharmacophore of 5-HT; RAs, which
consists of three components: an aromatic ring, a car-
bonyl-containing linking moiety, and a basic center in
a specific spatial arrangement (Fig. 1). Based on this
pharmacophore, a number of molecules have been
reported so far.”!? In view of the various therapeutic
implications of 5-HT; RAs and in continuation of our
interest in developing novel 5-HT3; RAs,!'"!3 our efforts
were focused on introducing different substituents in the
3" position of the quinoxaline moiety of compound 1'!

Keywords: 5-HT3 receptor antagonist; Quinoxalin-2-carboxamides.
* Corresponding author. Tel: +91 431 2459911; fax: +91 431
2456677, e-mail: vppharma2001@yahoo.co.in

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.006

~52A

basic center

[ carbonyl linker J

~33A
~6.7A

aromatic ring

Figure 1. Pharmacophore of 5-HTj; receptor antagonists.

(see Fig. 2). In the present paper, we describe the synthe-
sis of a structurally novel series of 3-substituted quinox-
alin-2-carboxamides and evaluated their 5-HT;
antagonistic activities in the longitudinal muscle-myen-
teric plexus (LMMP) preparation of guinea pig ileum
against 5-HT; agonist, 2-methyl-5-HT.

The title compounds, 3-substituted quinoxalin-2-carb-
oxamides, were designed according to the pharmaco-
phoric requirements (proposed by Hibert et al.®) for
5-HT; RAs. The pharmacophore consists of three com-
ponents (Fig. 1): an aromatic/heteroaromatic ring, a car-
bonyl-containing linking moiety, and a basic center in
a specific spatial arrangement. In the proposed series,
the least energy conformation of the molecules was
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o CH,-R
N
AN NH OH
=
N cl ]!
Compound 1

Figure 2.

generated by Tripos-Alchemy 2000 software (Tripos
Associated Inc., St. Louis, USA) and the pharmaco-
phoric distances were measured from the heteroaromat-
ic ring to carbonyl oxygen, carbonyl oxygen to basic
nitrogen of Mannich derivatives, and heteroaromatic
ring to basic nitrogen. The molecules identified for syn-
thesis comply with the pharmacophoric model.’

The synthetic procedures are illustrated in Scheme 1.
The starting material, 2-methoxy-3-methylquinoxaline,
was prepared as per the procedure described by Cheese-
man,'# and 2-ethoxy-3-methylquinoxaline was prepared
as per the procedure described by Newbold and Spring'>
The intermediates, Mannich derivatives of p-aminophe-
nol, were prepared as per our previously reported
method.'® 2-Methoxy-3-methylquinoxaline, and 2-eth-
oxy-3-methylquinoxaline on oxidation with a mixture
of sodium dichromate and sulfuric acid, as per our
previously reported method,'? afforded 3-methoxyqui-
noxalin-2-carboxylic acid,!” and 3-ethoxyquinoxalin-2-
carboxylic acid,'® respectively. The obtained product
was refluxed with excess thionyl chloride and few drops
of dimethylformamide for about 1 h. Excess thionyl
chloride was removed under reduced pressure to obtain
the crude acid chloride. To the solution of acid chloride
in DMF, a mixture of appropriate hydrochloride salt of
Mannich derivatives of p-aminophenol!® in DMF and
triethylamine was added. This reaction mexture was
then irradiated with microwaves for 2 min at 720 W.
DMF was removed using rotary flask evaporator and
to the residue, water was added. The separated product
was filtered, washed with water, dried, and recrystallized
from ethanol-acetone mixture to give 4 and 5, respec-
tively. When this reaction was carried out by conven-
tional heating (oil bath), the reaction was completed
(monitored by TLC) in 6-8 h. The product obtained
by both methods was identical in all aspects (mp, mixed
mp, co-TLC, and superimposable IR). Almost similar

yields were obtained by both the methods. It was ob-
served that the reaction was accelerated greatly when
carried out in microwave environment. All the synthe-
sized compounds were characterized by spectral (IR,
'"H NMR, and MS) and elemental analysis data. IR
spectral analysis of the final compounds (4a—4k and
5a-5k) showed absorption bands at ~3400, ~3200,
and ~1670 cm~' due to OH, NH, and C=0 functions,
respectively. In '"H NMR spectra, OH showed singlet
at 0 ~ 11.5, NH showed singlet at 6 ~ 9.8, and aromatic
protons showed multiplet in the range of § 7.1-8.4.
Elemental analysis indicated that the calculated and
observed values were within the acceptable limits
(£0.4%). Physical data of the final compounds are given
in Table 1.

The Institutional Animal Ethics Committee of the Birla
Institute of Technology & Science, Pilani, India,
approved the experimentation on animals (Protocol
No. TAEC/RES/6, dated 21.04.03). Male Dunkin Hart-
ley guinea pigs (250-300 g; Hissar Agricultural Universi-
ty, Hissar, Haryana, India) were sacrificed by cervical
dislocation. The abdomen was cut open and a length
of ileum was excised about 2 cm from the ileo-caecal
junction. The longitudinal muscle-myenteric plexus
(LMMP), 34 cm in length, was prepared and mounted
as described by the literature method.!® The tissue was
equilibrated for 30 min. under a resting tension of
500 mg and constant aeration in a 40 ml organ bath con-
taining Tyrode solution maintained at ca. 37 °C. Non-
cumulative concentrations of 2-methyl-5-HT (Tocris,
UK) were added with a 15 min dosing cycle (to prevent
desensitization) and left in contact with the tissue until
the maximal contraction had developed. To study the
antagonist effect of the test compounds on the response
evoked by 2-methyl-5-HT, the compounds were added
to the organ bath and left in contact with the tissue
for at least 10 min prior to the addition of 2-methyl-5-
HT. The contractions were recorded using a T-305
Force transducer coupled to a Student’s physiograph
(Bio Devices, Ambala, India). Antagonism was ex-
pressed in the form of pA, values, which were graphical-
ly determined.?® The pA, values of the test compounds
were compared with the standard antagonist Ondanse-
tron (Natco Pharma, Hyderabad, India). The observed
pharmacological data are represented in Table 1.

‘o o
N CcH, N N
(I \I i3 Na,Cr,0, @i \Iko'—( socl, @i %cl
_— R e
N H,SO, S DMF s

‘T CHyR'
N
X cl
4 N oH
/
N R
"2
1,2 3

Scheme 1.

1,R=0CH,
2,R=0C,H,
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CH,R

0
N
TEA N NH OH
—_—
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MW N R R2

4a - 4k
5a - 5k
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Table 1. Physical and pharmacological data of compounds 4a-4k and 5a-5k

Compound R R! R? Yield (%) Mp (°C) Molecular Molecular  Antagonism to
formula® weight® 2-Me-5-HT pA4,°
4a OCH;  Pyrrolidinyl H 61 156-158 C, H»pN4O3 378 3.9
4b OCH;  Piperidinyl H 65 170-171  CyHoyN4,O3 392 3.5
4c OCH;  Morpholinyl H 62 124-126  C5H»oN4O4 394 3.0
4d OCH;  Piperazinyl H 67 161-163  C,;Hy3NsO3 393 4.5
4e OCH;  N-Methyl-piperazinyl H 69 149-150 C,,H,5Ns05 407 5.7
a4f OCH;  N-Ethyl-piperazinyl H 65 137-138  Cy3H,7NsO3 412 4.9
4g OCH;  Pyrrolidinyl Pyrrolidinyl 56 177-178  CrsH31NsO5; 461 <3.0
4h OCH;  Morpholinyl Morpholinyl 55 143-145 CycH31NsOs 493 <3.0
4i OCH;  Piperazinyl Piperazinyl 59 181-183  C,ysH3N,05 492 4.0
4j OCH;  N-Methyl-piperazinyl ~N-Methyl-piperazinyl 60 170172  CygH37N;,05 520 4.8
4k OCH;  N-Ethyl-piperazinyl N-Ethyl-piperazinyl 58 155-156  C50H41N;O05; 548 4.1
5a OC,Hs Pyrrolidinyl H 63 194-196  CxnH,LyN40O; 392 3.5
Sb 0C2H5 Plperldlnyl H 65 207-208 C23H2(,N403 406 3.1
5¢ OC,Hs Morpholinyl H 63 159-160 CxnH,LyN4O4 408 <3.0
5d OC2H5 Piperazinyl H 66 196-197 C22H25N503 407 34
Se OC,Hs N-Methyl-piperazinyl H 67 182-183  C,y3H,7NsO; 421 4.6
5f OC,Hs N-Ethyl-piperazinyl H 65 169-170  C,4Hy9NsO3 435 3.9
Sg OC,Hs Pyrrolidinyl Pyrrolidinyl 55 219-220  Cyp;H33NsO; 475 <3.0
5h OC,Hs Morpholinyl Morpholinyl 56 177-179  C»;H33NsO0s 507 <3.0
5i OC,Hs Piperazinyl Piperazinyl 58 211212 CyH33N;,05 506 <3.0
5j OC,Hs N-Methyl-piperazinyl ~N-Methyl-piperazinyl 54 202-203  Cy9H39N,O3 534 <3.0
S5k OC,Hs N-Ethyl-piperazinyl N-Ethyl-piperazinyl 57 189-190  C;3;H43N,O; 562 <3.0

#Elemental (C, H, and N) analysis indicated that the calculated and observed values were within the acceptable limits (£0.4%).

® Molecular weight determination by mass spectral analysis.

¢ Results are means from three separate experiments except for those p4, values <3.0, which are means of two separate experiments. SE was less than

10% of the mean.

In the present study, we have demonstrated the synthesis
and 5-HT; receptor antagonistic activity of novel 3-
substituted quinoxalin-2-carboxamides in the isolated
guinea pig ileum. Ethoxy group (5a-5Kk) in the 3rd posi-
tion of the quinoxaline moiety showed lesser 5-HTj;
antagonism than the methoxy group (4a—4k), which is
lesser than the chloro group (compound 1'%). Pipera-
zines attached with methylene group of p-aminophenol
(4d—4f, 4i-4k, and 5d-5f) exhibit higher 5-HT; antago-
nism than other cyclic secondary amines (4a—4c, 4g,
4h, and 5a-5c). These results clearly indicate that N*
piperazine is essential for activity. Compounds 4d, 5d
(with no substitution at N* piperazine) showed pA4, 4.5
and 3.4, respectively; with increased lipophilicity (i.e.,
methyl group, 4e, 5e) activity increased (pA4, 5.7 and
4.6, respectively). Further increase in lipophilicity (i.e.,
ethyl group, 4f, 5f) decreased the activity (pA4, 4.9 and
3.9, respectively). It has been observed that when the
side chain of the 3-substituted quinoxalin-2-carboxa-
mides is attached with bis Mannich derivatives of p-ami-
nophenol (4g-4k and 5g-5k) the antagonism decreased
when compared to mono Mannich derivatives of p-ami-
nophenol (4a—4f and 5a-5f). Most of the reported 5-HT;
RAs contain aromatic/heteroaromatic esters or amides
having bridged bicyclic amines like azabicyclo[2.2.2]
octane,?!  azabicyclo[3.2.1]octane?> and  azabicy-
clo[3.3.1Jnonane?!-?? for the basic nitrogen in the phar-
macophore and moreover the bicyclic amine is directly
attached to the amide/ester moiety. In contrary, we have
developed novel molecules which contain
heteroaromatic amide having monocyclic amine viz.,
pyrrolidine, piperidine, morpholine, piperazine, and 4-
substituted piperazines for the basic nitrogen and also

the monocyclic amines are attached to the amide moiety
through a benzyl group.
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Abstract—We describe the generation of novel EP; receptor antagonists by investigation of thiophene isosteres. In addition, we

disclose preliminary in vitro and in vivo DMPK for selected compounds.

© 2006 Elsevier Ltd. All rights reserved.

Non-steroidal anti-inflammatory drugs (NSAIDs),
which inhibit both cyclooxygenase-1 (COX-1) and -2
(COX-2) and, more recently, selective inhibitors of
(COX-2) have demonstrated efficacy in the treatment
of inflammatory pain.! Although NSAIDs are effective
analgesic agents, as a class they suffer from gastrointes-
tinal (GI) toxicity as a common side-effect liability upon
chronic dosing, which hampers their use in the treatment
of chronic pain conditions such as rheumatoid arthritis
(RA) and osteoarthritis (OA).> Whilst selective COX-2
inhibitors have been shown to have an improved GI
side-effect profile relative to NSAIDs,? there has recently
been concern over the cardiovascular safety of one of
these agents which has resulted in the recent withdrawal
from the market of Vioxx (Rofecoxib).* Prostaglandin
E, (PGE,) has been shown to be the major pro-inflam-
matory mediator from the arachidonic acid cascade.’
Studies with mice lacking prostaglandin E synthase
(PGES) have shown that PGE, plays an important role
in pain.® The physiological actions of PGE, are attribut-

Keywords: EP| antagonist; Pain; Heterocycles; Cyclopentene; Isostere.
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ed to agonism at four 7-transmembrane (7-TM) receptor
subtypes, EP; 4.% Studies with knock-out (KO) mice
have implicated the EP; receptor in the generation of
PGE,-mediated allodynia’ and inflammatory pain.®
EP, receptor antagonists have shown efficacy in preclin-
ical models of postoperative pain,’ neuropathic pain'®
and allodynia.'! There is also evidence to suggest that
PGE,-mediated pyrexia is controlled by the EP; recep-
tor.'> Furthermore, a recent report described the efficacy
of the AstraZeneca compound ZD6416 in a human
model of visceral hypersensitivity.!? Thus, an EP; recep-
tor antagonist has the potential to deliver efficacy in var-
ious pain states. Hence, we sought to identify potent
selective, bioavailable EP; receptor antagonists as po-
tential analgesics.

A survey of the literature revealed several reports of
known EP; antagonists (Fig. 1).

Published compounds include ZD6416 (1)!* from Astra-
Zeneca, ONO-8713 (2)!° and ONO-8711!° (not shown),
SC-51322 (3)!7 and analogues'® from Searle and thio-
phene 4 from Merck Frosst.'”

The replacement of ring systems and functional groups
by isosteric groups is known.?’ 22 Therefore, we sought
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Figure 1. Literature EP; antagonists disclosed by AstraZeneca (1),
Ono (2), Searle (3) and Merck Frosst (4).

to replace the thiophene of 4 with isosteric ring systems
and investigate the effect of these changes on EP; activ-
ity and physicochemical properties.

Hence, we initiated an early stage programme to estab-
lish the role of the thiophene in these ligands, and to
determine if this heterocycle could be replaced to gener-
ate potent EP; antagonists with good pharmacokinetic
properties.

Various analogues were synthesized and tested in a [*H]-
PGE, binding assay.>* Selected compounds were also
tested in a functional assay (FLIPR).>* Results are sum-
marized in Table 1.

Thiophene 4 was found to be a potent EP; antagonist
with a binding ICso of approximately 5 nM and a func-
tional K; of approximately 0.3 nM, which is in good
agreement with data published by Merck Frosst (bind-
ing K; = 4 nM, functional Ky, =7 nM).!°

We were pleased to find that the thiophene could be re-
placed by a cyclopentene or pyrrole ring with no de-
crease in activity, as shown by compounds 5-7.

Although the initial pyrrole derivatives had an addition-
al Me-group on the pyrrole ring, this substitution was
found to be unnecessary for activity, as demonstrated
by the activity of compound 8. Addition of a second
N-atom to 8 gave the pyrazole 10, which was approxi-
mately 10-fold less active. The regioisomeric pyrazole
11 showed no measurable affinity up to a concentration
of 1 uM. These results show that lipophilic ring systems
are preferred, however, some polarity can be tolerated
on the right-hand side of the central ring, but not on
the left-hand side.

The pyrrole derivative 9 was considerably less active
than its regioisomer 6, indicating electronic or steric
considerations are important as compounds 6 and 9
are of similar lipophilicity. Of the imidazole isomers pre-
pared, compound 12 showed moderate activity, whereas
analogue 13 was inactive.

Addition of a third N-atom to give the triazoles 14 and
15 resulted in complete loss of activity.

As it had been found that the thiophene ring in the
COX-2 inhibitor DuP-697 could be replaced by a bute-
nolide to give rofecoxib,?® we investigated a similar
modification. We found that lactone 16 was well tolerat-
ed, whereas the regioisomer 17 was inactive, again dem-
onstrating that polarity can be tolerated on the right-
hand side of the central ring, but not the left-hand side.

Taken together these results show that the central ring
needs to be lipophilic as the more hydrophilic rings such
as triazole showed weaker activity whereas the most
lipophilic rings, such as cyclopentene and pyrrole,
showed the highest activity. Polarity can be tolerated
in this central ring on the right-hand side but not the
left-hand side, as shown by comparing pyrazole 10 with
11 and butenolide 16 with 17.

We also sought to replace the thiophene with a six-mem-
bered ring and were encouraged to find that the phenyl
derivative 18 displayed good activity. Its slightly dimin-
ished activity relative to the cyclopentene 5 and thio-
phene 4 could possibly be attributed to its narrower
bond vector angle: 60° for the phenyl ring versus 69°
for the cyclopentene and 2,3-disubstituted thiophene.

Replacement of the phenyl ring with a pyridine to give
compounds 19-22 revealed an interesting trend. Com-
pounds 19 and 21 showed good activity in both binding
and functional assays. Compound 22 displayed some-
what weaker activity in the binding assay but good
activity in the functional assay. Isomer 20 was essential-
ly inactive in the binding assay but displayed high activ-
ity in the functional assay. The reasons for the
discrepancy in assay results are not clear but could be
due to an allosteric mode of action or modulation of
other cellular pathways which affect intracellular calci-
um concentration. Replacement of the phenyl ring to
give the pyrazine 23 led to a marked decrease in activity,
again highlighting the preference for lipophilicity in this
region, although a detrimental interaction with the polar
nitrogen atoms cannot be ruled out.

The results shown in Table 1 show a similar trend to
that observed for the phenyl acetic acid analogues of
compound 4, as described by Merck Frosst.!”

Since several analogues displayed good affinity for the
EP, receptor, selected compounds were profiled in vitro
and in vivo to assess their pharmacokinetic parameters.
Compounds were first screened for CYP450 interactions
and metabolic stability (intrinsic clearance).

With the exception of pyrrole 9, all compounds showed
good metabolic stability in rat microsomes and dis-
played good CYP450 profiles, although all interacted
with CYP2C9 to some degree (Table 2). To investigate
how the in vitro metabolic stability results would trans-
late into the in vivo situation, selected compounds were
administered via intravenous injection to male Sprague—
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Table 1. SAR for compound 4 and synthesized analogues 5-23
[*]
o
LU
O

X Binding pICs,*> Functional pK;>°

Compound Ring

Cl 82%02(12) 9.51£0.15(4)

5P

Cl 79+04(12) 837%0.14(2)

N
e

Cl 8.1+04(16) 9.15+0.01(2)

Z\/>

N
e

3
Q

Br 81%02(7)  nft

N
s/

)

Cl 8.0+0.1(12) 9.23+0.89 (4)

N
s

Cl 67+02(8)  7.81+0.18(2)

i\§

AN
s

AN
10 \ / Cl 71+02@) nk
VAN
N/
1 \ Cl <6+0 (4 nit
N
N
N
12 }y Cl 69%04(8)  845+033(2)
N
N7 N
13 )Q\ Cl <6+0 (@) <6 (2)
N/%N
14 J\ Y Cl <6+0(7) <6 (2)
VAN
Né\N
15 "/ Cl <6%0(8) <6 (2)
PAERN
O __o
16 L/v/ Cl 71+02(3) i
VAN
o (o)
17 @ Cl <6%0.1(8)  nlt
4\
18 Cl 73+05(16) 7.54+0.42 (4)

Table 1. (continued)

Compound Ring X Binding pICss* Functional pK;>®
7 N\
19 _ Cl 7.0+0.2(8) 8.18 £0.01 (2)
N
N
20 _ Cl <6%0.1(8) 7.28 +0.50 (2)
N
72\
21 ) Cl 71014 686%0.01(2)
N
7 N\
22 - Cl 6.5%+0.2(8) 7.55%0.16 (2)
N
23 . Cl 64102 @4) n/t
#See Ref. 23.
" See Ref. 24.

“n/t, not tested.

Table 2. In vitro pharmacokinetic data for compounds 5-9 and 12, 18,
19, and 21

Compound Rat CLi* Human CLi* CYP450"°
(ICsp at isozyme)
5 4.1 8.4 5.7 uM (2C9)
6 1.4 1.6 6.5 uM (2C9)
7 2.1 1.8 6.8 UM (2C9)
8 2.6 1.5 7.3 uM (2C9)
9 5.9 7.9 n/t
12 1.7 0.96 1.9 uM (2C9),
<l uM (3A4)
18 <0.5 <0.5 3.9 UM (2C9)
19 1.3 <0.5 All >50 M
21 3.6 1.4 4.3 1M (2C9),
1.4 uM (3A4)

# Intrinsic clearance values measured in microsomes (mL/min/g liver).

®In vitro CYP450 assay results using Gentest protocol for isozymes
1A2, 2C9, 2C19, 2D6 and 3A4. Data quoted only for isozymes with
ICSO <10 ]J.M

“n/t, = not tested.

Dawley rats at a target dose of 1 mg/kg to assess blood
clearance, volume of distribution and half-life (Table 3).

Most compounds displayed a relatively short half-life,
due to a combination of a low volume of distribution
and moderate to high blood clearance. Although phenyl
derivative 18 appeared much more stable in vitro than
the cyclopentene 5 and pyrrole 6 analogues, their in vivo

Table 3. In vivo pharmacokinetic data for compounds 5-7 and 18

Compound CLb (mL/min/kg) Vs (Likg) ti2 (h)
5 54 0.8 0.5
6 67 3.0 0.5
7 41 0.6 0.3

18 64 1.4 0.3
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blood clearance values are high. This may be indicative
that the major metabolic route is phase 2 metabolism
(possibly glucuronidation) of the carboxylic acid. It is
also interesting to note that it was possible to reduce
the blood clearance in the pyrrole series by simple mod-
ification, changing a chlorine atom to a bromine atom, 6
versus 7 (Table 3). On the basis of these results and
excellent EP; activity, the cyclopentene 5, pyrroles 6
and 7 and benzene 18 were selected for further optimiza-
tion. The results of these studies will be reported in fu-
ture publications.

Compounds were synthesized according to literature
procedures or as outlined in Schemes 1-4. Full experi-

Cl I Cl 1 Cl B(OH),
LS 5 GRS Ot
E— R ——
OMe OBn OBn

24 25 26

Scheme 1. Reagents and conditions: (a) BBr;, DCM, —78 °C to rt,
91%; (b) BnBr, K,COs3;, Me,CO, 60 °C, 86%; (c) n-BuLi, THF,
—100 °C; (d) B(Oi-Pr);, —78 °C to rt; (e) 2 M HCI, 53% for three steps.

[o]
cl I HN CO,Et ab
+ \©/ _— 23
OBn
27 28

Scheme 2. Reagents and conditions: (a) glyoxal, AcOH, NH4OAc,
100 °C, 2 h, 17%; (b) 2 M NaOH, EtOH, reflux.

7\
. N a 7\ d NN
Br — o CO,Et
Br
OBn
29 30
l b,c e, f l
19 20

Scheme 3. Reagents and conditions: (a) LDA, THF, ZnCl,, —95 °C to
rt, then 25, Pd(PPhj),, reflux, 83%; (b) 3-ethoxycarbonylphenylboronic
acid, Pd(PPh3)4, K,CO3;, PhMe-EtOH 90 °C, 84%; (c) 2 M NaOH,
EtOH, 60 °C, 78%; (d) LDA, THF, ZnCl,, —95 °C to rt, then ethyl-3-
iodoacetate, Pd(PPhs),, reflux, 76%; (e) 26, Pd(PPhs),, K,CO3, PhMe-
EtOH 90 °C, 75%; (f) 2 M NaOH, EtOH, rt, 78%.

N
7\ N 7\
— a 77 N\ d Cl —
B COEt ~——— . Br
Br OBn
31 32
J b, c e,fl
21 22

Scheme 4. Reagents and conditions: (a) LDA, THF, ZnCl,, —95 °C to
rt, then ethyl-3-iodoacetate, Pd(PPhy),, reflux, 44%; (b) 26, Pd(PPhs)g,
K,CO;, PhMe-EtOH 90 °C, 79%; (c) 2 M NaOH, EtOH, rt, 83%; (d)
LDA, THF, ZnCl,, —95 °C to rt, then 25, Pd(PPhjy),, reflux, 32%; (e)
3-(ethoxycarbonylphenyl)boronic acid, Pd(PPhs),, K,CO;, PhMe-
EtOH 90 °C, 75%; (f) 2 M NaOH, EtOH, rt, 77%.

mental details and characterizing data for key com-
pounds have been described.?

Scheme 1 depicts the synthesis of 2-benzyloxy-5-chloroi-
odobenzene 25 and 2-benzyloxy-5-chlorophenylboronic
acid 26 which proved useful intermediates in the synthe-
sis of several analogues.

Cyclopentene 5, butenolide 17 and benzene 18 were pre-
pared by sequential Suzuki reactions?® with either 3-eth-
oxycarbonylphenylboronic acid or 3-tert-butoxycar
bonylphenylboronic acid followed by 26 as described
for related compounds.?°*20¢27 Butenolide 16 and pyra-
zine 23 were prepared in a similar fashion by sequential
Suzuki reactions?®2” with 26 and 3-ethoxycarbonylphen
ylboronic acid.

The methyl-pyrrole derivatives 6, 7 and 9 were pre-
pared via sequential Stetter reaction®® with methylvi-
nylketone (MVK) and Paal-Knorr condensation? in
an analogous manner to published analogues.?’ The
des-methyl pyrrole 8 was prepared via literature proce-
dures.?® The pyrazoles 10 and 11 were prepared by
known procedures.?’’ Imidazoles 12 and 13 were pre-
pared via reaction of the requisite Schiff base with
van Leusen’s reagent (TosMIC)2°-3! followed by ester
hydrolysis. Imidazole 23 was prepared in two steps by
condensation of aldehyde 27 with aniline 28 and glyox-
al in the presence of ammonium acetate, followed by
ester hydrolysis (Scheme 2).

Triazoles 14 and 15 were synthesized by standard
methods.??

Synthesis of the four pyridine isomers employed the
chemistry developed by Gallagher and co-workers.*3
ortho-Lithiation of 2-bromopyridine or 3-bromopyri-
dine and trapping with ZnCl, followed by Negishi cou-
pling** with 25 and ethyl-3-iodobenzoate gave 29 and
30, respectively. Suzuki coupling” with 3-eth-
oxycarbonylphenylboronic acid and 26 followed by ba-
sic hydrolysis gave 19 and 20, respectively (Scheme 3).

Pyridines 21 and 22 were prepared in a similar fashion,
but starting from 3-bromopyridine (Scheme 4).

In summary, we have discovered several novel, potent,
EP, antagonists by replacing the thiophene ring of 4
with alternative isosteric ring systems. The most promis-
ing analogues were profiled in vivo and the data gener-
ated support their use as lead compounds. Details of
the optimization of these templates will be the subject
of future publications.
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Abstract—The protozoan parasite Trypanosoma brucei causes Human African trypanosomiasis, which is fatal if left untreated. Due
to the toxicity of currently used drugs and emerging drug resistance, there is an urgent need for novel therapies. The major trypano-
some papain-like cysteine protease expressed by the parasite (e.g., rhodesain in 7. b. rhodesiense) is considered an important target
for the development of new trypanocidal drugs. Series of aziridine-2,3-dicarboxylate-based cysteine protease inhibitors have been
tested, most of them inhibiting rhodesain in the low micromolar range. Among these, only dibenzyl aziridine-2,3-dicarboxylates dis-
play trypanocidal activity being equipotent to the drug eflornithine. The Leu-Pro-containing aziridinyl tripeptides 13a—f are the most

promising as they are not cytotoxic to macrophages up to concentrations of 125 uM.

© 2006 Elsevier Ltd. All rights reserved.

The burden of tropical diseases of humans caused by
protozoan parasites is large, not just in terms of mortal-
ity and morbidity, but also by impeding economic
growth and prosperity.! Diseases such as malaria
(caused by various species of Plasmodium), Chagas’ dis-
ease (Trypanosoma cruzi) and African trypanosomiasis
(sleeping sickness in humans caused by Trypanosoma
brucei gambiense and Trypanosoma brucei rhodesiense)
count as the most severe.”> African trypanosomes are
flagellated protozoa living extracellularly in blood and

Abbreviations: Azet, azetidine-2-carboxylic acid; Azi, aziridine-2,3-di-
carboxylic acid; Azy, aziridine-2-carboxylic acid; Bio, biotin; Caa,
cyclic amino acid; Hxa, 6-amino hexanoic acid; Ini, isonipecotic acid;
MIC, minimal inhibition concentration; Nip, nipecotic acid; Pip,
pipecolic acid.

Keywords: Aziridine; Cysteine protease inhibitor; Rhodesain; Sleeping
sickness; Trypanosoma brucei.

* Corresponding author. Tel.: +49 931 888 5440; fax: +49 931 888

5494; e-mail: schirmei@pzlc.uni-wuerzburg.de

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.026

tissues of the mammalian hosts and are transmitted by
the bite of tsetse flies (Glossina spp.). In late-stage Afri-
can trypanosomiasis, the disease is characterized by
somnolence and coma, and is invariably fatal, if
untreated.

Chemotherapy depends on drugs developed decades ago
that lack adequate efficacy and cause serious side effects.
Further, the emergence of drug-resistant Trypanosoma
strains has been reported.? Thus, new strategies to treat
African trypanosomiasis are required.

One promising strategy to develop new anti-trypanoso-
mal drugs has been to target the major cysteine protease
of the parasite.® This enzyme is termed rhodesain* in
T. b. rhodesiense and brucipain® in T. b. brucei (infective
to animals). Both belong to the cathepsin L subfamily of
the papain-like (clan CA, family C1) cysteine proteases®
and are nearly identical (98.4%) in protein sequence.
Cysteine protease inhibitors have been shown to kill
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African trypanosomes in vitro and in animal models of
the disease.® Examples of effective inhibitors include thi-
osemicarbazones,” isatins,® and peptides containing
aldehydes,'? diazomethyl ketones,'®!" allyl sulfones,'?
vinyl sulfones,®!3 and fluoromethyl ketones.® In addi-
tion, for the orthologous protease in 7. cruzi (cruzain
or cruzipain) peptidyl-o’,p’-epoxy ketones,'* peptidyl
vinyl sulfones,>'? epoxysuccinyl peptides,’> peptidyl
hydroxymethyl ketones,'® chalcones, and acyl hydra-
zides,'”'® as well as peptidyl fluoromethyl ketones,>!°
are potent in vitro and in vivo inhibitors. Cruzain is
the only trypanosomal cysteine protease for which an
X-ray crystallographic structure has been solved.!6-20-22

Whereas thiosemicarbazones are reversible inhibitors,
vinyl sulfones, epoxy ketones, and epoxysuccinates are
irreversible inhibitors containing an electrophilic moiety
that is attacked by the negatively charged cysteine thio-
late in the enzyme active site. Similarly, aziridine-2,3-
dicarboxylates analogous to the epoxysuccinates, are
also irreversible cysteine protease inhibitors.?323

Recently we reported the syntheses of aziridine-2,3-
dicarboxylates containing either a Boc-Leu(Gly)-Caa
(Caa = cyclic amino acid) or a Boc-Phe-Ala sequence at-
tached to the aziridine nitrogen (Fig. 1), and the activity
of these compounds against the CACI1 cysteine proteas-
es cathepsins L and B.2¢

The compound series (Table 1) consists of 50 aziridine-
2,3-dicarboxylates, including 13 dipeptides of the gener-
al structure X-Caa-Azi(OEt), (compds 1-6), the dipep-
tide Cbz-(S)-Leu-(R,R)-Azi(OEt), (7¢) (for structures,
see Supplementary data), 27 aziridinyl tripeptides of
the general structure Boc-Leu(Gly)-Caa-Azi(OR),
(compds 8-18 and 21-25), 8 Boc-Phe-Ala containing
aziridine-2,3-dicarboxylates  (Boc-Phe-Ala-Azi(OR),,
compds 19-20), as well as the biotinylated aziridine
Bio-Hxa-(R,R)-Azi(OEt), (26).%”

These compounds had activity against cathepsins L and
B, but compounds containing a cyclic amino acid (Caa)
displayed higher selectivities for cathepsin L over
cathepsin B.?° Using both biotinylated and desthiobioti-
nylated model compounds, we proved the irreversible

A :

BOC\N 0] “BOC

H o
[NJo- HN™ ~O
o 0-3 oﬁ)\‘%

N N
RO,C
2 WA”COZR Rozcm\L\m

CO,R
Figure 1. Schematic representation of the Boc-Gly-Caa-, Boc-Leu-
Caa- (left), and Boc-Phe-Ala-containing (right) aziridinyl peptides;
Caa, cyclic amino acid; Azy, aziridine-2-carboxylic acid, n = 0; Azet,
azetidine-2-carboxylic acid, n = 1; Pro, proline, n = 2; Pip, pipecolic
acid, n = 3, N-o; Nip, nipecotic acid, n = 3, N-B; Ini, isonipecotic acid,
n =3, N-y; R =H, Et, Bn.

and active site-directed inhibition mechanism.?®>7 Also,
docking experiments proposed binding modes with
cathepsin L in which the inhibitors span across both
the prime and the non-prime substrate binding sites
thereby explaining the high cathepsin L selectivity.?®

We now extend our inhibition studies to include the ma-
jor cathepsin L-like protease of 7. b. rhodesiense, rho-
desain, and compare enzyme inhibition with the
parasiticidal activity against the animal pathogenic
model parasite 7. b. brucei in vitro. Furthermore, the
cytotoxicity of the inhibitors was studied on the macro-
phage cell line J774.1.

The data generated in vitro for the aziridine-2,3-dicarb-
oxylates are compared to those of five drugs used in
treatment of trypanosomiasis (pentamidine, suramin,
eflornithine, melarsoprol, and nifurtimox).?®

The inhibitors?® were prepared as described recently.?

The activity of the inhibitors on rhodesain was evaluat-
ed in fluorometric microplate assays using the substrate
Cbz-Phe-Arg-AMC. As found for other cysteine prote-
ases,”®27 in most cases only non-time-dependent inhibi-

tion could be observed (Fig. 2).

Time-dependent inhibition (Fig. 3) of rhodesain was
detected with the Boc-Phe-Ala-containing dibenzyl ester
19b and the diacid 20e. The following inhibition con-
stants were obtained:

Compound 19b:  k; =0.044 £ 0.002 min"!, K;=
1.2 0.3 uM, kong = 36,666 M~ min~";

Compound 20e: k;=0.021 +0.002min"!, K=
0.11 +0.03 uM, konq = 190,909 M~ min~! (Fig. 3).

Very low first order rates of inhibition (k;) were found in
both cases, which are an intrinsic property of the elec-
trophilic aziridine-2,3-dicarboxylate moiety.3!-32

Comparable to results obtained with cathepsin L,?° only
few aziridinyl dipeptides inhibited rhodesain (data not
shown, see Supplementary data), whereas most of the
aziridinyl tripeptides show K;j values in the low micro-
molar range (Table 1). Exceptions are the diacids 21a,
22b-25a, and compound 19e which did not inhibit
rhodesain. Interestingly, this latter compound exhibits
trypanocidal activity and cytotoxicity against macro-
phages suggesting an unspecific mechanism of action.
Within the diacid series only inhibitors derived from
the peptide Phe-Ala (20) and inhibitor 22a inhibited
rhodesain. The latter, however, is not active against
the parasite. The same holds true for most diethyl esters
(8a—10c, 26) whereas most dibenzyl esters display both
enzyme inhibition and trypanocidal activity. Exceptions
within the dibenzyl ester series are the Gly-Pro-contain-
ing inhibitors 14a and 14b.

In other words, only rhodesain inhibitors containing a
dibenzyl aziridine-2,3-dicarboxylate moiety also exhibit
anti-trypanosomal activity. This phenomenon is likely
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Table 1. Rhodesain inhibition, trypanocidal activities, and cytotoxicity of protease inhibitors of the general structure X-Leu(Gly)-Caa-Azi (OR), or
Boc-Phe-Ala-Azi(OR),, and of standard drugs used to treat trypanosomiasis

Compound Peptide sequence Configuration R Rhodesain T.b.b. ICs°® (uM) Cytotoxicity SI¢

Azi K (uM) (J774.1) IC5e° (LM)
8a Boc-(S)-Leu-(S)-Pro S,S Et 31+1.6 >100 >100
9a+b Boc-(S)-Leu-(R+S)-Nip S,S Et 1.0£0.1 >100 >100
9c+d Boc-(S)-Leu-(R+S)-Nip R,R Et 1.9+04 >100 >100
10a Boc-(S)-Leu-Ini S.,S Et 14+0.2 >100 >100
10c Boc-(S)-Leu-Ini R,R Et 33402 >100 >100
1lc+d Boc-(S)-Leu-(R+S)-Azet R,R Et 31+0.2 206+ 124 >100 >4.8
12a+b Boc-(S)-Leu-(R+S)-Azet S,S Bn 0.8%£0.2 308+ 1.2 37.2+0.29 1.2
13a Boc-(S)-Leu-(S)-Pro S,S Bn 23403 11.1£0.2 >125¢ >11.3
13b Boc-(S)-Leu-(R)-Pro S,S Bn 1.2+£0.2 314+1.2 >100 >3.2
13c Boc-(S)-Leu-(S)-Pro R,R Bn 0.5+0.1 10.9+4.0 >125" >11.5
13e Boc-(R)-Leu-(S)-Pro S,S Bn 1.1£0.2 343+52 >100 >2.9
13f Boc-(R)-Leu-(R)-Pro S,S Bn 28+0.3 352+7.0 >100 >2.8
14a Boc-Gly-(S)-Pro S,S Bn 3.1+0.8 >100 >100
14b Boc-Gly-(R)-Pro S.S Bn 1.6 £0.3 >100 >100
15a Boc-Gly-(S)-Pip S,S Bn 0.7%0.1 27.6 £33 nd
16a+b Boc-(S)-Leu-(R+S)-Nip S.,S Bn 0.6 £0.1 25.6 3.0 >100 >39
16e+f Boc-(R)-Leu-(R+S)-Nip S,S Bn 0.7£0.1 34.0+9.7 >100 >2.9
17a+b Boc-Gly-(R+S)-Nip S,S Bn 1.1x0.1 36.4+17.8 >100 >2.7
18a Boc-(S)-Leu-(S)-Azy S,S Bn 0.3%0.1 25712 50.0 + 12.0 1.9
18e Boc-(R)-Leu-(S)-Azy S.,S Bn 1.6 £0.3 28.3+3.3 >100 >3.5
19a Boc-(S)-Phe-(S)-Ala S,S Bn 1.9+0.1 26.7£4.6 >100 >3.7
19b Boc-(S)-Phe-(R)-Ala S,S Bn 1.2+£03 30.5+3.5 >100 >3.2
19¢ Boc-(R)-Phe-(S)-Ala S,S Bn ni 343+32 43.7 +0.0¢ 1.3
19f Boc-(R)-Phe-(R)-Ala S,S Bn 39+1.6 2581438 >100 >3.8
20a Boc-(S)-Phe-(S)-Ala S,S H 0.5%0.1 nd nd
20b Boc-(S)-Phe-(R)-Ala S,S H 0.8+0.2 nd nd
20e Boc-(R)-Phe-(S)-Ala S,S H 0.1 £0.03 nd nd
20f Boc-(R)-Phe-(R)-Ala S,S H 50%0.3 nd nd
21a Boc-(S)-Leu-(S)-Pro S,S H ni nd nd
22a Boc-Gly-(S)-Pro S.,S H 0.9+0.1 >100 >100
22b Boc-Gly-(R)-Pro S,S H ni >100 >100
23a+b Boc-(S)-Leu-(R+S)-Nip S.S H ni nd nd
23e+f Boc-(R)-Leu-(R+S)-Nip S.,S H ni nd nd
24a+b Boc-Gly-(R+S)-Nip S.,S H ni nd nd
25a Boc-(S)-Leu-Ini S,S H ni nd nd
26 Bio-Hxa R,R Et 0.6 £ 0.1 >100 >100
S1 Pentamidine diisethionate 279 + 1.6° 0.0029 + 0.0002 41.6 £ 11.1 14,345
S2 Suramin Na 31.5+10.3° 0.31£0.05 >1000 >3,225
S3 Eflornithine HCI 30.7 £ 0.5° 229146 >1000 >44
S4 Melarsoprol 943+ 1.5° 0.0026 + 0.0004 43+1.0 1,653
S5 Nifurtimox nd 341204 >200° >58

ni, no inhibition at 140 pM inhibitor concentration; nd, not determined.

T.b.b., Trypanosoma brucei brucei; Azi, aziridine-2,3-dicarboxylate; Bio, biotin; Hxa, 6-amino hexanoic acid.

#Mean values of at least two independent assays.

®Values at 48 h, those at 72 h do not differ significantly, mean values of at least two independent assays.

¢ Selectivity index = ICsy macrophages/ICsy T.b.b.
dValue after 72 h, after 48 h: ICso > 100 uM.

¢S1-S5, standard drugs used against trypanosomiasis, % inhibition of rhodesain at 200 uM concentration of standard drug, mean values of at least 2

independent assays.
"Higher inhibitor concentrations lead to precipitation.

connected to the compounds’ lipophilicity leading to en-
hanced cell permeability. This correlation has also been
observed with biotinylated aziridines:>’ although the
diethyl (compd. 26) and the related dibenzyl ester of this
biotinylated aziridine-2,3-dicarboxylate show equipotent
inhibition of the P. falciparum cysteine protease falcipain
2, only the dibenzyl ester exhibits anti-plasmodial
activity.?’

The trypanocidal activity of the rhodesain inhibitors
ranges from ICso=11puM (13a and 13c¢) to 37 uM

(17a+b), which correspond to the concentration ob-
tained with eflornithine (S3, ICs5y = 22.9 uM), the drug
currently used as a first-line therapeutic agent. The most
active trypanocidal compounds (13a and 13c¢) exhibit
IC5p values of approximately 11 uM. In contrast to
eflornithine (MIC > 1000 uM) which displays trypano-
static activity,>®> 13a and 13c are trypanocidal
(MIC = 125 uM). With a K; value of 0.5 uM, 13c is also
one of the best rhodesain inhibitors. Higher activity
against 7.b.b. is displayed by the standard drugs S1
(pentamidine), S2 (suramin, MIC = 1 pM), S4 (melarso-





2756 R. Vicik et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2753-2757

dF/min

0 20 40 60 80 100 120 140
time [min] [1] [uM]

Figure 2. Non-time-dependent inhibition of rhodesain by 18a; left, progress curves of substrate hydrolysis in the absence or presence of inhibitor;
from top to bottom: [I] = 0-3.51-7.02-14.04-35.1-70.2-140.4 uM; right, non-linearised Dixon-plot; the K; value was determined to be 0.30 = 0.1 pM
with a substrate concentration of 81.0 pM, and 0.36 £ 0.015 uM with a substrate concentration of 31.6 pM, the diagrams are shown for the assays
where [S] = 31.6 uM.>® F, fluorescence units.

F 300 T T T T T kobs
[1/min] 0.02
L 4 0.018
0.016
200 0.014
0.012
0.01
0.008
0.006
L 4 0.004
0.002
0 1 | 1 | 1 oY, S S T
0 20 40 60 0 20 40 60 80 100 120 140
time [min] (17 [uM]

100 =

Figure 3. Time-dependent inhibition of rhodesain by 20e; left, progress curves of substrate hydrolysis in the absence or presence of inhibitor; from
top to bottom, [I] = 0-3.51-7.02-14.04-35.1-70.2-140.4 uM; right, plot of pseudo-first order inactivation rates ks versus inhibitor concentrations
[0; K;=0.11+0.03 uM, k; =0.021 £0.002 min"", and kynq =190,909 M~ ' min~', a substrate concentration of [S]=31.6uM was used. F,
fluorescence units.

prol), and S5 (nifurtimox, MIC = 200 uM), however, S1 of 125 uM. Furthermore, the same inhibitors display anti-

and especially S4 are highly toxic to host cells. With the leishmanial®*> and anti-plasmodial activity® suggesting
exception of melarsoprol which is well known to unspe- their potential as novel broad-spectrum anti-parasitic
cifically react with thiol groups in proteins these drugs lead compounds. Accordingly, we will investigate their
only weakly inhibited rhodesain (ca. 30% inhibition at potential toxicity with other host cell lines and evaluate
200 pM). their efficacy in animal models of the disease.

In general, the aziridinyl peptides are not toxic to mac-

rophages up to concentrations of 125 uM. Exceptions Acknowledgments

are the compounds 12a+b, 18a, and 19e, whose ICs, val-

ues against macrophages are in the same range as for the This work was supported by the DFG (Deutsche
standard drug S1, pentamidine (ICsq = 37-50 uM). Forschungsgemeinschaft) and the DNDi (Drugs for

Neglected Diseases Initiative).
These results demonstrate that toxicity depends on the
inhibitors’ peptide sequences and not the aziridine ring.

In this respect, the properties of aziridinyl peptides Supplementary data

are similar to other irreversible anti-protozoal cysteine

protease inhibitors, many of which are also non-toxic Supplementary data associated with this article can be
in vitro.!%-34 found, in the online version, at doi:10.1016/

j.bmcl.2006.02.026.
In conclusion, we have identified Leu-Pro-containing dib-
enzyl aziridine-2,3-dicarboxylates (13) as the most prom-
ising in a series of aziridine-2,3-dicarboxylate cysteine
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Abstract—Synthesis of paclitaxel-penetratin (pAntp) constructs, in which the 2’- or 7-position of paclitaxel was used as the attach-
ment site for linker connecting the drug and peptide moieties, is described. Paclitaxel-2’-pAntp[43—58]-NH, 3b and paclitaxel-2’'-
pAntp[52-58]-NH, 3c showed excellent antitumour activity against human lung and breast cancer cell lines. These conjugates were
highly soluble and stable with a half-life of >8 h under cell culture conditions. The drug—peptide conjugates may be therapeutically

useful due to improved pharmaceutical properties.
© 2006 Elsevier Ltd. All rights reserved.

The pAntp peptide, known as Penetratin®, is a novel
cell-permeable peptide derived from the third helix of
the Drosophila antennapedia homeoprotein.' It has been
used as a nonviral, nontoxic and highly efficient vector
for delivering bioactive substances, that by themselves
are membrane-impermeable, to the cytoplasm or nucle-
us of cells.? ¢ It has been shown, for example, that doxo-
rubicin, when coupled covalently to penetratin, was
capable of crossing the blood-brain barrier in mice, thus
significantly increasing drug uptake in comparison with
free doxorubicin.®” It has also been demonstrated that
since doxorubicin—peptide conjugates bypassed P-glyco-
protein, increased cellular drug uptake could be
achieved, suggesting that vectorised drug conjugates
may be capable of overcoming multi-drug resistance.®

The SARs of penetratin peptides in terms of minimum
active peptide length and relative importance of amino
acid residues required for membrane translocation
have been studied thoroughly.® Cell penetration assays
using human cell cultures with a series of truncated
peptides revealed that the C-terminal segment
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RRMKWKK»®-NH, (pAntp[52-58]-NH,) of the
parent l6mer sequence was necessary and sufficient
for effective cell membrane translocation. In connec-
tion with a research programme directed at the assess-
ment of the efficacy of penetratin derivatives as vectors
for the delivery of poorly bioavailable therapeutic
agents, particularly those which are to be used for
cancer therapy, we designed and synthesised a series
of penetratin-drug constructs,'®!! in the hope that this
system may improve the pharmaceutical properties of
the drugs by, for example, improving solubility and
bioavailability, or by minimising toxicity and overcom-
ing drug resistance.

Paclitaxel 1, a diterpene natural product,'> has been
shown to be highly cytotoxic to cancer cells and is a po-
tent anticancer drug used in the clinic.!*!'* Paclitaxel
acts by promoting the assembly of stable microtubules
from tubulin and it inhibits the disassembly process,
thus interfering with the G2- and M-phases of the cell
cycle.!>16 Therapeutic use of paclitaxel has, however,
several drawbacks. These problems are mainly associat-
ed with extremely low water solubility, poor bioavail-
ability and emergence of drug resistance in patients
treated with paclitaxel. FTo date a great deal of research
has been carried out to modify the chemical structure of
paclitaxel in order to improve its physicochemical prop-
erties.!” ! Among the most notable paclitaxel deriva-
tives synthesised and characterised so far are prodrugs
in which the 2’- and 7-hydroxyl groups of the molecule
are engaged in a functional group that collapses, upon
in vivo activation, to release paclitaxel.20-2?
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As a part of our vectorised drug conjugation pro-
gramme'®!!" we synthesised a number of paclitaxel-pep-
tide penetratin (paclitaxel-pAntp) constructs. Three
forms of penetratin peptides, *RQIKIWFQNRRMK
WKK*®-OH(pAntp[43-58]-OH), “RQIKIWFQNRR
MKWKK*®-NH, (pAntp[43-58]-NH,) and **RRMK
WKK*-NH, (pAntp[52-58]-NH,), were used as deliv-
ery vectors.” Paclitaxel was attached through the 2'- or
7-hydroxyl positions to the end of the peptides via a
succinimidopropionyl-sulfide linker, using chemo-selec-
tive maleimide-thiol chemistry. The synthesis and bio-
logical activities of these compounds are summarised
herein.

Paclitaxel-pAntp constructs were prepared as outlined
in Scheme 1. Selective acylation of the sterically less
hindered secondary 2’-hydroxyl of paclitaxel with 3-
maleimidopropionic anhydride in pyridine at room tem-
perature gave paclitaxel-2’-maleimidopropionate 2 in
good yield. Cysteine was introduced as an N-terminal
residue of the pAntp peptides in order to facilitate
unambiguous conjugation. Reaction of paclitaxel-2'-
maleimidopropionate with Cys-pAntp peptides proceed-
ed smoothly in the presence of base to afford 3.

In order to prepare paclitaxel-7-maleimidopropionate,
the 2’-hydroxyl was masked as a methoxyacetate ester.?
A solution of paclitaxel and DIEA in CH,Cl,was treat-
ed with methoxyacetic acid N-hydroxysuccinimidyl ester
to afford 2’-methoxyacetyl paclitaxel, which was acylat-
ed at the 7-hydroxyl with 3-maleimidopropionic
anhydride in the presence of a catalytic amount of 4-
N,N-dimethylaminopyridine (DMAP) to provide 4
(Scheme 1). This was followed by coupling to Cys-
pAntp, then treatment with ethanolamine, to give the fi-
nal conjugates 6. p-Methoxytrityl as an alternative acid
labile protecting group was also introduced at the 2’-po-
sition of paclitaxel in quantitative yield. Elimination of
this group, following acylation of the 7-OH to give 5,
was effected with dilute solution of chloroacetic acid/
CH,Cl,, using anisole to scavenge the trityl cation liber-
ated during the deprotection.

1:R'=R?=H .
a .rl_ 2 _ o) R

2:R'=A,R2=H

=y 2 : b (0]

3:R'=B,R2=H

[}

4: R' = COCH,OMe, R2 = A
5: R' = CPhy-(p-OMe-Ph), R? = A—f
6:R'=H,R?°=B

a: R® = pAntp[43-58]-OH
b: R® = pAntp[43-58]-NH,
c: R® = pAntp[52-58]-NH,

[oR

Scheme 1. Reagents: (a) 3-maleimidopropionic anhydride, pyridine,
CH,ClL; (b) H-Cys-R?>, Et;N, DMF; (¢) i—N-hydrox-
ysuccinimidomethoxyacetate, DIEA, CH,Cl,; ii—3-maleimidoprop-
ionic anhydride, DMAP, CH,Cl,; (d) i—p-methoxytrityl chloride,
pyridine, CH,CH,; ii—3-maleimidopropionic anhydride, DMAP,
CH,CL,; (e) i—H-Cys-R?, Et;N, DMF; ii—H,N(CH,),OH, MeOH;
(f) i—chloroacetic acid, anisole, CH,Cl,; ii—H-Cys-R3, Et;N, DMF.

The pAntp peptides, paclitaxel-2’-pAntp 3a-3c¢ and pac-
litaxel-7-pAntp 6a, were tested for their antitumour ef-
fects against human lung and breast carcinoma cell
lines using a standard cellular proliferation MTT assay
(Table 1).* The free peptides were inactive up to
20 uM concentration in this assay. The constructs 3b
and 3c were shown to be as potent as the unconjugated
parent compound paclitaxel. The peptide—acid conju-
gate 3a was modestly cytotoxic in A549 cells with an
ICsy value of 0.27 uM. Paclitaxel-7-Antp[43-58]-OH
6a showed significantly reduced potency compared to
the 2’-Antp[43-58]-OH 3a counterpart. These results
are in line with what has been found with other paclit-
axel 2'- and 7-OH ester prodrugs, for example, the ace-
tates>® and succinates,!” where the 7-OH-conjugated
isomers were generally found to be less cytotoxic than
the 2’-OH conjugates.'’?%27 The inactivity of the 7-
OH esters presumably emanates from the much higher
hydrolytic stability of the sterically hindered 7-OH es-
ters. Esterification of both the 2’- and 7-OH groups ap-
pears to reduce or abolish innate paclitaxel activity and
only the 2’-linked conjugates release paclitaxel intracel-
lularly at a productive rate. It should be noted, however,
that some non-dissociated 7-OH paclitaxel ester conju-
gates have been reported to retain the ability to induce
microtubule assembly in vitro.?>2°

As expected, the aqueous solubility of the conjugates 3
and 6 was enhanced considerably (e.g., >10 mg/mL,
>4.5 mM for 3¢) in comparison to unconjugated paclit-
axel (<0.01 mg/mL). The stability of the peptides and
constructs in tissue culture media was examined next.
Solutions of the compounds in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% foetal calf ser-
um at concentrations varying from 1 to 40 uM were
incubated at 37 °C. Samples were taken at various time
points and were analysed. Degradation of pAntp[43—
58]-OH was observed after incubating for periods as
short as 10 min (Fig. 1). Mass spectral analysis of the
degradation fraction, isolated by RP-HPLC, indicated
that cleavage of the C-terminal lysines had occurred.
Apparently removal of Lys®® is rapid, followed by fur-
ther C-terminal proteolytic truncation. It was, however,

Table 1. Antiproliferative activity of pAnp peptides and conjugates 3
and 6 against human tumour cell lines

Compound 1C50* (M)

MCF7° A549°
Antp(43-58)-OH na na
Antp(43-58)-NH, na na
Antp(52-58)-NH, na na
3a nt 0.27
3b <0.017 <0.015
3¢ <0.015 <0.015
6a nt ~10
Paclitaxel 1 <0.015 <0.015

# Concentration of test compound producing 50% growth inhibition
using an MTT assay. Cells were treated with test compounds for 72 h.
The stated values are means of three independent experiments (na,
not active; nt, not tested).

® Human breast cancer cell line.

°Human lung cancer cell line.
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pAntp[43-56]-Lys-OH —>
PANtp[43-56]-Lys-Lys-OH~

60 min

30 min

Absorbance (280 nm)

5 min

Control

4 8 12 16 20 24
Retention time (min)

T

Figure 1. Degradation of pAntp[43-58]-OH in tissue culture medium.
See text for conditions. Aliquots were withdrawn and analysed by RP-
HPLC. The elution positions of the intact peptide and the C-terminal
Lys-truncation product are indicated, as is the incubation time.

discovered that proteolysis of these lysine residues was
blocked when the terminal lysine was present as the car-
boxamide rather than the carboxylate. Thus pAntp-NH,
peptides were stable with half-lives of >12 h under the
same conditions. These findings are significant, since
presence of the terminal Lys®® residue in penetratin vari-
ants is required absolutely for membrane translocation
activity, as we have shown.® Penetratin is very common-
ly employed as a cellular delivery vector for a variety of
cell biology applications and it is frequently unclear if
the peptide acid or amide has been used.?® Clearly use
of the peptide acid severely limits the cell delivery poten-
tial of penetratin peptides.

We next looked at the stability of the bioactive paclit-
axel-peptide conjugates in tissue culture medium under
similar conditions. The stability of each conjugate corre-
lated to that of its peptide counterpart. Thus, paclitaxel—
2'-pAntp[43-58]-NH, 3b and paclitaxel-2’-pAntp[52—
58]-NH, 3¢ were found to be stable with half-lives of
>8 h by RP-HPLC and mass spectrometric assessment.
Again this is in agreement with the reported hydrolytic
stability at pH 7.4 of other paclitaxel prodrugs with sim-
ilar ester functions.!®-27-2

Paclitaxel-pAntp conjugates 3b and 3c were further sub-

jected to time-exposure cellular experiments. A549 and

Table 2. Effect of exposure time on antiproliferate activity of paclitaxel
1 and conjugates 3 (ICs5q, uM)*

Compound 1-h treatment 72-h treatment
MCF-7° A549° MCF7¢ A549°
3b 0.202 0.618 <0.017 <0.015
3c 0.325 0.043 <0.015 <0.015
Paclitaxel 1 0.043 0.028 <0.015 <0.015

# Concentration of test compound producing 50% growth inhibition
using an MTT assay. Cells were treated with test compounds for 72 h.
The stated values are means of three independent experiments (na:
not active; nt: not tested).

°1 h treatment.

€72 h treatment.

MCEF7 cells were treated with the constructs for 1h
and 3 days, respectively, and quantified by MTT assay
(Table 2). When the tumour cells were exposed to 3b
and 3c for 1h, a period during which the conjugates
were shown to be stable under the culture conditions,
both compounds exhibited excellent cytotoxicity with
ICsq values ranging from 0.043 to 0.618 uM. It was not-
ed that 3c showed activity comparable to that of paclit-
axel in A549 cells, although less potent in MCF7 cells.
These results show that cytotoxicity is not due to liber-
ation of free paclitaxel extracellularly, but is mediated
by membrane translocation of the intact conjugates,
which is rapid, followed by intracellular release of bioac-
tive paclitaxel.>?

Examination of cancer cell line cultures showed that
induction of cell death was very similar in paclitaxel-
and conjugate-treated samples. In both cases, character-
istic accumulation of cells in the G2/M-phase was ob-
served and induction of apoptosis (by TUNEL assay)
was extensive at 24 h post-treatment.

Furthermore, conjugates 3b and 3c were assessed for
their ability to affect microtubule polymerisation
(Fig. 2). Presumably the observed activity of the conju-
gates, which was only somewhat lower than that of pac-
litaxel itself, is a result of liberation of paclitaxel or
bioactive metabolites from the conjugates under the
physiological conditions of the assay.

In summary, the chemistry for the synthesis of paclit-
axel-pAntp constructs and cellular biological properties
of the conjugates were described.’?> Paclitaxel-2'-
Antp[43-58]-NH, 3b and paclitaxel-2'-Antp[52-58]-

12000
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Fluorescence (RU)
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Figure 2. In vitro microtubule stabilization using a rhodamine-tubulin
assay.>*3! Dose-response curves are shown in the upper panel for
paclitaxel 1 (H) and the pAntp conjugates 3b (@) and 3¢ (O). Low-
level fluorescence micrographs are shown in the lower panel (a, 0.5 pM
1; b, 0.5 uM 3¢ and ¢, negative control).
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NH, 3¢ exhibited promising antitumour activity in vitro.
Their pharmaceutical properties, antitumour activity
in vivo, as well as the ability to overcome multi-drug
resistance, are subjects for future investigations.
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Peptides were synthesised using an ABI 433A Peptide
Synthesizer (Perkin-Elmer Applied Biosystems). RP-HPLC
was conducted using Vydac 218TP54 and 218TP1022
columns for analytical and preparative purposes, respec-
tively. Gradient elution (25°C) was performed using
increasing amounts of MeCN in water (containing a
constant concentration of 0.1% TFA) over 20 min (analyt-
ical) or 40 min (preparative). Flow rates were 1 mL/min for
analytical and 9 mL/min for preparative runs. The purity of
all new compounds was checked by RP-HPLC and DE
MALDI-TOF mass spectrometer (Dynamo, Thermo Bio-
Analysis, Hemel Hempstead, England). NMR spectra were
recorded on a Brucker DPX300 instrument.

Compound 2: white solid (76% yield); "H NMR (CDCls): &
1.13,1.22, 1.68, 1.91 (s, each 3H, CH3), 2.23, 2.47 (s, each
3H, CH3), 2.35 (m, 2H), 2.78 (t, 4H, J = 5.40 Hz), 2.84 (m,
2H), 3.81 (m, 2H), 3.87 (m, 1H), 4.26 (m, 2H), 4.44 (dd, 1H,
J=10.87,4.25Hz), 498 (d, 1H, J = 7.69 Hz), 5.47 (d, 1H,
J=345Hz), 568 (d, 1H, J=7.09 Hz), 6.05 (dd, 1H,
J=9.28, 5.86 Hz), 6.28 (s, 1H), 6.18 (t, IH, J=28.77 Hz),
6.49 (s, 2H), 8.16-7.34 (m, 15H, Ph-H). >*C NMR (CDCls):
010.01,15.20,21.22,22.54,23.09,27.18, 32.90, 33.71, 35.90,
43.54, 45.96, 52.86, 58.89, 72.18, 72.53, 74.86, 75.51, 76.02,
79.52, 81.42, 84.89, 126.94, 127.91, 128.94, 128.94, 129.14,
129.45, 129.59, 130.65, 132.39, 133.11, 133.85, 134.09,
134.46, 137.17, 143.25, 167.45, 168.01. 168.10, 169.77,
170.29, 171.10, 171.69 and 204.24.

Compound 3a: white solid (62% yield); Anal. RP-HPLC
tr = 17.4 min (0-60% MeCN, purity >97%); MS m/z 3355.9
[M+H]" (C61H2290N37035S-requires 3354.9). Compound
3b: white solid (53% yield); Anal. RP- HPLC g = 18.5 min
(0-60% MeCN, purity >97%); MS m/z 3353.6 [M+H]"
(C161H230N33037S5 requires 3353.9). Compound 3c: white
solid (53% yield); Anal. RP-HPLC ¢z = 17.2 min (0-60%
MeCN, purity >97%); MS m/z 2211.7 [M+H]"
(C106H148N2202(,Sz requires 22106)

Compound 4: white solid (76% yield); Anal. RP-HPLC
fr =21.8 min (10-70% MeCN, purity >98%); 'H NMR
(CDCly):61.15,1.20,1.79,1.96 (s, each 3H, CH3), 2.20, 2.45
(s, each 3H, CH3), 2.34 (m, 2H), 2.63 (m, 4H), 3.40 (s, 3H,
OCHs), 3.73-3.94 (m, 3H), 4.16-4.21 (m, 2H), 4.97 (d, 1H,
J =8.06 Hz),5.54-5.69 (m, 3H), 5.98 (m, 1H), 6.22 (s, 1H),
6.24 (m, 1H), 6.68 (s, 2H), 7.12-8.13 (m, 15H, Ph-H).
Compound 5: white solid (49% yield); "H NMR (CDCls): 6
1.18, 1.12, 1.76, 1.96 (s, each 3H, CH3), 2.17, 2.26 (s, each
3H, CH;), 2.10, 2.34 (m, 2H), 2.62 (m, 4H), 3.75 (s, 3H,
OCHs), 3.73-3.79 (m, 3H), 4.06 (m, 2H), 4.61 (d, 1H,
J=3.47Hz),4.76 (d, 1H, J = 9.52 Hz), 5.53 (m, 1H), 5.60
(d, 1H, J=6.98 Hz), 5.71 (m, 1H), 6.14 (s, 1H), 6.60 (m,
3H), 6.75-7.79 (m, 29H, Ph-H).

Compound 6a: white solid (48% yield); Anal. RP-HPLC
tr = 14.3 min (10-70% MeCN, purity >97%); MS ml/z
3355.7 [1\/I‘|'H]Jr (C161H229N37O3852 requires 33549)
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Abstract—Two ligand-intercalator—peptide nucleic acid conjugates (L-NADI-PNAs) have been synthesized. Affinity of these con-
jugates to their complementary DNAs was found to be affected by Zn>". The magnitude of this effect could be controlled by a var-
iation of the ligand. Upon binding Zn>" the L-NADI-PNAs form positively charged ZnL complexes, which interact with the
negatively charged DNA backbone. This electrostatic interaction stabilizes PNA/DNA duplexes. It has been found that Zn>* depen-
dent stabilization takes place only if the ZnL complex has a higher total positive charge than the ligand. Linear correlation has been
observed between Zn>* induced stabilization of PNA/DNA duplexes and difference of charges of the ZnL complex and the ligand.

© 2006 Elsevier Ltd. All rights reserved.

Peptide nucleic acid (PNA) is a synthetic DNA ana-
logue, in which a negatively charged phosphodiester
backbone is substituted for a neutral polyamide back-
bone. Due to this modification, PNA binds nucleic acids
with higher affinity and, in most cases, specificity.! In
contrast to DNA, PNA is stable in the presence of en-
zymes and can potentially be used for gene regulation
in vivo.? Binding of PNA to nucleic acids is only weakly
dependent upon Zn>* concentration, while terminally
modified PNAs carrying some special ligands show sig-
nificant sensitivity toward this metal ion.? This property
can be used for the design of antisense a%ents specific for
cells containing elevated amounts of Zn**, for example,
nerve,* sperm,’ and some cancer cells.® It has been
found that malaria parasite (Plasmodium falciparum)
infecting red blood cells accumulates Zn**. Concentra-
tion of free (chelatable) Zn®* in these parasites is in-
creased up to 50-fold in comparison with the host
erythrocyte.” Therefore, Zn**-sensitive PNAs could be
potentially used as drugs against malaria infections.

Recently, we have demonstrated that binding affinity of
L-NADI-PNAs (L: bis-(2-pyridylmethyl)amine, cyclam
or 1,4,9-triazacyclononane, NADI: 1,4,5,8-naphthalene-
tetracarboxylic acid diimide) is substantially increased in
the presence of micromolar Zn** 3 Zn>* ions control

Keywords: Peptide nucleic acids; Zinc; DNA; Binding.
* Corresponding author. Tel.: +49 6221 548441; fax: +49 6221
548439; e-mail: andriy.mokhir@urz.uni-heidelberg.de
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intercalation of NADI within PNA/DNA duplex via
binding to L (Fig. 1). Herein we present the results of
a further variation of the ligand structure in the L-
NADI-PNAs. The ligands reported in our first commu-
nication form +2 charged ZnL complexes and are either
neutral (bis-(2-pyridylmethyl)amine) or +2 positively
charged (cyclam, 1,4,9-triazacyclononane: LH,>') in
their free state at pH 7. Now we have chosen chelating
ligands, which are neutral at pH 7, expected to bind
micromolar [Zn**] and lose one proton upon Zn>* coor-
dination forming monocharged ZnL complexes: L1 and
L2 (Scheme 1). This completes a series of the L-NADI-
PNA conjugates, in which the formal PNA charge is
alternating between 0 and 2 units upon Zn** complexa-

Figure 1. Zn®* dependent binding of PNA probes to DNA.
Naphthalene diimide, NADI is shown as a blue thick stick, L is a
metal binding ligand.
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Scheme 1. Synthesis of PNAs 6, 7 and 8. Reagents: (a) PNA synthesis,®

(b) Fmoc-Gly-OH, HBTU, HOBT, DIEA, DMF, (c) Alloc-NADI-OH,

HBTU, HOBT, DIEA, DMF, (d) [Pd(PPh3)4], PPh3, (NEt,H,)(HCO3), CH,Cl,, (e) 1—N-(6-methoxy-8-quinoyl)-4’-carboxyl-benzensulfonamide
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ethanediamine, DIEA, DMF, 3—TFA, m-Cresol, (g) | —N-(6-methoxy-8-quinoyl)-4'-carboxyl-benzensulfonamide (L1-OH), HBTU, HOBT, DIEA,
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tion. Testing-binding afﬁmty of PNAs in this series can
clarify the mechanism of Zn** induced stabilization of
L-NADI-PNA/DNA duplexes. This can help in further
optimization of PNA probes, which can be switched on
by Zn?*. If electrostatic interactions between the ZnL
complex and the phosphodiester backbone of the
DNA play a dominant role, stability of L-NADI-
PNA/DNA duplexes with the new ligands is expected
to be between that of the corresponding duplexes with
L = bis-(2-pyridylmethyl)amine and cyclam. The struc-
ture of L should, in this case, be less important.

L1 is an analogue of the known fluorescent Zn”>" indica-
tor, TSQ.**° For its conjugation to the PNA N-terminus
we have introduced a carboxylic group at para-position

of its phenyl ring, L1-OH. L1-OH ligand was synthe-
sized by the reaction of p-carboxyphenylsulfonyl
chloride with commercially available 8-amino-6-metho-
xyquinoline hydrobromide in pyridine (Scheme 2). Iden-
tity of this compound has been confirmed by NMR
spectroscopy and X-ray analysis.!®!! L1-OH is crystal-
lized as a pyridinium salt. As expected, 8- amlnoqumo-
line fragment, which is responsible for Zn** binding, is
fully planar. In a conformation found in the crystal
structure, the coordination place for Zn*" is stericly hin-
dered by the p-carboxyphenyl residue. However, in solu-
tion the latter fragment can flip away from the
coordination site by rotation along single SI1-NI
bond.!? In ESI-mass spectrum of 2:1 and 1:1 mixtures
of L1-OH (100 uM) and Zn**, a strong peak corre-
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Scheme 2. Synthesis of L1-OH.

sponding to [ZnL,]” and a weaker peak corresponding
to [Zn(L)(SO4)] are observed (Fig. 2). In the presence
of Zn>* excess (L1-OH/Zn*" = 1/5) intensity of peaks
corresponding to ZnL complexes ([Zn(L)Cl]™ and
[Zn(L)Cl,]™ ions) is increased relative to that of peaks
corresponding to [ZnL,] . Fluorescence intensity of
LI-OH (100 uM) is substantlally increased upon addi-
tion of up to 0.5 equiv Zn>* (Fig. 3). Further addition
of the metal ion leads to gradual fluorescence quenching
(down to 42% relative to fluorescence intensity in the
presence of 0.5equiv Zn>*). Both mass spectral and
fluorescence data are in agreement with the initial for-
mation of ZnL, complex and its further transformation
to ZnL at higher concentrations of the metal ion. We
could not study the interaction between Zn”>* and L1-
OH at lower concentrations using fluorescence and
UV-vis spectroscopy, because L1-OH has rather low
fluorescence quantum yield and extinction coefficient.
Analogue of L1-OH, 8-(methanesulfon- am1do)qu1nohne
at 100 uM, pH 7, in the presence of equimolar Zn**

forms both ZnL (71%) and ZnL, (29%) complexes,
while at 1 pM it forms only ZnL complex (98%).!3 It
is reasonable to suggest that formation of ZnL complex

[Zn(L)(SO4)]
2
[ZnL;]
[Zn(L)CI] ZnLCh]
/
| ‘ | | 3
580 780 m/z

Figure 2. ESI mass spectra of mixtures containing L1-OH and ZnSO,
in DMSO (1%)/aqueous triethylammonium acetate (pH 7, 1 mM,
10%)/AcCN. 1: L1-OH 10 pM and ZnSO, 10 pM; 2: L1-OH 100 uM
and ZnSO4 100 uM; 3: L1-OH 100 uM and ZnSO4 500 uM.
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Figure 3. Fluorescent titration of L1-OH (0.1 mM) by ZnSO, in
aqueous MOPS (10 mM), NaCl (50 mM) buffer, pH 7.

will be also more favored at lower concentrations of L1-
OH. This could be confirmed by mass spectral study. In
particular, ratio of intensities of peaks corresponding to
[Zn(L)CI]™ and [ZnL,]™ is dramatlcally increased upon
dilution of a mixture of Zn>" and L1-OH from 100 to
10 uM (Fig. 2).

The other ligand, L2-H, has been studied earlier as a
polymer bound fluorescent sensor for Cu®*.'* We have
found that fluorescence of L2 is also affected by Zn**
in a concentration dependent manner. On the basis of
the L2-H titration by Zn*", we could determine that at
micromolar [L2-H] only ZnL complex is formed,
logK=6.2+0.2 (Fig. 4). Formation of this complex
could be confirmed by mass spectrometry. The NH
group of sulfonannde ligands is usually deprotonated
upon Zn*>" coordination. Therefore one can expect that
positively charged [ZnL]" 2plexes will be formed in
highly dilute solutlons of Zn and PNA conjugates
modified with either L1 or L2 ligands.

L-NADI-PNA conjugates with L = L1 or L2 have been
synthesized in accordance with Scheme 1 (PNAs 6 and
7). First, the PNAI1 portion was prepared using solid
phase synthesis. Further glycine residue has been

¢
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c(Zn*)/c(L2-H)

Figure 4. Fluorescent titration of L2-H (1 pM) by ZnSO, in aqueous
MOPS (10 mM, pH 7), NaCl (50 mM).
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attached by coupling Fmoc-Gly-OH pre-activated by
HBTU/HOBT mixture and deprotecting a-amino group
using piperidine. Alloc-NADI-OH has been coupled
under similar conditions. Its amino group has been
deprotected using [Pd(PPhjy),], PPh;, (NEt,H,) (HCO3)
mixture (PNA 5). Finally, L1-OH has been attached to
the terminal amino group, resulting in PNA 6 deprotec-
ted by TFA/m-cresol mixture and purified by HPLC.
For the synthesis of PNA 7 the amino group of PNA
5 has been acylated by bromoacetyl bromide and
the resulting bromoalkyl ~ PNA has been aminated
using N-(2-pyridylmethyl)-N’-dansyl-1,2-ethanediamine
(L2-H). PNA 8 has been synthesized by direct conjuga-
tion of L1-OH with unmodified PNA 2 using HBTU/
HOBT activating mixture. PNAs 5 and 8 have been
cleaved from solid support, deprotected and purified
analogously to PNA 6. Purity of the obtained PNAs
has been higher than 90% in accordance with HPLC
and MALDI-TOF MS analysis.

A conjugate of L1 and PNA (PNA 8, Scheme 1) binds
its complementary DNA slightly weaker than the corre-
sponding unmodified PNA (entries 7, 11, Table 1).
Upon addition of up to 1equiv Zn** T,, of the PNA
8/DNA duplex (2 uM) is increased by 3.4 °C, while fur-
ther Zn*>* additions lead to its slight destabilization.
This indicates the formation of stable 1:1 Zn**/PNA
8 complex. Stability of unmodified PNA/DNA duplexes
is slightly decreased in the presence of Zn>* (entries
11-13, Table 1). Both L1-NADI and L2-NADI modifi-
cations stabilize PNA/DNA duplexes, as it follows
from their elevated melting points (A7, = +5.8 and
+5.1 °C correspondingly, relative to the unmodified du-
plex T, entries 1, 3, and 7, Table 1). However, NADI
alone has a stronger effect on the duplex stability,
AT,, = +7.7 °C."> In comparison with the NADI modi-
fication the L-NADI ones are correspondingly
AT, =—1.9 and —2.8 °C less stabilizing. Destabilizing
ligand effect has been also observed for bis-(2-pyr-
idyl)amine (AT, = —7.6°C), while both cyclam and
1,4,9-triazacyclononane provide additional duplex
stabilization (AT, = +3.9°C).3>!5 At pH 7 all three

Table 1. UV melting points of PNA:DNA duplexes®

Entry PNA  PNA modifiers c(Zn**) T (°C) of
NADI L M) PNA/DNA
1 6 + L! 0 53.3+0.7
2 6 + L! 1-10 b
3 7 + L2 0 526+0.4
4 7 + L? 1 54.5+0.9
5 7 + L? 2 56.5+1.2
6 7 + L? 10 55.9+09
7 8 - L! 0 458 +0.8
8 8 - L! 1 46.6 £0.9
9 8 - L! 2 492+0.2
10 8 - L! 10 474+09
11 9 - - 0 475+ 1.4
12 9 - - 2 467+ 1.1
13 9 - - 4 459+ 0.6

# Average of at least four melting points; strand concentration 2 pM,
MOPS 10 mM, pH 7, NaCl 50 mM.
® Irreversible melting transitions.

7.4 1

ATm (°C)

-0.6 ? 1 2

8(Zn/PNA)-5(PNA)

Figure 5. Correlation between Zn®>' induced PNA/DNA duplex
stabilization (AT,,) and changes of formal charge of the PNA upon
metal ion coordination (3(Zn/PNA)-3(PNA)). PNA = L-NADI-PNA,
L = cyclam, 1,4,9-triazacyclononane, L2, bis-(2-pyridylmethyl)amine).

ligands showing the destabilizing effect are neutral,
while the stabilizing ligands are positively charged. This
allows suggesting that electrostatic interactions of L
with negatively charged DNA backbone define at least
in part the duplex stability.

In the presence of Zn**, formation of L1-NADI-PNA/
DNA duplex is irreversible even at very slow cooling
rates (0.1 °C/min). Therefore, accurate determination
of melting points was not possible in this case. Stability
of L2-NADI-PNA/DNA is increased upon addition of
up to 1 equiv Zn** (AT, = +3.9 °C). Further additions
lead to slight destabilization of the duplex. This indi-
cates that 1:1 Zn?*/L2-NADI-PNA complex is formed
at our experimental conditions, which is in agreement
with the studies of L2-OH interaction with Zn>" using
fluorescent titration and mass spectrometry. It should
be noted that overall Zn>" effect on melting points of
L-NADI-PNA/DNA duplexes is weaker with L =12
(AT, =+3.9°C) than that with previously studied
L = bis-(2-pyridyl)amine (AT, = +9.5°C).3® This may
be explained by different charges of 1:1 complexes with
the corresponding ligands. In particular, Zn(L1) has
+1 formal charge, while Zn(bis-(2-pyridylmethyl)amine)
has +2 formal charge. Strength of the interaction of the
latter complex with negatively charged DNA backbone
is expected to be stronger. Within 4 studied examples
of L-NADI-PNAs a linear correlation has been found
between Zn>" induced PNA/DNA duplex stabilization
and changes of the formal charge of the PNA upon
metal ion coordination (Fig. 5). This indicates that
electrostatic interactions between the modifier of the
PNA and charged backbone of the DNA play a domi-
nating role in determining stability of the studied
PNA/DNA duplexes.
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Abstract—A new far-red dual fluorogenic and chromogenic substrate, 5-glycylprolylglycylprolyl-9-di-3-sulfonyl-propylaminoben-
za[a]phenoxazonium perchlorate (GPGP-2SBPO), was developed for dipeptidyl peptidase IV (DPP-1V) sensing. The glyc-
ylprolylglycylprolyl tetrapeptide was chosen as the recognition sequence due to its stability under physiological conditions. In
contrast, the truncated substrate, GP-2SBPO, containing only a glycylprolyl peptide, is unstable. Proteolysis of GPGP-2SBPO
was assayed by monitoring the absorbance and fluorescence signals from the released fluorochrome, 2SBPO, at 625 and 670 nm,

respectively.
© 2006 Elsevier Ltd. All rights reserved.

Dipeptidyl peptidase IV (DPP-1V) is an enzyme of con-
siderable biomedical interest because it is upregulated in
certain diseases.!”> DPP-IV is a serine protease, which
cleaves Xxx-Pro dipeptides from the N-termini of poly-
peptides and proteins with a penultimate proline resi-
due. In vitro, the activity of DPP-IV is often assayed
using chromogenic substrates, such as glycylproline
B-naphthylamide* and glycylproline p-nitroanilide,” or
fluorogenic probes, such as (Ala-Pro),-cresyl violet and
(Ala-Pro)»,-Rhod110.¢ Although these probes are com-
monly available, they have poor aqueous solubility
and frequently require organic solvents such as DMSO
for solubilization. The use of organic co-solvents in
enzymatic assays for DPP-IV may lead to unreliable
results. For example, DPP-IV activity has been reported
to be modulated by DMSO, with 1% DMSO reducing
activity by 50%.” Moreover, both (Ala-Pro),-cresyl
violet and (Ala-Pro),-Rhod110 are unstable in aqueous
solution and undergo hydrolysis in the absence of
DPP-1V.° Therefore, fluorogenic (Ala-Pro),-cresyl violet
and (Ala-Pro),-Rhod110 are of limited use for sensing
DPP-1V activity in live cells®® or in vivo. There is thus
an urgent need for the development of improved probes
which are stable in aqueous solution, are water-soluble,
have far-red or near-IR excitation and emission maxima

Keywords: Dipeptidyl peptidase; DPP-IV; Fluorogenic; Chromogenic;

Fluorescent assay.
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5708; e-mail: tung@helix.mgh.harvard.edu

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.045

for improved tissue penetration and have low back-
ground in biological samples. For in vivo use, the ideal
fluorochromes would have emission maxima between
650 and 900 nm.’

Recently, we reported a new type of water-soluble far-
red fluorogenic molecule containing a disulfonated
benzo[a]phenoxazine (2SBPO) scaffold.!? Peptide conju-
gates of this fluorochrome are weakly fluorescent but
display strong fluorescence emission at 670 nm follow-
ing proteolytic release of the fluorochrome. In addition,
dramatic changes in absorbance at 625 nm are observed.
In the present report, the synthesis and preliminary bio-
chemical studies of a DPP-IV sensitive probe based on
the above scaffold are detailed.

All amino acids were purchased from Novabiochem
(San Diego, CA). The parent dye 9-di-3-sulfonyl-propyl-
aminobenzo[a]phenoxazonium perchlorate (2SBPO),
synthesized as previously described,'® was adjusted to
pH 8.5 and lyophilized prior to use. Dipeptidyl amino-
peptidase (DPP-1V, EC 3.4.14.5, from porcine kidney)
and other common reagents were obtained from Sigma
Aldrich (St. Louis, MO) and used without further puri-
fication. Absorbance spectra were measured on a Varian
Cary 50-Bio UV/Visible spectrophotometer (Palo Alto,
CA). Fluorescence spectra were carried out on a
F-4500 spectrofluorometer (Hitachi, Danbury, CT).
Fluorescence measurements for stability studies and en-
zyme Kinetics were determined on a monochromator-
based microplate detection system (Safire2, TECAN,
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San Jose, CA) with excitation/emission band width of
20/20 nm. MALDI-TOF mass spectra were measured
on a Voyager linear mass spectrometer (PE Biosystems;
Framingham, MA). The kinetic parameters (K, and
Vimax) Were determined using the direct linear plot of
Eisenthal and Cornish-Bowden.

Synthesis of Gly-Pro-2SBPO (GP-2SBPO). To a stirred
solution of N-o-#-Boc-L-proline (21 mg, 0.1 mmol) in
DMF (0.8 mL) were added 2SBPO (20 mg,
0.033 mmol), N-hydroxybenzotriazole (HOBT) (37 mg,
0.1 mmol), 2-(1 H-benzotriazol-1-yl)-1,1,3,3-tetramethyl-
uronium  hexafluorophosphate (HBTU) (14 mg,
0.1 mmol), and N,N-diisopropylethylamine (DIPEA)
(26 mg, 0.2 mmol). The solution was stirred at room
temperature for 1 h and monitored by silica gel TLC.
When the reaction was complete, the crude product
was precipitated with diethyl ether and the precipitate
was treated with TFA (1 mL) to remove the Boc-pro-
tecting group. After 15 min, diethyl ether was added
and the precipitate was collected. The crude product
was then coupled with Boc-glycine using the previous
coupling conditions. The product was precipitated with
diethyl ether and purified on a 10 g RP C18 cartridge
(Waters) eluting with 20% acetonitrile in water to give
GP-2SBPO as a blue solid (22 mg, 91%). MS (MAL-
DI-TOF), calcd for C29H35N509SZ (M+H)+I 661.28.
Found: 661.75.

Synthesis of Gly-Pro-Gly-Pro-2SBPO (GPGP-2SBPO).
GPGP-2SBPO was synthesized and purified using the
same procedure as described for GP-2SBPO. Overall
yield was 90%. MS (MALDI-TOF), caled for
C36H45N701182 (M+H)+: 815.49. Found: 815.59. The
molar extinction coefficient of GPGP-2SBPO at
630 nm is 7000 (M cm) ! in 0.1 M PBS buffer.

Aqueous stability of GPGP-2SBPO and GP-2SBPO.
Stock solutions of compounds GPGP-2SBPO and GP-
2SBPO were prepared in water at a concentration of
1 x107*M. The stock solutions were then added to
0.1 M, pH 4.0-8, Tris buffers. The final concentration
of the solutions was 1 x 107% M. The fluorescence emis-
sion at 670 nm was measured with excitation at 630 nm
using a plate reader for 3 h.

Proteolysis of GPGP-2SBPO by DPP-IV. A solution of
DPP-IV (10 pL, 18 mU) was added to GPGP-2SBPO
(200 pL, 25 uM) in 0.1 M HEPES buffer (pH 7.4) con-
taining 140 mM NaCl, 10 mM KCI, and 0.1% bovine
serum albumin at 37 °C. The increase in fluorescence
emission at 670 nm was measured using a fluorescence
plate reader with excitation at 630 nm. The absorption
increases at 625 nm were measured using a UV-vis spec-
trophotometer from 7 =0 to 100 min. The same condi-
tions were applied to the control sample solution
without adding DPP-IV.

Water-soluble 2SBPO was chosen for development of
the dual fluorogenic and chromogenic substrates be-
cause of its superior optical properties in aqueous buffer
as previously reported.!® Since glycylprolyl containing
peptide substrates for DPP-IV are in common use,

GP-2SBPO was initially synthesized as a potential fluor-
ogenic substrate for DPP-IV (Scheme 1). Boc-protected
amino acids were activated in situ by HBTU and cou-
pled sequentially to 2SBPO using diisopropylethylamine
as base. The coupling reactions were typically complete
in 1 h at room temperature with near quantitative con-
version as determined by TLC. The final products were
purified by RP C18 chromatography.

As expected, the synthesized dipeptide substrate,
GP-2SBPO, was only weakly fluorescent. Initial studies
with DPP-IV under the physiological buffer conditions
showed high fluorescent signal after incubation. Howev-
er, when the substrate was incubated under identical
conditions in the absence of DPP-IV, a similar increase
in fluorescence was also detected. Therefore, the stability
of GP-2SBPO in aqueous solution was systematically
examined over the pH range from 4 to 8 in 0.1 M Tris
buffers. After 3 h of incubation at 27 °C, GP-2SBPO
was found only to be stable below pH 5; when the pH
was above 6, probe hydrolysis was significant (Fig. 1).
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Scheme 1. Synthetic scheme of GP-2SBPO. Reagents and conditions:
(1) 3 equiv Boc-Pro-OH, 3 equiv HOBT/HBTU, 6 equiv DIPEA/DMF;

(i) TFA; (iii) 3 equiv Boc-Gly-OH, 3 equiv HOBT/HBTU, 6 equiv
DIPEA/DMF.
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Figure 1. Effect of pH on the stability of GP-2SBPO and GPGP-
2SBPO in 0.1 M Tris buffer.
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One possibility that may account for the observed pH-
dependent, non-enzymatic hydrolysis of GP-2SBPO is
via intramolecular cyclization to give cyclo[Gly-Pro]
(Scheme 2). Cyclization of dipeptides containing a pro-
lineamide moiety to anhydrides (piperazine-2,5-diones)
has been shown previously to occur in aqueous solu-
tion."! For GP-2SBPO, cyclization may be facilitated
by the rigid pyrrolidine ring which helps to position
the glycylamine for nucleophilic attack on the adjacent
aromatic amide bond'? (Scheme 2). To corroborate this
hypothesis, mass analysis was performed on the GP-
2SBPO samples after incubation for 3h at 37 °C in
0.1 M Tris buffer (pH 7.4) with and without DPP-IV.
For the GP-2SBPO sample with DPP-IV, mass peaks
corresponding to linear glycylproline and cyclo[Gly-
Pro] were observed indicating both enzyme catalyzed
hydrolysis and spontaneous cyclization of GP-2SBPO.
On the other hand, only a cyclo[Gly-Pro] mass peak
was found for the GP-2SBPO sample without DPP-IV
indicating spontaneous cyclization of the dipeptide.

To overcome the problem of this unexpected non-
enzymatic hydrolysis, addition of a second glycylprolyl
sequence to the N-terminus of GP-2SBPO could be an
effective solution. Ideally, the extended peptide chain
would disfavor intramolecular cyclization, while the
initial proteolytic removal of the N-terminal Gly-Pro
by DPP-1V would lead to GP-2SBPO, and subsequent
liberation of free 2SBPO could be triggered by DPP-
IV catalyzed hydrolysis and spontaneous non-enzymatic
cyclization (Scheme 3).

As expected, the GPGP-2SBPO was found to be pH sta-
ble. Unlike GP-2SBPO, no hydrolysis was observed for
GPGP-2SBPO in the absence of DPP-IV between pH 4
and 8 (Fig. 1). The proteolytic hydrolysis of GPGP-
2SBPO by DPP-IV was analyzed by fluorescence and
absorbance measurements. Under physiological condi-
tions (pH 7.4), no fluorescence signal changes were ob-
served for GPGP-2SBPO alone (Fig. 2). When the
probe was incubated with DPP-IV, a steady increase
in fluorescence emission was observed giving sixfold in-

OO NG
NH, SO3zH

N
f Gp-2sBP0 O

(0]
G Sy
g/ HoN (6} N\~

Cyclo[Gly-Pro] 2SBPO SOsH

SO3H

Scheme 2. Proposed mechanism for hydrolysis via intramolecular
cyclization to release free 2SBPO.

Gly-Pro-Gly-Pro-HN l :
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GPGP-2SBPO 3
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GP-2SBPO SOgH
803H
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Gly-Pro +
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Scheme 3. Proposed schematic representation for the two-step cleav-
age of GPGP-2SBPO.
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Figure 2. Fluorescence assay for the hydrolysis of GPGP-2SBPO with
DPP-1V (18 mU) in 0.1 M HEPES buffer (pH 7.4).

crease after 60 min. The fluorescence signal generated at
670 nm indicated catalytic cleavage of the amide bond
and release of the fluorescent 2SBPO. Similar to the
fluorescence measurements, a sixfold increase in absor-
bance at 625 nm is observed 60 min after treatment with
DPP-1V (Fig. 3). As with GP-2SBPO, the modified
GPGP-2SBPO probe is completely water-soluble and re-
quires no additional organic co-solvent for the fluoro-
genic and chromogenic assays.

Kinetic parameters for the hydrolysis of GPGP-2SBPO
with DPP-IV were further determined under physiolog-
ical conditions (Table 1). The corresponding parameters
for commercially available Gly-Pro-AMC, (Ala-Pro),-
Rhod110, and Ala-Pro-Rhod110-NH,’ are included in
the table for comparison. Under the conditions used,
the dissociation rate constants (K, values) indicate that
GPGP-2SBPO binds more effectively to DPP-IV than
the coumarin-based substrate (Gly-Pro-AMC), but less
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Figure 3. Absorbance assay for the hydrolysis of GPGP-2SBPO with
DPP-1V (18 mU) in 0.1 M HEPES buffer (pH 7.4). The curves from
bottom to top are at 0, 10, 25, 35, 45, 55, 80, and 95 min, respectively.

Table 1. Kinetic parameters of the fluorogenic substrates for DPP IV

Substrates K., (uM) Vinax (nM/min)
Gly-Pro-AMC* 210.6 £ 3.6 52402
(Ala-Pro),-Rhod110? 15.8+2.4 0.44£0.14
Ala-Pro-Rhod110-NH,* 184%1.6 0.32+0.13
Gly-Pro-Gly-Pro-2SBPO 56*8 630 + 25

Ref. 7.

effectively than the rhodamine-based substrates. A rath-
er large Vyax value (630 nM/min) for GPGP-2SBPO was
obtained. The selectivity constant kg, /K, value of
2.1x 10> M~ ' s7! calculated from the kinetic data indi-
cates that the catalytic efficiency of the 2SBPO-based
substrate is in the moderate range.

In conclusion, we have synthesized a dual fluorogenic and
chromogenic substrate, GPGP-2SBPO, for DPP-1V sens-
ing. The substrate is soluble and stable in aqueous solu-
tion without the need for organic co-solvent. Release of
water-soluble 2SBPO by DPP-1V can be determined by
both fluorometric and colorimetric analysis with long

wavelength emission and absorption maxima. A six-fold
increase in fluorescence and absorbance was obtained.
The kinetic parameters indicate that the catalytic efficien-
cy of DPP-1V to the substrate is high. Potentially, the ap-
proach of repeating proteolytic sequence could be applied
to design other protease probes. In addition, since this im-
proved DPP-IV substrate emits at far-red region, it could
have applications for in vitro high-throughput screening
(HTS) and potentially in vivo imaging.
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Abstract—Several series of dihydrostilbenamide, imidazo[2,1-a]isoindole, pyrimido[2,1-alisoindole and phthalazinone derivatives
were obtained and their vasorelaxant activity was measured on isolated rat aorta rings pre-contracted with phenylephrine
(107° M). Some phthalazinones attained, practically, the total relaxation of the organ at micromolar concentrations. For the most
potent compound 9h (ECsy = 0.43 uM) the affinities for oy a, o and oyp adrenergic sub-receptors were determined.

© 2006 Elsevier Ltd. All rights reserved.

Hypertension is one of the most common cardiovascular
diseases that can cause coronary disease, myocardial
infarction, stroke and sudden death and is the major
contributor to cardiac failure and renal insufficiency.!
Because of that, great efforts are continuously being
made searching for novel antihypertensive agents acting
through different mechanisms.?* Within the drugs in the
market, hydralazine, one of the first antihypertensive
agents developed in the 1950s, has attracted much atten-
tion in the last decade and it is newly considered as a
lead for developing new drugs, due to its direct vasodi-
lator action.* Structural modification of hydralazine
led to the discovery of some pyridazinones and other
phthalazine derivatives with broad spectra on the car-
diovascular system,>® including antihypertensive ef-
fects’® and inhibition of platelet aggregation®!® and of
phosphodiesterases.!""!> Some of them also displayed
antiasthmatic,'>!# antipsychotic,!> antidiabetic,'® anti-
convulsant,'” antineoplastic,'® antimicrobial,'® anti-
fungal®® and antiparasitic’! activities. Azelastine is a
relevant member of this family of compounds that
shows a fair bronchodilatory activity, useful for treating
asthma,?? and has also demonstrated to induce vasore-
laxation in in vitro assays.??

Keywords: Dihydrostilbenamide; Phthalazinone; Vasorelaxant activity;
Rat aorta rings; o4, op and op sub-receptors affinity.
* Corresponding author. Fax: +34 923 294515; e-mail: olmo@usal.es

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.003

Isonotholaenic acid (1) is a natural dihydrostilbenoid
isolated, as the major component from CH,Cl, extracts
of the Andean fern Notholaena nivea var. nivea,** col-
lected from the Peruvian Jurupe region. It was initially
tested by us in vitro as a vasorelaxant, displaying mod-
erate values of relaxation induction on pre-stimulated
organs. Taking into account the above precedents, along
with the experience of our research group on the chem-
istry of dihydrostilbenoids,>>?® considering also the
close structural relationship between stilbenoids and
phthalazinones, we planned to obtain new antihyperten-
sive drugs. With this aim in mind, we selected some
types of stilbene-based heterocyclic compounds, includ-
ing several 4-benzylphthalazinones, for testing their
vasorelaxation during in vitro assays.

Isonotholaenic acid (1) was transformed into its amide 2
by treatment with piperidine and DCC.?* The related
heterocyclic derivatives containing two aromatic rings
and an ethylene bridge were prepared (Scheme 1)
through condensation of phthalic anhydride with several
substituted phenylacetic acids to give the corresponding
benzalphthalide?’ intermediates 3a-1. These phthalides
were further transformed into two series of ketostilbena-
mide (4) and diketostilbenamide (5) derivatives by treat-
ment with piperidine in the presence of air and into
imidazo[2,1-a]isoindoles (6) and pyrimido[2,1-a]isoin-
doles (7), by heating with ethylenediamine and propyl-
enediamine, respectively. Phthalazinone derivatives of
types 8-12 were obtained by direct condensation of the
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Scheme 1. Phthalides, dihydrostilbenamides, imidazoisoindoles, pyrimidoisoindoles and phthalazinones tested as vasorelaxants.
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benzalphthalides 3 either with hydrazine (type 8) or with
substituted hydrazines (types 9, 13—15), or through N-al-
kylation of compounds of type 8 with the corresponding
alkyl bromide under basic conditions (types 10-12 and
16). As it can be seen in Scheme 1, representative natural
and nonnatural electron-donating and electron-with-
drawing groups (a-1) were included as substituents, in
order to determine their respective influences on the
activity in every type of compound. All of the com-
pounds were characterized by means of IR, MS, NMR
and chemical analysis.?®

The vasorelaxant activity of these compounds was eval-
uated in several series of assays in organ baths, on isolat-
ed rat aorta rings, previously stimulated with
phenylephrine (PE).?” PE was added to the bath up to
a 107> M concentration to attain the maximal contrac-
tion of the organ. At the steady state, compounds to
be tested, 1, 2 and those of types 4-16, were progressive-
ly added for a period of 30 min, to reach the 107> M or,
in other cases, the 10~* M concentration.

In the preliminary tests, 1 (10~* M) induced a 34% relax-
ation®® and its piperidide 2 increased the relaxation up
to 51% under the same conditions.?® Some 20 dihydro-
stilbenamides of types 4 and 5 were then tested3*-3! with
similar (type 4) or improved (type 5) relaxation results,
finding the maximum potency within both series, for
the diketoderivative 5d, displaying a 70% of induced
relaxation at 107> M concentration (30% only for the
monoketone analogue 4d). In the case of imidazo- (type
6) and pyrimidoisoindoles (type 7), it was observed that
imidazoline derivatives (6) were more potent than those

Table 1. Vasorelaxant effects induced by phthalazinones of series 8
and 9 on PE pre-stimulated aorta rings

Ring B Series 8 (R2 = H) Series 9 (R? = CH;)
modification % relaxation® ECsy % relaxation®  ECs,
(107> M) M) (107°M) (uM)
a 53.0+7.9 <10 557+74 <10
b 39.3+3.1° >10 61.6+17.3° <100
c 86.7+3.6 29 90.2 + 4.1 0.93
d 83.8+9.4 3.7 67.7+6.2 22
e 343+49° >100  16.7 +10.7 >10
f 66.0 £8.9 5.5 87.2+3.0 0.93
g 763+ 78 1.9 84.0 5.7 1.4
h 89.9 + 4.0 079 99.3+18 0.43
i 61.3+13.0 <10  80.7+3.8 1.2
i 53.8+5.7 <10 60364 49
k 792+ 6.7 4.4 39.8+5.1 14
1 43.9+9.0 >10  44.6+29 >10

Bold represents the most active compounds.
49 (£ SEM) inhibition of the contraction induced by PE (107> M).
® Compound concentration 10~ M.

containing the homologous tetrahydropyrimidine ring
(data not shown), compound 6¢ (47% of contraction
inhibition at 107° M) being the best compound of both
series.

The vasorelaxation results obtained for compounds of
the phthalazinone series 8-16 were, in general, better
than those observed for the above-mentioned series.
They are shown in Tables 1 and 2 and expressed as per-
centages of the relaxation response with respect to the
maximal contraction induced by 107> M PE, taken as
the positive control, as well as their corresponding
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Table 2. Effects of change in the N? substituent on the vasorelaxant
activity of phthalazinones

Series: R? Substituent on ring B, ECsy (uM) values

3,4-(OCH3), (d) 4-SCH; (f) 4-Cl (h)
8: H 3.7 5.5 0.79
9: methyl 22 0.93 043
10: ethyl 5.3 >100 1.3
11: allyl 9.8 >100 2.6
12: n-butyl 5.4 >100 >100
13: t-butyl 10 >100 >100
14: phenyl >100 >100 >100
15: p-bromophenyl ~ >100 >100 >30
16: p-nitrophenyl >100 >100 29

Bold represents the most active compounds.

ECso values. For the analysis of the results two main
structural groups are being considered, namely, that of
series 8, without substitution at position N2, and those
alkylated (series 9, 10, 11, 12 and 13) or arylated (series
14, 15 and 16) at that position. The overall comparison
of data in Table 1 for the series 8 and 9 clearly shows
that N>-methylated derivatives are some 1.1-3.2 (9k vs
8k) times more potent as vasorelaxants than those
unsubstituted at that position and also that the effects
of B-ring substituents on the activity go in parallel for
both series, with the exception of the a-naphthyl deriva-
tives. Therefore, the SAR analysis will be mainly fo-
cused on the most potent methylated series 9.

As it can be seen, the most potent vasorelaxants, with
ECso values under the pM level, are those 4-Cl (9h,
8h) > 3 4-methylenedioxy (9c) ~4-SCH; (9f) deriva-
tives, indicating a slight preference for electron-with-
drawing rather than releasing groups. Change of the
p-chloro (h) to the o-chloro (g) position or increasing
the number of chlorine atoms (i, j) leads to a 3—10 times
reduction of the relaxation. In contrast, it seems very
interesting to compare the effect of the oxygenated sub-
stituents on ring B and to observe the alternated effect of
this type of substituents. The presence of one 4-methox-
yl group (b) on this ring decreases the vasorelaxant
activity by almost one order of magnitude with respect
to the unsubstituted derivative (a), while the 3,4-methy-
lenedioxy (c¢) and the 3,4-dimethoxy (d) groups increase
it by one order and the presence of an additional meth-
oxy group (e) decreases the vasorelaxation potency of
the phthalazinone. All these facts indicate that, apart
from those mentioned electronic influences of the sub-
stituents, a certain spatial restriction around the 3-4-5
region of the phenyl ring should influence the activity.
Compounds with naphthylmethyl groups attached to
the phthalazinone nucleus instead of the benzylic groups
became, in general, less potent.

In order to study the effect of the substituent at N® and
taking into account the better activity found for the
N-methylated derivatives, phthalazinones with larger
2-alkyl groups and several 2-aryl groups, in combination
with three selected variations (d, f and h) of ring B, were
synthesized (Scheme 1) and evaluated (Table 2). Data in
Table 2 clearly demonstrate that none of the new mod-
ifications implemented on N gave better vasorelaxation

results than those found for the series 8 (hydrogen) and
9 (methyl). This will focus on the 2-methylphthalazinone
family the future progression of our studies, addressed
to establish the influence of ring A modifications on
the vasorelaxant activity of these potential drugs.
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Figure 1. Contraction (%) of vas deferens induced by NA, in absence
(control) and presence of 9h.
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Figure 2. Contraction (%) of rat spleen tissue induced by PE, in
absence (control) and presence of 9h.
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Figure 3. Contraction (%) of aorta rings induced by NA, in absence
(control) and presence of 9h.
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Table 3. Contraction inhibition by several phthalazinones on rat vas deferens

Phthalazinone R! R? Inhibitory effect® ECso (uUM) pD}
1 uM 10 uyM
8c 3,4-0-CH,-O- H 243+538 78.8+5.3 3.0 5.5%0.1
8h 4-Cl H 16.3+6.9 76.3+3.6 39 54+0.1
9a H CH;3 36.6 2.9 98.8+1.2 1.5 5.8+0.1
%h 4-Cl CH; 61.5+3.2 954+ 0.5 0.81 6.1 £0.1
11h 4-Cl Allyl 169+ 3.7 70.4 £ 13.5 4.4 54%0.1
Bold represents the most active compounds.
294 (+ SEM) inhibition of the contraction induced by NA (107> M).
Aiming to establish the mechanism of the vasorelaxant Acknowledgments

action of phthalazinones, compound 9h was subjected
to several experiments to define its selectivity to o-ad-
renergic sub-receptors o4, o and op on tissues en-
riched in them (rat vas deferens, spleen and aorta,
respectively).

Affinity to o; 4 sub-receptor was studied on vas deferens
of Wistar—Harlan rats’® stimulated with progressive
amounts of noradrenaline (NA) in absence (control)
and in presence of the phthalazinone. The graphical
shapes of Figure 1 suggest that compound 9h displays
an allosteric behaviour, since it binds strongly to the
receptor, impeding NA to reach its maximal contraction
effect. The affinity of 9h, to the oy 5 receptor, in this type
of tissue, was calculated as pD’, = 6.1 +£0.1.

Affinity to o;p sub-receptor was studied, similarly, on
portions of rat spleen tissue,?! stimulated with pro-
gressive amounts of PE in absence (control) and in
presence of 9h (Fig. 2). As in the first experiment,
PE cannot reach the maximal contraction effect, and
9h displayed an allosteric behaviour, with a value of
pD) =5.55, which is too low to be considered
representative.

Affinity to o;p sub-receptor was studied on rat aorta
rings stimulated with progressive amounts of noradren-
aline (NA),3! in absence (control) and in presence of the
phthalazinone 9h. The affinity of 9h to the a;p receptor
was calculated as pD) = 5.4, also a low value to be con-
sidered representative (Fig. 3).

The o4 affinity values for other potent vasorelaxant
phthalazinones, 8c, 8h, 9a and 11h, were also determined
with similar results (Table 3). Compound 9h still remain-
ing the best compound in these assays.

From all these data it can be concluded that the most
potent phthalazinone, 9h, shows an allosteric behaviour
on the three o -adrenergic receptors, with a greater affin-
ity towards the oy sub-receptor. On the basis of these
pharmacological results, further chemical and pharma-
cological research is being carried out, in order to syn-
thesize new compounds and to analyze the influence of
substituents and structural changes of ring A on the
vasodilating activity. Also, further pharmacological
and biochemical assays will be applied with the aim of
establishing more precisely the mechanism of action of
phthalazinones.
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Analytical data for compound 9h. IR v, 3068, 2920,
1650, 1587, 815, 797, 749 and 700cm '. 'H RMN
(200 MHz, CDCl3): ¢ (ppm) 8.42-7.70 (4H, m, H-5 to
H-8); 7.26 (2H, d, J=8.7 Hz, H-11 +H-15); 7.20 (2H, d,
J=28.7Hz, H-12 +H-14); 4.25 (2H, s, H-9); 3.87 (3H, s,
NCH3). '3C RMN (50.3 MHz, CDCly): 6 160.0, 145.1,
137.9, 132.7, 131.2, 129.4, 128.7, 128.3, 127.0, 126.7, 125.3,
394, 38.9 ppm. MS (CI) m/z=286. Anal. Calcd for
CsHi3N-OCI: C, 67.13; H, 4.50; N, 9.79. Found: C,
67.05; H, 4.52; N, 9.71.

Wistar rats (300-350 g) were lightly anaesthetised with
ether and killed. Thoracic aortas were removed and placed
in Krebs-Henseleit solution (mmol/L: NaCl, 118; KCI,
4.7; CaCl,, 2.5; KH,POy,, 1.2; MgSOy4, 1.2; NaHCOs, 25;
glucose, 11). The solution, after saturation with carbogen
(95% O,, 5% CO,), was adjusted to pH 7.4. After the
excess fat and connective tissue were dissected out, the
aorta was cut into rings (4 mm length). Rings were placed

30.

31.

between stainless-steel hooks and set up in organ baths
filled with 5 mL Krebs, gassed with carbogen and kept at
37 °C. One of the hooks was fixed to the bath and the
other connected to an isometric force transducer (UF1;
Harvard Apparatus Inc., South Natick, MA, USA). Force
was recorded on a PC computer using Chart version 3.4
software and a PowerLab/800 data acquisition system
(AD Instruments, Cibertec, Madrid, Spain). All rings were
allowed to equilibrate for 1 h at a resting tension of 2g.
The Krebs solution was periodically changed and tension
was reset during this period. Then, the vessels were
exposed to 107> M phenylephrine (PE) and, at the steady
maximal contraction, compounds to be tested were added.
Responses were measured after 30 min and given as
relaxation percentages of PE contraction. ECsy, was
calculated when relaxant response was greater than 60%.
Specificity to o;4 receptor. Vas deferens from Wistar—
Harlan—-Nossan rats were quickly removed, cleaned from
the connective tissue and placed in 10 mL organ bath filled
with Krebs—Henseleit physiological solution, oxygenated
(95% 0,-5% CO,), heated at 37°C *0.5 and under a
resting tension of 1g. After control concentration-re-
sponse curve to NA was obtained, each tissue was
equilibrated with a fixed concentration of test compound
for at least 30 min, before determining a new concentra-
tion—response curve to the agonist. Preliminary experi-
ments pointed out that the reproducibility of the response
to NA was good. All the compounds or solvent (DMSO)
tested was used in concentrations that did not alter the
normal quiescent tone of the preparation (data not
shown). Each experimental set has its own time-matched
experimental set (control). Responses are expressed as %
of the maximum effect obtained in the control curve. All
the data are expressed as means * SE.

Specificity to o g- and o, p-receptors. Longitudinal strips of
spleen were placed in organ baths under lg tension with
Krebs at 37 °C. After stabilisation, a single dose of PE
(107 M) was added, then washed and the dose-response
curves were constructed with two separate strips, one for
control experiments and the other for compound 9h, after
30 min incubation with the phthalazinone. Values are
expressed as % with respect to the first response to PE.
Aorta rings were prepared as described above.? After
stabilisation, increasing amounts of the vasoconstrictor
were added until a plateau was reached. The contractile
response was expressed as percentages of the control
response. The same protocol was repeated after 30 min
incubation with compound 9h.
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Abstract—A novel class of 1,9-dihydro-9-hydroxypyrazolo[3,4-b]quinolin-4-ones as c-Jun-N-terminal kinase (JNK) inhibitors is
described. These compounds were synthesized via the condensation of 2-nitrobenzaldehydes and hydroxypyrazoles. The struc-
ture—activity relationships (SAR) and kinase selectivity profile of the inhibitors are also discussed. Compound 16 was identified

as a potent JNK inhibitor with good cellular potency.
© 2006 Elsevier Ltd. All rights reserved.

Type 2 diabetes has become the most prevalent meta-
bolic disease worldwide.! Patients with type 2 diabetes
are insulin resistant, a condition in which the body fails
to respond to insulin properly. c-Jun N-terminal kinase-
1 (JNK1), a member of the mitogen-activated protein
(MAP) kinase family, has recently emerged as an attrac-
tive target for diabetes therapy, since JNK1 is believed
to play a key role in linking obesity and insulin resis-
tance.” JNK1 is activated by inflammatory cytokines,
and negatively regulates insulin signaling via serine
(307) phosphorylation of the insulin receptor substrate
(IRS-1) which leads to the degradation of IRS-1.23
JNK1~/~ mice show marked reduction in both plasma
glucose and insulin concentrations relative to their
wild-type littermates, and thus are protected from diet-
induced obesity.?® In addition, JNK1 activity is elevated
in adipocytes of type 2 diabetic patients.* Inhibitors of
JNK1 can potentially increase insulin sensitivity, and
therefore could be useful as therapeutics for the treat-
ment of type 2 diabetes, as well as serving as valuable
tools for the evaluation of other clinical benefits that
these inhibitors may provide.’

Keywords: INK; Diabetes; Obesity; Pyrazoloquinolinones.
* Corresponding author. Tel.: +1 847 935 7106; fax: +1 847 938
1674; e-mail: mei.liu@abbott.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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Research related to JNK inhibitors has gained increas-
ing attention in the past few years, and as a result a
number of JNK inhibitors have recently appeared in
the literature.® We wish to report here our efforts toward
the identification of 1,9-dihydro-9-hydroxypyrazolo[3,4-
b]quinolin-4-ones as novel ATP competitive, pan-JNK
inhibitors. A high-throughput screening (HTS) of the
Abbott compound collection identified two 9-hydroxy-
pyrazoloquinolinones 1, 2 (Fig. 1) as ATP-competitive
JNKI1 inhibitors with ICsq values around 1 uM. JNK1
inhibitors need to be cell permeable to reach the intra-
cellular targets, therefore a phospho c-Jun cell-based
ELISA assay was also utilized to test the compounds
cellular potency.’ In this assay, compound 2 was mar-
ginally active with an ICsy of 16.4 uM. Additionally,
both compounds showed enzymatic ICsys of greater
than 50 uM against p38 and ERK?2, two closely related
MAP kinases. The novelty of the core structure® as well

% O CF,
Cl Cl
N\ N\
| N | N
N N
NN N
OH OH

1 2

Figure 1. 1,9-Dihydro-9-hydroxypyrazolo[3,4-b]quinolin-4-ones iden-
tified from HTS.
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as its good selectivity profile motivated us to initiate hit
to lead chemistry to explore the activity of this class of
compounds as JNK1 inhibitors.

9-Hydroxypyrazoloquinolinones were prepared in a
straightforward manner through the condensation of
2-nitrobenzaldehydes (6) and hydroxypyrazoles (5) in
the presence of concentrated hydrochloric acid
(Scheme 1). This method allowed for easy modifica-
tion of the N-1 and C-3 positions of the pyrazole ring,
as large numbers of hydroxypyrazoles were accessible
via either commercial sources or the condensation of
B-keto esters (3) with substituted hydrazines (4)
(Scheme 1). A number of substituted nitrobenzalde-
hydes (8) reacted smoothly with hydroxypyrazoles (5)
providing the desired products in good yield. How-
ever, S-substituted nitrobenzaldehydes reacted poorly,
which resulted in very little or no product. Similarly,
6-bromosubstituted analogs (10) were prepared using
hydrogen bromide in acetic acid as the solvent. The
bromide served as a handle for further fuctionalization

(o] R1
cl {
| N
O O ) N N.2
1 : R
R1M0Et R b~ OH
3 a { CHO 7
+ — LN @ 0 R
N R
2“\ HO Re NO, C\\Br {
R2""NH, | N
4 5 6 N~ N
| hg
R' = CFs, R2 = CH, OH
10
T
Z NO, R-B(OH)2 | ¢
11
8
O CFs o]
cl
- { R {
4 LN [N
N" N NN
OH OH
9 12

Scheme 1. Reagents and conditions: (a) cat. cont. HCI, EtOH, reflux,
overnight; (b) HCI/HOAc, 85°C, 5h, 50-60%; (c) HBr (33% in
HOAC)/H>0, 85 °C, 5h, 52%; (d) FibreCat 1032 (5 mol%),” K,COs,
EtOH/H,0, microwave 120 °C, 20 min, 50% plus reduced product
(12a, R = H).

at the 6-position of the aromatic ring (Scheme 1). For
example, Suzuki coupling of 10 with arylboronic acids
yielded 12. In most cases only a simple filtration was
needed for purification of the final product.

The reaction mechanism for the formation of 1 is pro-
posed in Scheme 2. In the presence of an acid, hydroxy-
pyrazole 13, an enol, reacted with the aldehyde to give
I1. As previously reported by Loudon in a mechanisti-
cally similar system,'® the next step was the addition
of chloride to the aromatic ring with subsequent rearo-
matization in acidic media providing the N-hydroxy-
isoxazoline derivative IV.!! This step was consistent
with the observation that 5-substituted nitrobenzalde-
hydes did not react or react poorly with hydroxypyraz-
oles, since the addition site was blocked by the
substituents at that position. Ring opening of IV pro-
duced nitroso intermediate V, which was subjected to
intramolecular addition of the hydroxypyrazole to give
the tricyclic system VI. Finally, intramolecular cycliza-
tion of VI, proton abstraction at the benzylic position
of VII, and subsequent dehydration of VIII would form
the desired pyrazoloquinolone product 1 (path A).

Table 1. Enzymatic and cellular activity of analogs with aromatic ring

modifications
O CF3 O
Cl_~ { R {
R NN NN
OH OH
9 12
Compound R JNK1 Pc-Jun
ICsp (LM) ICsp (uM)
1 — 1.22 >30
2 — 0.98 16.4
10 — 0.92 >30
9a 5-Cl >10 NT?
9b 7-Cl 5.14 >30
9c 8-OMe >10 NT?
9d 7-N(Me), >10 NT?
12a H >10 NT?
12b Ph >10 NT?
12¢ 1 H-Pyrazol-3-yl >10 NT?

# Compounds with enzymatic ICss greater than 10 pM were not tested
in the cellular assay.

Scheme 2. Proposed mechanism for the formation of 9-hydroxypyrazolo[3,4-b]quinolin-4-one 1.
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Alternatively, proton abstraction at the benzylic posi-
tion could occur first, followed by rearrangement to give
VIII directly, which then lead to the formation of the fi-
nal product 1 (path B).

All the compounds were tested in our JNK1 enzymatic
inhibition assay as well as a cell-based assay measuring
inhibition of TNFa stimulated phosphorylation of
c-Jun in HepG2 cells.!? The effect of different substitu-
tion on the phenyl ring was studied first, and these
results are summarized in Table 1. Analog 12a, in which

Table 2. Enzymatic and cellular activity of 9-(alk)oxy analogs

(0] (0]

| N | N
v Y
14 15

Compound R JNK1 ICs5p (uM)  Pc-Jun ICsq (UM)

1 H 1.22 >30
14a Me 4.59 19.4
14b Et 2.78 10.6
14c¢ Pr 543 5.6

14d i-Pr >10 NT?
14e Cyclopentyl >10 NT?
14f Bn >10 NT?
15 — >10 NT?

# Compounds with enzymatic ICsgs greater than 10 uM were not tested
in the cellular assay.
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chlorine was replaced with hydrogen, was not active
against JNK1, whereas there was only a slight decrease
in activity when chloride was replaced with bromide
(10). However, replacement of chlorine by an aryl group
at the same position gave only inactive compounds
(12b,c). Most analogs (9a-9d) with substitution at the
5, 7, and 8 positions of the ring were inactive as well.

The role of the N-hydroxyl group was investigated
next. As summarized in Table 2, O-alkylated analogs
generally maintained or slightly decreased (2- to 4-fold)
binding potency when R was small alkyl groups (14a—
14c, Table 2), whereas bulky R group resulted in com-

COOH NHBoc
o) 1.CICO,EVELN 0
Cl { 2 NaNg N
| N 3.'BuoH N
NN N \
OH OH
7i not obtained
(0]
N
RN O

o \

actual product:16
JNK1 ICg = 0.29 pM
Pc-Jun IC5y = 0.85 uM

Figure 2. Cell permeable JNK inhibitor 16.

Table 3. Enzymatic and cellular activity of analogs with C-1 and N-3 modifications

o

R1

Cl {
| N
N N

OH R?
7

Compound R, R, JNKI1 ICsq (uM) Pc-Jun 1Csq (M)
1 Me Me 1.22 >30
Ta Et Me 0.96 32
7b n-Pr Me 1.31 26.6
Tc n-Bu Me 0.52 >30
7d i-Pr Me 2.64 >30
Te t-Bu Me >10 NT?
7t COOMe Me >10 NT?
g 4-NH,-Ph Me >10 NT?
7h CH,CH,OMe Me 241 14.7
Ti (CH,),CO,H Me >10 NT?
7i (CH,);CO,H Me 2.74 >30
Tk CH2CH2NH2 Me 2.83 >30
il (CH,);CONHMe Me 0.75 >30
Tm (CH,),NHCOMe Me 0.78 >30
7n (CH,);NHCONHEt Me 0.50 >30
7o (CH,)>,NHCO,Et Me 0.43 >30
p Me CH,CO,H 4.41 >30
Tq Me CH,CO,Et 7.64 >30
Tr Me CH,CONHMe 8.77 >30
Ts Me CH,CH,OH 7.67 >30
7t Me Et 4.19 >30
Tu Me Ph 1.75 >30

#Compounds with enzymatic ICsgs greater than 10 pM were not tested in the cellular assay.
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Figure 3. X-ray structure of compound 1.

plete loss of activity (14d—14f). Interestingly, compounds
with small alkyl groups exhibited increased cellular
activity, especially compound 14¢ (R =Pr), which
showed an almost 4-fold improvement in cellular po-
tency presumably due to increased cell permeability in
the absence of the acidic hydroxyl proton. Removal of
the hydroxyl group yielded inactive compound 15,
indicating that the hydroxyl group may serve as a
H-bond donor within the active site of the enzyme.

A number of compounds with different substitution at
the N-1 and C-3 positions of the pyrazole ring were
also prepared and tested (Table 3). Elongation of the
C-3 methyl group to ethyl (7a), propyl (7b), and butyl
(7¢) groups appeared to have some impact on potency,
in particular 7c gave a 2.5 fold boost in JNK1 activity.
Branching at the a-carbon was not favorable, leading
to decreased JNKI1 activity or inactive analogs
(7d-7g). To further optimize the SAR at the C-3 posi-
tions, a number of ethers, acids, amines, amides, ureas
as well as carbamates were prepared (see representative
examples 7h—70 in Table 3), which yielded several po-
tent compounds with submicromolar potency. How-
ever, most of these analogs showed no or minimal
cellular activity possibly due to low ClogP values
(<1.00) which may lead to low cell permeability. On
the other hand, the effect of N-1 substitution appeared
to be less profound. A variety of substituents (7p—7u)
including carboxylates, amides, alcohols, and other
hydrophobic groups were tolerated at this position,
but the fact that all analogs exhibited similar ICsgs
seemed to suggest that it might not be a critical point
of contact with the enzyme.

We also serendipitously discovered a novel tetracyclic
analog 16, which was obtained under Curtius rearrange-
ment conditions in an attempt to convert carboxylic acid
7i to amines (Fig. 2). To our delight, compound 16
showed binding ICsy of 0.29 uM with submicromolar
cellular potency, again suggesting that the molecule is
more cell permeable in the absence of the acidic
hydroxyl proton.

An X-ray structure of 1 bound into the ATP site of
JNK1 has been obtained (Fig. 3)'3. In the crystal struc-

small specifikity
pocket |

ture, the N-9 oxygen binds to the hinge region of JNKI
via a hydrogen bond with Met 111. The chlorine of the
aromatic ring extends toward the specificity pocket,!*
thus additional interaction with the protein may result
from the substituents at C-5 and C-6, and possibly pro-
duce JNK1-selective inhibitors over JNK2 and JNK3.
On the other hand, the pyrazole ring protrudes from
the binding pocket, with N-1 and C-3 substituents
having minimal contact with the enzyme, therefore the
modification of these two positions showed minimal im-
pact on potency.

The kinase selectivity of several pyrazoloquinolinone
JNK inhibitors was evaluated as well, and they generally
showed no significant activity at 10 pM against a panel
of 81 kinases.!> These compounds were also metaboli-
cally stable, for example, 100% of parent compound 1
was recovered after 30 min incubation with human liver
microsome. The oral bioavailability for compounds 1
and 2 was 15% and 56%, respectively.'¢

In summary, we have discovered a novel series of 1,9-
dihydro-9-hydroxypyrazolo[3,4-b]quinolin-4-ones as
JNK inhibitors with submicromolar potency, good
pharmacokinetic profiles, and cell permeability. The
one-step procedure for the synthesis of 9-hydroxypyra-
zoloquinolinones greatly facilitated the SAR study for
this series of compounds. X-ray crystal structure data
suggest that further extension at the C-5 or C-6 position
of the aromatic ring, or core modification of this ring to
introduce H-bond acceptors may lead to more potent
and selective JNK inhibitors.
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Abstract—MOE-Dock (Docking software) was used to predict the binding modes of 10 novel and potent 5-substituted ami-
no-2,4-diamino-8-chloropyrimido-[4,5-b]quinolines (compounds I-X) as part of our antimalarial drug development pro-
gramme. This was done by analyzing the interaction of these compounds with the active sites of 11 enzymes present in
Plasmodium falciparum and based on this, effective binding was observed to enzyme P. falciparum glutathione reductase
(PfGR). The binding scores for compounds I-X with PfGR were also congruent with their antimalarial activity. Three addi-
tional analogs were then designed and synthesized based on the above docking study and the pharmacophoric requirements

for this class.
© 2006 Elsevier Ltd. All rights reserved.

Malaria is a serious health problem and according to the
recent report of WHO, there are one million deaths and
500 million new cases due to malaria annually, predom-
inantly attributed to Plasmodium falciparum." More-
over, drug resistance is a serious problem in malaria
and it can be attributed to the use of single drug (mono-
therapy) for treatment and to the adaptation of the
malarial parasite by developing alternate pathways for
survival. Hence, the present strategy for new drug devel-
opment is directed towards identifying essential enzyme
systems in the parasite and developing potent molecules
to inhibit them.

In our previous publication,” we had presented the
development of a novel series of 5-substituted amino-
2,4-diamino-8-chloropyrimido-[4,5-b]quinolines  based
on pharmacophoric studies and six out of ten com-
pounds were found to be active when evaluated in vivo
in mice by Rane’s test (Table 1).

In this report, we present the extension of the work
on the above series of compounds wherein we carried
out docking studies with 11 enzymes reported to be

Keywords: MOE-Dock; Pyrimidoquinolines; P. falciparum glutathione

reductase.

* Corresponding author. Tel.: +91 22 26670871; fax: +91 22
26670816; e-mail addresses: joshiadvait78@yahoo.com;
chelakara_viswanathan@yahoo.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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present in P. falciparum. Based on the results of
this study we developed additional three novel
compounds.

The crystal structures of 11 enzymes from P. falcipa-
rum were obtained from the Protein Data Bank.? The
enzymes were Dihydrofolate reductase-thymidylate
synthase (DH-TS) [1J3I], P. falciparum antioxidant
protein (PfAOP) [1X1Y], glutathione reductase (PfGR)
[IONF], lactate dehydrogenase (LDH) [ILDG],
S-adenosyl-L-homocysteine ~ hydrolase  (PfSAHH)
[1V8B], malarial purine phosphoribosyltransferase
(HGPRT) [1CIJB], plasmepsin II (PlasIl) [ISME], prop-
lasmepsin II (ProplasIl) [1PFZ], P. falciparum protein
kinase 5 (PfPKS5) [10B3], glutamate dehydrogenase
(GDH) [2BMA] and Plasmodium falciparum peptide
deformylase (PfPDF) [IRQC]. The PDB code of each
is mentioned in square brackets. All the enzyme struc-
tures were checked for missing atoms, bonds and con-
tacts. Hydrogens were added to the enzyme structures.
Water molecules and bound ligands were manually
deleted. All the computations were carried out on a
Pentium 1.6 GHz workstation, 512 MB memory with
Windows operating system and Molecular Operating
Environment (MOE 2003.02)* as the computational
software.

The above operation was repeated for each identi-
fied enzyme and then the active site was generated
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Table 1. Activity profile of the novel substituted pyrimidoquinolines

R., .R
N~ "NH,
SN
cl N/)\NH2
Compound R R, Remarks
1 H H Active (at 160 mg/kg)
I —@SOZNHz H Inactive
I N H Inactive
7\
—QSOZNH
N
v HsCO 7/ \> H Curative (at 20 mg/kg and above)
—N
HaCO
—
N
v AN H Inactive
OH
—
N
A
VI OH H Curative (at 20 mg/kg and above)
—
N
A
N
ViI H Active (at 80 mg/kg and above)
OH
N
VIII OH H Curative (at 20 mg/kg and above)

X ~CH,4

Active (at 20 and 40 mg/kg)

/\O/0><
/\O/0><

Inactive

for each enzyme using MOE-Alpha Site Finder.
MOE-Dock Box was generated around the active
site of each enzyme. The dimensions of the docking
box were manipulated so as to accommodate all the
amino acid residues present in the active site. After
construction of a docking box, the least energy con-
formers of each of compounds I-X were docked in
the active site. The energy scores of enzyme-ligand
complexes (U in kcal/mol) were recorded. Along
with the Uy scores, two additional parameters
(Predicted pK; and Andrews pK;) were measured.
Predicted pK; measures how efficiently and com-
pletely the ligand utilizes the space provided to it
for binding, while Andrews pK; is a measure of
the total space provided by the protein for ligand
binding.> Additionally, the ability of the ligand to

bind to the active site at 100 nM concentration
was measured.®

The docking energy scores (Uyoa)) indicated better inter-
action between compounds I-X and enzymes DH-TS,
PfGR and HGPRT (low values, shown in bold face)
as compared to binding with other enzymes (high
values) (Table 2).

Comparison of predicted pK; values with Andrews pK;
values (Table 3) showed enhanced occupancy of binding
space with PfGR enzyme as compared to DH-TS and
HGPRT. This was also evident from the higher pK;
H-bond values obtained with PfGR enzyme as com-
pared to DH-TS and HGPRT (Table 4). Further, the
more potent compounds IV, VI and VIII returned a
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Table 2. Docking energies (Uyoa) of various enzyme-ligand complexes
Enzyme Total MOE-Dock energy (U, in keal/mol) for compounds I-X
1 I I v A% \%! vl VIII X X
DH-TS 178.5 305.8 300.4 47.1 150.6 75.9 86.1 79.6 210.3 248.3
PfAOP 522.1 418.6 1523.1 2556.6 1819.2 56665.2 2653.8 60124.4 4191.2 4653.2
PfGR 162.2 205.9 355.9 38.1 270.8 55.7 196.3 43.2 310.6 360.2
LDH 1123.2 512.2 1258.3 1026.5 1630.1 1010.3 1475.3 1089.3 1256.3 1289.9
PfSAHH 987.6 845.2 965.2 860.5 1013.6 842.3 956.5 812.2 1320.1 1428.3
HGPRT 89.6 85.4 98.6 84.3 91.5 115.0 100.6 80.6 81.2 82.1
PlaslI 175.6 182.1 560.5 485.2 456.8 491.6 302.5 466.9 261.5 298.9
Proplasll 121.9 125.6 177.2 101.9 151.8 160.8 152.0 125.1 140.2 159.2
PfPKS5 291.7 260.6 325.2 320.7 347.4 300.9 354.8 295.4 292.5 308.2
GDH 546.3 718.6 830.2 856.4 811.8 902.6 867.8 891.4 720.5 792.6
PfPDF 1123.2 1020.4 1167.6 1424.3 1323.6 1265.9 1416.2 1532.1 1019.6 1086.2
Table 3. Predicted pK; versus Andrews pK; of compounds I-X
Enzyme Predicted pK; versus Andrews pK; of test compounds I-X
| I I v \% \%! vil Vil IX X
DH-TS 4.0/7.6 7.217.6 6.4/7.3 5.0/7.6 6.4/7.6 5.9/7.0 7.718.3 6.0/7.7 3.9/7.9 3.2/7.9
PfGR 5.6/8.3 4.2/8.0 3.8/6.4 7.2/8.6 4.9/8.3 7.9/8.9 7.1/8.3 7.5/18.9 2.6/8.1 2.1/8.1
HGPRT 2.4/5.4 2.5/5.1 2.3/5.4 3.3/6.5 2.9/5.7 2.5/7.5 2.3/6.7 2.2/7.5 2.5/6.5 2.1/6.5
Table 4. pK; H-bonds of test compounds I-X and dock_100 nM values
Enzyme pK; H-bonds of test compounds I-X and dock_100 nM values
| I 111 v v VI Vil VIII X X
DH-TS 1.6 [0] 1.5 [0] 1.7 [0] 1.4 [0] 1.5 [0] —* 1.5 0] 1.5 [0] 1.2 [0] 0.6 [0]
PfGR 1.4 [0] 2.1 [0] 2.3 0] 2.8 [1] 2.3 [0] 2.6 [1] 3.0 [0] 2.7 1] 2.1[0] 1.5 [0]
HGPRT 0.1 [0] 1.2 [0] —* 0.6 [0] 1.1 [0] 0.4 [0] —=2 0.6 [0] 0.5 [0] 0.2 [0]

#No interaction through H-bonding. ‘0’ in square brackets indicates binding above 100 nM and ‘1’ indicates binding up to 100 nM.

value of ‘1’ when binding up to 100 nM was considered
as compared to ‘0’ obtained with less active/inactive
compounds (Table 4). A representative binding mode
of compound IV with the active site of PfGR is given
in Figure 1.

Assuming that the novel 5-substituted amino-2,4-diami-
no-8-chloropyrimido-[4,5-b]quinolines act as antimalari-
als by binding with enzyme PfGR, additional three
novel analogues (compounds XI-XIII) with heterocyclic
substituents on the 5-amino position (Table 5) were de-
signed based on docking studies with PfGR and the
pharmacophoric requirements for this class. The data
of docking studies for compounds XI-XIII with PfGR
are reported in Table 6.

Synthesis of compounds XI-XIII is outlined in
Scheme 1. Reaction of o-phenylenediamine 1 with
glacial acetic acid in HCI led to the formation of
2-methylbenzimidazole 2 (mp 176 °C), which on bro-
mination with NBS in CCl, led to the formation of
2-bromomethylbenzimidazole 3 (mp 191°C). This
was then condensed with 2.4,5-triamino-8-chloropy-
rimido-[4,5-b]quinoline 4 in the presence of anhy-
drous DMF and potassium carbonate to yield

compound XI (mp 212 °C). Similarly, reaction of 1
with aqueous sodium nitrite solution in glacial acetic
acid led to the synthesis of benzotriazole 5 (mp
99 °C), which was then refluxed with dichloromethane
in the presence of sodium hydride and anhydrous
DMF to yield N'-chloromethylbenzotriazole 6 (mp
131-132 °C), which was then condensed with 4 in
the presence of anhydrous DMF and potassium car-
bonate to yield compound XII (mp 172 °C). Reaction
of thiourea 7 with malononitrile 8 in the presence of
sodium ethoxide and anhydrous ethanol gave 4,6-di-
amino-2-mercaptopyrimidine 9 (mp 310°C, dec),
which on selective methylation at 0°C for 3 h using
methyl iodide in sodium hydroxide solution led to
4,6-diamino-2-methylthiopyrimidine 10 (mp 181 °C).
Compound 10 was then condensed with 4 in the
presence of anhydrous DMF to yield compound XIII
(mp 226 °C).

The progress of all the reactions was monitored by
thin layer chromatography (TLC). All the com-
pounds were purified by silica gel column chromato-
graphy and then recrystallized. The spectral
characteristics of the compounds XI-XIII are men-
tioned in Table 5.
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Figure 1. Binding mode of compound IV with PfGR.

Table 5. Structures and spectral data of compounds XI-XIII

Compound R Yield (%)

FT-IR (cm ') and '"H NMR (9 in ppm)

H

XI ©iN/> /63
N
D)
XII N 66
o
N

NH,

XIII =N 69

\
HoN N/)\

FT-IR (KBr): 3400 (N-H stretch, amine), 3120 (C-H stretch, aromatic), 2920, 2851 (C-H
stretch, alkane), 761 (C-Cl stretch)

"H NMR (DMSO-dg): 6 2.5 (s, 2H, -NH), 3.3 (br s, 4H, 2 -NH,), 4.0 (s, 2H, -CH,-), 7.1-7.3
(m, 4H, Ar-H), 7.4-7.6 (m, 3H, Ar-H)

FT-IR (KBr): 3321 (N-H stretch, amine), 3003 (C-H stretch, aromatic), 2924 (C-H stretch,
alkane), 761 (C—CI stretch)

"H NMR (DMSO-dg): 6 2.5 (s, |H, -NH), 3.2 (br s, 4H, 2 -NH,), 4.8 (s, 2H, -CH,-), 7.3-7.5
(m, 4H, Ar-H), 7.6-7.8 (m, 3H, Ar-H)

FT-IR (KBr): 3320 (N-H stretch, amine), 3096 (C—H stretch, aromatic), 1645, 1591 (N-H
bend, amine), 1261 (C-N vibrations, amine), 763 (C—Cl stretch)

"H NMR (DMSO-dq): 6 2.7 (s, 1H, —-NH), 3.4 (br s, 8H, 4 —-NH,), 7.1-7.3 (m, 3H, Ar-H), 8.0
(s, IH, Ar-H)

Table 6. Docking studies of compounds XI-XIII with PfGR

Scores XI XII XIII
Energy, Uiora (kcal/mol) 39.9 41.9 81
Predicted pK; versus 5.9/6.0 6.1/6.4 5.1/6.5
Andrews pK;

pK; H-bonds and 2.3 1] 2.6 [1] 3.2 0]

dock_100 nM affinity

During the halogenation of 2, NBS gave better yields as
compared to the use of bromine solution or sulfuryl chlo-
ride. Moreover, the workup procedure was less tedious

and the purification procedure was simple when NBS
was used. Longer reaction time was required during the
synthesis of 6 when sodium hydroxide or potassium car-
bonate was used as bases instead of sodium hydride.

In conclusion, it can be stated that docking studies
helped in identifying the enzyme (PfGR) as the target
for binding for the novel and potent substituted
pyrimidoquinolines. This led to the development of
three additional novel 5-heteroarylamino-2,4-diamino-
8-chloropyrimido-[4,5-b]quinolines.
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glacial
acetic acid, N N Br 4, anhy. K,COj,
conc. HC[’ \> NBS, CC'_A, \> / D—>MF HN__N
N 3 h, reflux N 5h I
2 h, reflux H H
3 NH NH,
NH, XN
PN
NH, Cl N N NH,
1 Compound XI
CH,Clp, NaH, 4, anhy. K,COj3,
2h N DMF @:N\N DMF N
N / .N
aq. sodium @N' 2 h, reflux N 5h N
nitrite solution, H ¢ k
glacial acetic 5 6 NH NH,
acid NN
cl Nig N/)\NHQ
Compound XII
s sodium ethoxide, NH, NH;
+ ethanol | N CHjsl, NaOH | N
A\
H.N” >NH,  NC” “CN 0
2.5 h, reflux HN N/)\SH 3h,0°C HaN N/)\S/
7 8 9 10
6 h, reflux| 4, DMF
NH,
~ "N
|
NS
HoN N)\NH NH,
X XIN
cl N~ N/)\NHZ
Compound XllI
Scheme 1. Synthesis of compounds XI-XIII.
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Abstract—Several potent, functionally active MCHrl antagonists derived from quinolin-2(1H)-ones and quinazoline-2(1H)-ones
have been synthesized and evaluated. Pyridylmethyl substitution at the quinolone 1-position results in derivatives with low-nM
binding potency and good selectivity with respect to hERG binding.

© 2006 Elsevier Ltd. All rights reserved.

Melanin concentrating hormone (MCH) is a cyclic
19-membered orexigenic neuropeptide found in the lat-
eral hypothalamus and zone incerta that regulates feed-
ing behavior and energy expenditure in mammals.'-?
ICV injection of MCH stimulates food intake in ro-
dents® causing an increase in body weight,* whereas
mice lacking the gene encoding MCH are hypophagic,
lean and have increased metabolic rates.” Furthermore,
MCH receptor knockout mice have been shown to be
hyperphagic on regular chow yet less susceptible to diet
induced obesity and to have reduced fat mass.®’
Infusion (ICV) of MCH did not induce food intake or
obesity in the receptor knockout mice.” These pharma-
cological data suggest that oral administration of
brain-permeable MCHrl antagonists may provide a
novel therapy for obesity. Indeed, recently reported
MCHTrl antagonists from several structural types have
been reported to show in vivo efficacy in animal
models.®'* As discussed in earlier communications,
aminopiperidine benzamides'''* and coumarins'# have
been optimized from screening hits based on an
125I-MCH binding assay. For example, coumarin-based

Keywords: Obesity; MCH antagonist; Quinolone; hERG.
* Corresponding author. Tel.: +1 617 761 6811; fax: +1 617 444
1483; e-mail: chris.blackburn@mpi.com

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.044

4-aminopiperidine 1 was identified as a potent MCHrl
antagonist (ICs5p=2nM in the binding assay and
28 nM in a functional assay measuring inhibition of
MCH-mediated Ca®" release) and proved to be effica-
cious in rodent weight loss models.!* However, even
the most attractive compounds from these series in
terms of both potency and pharmacokinetics required
surprisingly high brain and plasma concentrations in or-
der to provide prolonged receptor antagonism in vivo.
Thus, for compound 1, plasma concentrations of the
order of 2 pg/mL (5 pM) were necessary in order to
provide comparable brain levels leading to sustained
weight loss. These high circulating plasma concentra-
tions present a safety challenge in terms of off-target ef-
fects. In consequence, improved MCHrl potency,
selectivity, and brain penetration characteristics will be
required in order to develop a safe, orally bioavailable
anti-obesity therapeutic. In particular, several com-
pounds based on analogs 1 and 2 showed severe cardio-
toxicity in anesthetized dogs.!?"'* While the mechanism
of these effects has yet to be established, we reasoned
that more potent MCHr1 antagonists would provide a
better opportunity to achieve an acceptable therapeutic
index for efficacy relative to cardiovascular effects. In
addition, it was also of interest to screen the compounds
in an assay measuring binding to the hERG potassium
channel as one predictor of cardiovascular liabilities. '
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o,

The first compounds described herein are based on the
generic structure 3'® which has clear similarities to our
earlier series in that the quinolone (systematically, 1-
alkylquinolin-2(1 H)-one) core serves as a replacement
for the coumarin ring system and also provides a config-
urationally restrained version of the ortho-amino benz-
amide'® series. We have developed synthetic routes
placing emphasis on derivatives substituted at the
1- and 3-positions thereby exploring space not readily
accessed in series 1 and 2. In addition, we have also pre-
pared related compounds based on the quinazoline-
2(1H)-one ring system (4).

We began by developing synthetic routes to quinolin-
2(1H)-one derivatives 3 that permit ready variation
at the 1-, 3-, and 6-positions. In one such route
(Scheme 1), several N-substituted anilines were pre-
pared, coupled to mono-z-butylmalonate in the presence
of EDCI, and the products, 5, cychzed to 6 by treatment
with P205 17 In some instances (R* = Me) condensation
of the aniline with malonic acid afforded 6 directly. 4-
Hydroxyquinolin-2(1 H)-ones (6) were activated toward
nucleophilic substitution by conversion to the corre-
sponding triflate and then allowed to react with a pro-
tected 4-aminopiperidine to give 7. Deprotection
followed by reaction with the appropriate benzyl or
cinnamyl halide afforded 3a-3j (Table 1). 3-Substituted

NH, NH
v "

OH
Rzm f

NS0 m

R3

6

Scheme 1. Reagents and conditions: (a) For R®=-CH,Ar: ArCHO, CH,Cl,, AcOH, NaBH(OAc)s, 25°C, 3 h, 60-94%; (b) For R =

c
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o

s

derivatives 3k—3o0 (Table 2) were synthesized according
to Scheme 2. Thus, 6-chloroisatoic anhydride was treat-
ed with malonic ester in the presence of base to give 4-
hydroxyquinolin-2(1H)-one 8a. Conversion to the corre-
sponding tosylate followed by reaction with 1-piperonyl-
4-aminopiperidine and subsequent N-methylation gave
3n. A similar malonate condensation was conducted
with an N-methylated isatoic anhydride and the product
treated with pyrrolidine to give 8b, which was then con-
verted to 30. The 3-cyano analogues were obtained via
coupling methyl 2-amino-5-chlorobenzoates with cyano-
acetic acid followed by cyclization to give 9. Conversion
of 9b to the corresponding chloride followed by reaction
with the appropriate 1-benzyl-4-aminopiperidine affor-
ded 31 and 3m. Treatment of 9a with POCI; afforded
2,4-dichloroquinoline derivative 10'® which underwent
nucleophilic displacement with 1-piperonyl-4-aminopi-
peridine; subsequent acid hydrolysis afforded quinolone
3k.

Formal replacement of the 3-methine of the 1-alkylquin-
olin-2(1 H)-one series with the N-atom affords the qui-
nazoline-2(1H)-one series of compounds 4. The
synthesis of these analogs began with the ortho-lithiation
of N-Boc-4-chloroaniline'® followed by amidation with
t-butylisocyanate. Upon heating, intramolecular dis-
placement of the adjacent -BuO group took place

R2 \@\ LCOOtBu d
N"o
R
5 3

_R!
N

(0]

Jk

Me:

i—EtOCOCI, DIEA, DMAP, THF, 25 °C, 70-85%; ii—LiAlH,4, THF, 60 °C, 60-70%; (c¢) HOOCCH,COOBu, EDCI, CH,Cl, 25 °C, 3 h, 60-85%;
(d) P,Os, MeSO;H, 100 °C, 15 min, 50-71%; (¢) CH,(COOH),, POCl;, 25°C, 16 h, 20-25%; (f) i—NaH, Tf,NPh, MeCN, 50 °C, 1 h; ii—1-
carbethoxy-4-aminopiperidine, MeCN, 100 °C, 7 h, sealed tube, 50-84%; (g) i—HBr, HOAc, sealed tube, 110 °C, 1 h; ii—ArCH,Br, NaCO;, DMF,

25°C, 16 h, 40-80%.
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Table 1. MCHrl binding affinity and functional activity of quinolin-2(1H)-one compounds
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R? 8
Compound R? R? R! MCH binding MCH FLPR hERG binding
IC50 (l’lM) IC50 (HM) Ki (HM)
3a Cl H " > 4+1 26+2 112+6
=
3b al Me “/V\© 10+2 88 + 4 3042
3 al Me O 541 1007 258
Q
3d MeO Me " > 3£1 20+3 778 £ 15
o
Q
3e CHF,0 Me " > 542 4t4 >2000
o
Q
3f CF; Me " ) 342 104 +21 1800 + 100
o
Q
3g al Bn V&A@[ > 08+0.1 0+5 280+ 12
o
TS = a
3h Cl \ > 1.1+0.1 29+5 355£30
N\ e
3 al Y 09+0.1 55410 88+7
%
N Q
3 a %/\Ej KA@[ > 12402 2047 550 £ 40
7 o

affording 11. Alkylation of the N-1 lactam, followed by
acid induced removal of the z-butyl group, gave the qui-
nazoline-2,4(1 H,3 H)-diones 12.2° Treatment of 12 with
POCI; gave the corresponding 4-chloro-compounds
which were converted to the final products, 4, under
comparable conditions to those used in the quinolone
series. In order to probe conformational effects in the
diamine moiety, a bicyclic alternative to the 4-aminopi-
peridine linker was also investigated (Scheme 4). Hydro-
genation of N-carbethoxy-4-tropinone (13) afforded the
endo-alcohol, which was converted to the mesylate 14,
then subjected to Sn2 displacement with sodium azide
followed by hydrogenation (H,, Pd/C) to provide the
exo-amine 15. The endo-stereoisomer 16 was accessed
via hydrogenation of oxime 17.2! Representative quinaz-
oline-2-(1 H)-ones 4g-i (Table 3) were then synthesized
from the tropane-based amines 15 and 16 in a manner
analogous to Scheme 3.

Compounds were screened in a binding assay for
MCHrl using receptor obtained from human neuronal

IMR 32 cells’® and for functional antagonism of
MCH-mediated Ca’>" release.”® Binding potencies of
compounds at the hERG potassium channel®* were
also determined?®® and data are compiled in Tables
1-3. In the l-alkylquinolin-2(1H)-one series (3) substi-
tutions at the piperidine 1-position and the 6-position
of the quinolinone ring led to similar trends as in the
coumarin'* and benzamide series.!?>!'3 Thus, with chlo-
rine at the 6-position potent MCHrl1 binding was ob-
served when the piperidine N-1 substituents were
piperonyl (3a), cinnamyl (3b), and naphthyl (3¢) with
potencies improved slightly compared to their couma-
rin counterparts'* (Table 1). In addition to chloro,
other small hydrophobic groups at the 6-position such
as alkyl (not shown), alkoxy (3d), and the fluorinated
derivatives 3e and 3f conferred high potency. The rel-
ative potencies in the functional assay were in good
agreement with the binding data. In general, high
potency (30-800nM) in the hERG binding assay
was also observed but this was significantly reduced
for the latter two compounds.
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Table 2. MCHrl1 binding affinity and functional activity of 3-substituted quinolin-2-(1 H)-ones and quinazoline-2-(1H)-ones
1 1
H.
N HN
4
1
N~ 0 ’&o
R3 3 4

6
.
3 N
R
Compound R? R* R! MCH binding MCH FLPR hERG binding
ICs (nM) ICso (nM) K; (nM)
o)
3k H CN %ACE > 1543 20+ 1 420 £ 30
o
3l Me CN “ 1242 194 + 116 >2,000
o)
3m Me CN = > 24+4 69+9 >2000
o
%y Q
3n Me COOMe > 97 £33 452 £ 39 1440 £ 150
o
0 o)

30 Me R)L,\D %ACE > 16£7 53+3 >2000
g

4a Me “ 742 72411 160 £ 15
Q
4 Me Q&ACE > 91 47+5 360 % 15
d
“lq_L X
4c Me D 1242 66+3 1750 % 100
N
4d CH,CF; “ 542 6249 150 + 5
0
de CH,CF, A= > 241 29+ 4 445+ 30
o
% Q
4 n-Pentyl 1243 50+ 12 135+ 15

Compounds N-methylated at the I-position (R*) were
found to have comparable potency to the unsubstituted
compounds (see for example 3a and 3¢, Table 1 and 3k
and 31 of Table 2). Other alkyl groups (not shown) as
well as benzylic groups (compound 3g, for example)
were well tolerated. Particularly noteworthy were the
pyridyl-methyl moieties which imparted a boost in
potency suggesting that these compounds can access
an additional receptor binding pocket not available to
their coumarin counterparts. These analogs (3h-3j) all
exhibited approximately 1 nM binding affinities but, in
general, their functional activity was not improved to
the same degree possibly due to impaired cell permeabil-
ity. In addition, hERG ion channel binding remained
unacceptably high (Table 1). Substitution of the 3-posi-
tion (R*) with electron-withdrawing groups resulted in
approximately 2- to 5-fold losses in MCHIr binding

potency and significant lowering of the hERG binding
potency provided the quinolone nitrogen was alkylated
(Table 2 compounds 31-3n).

Replacement of the quinolin-2(1 H)-one ring system with
quinazoline-2(1 H)-one did not adversely affect MCH
binding potency (compare, for example, 4a with 3c)
but the hERG binding profile was not improved. How-
ever, substitution of the piperidine N-1 position by a
quinolyl group (compound 4c) resulted in a considerably
improved (140-fold) MCH11/hERG selectivity. At the 1-
position, alkyl and fluoroalkyl substituents were well
tolerated (for example, compounds 4d and 4e). Even
compounds bearing aliphatic groups with multiple de-
grees of freedom such as n-pentyl (4f) retained low nano-
molar MCH binding potency and further illustrate the
steric tolerance at this site. In addition, locking the
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Scheme 2. Reagents and conditions: (a) Mel, Na,COs3;, DMF, 25°C, 16 h, 78%; (b) Dimethylmalonate, NaH, DMF, 120 °C, 3 h, 47-55%; (c)
Pyrrolidine, DMF, 130 °C, 1 h, 90%; (d) TsCl, DIEA, MeCN, 25 °C, 75-85%; (e) 1-piperonyl-4-aminopiperidine, DIEA, DMF, 50 °C, 8 h, 60-65%;
(H) NaH, Mel, DMF, 25 °C, 8 h, 40%; (g) HOOCCH,CN, EDC, THF, 16 h, 60%; (h) NaOMe, MeOH, 60 °C, 2 h, 70%; (i) POCls, 90 °C, 1 h, 30—
70%; (j) 1-benzyl-4-aminopiperidine, DIEA, DMF, 75 °C, 2 h, 55-60%; (k) 1 N HCI, THF, 70 °C, 24 h, 50%.
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Scheme 3. Reagents and conditions: (a) -BuLi, THF, —78 to —20 °C,
2 h; then tBuNCO, —20 to 70 °C, 12 h, 98%; (b) i—RI, NaH, DMF,
25°C, 3 h, 80-90% or CF3CH,OTf, CsCOs3, MeCN, 50 °C, 48 h, 50—
65%; ii—HBr, HOAc, 25 °C, 3 h, 95%; (c¢) i—POCI;, DIEA, 100 °C,
4 h, 45-75%; ii—1-carbethoxy-4-aminopiperidine, Et;N, DMF, 50 °C,
12h, 25-55%; iii—HBr, HOAc, 100°C, sealed tube, 2h; iv—
ArCH,CI, Et;N, DMF, 50 °C, 24 h, 55-80%.

conformation of the diamine linker in the case of
bridged diamines 4g-4i afforded potent compounds in
the binding and functional assays but again no signifi-
cant improvements in hERG selectivity could be
achieved. The exo-stereochemical configuration resulted
in the more potent compounds in the MCHrl binding
assays (compare 4g and 4i, Table 3).

Pharmacokinetic analyses of representative members of
the 1-alkylquinolin-2(1H)-one and quinazoline-2(1H)-

one series were conducted (Table 4). While oral admin-
istration of compounds 3h and 3m from the former
series and 4b from the latter provided comparable
plasma levels to those achieved by related benzam-
ide'>!3 and coumarin'* compounds, brain permeation
was considerably lower. Compound 3h exhibits the
highest brain levels but the C,,, value is 2-fold lower
than that of efficacious coumarin 1 and the AUC is
some 6-fold lower. The low brain/plasma AUC ratios
(0.29 or less) imply that any efficacious dose will result
in a considerable concentration of compound remain-
ing in the systemic circulation with consequent cardio-
vascular risk. Hence, despite their superior potencies
in vitro, it is unlikely that this compound class will
provide anti-obesity agents with an improved efficacy
and/or safety window compared to the benzamide
and coumarin derivatives that we have described
previously.2°

In conclusion, quinolone and quinazolinone MCHrl
antagonists have been designed, synthesized, and their
potency, selectivity, and PK properties determined. Sev-
eral compounds from these series are considerably more
potent than their coumarin'* and benzamide!*!> coun-
terparts and in some cases exhibit sub-nanomolar
MCHr1 binding potency and >500-fold selectivity with
respect to hERG binding. However, these properties
are compromised by relatively low MCHIr functional
activity and poor brain penetration in the DIO mouse,
following oral dosing.
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Scheme 4. Reagents and conditions: (a) H,, RaNi, EtOH, 70 °C, 12 h, 95%; (b) MsCl, Et;N, CH,Cl,, 25 °C, 2 h, 88%; (c) NaN3, DMF, 100 °C, 5 h,
100%; (d) Ha, Pd/C, MeOH, 1 atm, 12 h, 25 °C, 73%; (¢) NH,OH-HC, Na,CO;, EtOH, H,0, 80 °C, 1 h; 80%; (f) H,, PtO,, MeOH, HOAc, 25 °C,
50 psi, 48 h, 75%.

Table 3. MCHr1 binding affinity and functional activity of quinazoline-2(1H)-ones with bicyclic amine linkers

o L L0

RS
Compound R} Diamine MCH binding ICso (nM) MCH FLPR ICs, (nM) hERG binding K; (nM)
N
4g Me 9t4 53+6 540 + 50
H NH
N/L%L -
4h CH,CF; 4+1 317 120 + 20
H NH
N}l h
4i Me 68 24 136+ 6 310 £ 20
HN H
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32 cells (MCH ECsg = 62.0 £ 3.6 nM). All values are mean
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It is unclear why these compounds exhibit less
desirable brain permeation properties than earlier

series. For the compounds listed in Table 4, the
respective calculated Slog P and polar surface areas are
3h (5.1, 67.8), 3m (3.8, 77.8), and 4b (3.9, 66.4). These
properties are not atypical for compounds that pass
the blood-brain barrier. Moreover, compounds 3h, 3m,
and 4b were found to have moderate to high perme-
abilities in PAMPA and Caco assays (with no evidence
that the compounds are efflux substrates). It did not
prove possible to conduct receptor occupancy experi-
ments in vivo. Thus, it is unclear why such high total
brain concentrations of MCHI1r antagonists, relative to
in vitro potency, are required in order to observe
efficacy'>'* though high binding to brain lipids is one
possibility.





		Identification and characterization of  amino-piperidinequinolones and quinazolinones as MCHr1 antagonists

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

science (hoinzer:

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 2765-2768

Three anti-tumor saponins from Albizia julibrissin

Lu Zheng,*® Jian Zheng,® Yuying Zhao,* Bin Wang,* Lijun Wu® and Hong Liang™*

4School of Pharmaceutical Sciences, Peking University Health Science Center, Beijing 100083, People’s Republic of China
Department of Natural Products Chemistry, Shenyang Pharmaceutical University, Shenyang 110016, People’s Republic of China

Received 30 November 2005; revised 19 January 2006; accepted 2 February 2006
Available online 28 February 2006

Abstract—Three new triterpenoid saponins, julibroside J,9 (1), julibroside J3q (2), and julibroside J3; (3), were isolated from the stem
bark of Albizia julibrissin Durazz. (Leguminosae) by using chromatographic method. Their structures were established by spectro-
scopic methods. Compounds 1, 2, and 3 displayed significant anti-tumor activities in vitro against PC-3M-1E8, HeLa, and MDA-
MB-435 cancer cell lines at 10 uM assayed by SRB and MTT methods.

© 2006 Elsevier Ltd. All rights reserved.

The stem bark of Albizia julibrissin (Leguminosae) has
been recorded in Chinese Pharmacopocia as a sedative
drug and an anti-inflammatory for treating swelling
and pain of the lungs, skin ulcers, and wounds.! In the
previous research, the novel and complex triterpenoid
saponins with cytotoxic activities were isolated and iden-
tified.>3 On our continuing study, three minor saponins
obtained from the n-BuOH soluble part of the hot water
extract from the stem bark of A. julibrissin showed sig-
nificant inhibitory activity in vitro against human tumor
cell lines. Isolation* of the active extract led to the sepa-
ration of compounds 1, 2, and 3. Their structures,
named julibroside J»9 (1), julibroside J3o (2), and julibro-
side J3; (3), were determined by NMR spectra, including
'"H-'H COSY, HSQC, and HMBC techniques.> Com-
pounds 1, 2, and 3 displayed significant anti-tumor
activities against PC-3M-1E8, MDA-MB-435, and
HeLa cancer cell lines in vitro at 10 uM assayed by
SRB and MTT methods.

Julibroside J,9 (1), white powder, gave positive Molish
reaction and Liebermann—Burchard reaction. The UV
spectrum showed a maximum absorption at 216 nm.
ESI-TOF-MS showed the quasi-molecular ion peak at
miz 1939 [M+H+K]". Upon acidic hydrolysis with
2.0 M HCI, 1 gave an acacic acid lactone unit, which
was identified with an authentic sample, and compound

Keywords: Albizia julibrissin; Julibroside J,o; Julibroside J3o; Julibro-

side J3;; Anti-tumor activity.

* Corresponding author. Tel.. +86 10 82801592; fax: +86 10
82801592; e-mail: nmechem@bjmu.edu.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
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1 also gave glucosamine hydrochloride, glucose, xylose,
fucose, rhamnose, arabinose, and quinovose, which
were identified by co-TLC with authentic samples.® Its
"H NMR spectrum showed seven methyl signals at o
0.92 (3H, s), 1.01 (6H, s), 1.06 (3H, s), 1.14 (3H, s),
1.16 (3H, s), and 1.87 (3H, s), one olefinic proton signal
at 0 5.57 (1H, br s), and sugar proton signals at ¢ 3.5—
6.0. '*C NMR spectrum showed two olefinic carbon
signals at ¢ 123.0 and 143.3, suggesting that 1 was an
oleanane type triterpenoid saponin. One- and two-
dimensional NMR techniques permitted assignments
of 'H and '>*C NMR signals of 1 (Table 1). In a compar-
ison of the '*C NMR signals for aglycone of 1 with
those of known saponin prosapogenin-10 (4, Table 1),’
all signals due to the aglycone of 1 were almost superim-
posable with those of 4, indicating the aglycone of 1 was
same as that of 4, which was acacic acid (3, 160, 21f3-
trihydroxyolean-12-ene-28-oic acid) and its 3, 21-hy-
droxy groups and 28-carbonyl group carried a sugar
moiety, respectively. '2)C NMR spectrum gave eight
anomeric carbon signals at § 95.6, 99.3, 101.8, 103.3,
104.7, 105.7, 106.9, and 111.0, four methyl carbon sig-
nals at 6 17.2, 18.9, 18.8, and 23.6, a carbonyl signal
at 6 170.1, and a typical amide carbon signal at ¢ 57.9.
Eight anomeric proton signals at ¢ 4.83 (1H, d,
J=8.0Hz), 498 (1H, d, J=7.5Hz), 502 (1H, d,
J=8.5Hz), 507 (1H, d, J=6.5Hz), 532 (1H, d,
J=17.5Hz), 587 (1H, s), 6.03 (1H, d, J = 8.0 Hz), and
6.26 (1H, br s) were assigned by direct correlation from
HSQC spectrum. In the HMBC spectrum, the correla-
tions were observed between 6 2.10 (3H, s), 8.9 (NH),
and ¢ 170.1, indicating the presence of an acetamido
sugar. Based on the '"H and '*C NMR data of 1, the
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Table 1. >*C NMR chemical shifts for compounds 1-3 (py-ds) Table 1 (continued)
Carbon 1 2 3 4 5 6 Carbon 1 2 3 4 5 6
Aglycon 5 78.2 78.0
C-1 38.7 39.3 389 38.7 6 61.9 62.3
2 26.5 26.6 26.9 26.6
fuc (1 — 6) glc
3 88.8 88.8 88.5 88.2 1 103.3 103.4 103.4 103.1 103.2
4 393 394 39.6 394
2 82.0 82.0 82.3 81.9 82.0
5 55.9 56.0 56.0 55.8
3 75.2 75.4 75.4 75.2 75.2
6 18.6 18.4 18.6 18.5
4 72.5 72.2 72.6 72.0 72.4
7 33.6 33.6 33.6 33.4
5 71.2 71.1 71.4 71.0 71.0
8 40.1 40.1 40.1 40.0 6 172 172 173 170 172
9 47.1 47.1 47.1 47.0 ’ ' ' ' ’
10 37.0 37.1 37.1 36.9 xyl (1 — 2) fuc
11 23.7 23.8 23.8 23.8 1 106.9 107.2 107.0 106.7 106.8
12 123.0 123.1 123.0 122.9 2 75.4 75.9 76.4 75.6 76.3
13 143.3 143.3 143.4 143.2 3 78.0 78.5 77.6 77.8 77.8
14 42.0 42.0 42.0 41.8 4 70.8 70.8 70.4 70.6 70.6
15 35.8 359 359 35.7 5 67.1 67.1 67.2 67.0 67.0
16 73.9 73.9 73.9 73.7
C-28
17 15516 SL6 513 glc’1 95.6 95.7 95.7 95.5 95.5
18 40.9 40.8 40.9 40.8
2 76.8 76.8 76.8 78.9 78.9
19 47.8 479 47.9 47.7
3 78.1 78.1 71.0 76.9 76.8
20 354 354 354 353
2 76.8 76.8 76.8 76.5 4 71.7 71.3 71.9 71.6 72.0
’ ’ ’ ’ S 78.9 79.0 78.9 78.2 78.2
22 36.3 36.4 36.0 36.2 6 61.9 625 625 62.4 626
23 28.1 28.1 28.1 28.0 ’ ' ' ' ’
24 170 172 169 170 tha (1 — 2) gl”
25 15.8 15.8 15.9 15.7 1 101.8 101.8 101.8 101.6 101.7
26 17.3 17.3 17.2 17.2 2 70.5 70.5 70.7 70.3 70.3
27 27.2 27.3 27.3 27.1 3 82.1 82.2 82.0 78.7 78.8
28 174.4 174.4 174.4 174.3 4 79.0 79.1 79.0 84.2 84.2
29 29.1 29.2 29.2 29.0 5 69.1 69.2 69.2 69.0 69.0
30 19.1 19.1 19.1 19.0 6 18.9 18.9 18.9 18.7 18.7
MT? glc” (1 — 3) rha
C-1 167.5 167.5 167.5 167.4 1 105.7 105.8 105.9 105.5 105.5
2 133.7 133.8 133.7 133.5 2 75.4 75.2 75.2 75.0 75.0
3 145.3 145.2 145.3 145.3 3 78.3 78.2 71.9 78.0 77.9
4 23.5 23.6 23.6 234 4 71.3 71.9 71.2 71.1 71.1
5 40.8 41.0 40.8 40.7 5 78.3 78.7 78.2 78.2 78.2
6 79.4 79.6 79.5 79.4 6 62.7 62.8 62.8 62.6 62.6
7 144.0 144.0 143.4 143.8 (1— 4) th
8 1148 1150 1148 1147 afa (i — 4 rha
e D e
10 23.5 23.7 23.7 26.6 : ’ ) ’ :
3 78.0 78.4 78.3 78.2 78.2
C-21 qui xyl 4 85.4 85.5 85.4 85.2 85.2
1 99.3 100.4 99.3 99.1 100.9 5 62.5 62.9 62.8 61.8 61.8
2 754 753 755 753 759 - —
3 78.3 78.5 78.3 780 78.8 MT, monoterpenoid acid moiety.
4 77.0 71.2 76.8 76.7 72.0
5 72.5 67.1 72.1 72.4 67.4
6 18.8 18.9 18.7
) anomeric configurations of the sugar moieties were
Sugar (C-3) ; fi i f 1 2 2
glc or gle-2-NHAc determl.ned as B-configuration for glucose, -deoxy-2-
1 1047 1048 1049 1065 104.7 acetamidoglucose, fucose, xylose, and'qumol\gose, and
5 57.9 57.9 82.8 755 82.6 a-configuration for rhamnose and arabinose. “C NMR
3 75.8 75.9 76.9 78.2 76.8 spectrum of 1 showed four olefinic carbon signals at o
4 722 7.5 71.8 71.4 71.5 133.7, 145.3, 144.0, and 114.8, an o, B-unsaturated car-
5 714 715 71.1 71.3 71.4 bonyl carbon at § 167.5, and a methylene carbon at ¢
6 699 694 698 698 69.6 56.2, '"H NMR spectrum showed methyl proton signal
SSSH lzg'é 1;22 at 6 1.49 (3H, s), methylene proton signal at ¢ 4.70
3 ’ : (2H, s), olefinic proton signal at ¢ 7.03 (1H, t,
gle’ (1 —2) gle J=17.5Hz), and a group of one-substituted olefin pro-
1 105.7 105.5 ton signals at 6 6.17 (1H, dd, J=18.0, 11.0 Hz), 5.14
2 75.9 75.7 (1H, d, J=11.0 Hz), and 5.35 (1H, d, J = 18.0 Hz), indi-
i ;?; ;?? cating 1 had one monoterpene moiety. The linkages

among aglycone, sugars, and monoterpene moieties
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were determined on the basis of HMBC experiments
(Fig. 1). When the 'H and '*C NMR signals of 1 were
compared with those of 4, the '"H and *C NMR data
of monoterpene moiety of 1 were in agreement with
those of 4, and sugar signals were similar to those of
4, except for the appearance of 2-deoxy-2-acetamidog-
lucopyranosyl signals linked to C-3 instead of glucopyr-
anosyl signals. Therefore, the structure of 1 was
determined as  3-O-[B-pD-xylopyranosyl-(1 — 2)-B-D-
fucopyranosyl-(1 — 6)-p-p-2-deoxy-2-acetamidogluco-
pyranosyl]-21-O-[(6S)-2-trans-2-hydroxymethyl-6-meth-
yl-6-O-B-D-quinovopyranosyl-2,7-octadienoyl]-acacic
acid-28-0-B-p-glucopyranosyl(l — 3)-[a-L-arabinofur-
anosyl-(1 — 4)]-a-L-rhamnopyranosyl-(1 — 2)]-B-p-
glucopyranosyl ester. Compound 1 was a new saponin,
named julibroside Jo.

Julibroside J3¢ (2), white powder, gave positive Molish
reaction and Liebermann—Burchard reaction. ESI-
TOF-MS showed the quasi-molecular ion peak at m/z
1904 [M+H+NH4]". Upon acidic hydrolysis with
2.0 M HCI, 2 gave an acacic acid lactone unit, which
was identified with an authentic sample, and 2 also fur-
nished glucosamine hydrochloride, glucose, xylose,
fucose, rhamnose, and arabinose, which were identified
by co-TLC with authentic samples. In a comparison of
the '*C NMR signals for aglycone and monoterpene
moiety of 2 with those of 1 (Table 1), all signals due
to the aglycone and monoterpene moiety of 1 were
almost superimposable with those of 1, indicating that
the aglycone and monoterpene moiety of 1 was same
as that of 1. In the '>*C NMR spectrum, the sugar signals
of 2 were similar to those of 1, except for the appearance

of xylopyranosyl signals instead of quinovopyranosyl
signals. The xylopyranosyl signals in 2 were in agree-
ment with those of (65)-menthiafolic acid-6-O-B-p-xylo-
side (5)% (Table 1), indicating that the xylose can be
determined to be linked at C-6 of the monoterpenoic
acid attached at C-21 of aglycone. Thus, the structure
of 2 was established to be 3-O-[B-pD-xylopyranosyl-
(1 — 2)-B-p-fucopyranosyl-(1 — 6)-p-p-2-deoxy-2-ace-
tamidoglucopyranosyl]-21-O-[(6S)-2-trans-2-hydroxy-
methyl-6-methyl-6-O-B-pD-xylopyranosyl-2,7-octadie-
noylJ-acacic  acid-28-O0-B-p-glucopyranosyl(1 — 3)-[o-
L-arabinofuranosyl-(1 — 4)]-a-L-rhamnopyranosyl-
(1 — 2)]-B-p-glucopyranosyl ester. Compound 2 was a
new saponin, named julibroside J3.

Julibroside J3; (3), white powder, gave positive Molish
reaction and Liebermann—Burchard reaction. The posi-
tive ESI-TOF-MS showed the quasi-molecular ion peak
at m/z 2021 [M+H]". Upon acidic hydrolysis with 2.0 M
HCI, 3 gave an acacic acid lactone unit, which was iden-
tified with an authentic sample, and 3 also afforded glu-
cose, xylose, fucose, rhamnose, arabinose, and
quinovose, which were identified by co-TLC with
authentic samples. In a comparison of the '*C NMR
data of 3 with those of 1, all signals due to the aglycone,
monoterpene moiety and sugar moieties attached at C-
21 and C-28 in 3 were in agreement with those in 1.
The sugar signals linked at C-3 in 3 were similar to those
of 1, except for the appearance of two glucose signals in-
stead of 2-deoxy-2-acetamidoglucose signals (Table 1).
The '3C NMR data of the sugar moieties attached to
C-3 of the aglycone were identical with those of pros-
apogenin-8 (6).” Thus, compound 3 was elucidated as

Julibroside Ja (1)
Julibroside J3 (2)
Julibroside J3; (3)
Prosapogenin-10 4)
Prosapogenin-8 (6)

Figure 1. The structures of 1-6 and the HMBC of 1-3.

NHAc Me OH
NHAc H OH
O-glc Me OH
OH Me OH
O-glc Me H





2768 L. Zheng et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2765-2768

Table 2. The inhibitory rate to cancer cell lines (10 M)

Cancer cell lines PC-3M-1E8 MDA-MB-435 HeLa HL-60 BGC823 Bel-7402
1 85.37 84.47 94.90 25.35 52.90 67.14
2 84.98 75.68 91.65 25.59 46.66 57.49
3 80.85 80.41 83.48 39.33 15.16 46.61

Table 3. The inhibitory rate to cancer cell lines (10 uM)

Cancer cell lines PC-3M-1E8 Bel-7402 HelLa
Adriamycin 91.61 51.26 76.96
1 81.40 50.37 87.75
2 75.96 61.87 92.19
3 94.71 44.34 64.33

3-0-{B-p-glucopyranosyl-(1 — 2)-[3-p-xylopyranosyl-(1 —2)-
B-p-fucopyranosyl-(1 — 6)]-B-p-glucopyranosyl}-21-0O-
[(6S)-2-trans-2-hydroxymethyl-6-methyl-6-O-B-D-qui-
novopyranosyl-2,7-octadienoyl]-acacic  acid-28-O-B-p-
glucopyranosyl(l — 3)-[a-L-arabinofuranosyl-(1 — 4)]-
o-L-rhamnopyranosyl-(1 — 2)]-B-D-glucopyranosyl ester.
Compound 3 was a new saponin, named julibroside J3;.

Julibroside J,9 (1), julibroside J3o (2), and julibroside J3;
(3) showed marked inhibitory activities against PC-3M-
1E8, MDA-MB-435, and HelLa cancer cell lines in vitro
at 10 uM assayed by SRB and MTT methods (Tables 2
and 3).
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Abstract—Several acyclic and macrocyclic polyamines were evaluated for their ability to cleave DNA. 1,7-Dimethyl-1,4,7,10-tetra-
azacyclododecane (DMC) could hydrolyze double-strand DNA at a concentration of 25 uM. pH 7.2 was the optimal condition to
cleave DNA in the presence of DMC. Supercoiled DNA hydrolytic cleavage by DMC was supported by the evidence from free

radical quenching and T4 ligase ligation.
© 2006 Elsevier Ltd. All rights reserved.

Small molecules that interact with DNA through recog-
nition, binding, modifying, cleaving or crosslinking have
attracted great interest and been a challenging project in
the research fields of chemistry, biology, and medicine.
Like natural enzymes, artificial nucleases can hydrolyze
DNA, and therefore these nucleases have been devel-
oped for application in DNA manipulations and as po-
tential chemotherapeutic agents. It was reported that
interaction of certain synthetic DNA hydrolytic agents
with metal ions promotes the hydrolysis of DNA.? Mac-
rocyclic polyamines were found to be potential artificial
nucleases and have been widely investigated.> ® Further-
more, certain complexes with transition metals such as
Co(III), Zn(11), and Cu(II) actually exhibited the ability
of hydrolytically cleaving DNA, while the free ligands
were reported not to have similar activity.>

Saturated tetraazamacrocycles (e.g., 1,4,7,10-tetraazacy-
clododecane, cyclen, and 1,4,8,11-tetraazacyclotetrade-
cane, cyclam) and their derivatives have been studied
as carrier of metal ions in anti-tumor®*’ and imaging
applications® and as anti-HIV agents.” Recently, Cor-
ey’s group found that the introduction of lipophilic side
chains to the macrocyclic polyamines could result in the
increase of activity because the lipophilicity should facil-
itate the transport of the macrocycles into the cell.'® Our

Keywords: Macrocyclic polyamine; DNA cleavage; Ligation.
* Corresponding authors. Fax: +86(27)87336380; e-mail addresses:
chemoliangf@yahoo.com.cn; xzhou@whu.edu.cn

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.01.106

group found that metal complexes of macrocyclic poly-
amines could cleave DNA and introduce apoptosis of
cancer cells.*># It turns out that the mechanism of
interaction between macrocyclic polyamines and DNA
or RNA should be studied in detail. Komiyama’s group
has investigated the efficacy of oligoamines, especially
ethylenediamine, as simple catalyst for RNA hydroly-
sis.!! Recently, interaction of macrocyclic polyamines
and acyclic polyamines with DNA was studied in our
group. To our surprise, we found that the free macrocy-
clic polyamine, 1,7-dimethyl-1,4,7,10-tetraazacyclod-
odecane (DMC, Scheme 1), can hydrolyze double-
strand DNA at physiological conditions (37 °C, pH
7.2). Herein, we report our preliminary results of this
investigation.

Cyclen, DMC, and TMC (tetramethylcyclen) were
synthesized according to the literature!” and stored as

NH HN
— HzN\/\N/\/NH2
HoN NH, H NH HN
ethylenediamine diethylenetriamine e
Cyclen
N/ \ N/ \ /
[N HNj [N Nj
NH N N N
/D SN/
DMC TMC

Scheme 1. Structures of polyamines.
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hydrobromide salts. These salts were dissolved in deion-
ized water when required for biological assay. Co, Cu,
Fe, and Zn concentrations in deionized water and buffer
solutions were measured by an Agilent 7500a inductively
coupled plasma mass spectrometer (Agilent, Japan) sys-
tem, and their concentrations all were lower than 1 pg/
L.!3 The DNA cleavage chemistry of DMC was evaluat-
ed under physiological conditions (37 °C, pH 7.2) as
compared with ethylenediamine, diethylene triamine, cy-
clen, and TMC controls (Fig. 1). The results indicated
that DNA could be degraded to form linear DNA in
the presence of DMC and TMC. Even by decreasing
the concentration of DMC to 25 uM, DNA was still
cleaved (Fig. 2). In order to avoid any effect due to resid-
ual metal contamination in sample, metal chelator
(1 mM EDTA) was introduced to the system. No evi-
dence indicated that inhibition of DNA cleavage was
observed in the presence of EDTA (Fig. 3). Notably,
catalytic cleavage of DNA was successful only by N-al-
kylated macrocycles (DMC and TMC), whereas oligo-
amines and cyclen were inert. This could be due to the
binding affinity between macrocycles and DNA, either
through electrostatic or hydrophobic binding modes.'*
The results also indicated that DMC was the most po-
tent cleaving agent for DNA and that two kinds of ami-
no residues might play a dominant role in
phosphodiester degradation.>!!

The pH-dependence and Kkinetic rate constants by the

time-dependence of DMC cleaving DNA in the pH
range 6.1-9.1 at 37 °C (Figs. 4a and b) were studied.

ccc

Figure 1. Agarose gel (1%) of pBR322 (0.12 pg) incubated for 2 h at
pH 7.2 (10 mM Tris-HCl) and 37 °C with different samples: lane 1,
control; lane 2, ethylenediamine 4 mM; lane 3, diethylenetriamine
4 mM; lane 4, cyclen 0.4 mM; lane 5, DMC 0.4 mM; lane 6, TMC
0.4 mM.
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line
cee

Figure 2. Agarose gel (1%) of pBR322 (0.12 pg) incubated for 2 h at
37°C and pH 7.2 (10 mM Tris—HCI) with increasing DMC concen-
trations: lane 1, control; lane 2, 0.025 mM; lane 3, 0.05 mM; lane 4,
0.2 mM; lane 5, 0.4 mM.
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Figure 3. Agarose gel (0.8%) of pBR322 (0.12 pg) incubated for 2 h at
37°C and pH 7.2 (10 mM Tris-HCI): lane 1, control; lane 2, 1 mM
EDTA; lane 3, 0.4 mM DMC + 1 mM EDTA; lane 4, 0.4 mM DMC.
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Figure 4. (a) Agarose gel (1%) of pBR322 (0.12 pg) incubated for 2 h
at 37 °C with 0.4 mM DMC in different pH: lane 1, pH 6.1 (KH,PO4-
K,HPO, 10 mM); lane 2, pH 6.8 (KH,PO4,~K,HPO, 10 mM); lane 3,
pH 7.2 (Tris-HCI1 10 mM); lane 4, pH 7.8 (Tris-HCI1 10 mM); lane 5,
pH 8.3 (Tris—=HCI 10 mM); lane 6, pH 9.1 (Tris=HCI 10 mM); (b) pH-
dependent kinetic profile for DNA cleavage promoted by DMC where
[DMC] = 0.2 mM.

pH 7.2 was the optimal condition to cleave DNA in
the presence of DMC. Potentiometric equilibrium mea-
surements suggested that [HDMC]" and [H,DMCJ]**
were the most important species in the wide pH range
1.5-10,'%2 and the reaction of DNA cleavage perhaps
was related to H,O molecules activated by protonated
DMC.

To investigate the mechanism of DNA cleavage promot-
ed by DMC, hydroxyl radical scavengers (10 mM glyc-
erol and DMSO) and singlet oxygen scavenger
(10 mM NaNj3) were introduced to the system. No evi-
dent inhibition of DNA cleavage was observed in the
presence of scavengers (Fig. 5), which suggested that
hydroxyl radical or singlet oxygen oxidative cleavage
might not occur in the reaction. Therefore, DNA cleav-
age promoted by DMC might not occur by an oxidative
pathway but takes place probably by a hydrolytic
pathway.

Further experiments support this assumption. It is well
known that in DNA hydrolytic cleavage 3’-OH and 5'-
OPO; (5-OH and 3’-OPO;) fragments remain intact

oc
line
cce

Figure 5. Agarose gel (1%) of pBR 322 (0.12 pg) incubated for 2 h at
37 °C and pH 7.2 (10 mM Tris—HCI) with 0.4 mM DMC and different
scavengers: lane 1, DNA control; lane 2, DMC control; lane 3, 10 mM
NaNj; lane 4, 10 mM glycerol; lane 5, 10 mM DMSO.
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M(bp} 1 2 3 4 5

23130 —
5416 —

6557 —
4361 —

Figure 6. Agarose gel (1%) for ligation of pBR322 DNA linearized by
DMC: lane 1, AHindIIl DNA markers; lanes 2 and 3 pBR322 DNA
linearized by EcoRI without and with T4 DNA ligase; lanes 4 and 5
pBR322 DNA linearized by DMC without and with T4 DNA ligase.

and that these fragments can be enzymatically ligated
and end-labeled.'> We tried to recover the linear DNA
from an agarose low melting point gel by cutting off
the gel fragment and subjecting it to the DNA recover-
ing system, the linear DNA recovered was then subject-
ed to overnight ligation reaction with T4 DNA ligase.
The result after electrophoresis (Fig. 6) indicated that
the pBR322 DNA that was linearized by DMC could
be ligated nearly 100% just like the linear DNA medi-
ated by EcoRI. This suggests that the cleavage of
DNA by DMC could be a hydrolysis that takes place
by a reaction similar to that of the natural enzyme
EcoRI.

In conclusion, we have discovered that the free macrocy-
clic polyamine DMC can cleave DNA without metal
ions and the cleavage mechanism involved hydrolysis.
Further confirmation and the detailed mechanism are
currently under investigation.

Acknowledgments

Financial support for this work was provided by the
National Science of Foundation of China (No.
20272046), National Science Fund for Distinguished
Young Scholars (No. 20425206). We thank referees for
their critical comments on the manuscript. We thank
gratefully Prof. Bin Hu and Dr. Man He for assistance
with the ICP-MS measurements.

References and notes

1. (a) Pogozelski, W. K.; Tullius, T. D. Chem. Rev. 1998, 98,
1089; (b) Burger, R. M. Chem. Rev. 1998, 98, 1153; (c)
Armitage, B. Chem. Rev. 1998, 98, 1171; (d) McMillin, D.
R.; McNett, K. M. Chem. Rev. 1998, 98, 1201; (e) David,
S. S.; Williams, S. D. Chem. Rev. 1998, 98, 1221; (f)

10.

11.

12.

14.
15.

Rajski, S. R.; Williams, R. M. Chem. Rev. 1998, 98, 2723;
(g) Aoki, S.; Kimura, E. Chem. Rev. 2004, 104, 769.

(a) Liu, C.-L.; Wang, M.; Zhang, T.-L.; Sun, H.-Z. Coord.
Chem. Rev. 2004, 248, 147; (b) Mancin, F.; Scrimin, P.;
Tecilla, P.; Tonellato, U. Chem. Commun. 2005, 2540; (c)
Yang, P.; Ren, R.; Guo, M.-L.; Song, A.-X.; Meng, X.-L.;
Yuan, C.-X.; Zhou, Q.-H.; Chen, H.-L.; Xiong, Z.-H.;
Gao, X.-L. J. Biol. Inorg. Chem. 2004, 9, 495.

(a) Dixon, N. E.; Geue, R. J.; Lambert, J. N.; Moghaddas,
S.; Pearce, D. A.; Sargeson, A. M. Chem. Commun. 1996,
1287; (b) Hettichand, R.; Schneider, H.-J. J. Am. Chem.
Soc. 1997, 119, 5638.

(a) Kong, D.-Y.; Meng, L.-H.; Ding, J.; Xie, Y.-Y.;
Huang, X.-Y. Polyhedron 2000, 19, 217; (b) Liang, F.; Wu,
C.-T.; Lin, H.-K.; Li, T.; Gao, D.-Z.; Li, Z.-Y.; Wel, J.;
Zheng, C.-Y.; Sun, M.-X. Bioorg. Med. Chem. Lett. 2003,
13, 2469; (c) Liang, F.; Wang, P.; Zhou, X.; Li, T.; Li, Z.-
Y.; Lin, H.-K.; Gao, D.-Z.; Zheng, C.-Y.; Wu, C.-T.
Bioorg. Med. Chem. Lett. 2004, 14, 1901.

(a) Rossi, P.; Felluga, F.; Tecilla, P.; Formaggio, F.;
Crisma, M.; Toniolo, C.; Scrimin, P. J. Am. Chem. Soc.
1999, 121, 6948; (b) Sissi, C.; Rossi, P.; Felluga, F.;
Formaggio, M.; Palumbo, P.; Tecilla, C.; Toniolo, F.;
Scrimin, P. J. Am. Chem. Soc. 2001, 123, 3169; (c)
Boseggia, E.; Gatos, M.; Lucatello, L.; Mancin, F.; Moro,
S.; Palumbo, M.; Sissi, C.; Tecilla, P.; Tonellato, U.;
Zagotto, G. J. Am. Chem. Soc. 2004, 126, 4543.

Fry, F. H.; Fischmann, A. J.; Belousoff, M. J.; Spiccia, L.;
Briigger, J. Inorg. Chem. 2005, 44, 941.

(a) Parker, L. L.; Lacy, S. M.; Farrugia, L. J.; Evans, C.;
Robins, D. J.; O’Hare, C. C.; Hartley, J. A.; Jaffar, M.;
Stratford, 1. J. J. Med. Chem. 2004, 47, 5683; (b) Parker,
L. L.; Anderson, F. M.; O’Hare, C. C.; Lacy, S. M.;
Bingham, J. P.; Robins, D. J.; Hartley, J. A. Bioorg. Med.
Chem. 2005, 13, 2389.

(a) Liu, S.; Edwards, D. S. Bioconjugate Chem. 2001, 12, 7,
(b) Fichna, J.; Janecka, A. Bioconjugate Chem. 2003, 14, 3;
(¢) Jang, Y.-H.; Blanco, M.; Dasgupta, S.; Keire, D. A.;
Shively, J. E.; Goddard, W. A., IIT J. Am. Chem. Soc.
1999, 121, 6142.

(a) De Clercq, E. Nat. Rev. Drug Disc. 2003, 2, 581; (b)
Liang, X.-Y.; Sadler, P. J. Chem. Soc. Rev. 2004, 33, 246.
Sibert, J. W.; Cory, A. H.; Cory, J. G. Chem. Commun.
2002, 154.

(a) Yoshinari, K.; Yamazaki, K.; Komiyama, M. J. Am.
Chem. Soc. 1991, 113, 5899; (b) Komiyama, M.; Yoshi-
nari, K. J. Org. Chem. 1997, 62, 2155.

(a) Ciampolini, M.; Micheloni, M.; Nardi, N.; Paoletti, P.
J. Chem. Soc. Dalton Trans. 1984, 1357; (b) Coates, J. H.;
Hadi, D. A.; Lincoln, S. F. Aust. J. Chem. 1982, 35,
903.

. (a) Prestela, H.; Schotta, L.; Niessnera, R.; Panne, U.

Water Res. 2005, 39, 3541; (b) Yin, J.; Jiang, Z.; Chang,
G.; Hu, B. Anal. Chim. Acta 2005, 540, 333.

Jin, Y.; Cowan, J. A. J. Am. Chem. Soc. 2005, 127, 8408.
(a) Branum, M. E.; Tipton, A. K.; Zhu, S.; Que, L., Jr.
J. Am. Chem. Soc. 2001, 123, 1898; (b) Liu, C.-L.; Yu, S.-
W.; Li, D.-F.; Liao, Z.-R.; Sun, X.-H.; Xu, H.-B. Inorg.
Chem. 2002, 41, 913.





		DNA hydrolysis promoted by  1,7-dimethyl-1,4,7,10-tetraazacyclododecane

		Acknowledgments

		References and notes






ELSEVIER

Available online at www.sciencedirect.com

science (hoinzer:

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 2641-2647

Orally active thrombin inhibitors. Part 1: Optimization
of the P1-moiety

Helmut Mack,®* Dorit Baucke,? Wilfried Hornberger,” Udo E. W. Lange,**
Werner Seitz® and H. Wolfgang Hoffken®
24bbott GmbH & Co. KG, D-67061 Ludwigshafen, Germany
®BASF AG, D-67056 Ludwigshafen, Germany

Received 19 December 2005; revised 14 February 2006; accepted 14 February 2006
Available online 6 March 2006

Abstract—The synthesis and SAR of novel nanomolar thrombin inhibitors with the common backbone HOOC-CH,-D-cyclo-
hexylalanyl-3,4-dehydroprolyl-NH-CH,-aryl-C(=NH)NH, are described together with their ecarin clotting time (ECT) prolon-
gation as measure for thrombin inhibition ex vivo. The aryl Pl-moiety mimicking the arginine part of the p-Phe-Pro-Arg
derived thrombin inhibitors turned out to be a key component for in vitro potency and in vivo activity. Optimization of this
part led to compounds with improved antithrombin activity in rats and dogs after oral administration compared to the recently

launched anticoagulant melagatran.
© 2006 Elsevier Ltd. All rights reserved.

Thrombin is a glycosylated trypsin-like serine protease
generated from prothrombin by the action of a complex
of factors Xa and V, calcium ions, and phospholipids.
Thrombin has various biological functions but its main
role is to catalyze the transformation of fibrinogen to
fibrin, which is the prerequisite for thrombus formation.
Thrombin also activates factor XIII to cross-link fibrin
and to stabilize the clot, and it promotes and amplifies
clot formation by activating other clotting factors.
Thrombin plays a central role in blood coagulation
and platelet activation and is thus involved in thrombo-
embolic diseases. Therefore, inhibitors of thrombin have
long been recognized as potential therapeutic agents for
the treatment of a variety of thromboembolic disorders,
for example, deep vein thrombosis, pulmonary embo-
lism, atrial fibrillation, and thromboembolic stroke.

Over the last decades many groups spent tremendous ef-
forts in the discovery and development of low molecular
weight thrombin inhibitors.! Potent antithrombotic
efficacy after oral administration was the ultimate goal
besides selectivity versus other serine proteases,
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appropriate half-life, and an improved side effect profile
relative to warfarin. Melagatran and its double prodrug
Ximelagatran are the most advanced thrombin inhibi-
tors and have recently been launched in a number of
European countries for the prevention of venous throm-
boembolic events in elective hip or knee replacement
surgery.>? Nevertheless, it is still an open question
whether the extensive clinical use of Ximelagatran can
demonstrate a real benefit in terms of efficacy and safety
over established antithrombotic therapies with warfarin
and heparin. Safety concerns have been raised due to
elevated liver enzymes in a number of patients after
several weeks’ treatment with Ximelagatran.*

In a series of publications, we describe our efforts>° to-
wards new and potent thrombin inhibitors derived from
the D-Phe-Pro-Arg lead structure. The first part focuses
on the systematic modification of the aromatic ring A
attached to the amidine function (Pl residue) in
HOOC-CH,-D-cyclohexylalanyl-3,4-dehydroprolyl-NH-
CH,-aryl-C(=NH)NH, (cf. Fig. 1), the second part is
dedicated to the variation of the P2 position®, and the
third part describes the optimization of the P3 and P4
moiety.%°

In this paper, the SAR data and the synthesis of a num-
ber of potent thrombin inhibitors with modifications in
the P1 part are presented. It has been found that the
activity strongly depends on the nature of the aromatic
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P1

H,N” NH

Figure 1. Schematic representation of the thrombin inhibitors.

ring in the P1 position and its substitution pattern. This
can partly be explained either by electronic effects of the
different heterocycles, by favorable or unfavorable inter-
actions of the protein with heteroatoms of the heteroaryl
P1 moiety and/or by steric effects. The best compounds
were further examined in rats and dogs after oral admin-
istration, providing information regarding absorption,
metabolic stability, half-life, and antithrombin activity
in vivo.

Almost all published thrombin inhibitors with an aryl
amidine function in P1 contain a phenyl group in this
position (NAPAP, CRC 220, and melagatran).! We
investigated six- and five-membered heteroaromatic
rings as amidine bearing P1 moieties, because we expect-
ed slightly different binding modes due to the non-linear
arrangement of the ring substituents. Furthermore, the
heteroaromatic ring could modify the basicity of the
amidine function. For the following SAR discussion,
we keep the P4-P3-P2-scaffold in HOOC-CH,-
D-cyclohexylalanyl-3,4-dehydroprolyl-NH-CH,-aryl-
C(=NH)NH, constant. This part of the lead structure
has been optimized in our laboratories in parallel® to
the P1 variation efforts and is one of the most suitable
P4-P3-P2 building blocks for potent thrombin inhibi-
tors. The P1 modifications are depicted in Figure 1
and Table 1.

The optimization of the P1 scaffold was supported by
molecular modeling and by crystal structure determina-
tion of thrombin complexed with various inhibitors. All
of them revealed a similar binding mode, which is shown
in Figures 2 and 3. The cyclohexyl ring of the inhibitor is
engaged in hydrophobic interactions in the lipophilic D
pocket. The side chains of Ile174, Leu99, and Trp215
come in close contact with the cyclohexyl moiety of
D-cyclohexylalanine in 8 (4.5-4.8 A). The pyrroline
ring occupies the P pocket with contacts to Tyr60A,
His57, and Trp60D (3.6-4.3 A). The amidine group at
the pyridyl ring of the inhibitor forms strong hydrogen
bonds with the carboxylic group of Aspl189 at the bot-
tom of the S pocket in thrombin (2.7 and 2.8 A). This
ionic contact seems to be crucial for the high affinity
of the ligand to the enzyme, because deviations from
the optimal fit of the P1 moiety result in considerable
loss of antithrombin activity (cf. Fig. 1 and Table 1).
Additional hydrogen bonds are formed between the fol-
lowing residues: The carbonyl group of Ser214 and the

P pocket
Leu®9  Tyr60A Trpe0D

lle174 Ser214
N H
N

Trp215

D pocket

S pocket

H 7

Asp189

Figure 2. Schematic representation of the inhibitor 8 bound to the
active site of thrombin.

Figure 3. X-ray structure of the inhibitor 8 bound to the active site of
thrombin.

NH group of the dehydroproline amide moiety
(3.1 A), the carbonyl and amine function of p-cyclo-
hexylalanine and the_ amide and carbonyl group of
Gly216 (2.7 and 3.0 A), and the carboxylic group of
the P4 moiety and the NH group of Gly219 (2.8 A). Be-
sides the ionic interaction with Asp189, one nitrogen of
the amidine moiety also forms a hydrogen bond with the
carbonyl of Gly219 (2.9 A).

Scheme 1 depicts the general synthesis of these novel
thrombin inhibitors. Starting from b-cyclohexylala-
nine-benzylester N-alkylation with tertiary butyl bromo
acetate, N-protection with Boc,O and subsequent
hydrogenation of the benzyl group led to the P4-P3
building block 2. The derivative 2 was either directly
converted in a peptide coupling procedure with the P2-
P1 building blocks 4a or 4b to the advanced intermedi-
ates 6a and 6b, respectively, or alternatively was coupled
with the P2 moiety 3,4-dehydroproline methyl ester.
Subsequent methyl ester hydrolysis and reaction with
the P1 moieties Sa—d provided the P4-P3-P2-P1 scaffolds
6a—-d in moderate to high yield. Amidine formation
starting from 6b was achieved either in three steps via
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Table 1. Effect of various aromatic P1 moieties on the in vitro potency and in vivo activity of the thrombin inhibitors (structures depicted in Fig. 1;
A as part of NH-CH,-A-C(NH)NH,)

Compound A Thrombin-assay 1Csy (nM) ECT rat po® (s) ECT rat iv® (s)
7 @ 1.68 590 108
—N
8 @ 1.00 649 128
N=—
9 ) 512 313 104
S
10 74@)( 0.98 >800 301
1 %@X 6.40 324 81
S
12 e 2.70 639 411
S
13 f\@)( 49.1 220 74
14 7 129 >800 202
o)
15 i 1430 ND ND
=
N
16 %if 139 >800 280
N.
17 7\&?)( 44.0 166 41
S.
18 %ﬁjﬁ 50.9 540 83
19 W 33.9 395 58
—N
N.
20 %g/j( 20.8 440 102
N.
21 @ as 1370 29 33
O—N
AN
2 W 1.2 201 101
"CH,
o,
23 N 6.20 372 58
e
AN
24 W 1020 45 35
CH,
N.
2
25 N,Z)( 232 76 63
HC

(continued on next page)
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Table 1 (continued)

Compound A Thrombin-assay ICsy (nM) ECT rat po® (s) ECT rat iv® (s)
26 (e 566 ND ND
N—N
s
27 m 1.76 132 64
CH,
S
28 W( 428 97 48
el
CH,
29 W 9.88 618 82
-/
S
30 W 1080 31 32
HC  CH,
%\(/N
31 SI( 2780 ND ND
CH,
el
32 7 2.15 653 76
-/
%
33 W 57.4 ND ND
NH,
Melagatran 69.2 247 98

ND, not determined.
Typical ECT control value, 35s.

260 min after po dosing of 21.5mgkg ™"

® 60 min after iv dosing of 1.0 mg kg™ '.

QL SN L

. a)-c) 0-e) : )
: o 0 OH o N
vy T T S

1 a P
SR L

: A\
o) ‘N H A\
g) 5a-d ONTY ? R m) HO ‘N NH
ﬁ/ O%O;go o) o H/\® _— ?)(\HT N/\®ANH2
O H

| 6a-d T
h), I) 6a —= 6b —> 6cC

or i) - k) 6b—>6d —> 6e —> 6¢

7-33

Scheme 1. Synthesis of P1 modified thrombin inhibitors: Reagents and conditions: (a) 1.1 equiv ‘BuO,CCH,Br, 10 equiv K,COs3, CH;CN, rt, 3 d; (b)
1.1 equiv Boc,0, 1.02 equiv K,CO;, CH;CN, rt, 3 d; (c) Hy(1 bar), 3.8 mol% Pd as 10% Pd/C, EtOH, rt, 2 h, 83% over three steps; (d) 1.0 equiv 3,4-
dehydroproline methyl ester, 1.3 equiv PPA, 4.3 equiv DIEA, DCM, —10 °C — 0 °C, 2 h, 60%; (e) 2.0 equiv 1 N NaOH, dioxane, rt, 2 h, 94%; (f)
1.0 equiv H-3,4-dehydroprolyl-NH-CH,-aryl-R (R = CONH, 4a or CN 4b), 1.4 equiv PPA, 5.0 equiv DIEA, DCM, 0 °C — 10 °C, 3 h, 85-95%; (g)
1.05 equiv H,N-CH,-aryl-R (R = CONH, 5a, CN 5b or CSNH, 5d), 1.1 equiv PPA, 5.0 equiv DIEA, DCM, 0°C — 10 °C, 3 h, 80-95%; or
1.25 equiv HoN-CHy-aryl-C(NH)NH, (5¢), 1.0 equiv TOTU, 5.0 equiv NMM, DMF, 0°C, 1h, 45%; (h) R = CONH, (6a) — R = CN (6b):
4.0 equiv DIEA, 1.8 equiv trifluoroacetic anhydride, DCM, 0-5 °C, 2 h, 48-91%; (i) R = CN (6b) — R = CSNH, (6d): H,S, pyridine/NEt; 6:1, rt, 2 d,
63-99%; (j) R = CSNH, (6d) — R = C(NH)SCHj; (6e): 6.0 equiv CH3I, DCM, 1d; (k) R = C(NH)SCH; (6e) — R = C(NH)NH, (6¢): 1.0 equiv
NH4OAc (10% in MeOH), CH3CN, 45°C, 6 h or rt, 2d, 35-92% over two steps; (I) R = CN (6b) - R = C(NH)NH, (6¢): NH;(g), 1.1 equiv N-
acetylcysteine, MeOH, 62 °C, 9-15h, 45-81%; (m) 5 N HCl in diethylether, DCM, rt, 1 d, 83-95%.
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the corresponding thioamide 6d’ or directly by an N-ac-
etyl cysteine catalyzed reaction with ammonia.® After
protective group removal, the thrombin inhibitors 7—
33 were obtained as white or off-white solids in moder-
ate to good yield. The detailed syntheses of the final
compounds and also of their novel building blocks have
been described elsewhere.>*! The synthesis of com-
pound 8 on a technical scale based on the convergent
route has recently been reported in detail.!!

The in vitro potency of the inhibitors was determined as
an ICsq value for thrombin inhibition in a chromogenic
substrate assay (ICsy: concentration of inhibitor re-
quired to inhibit the amidolytic activity of thrombin
by 50% with S-2238 as substrate).!?> The antithrombin
activity in vivo was determined after iv or po adminis-
tration of the test compound by prolongation of the eca-
rin clotting ex vivo (ECT in rats 60 min after
21.5mgkg ' po or 1.0mgkg ' iv application of the
inhibitor). A typical ECT control value in rats was
35s. The ECT prolongation in dogs was determined

after oral administration of 4.64 mg kg~ '.1>!4

The thrombin inhibitor 7 with a phenyl ring in P1 was
already very potent, as was demonstrated by its nano-
molar ICs, value and its pronounced prolongation of
the ECT after iv and po administration compared to
melagatran'® (cf. Table 1). The pyridine derivative 8
and the corresponding phenyl compound 7 were equipo-
tent, but 8 was slightly more active in vivo. The X-ray
structure of 8! confirmed an overall excellent binding
of the compound in thrombin, as illustrated in Figure
3. A preferred orientation of the pyridyl nitrogen in
the S pocket could not be assigned based on the electron
density of the X-ray structure, but the orientation
depicted in Figure 3 avoids a close contact of the pyri-
dine nitrogen and the carbonyl oxygen of Gly219 and
is therefore more likely. Shifting the nitrogen atom of
the P1 pyridyl ring into the isomeric position (com-
pound 9) resulted in an approximately 50-fold loss of
in vitro potency, but unexpectedly only an about 2-fold
loss of in vivo activity after oral administration was
observed.

A similar sensitivity of the antithrombin activity in vitro
and in vivo was observed with compounds comprising a
five-membered heteroaromatic ring in P1. The thio-
phene compound 10 was equipotent to 8 but an unex-
pected rise in activity with an ECT prolongation of
more than 800 s (detection limit) one hour after oral
administration of 21.5mgkg ' in rats was observed.
So far, it is one of the most active thrombin inhibitors
in our series. The crystal structure of 10 with thrombin
revealed a very good fit of the inhibitor in the active site
of thrombin.!” The thiophene isomers 11 and 12 were
slightly less potent in vitro and also less active in vivo
than the 2,5-substituted thiophene 10. The five-mem-
bered aromatic ring causes some deviation from the
linear arrangement of the attached amidine and amino-
methyl moieties. In principle, this can result in two dif-
ferent orientations of the aryl amidine group within
the S pocket, influencing the amidine/Asp189 interaction
and therefore the potency of the inhibitor.

One additional small substituent (methyl, chlorine) at
the thiophene ring in 10 hardly affected the potency,
but led to a decrease in in vivo activity after intravenous
as well as oral administration (cf. 27 and 28 vs 10). On
the other hand, substituted compounds derived from
12, like 29 and 32, retained potency and activity at least
after oral administration. However, disubstitution of the
thiophene as illustrated by 30 was not tolerated.

Replacement of the thiophene by a furan ring complete-
ly changed the anticipated SAR. The 3,5-disubstituted
furan 14 was much more potent than its corresponding
isomer 13 with a 2,5-substitution pattern. As expected
the 2,3-substituted furan 15 was inactive.

The substitution pattern in the thiazole series consist-
ing of compounds 16, 17, and 18 also strongly influ-
enced the antithrombin activity. This may again be
due to the different orientation of the thiazole ring
within the S pocket. Compound 16 was one of the
most active thrombin inhibitors in this series. The
X-ray structure of 16 bound to thrombin'® revealed a
good fit of the inhibitor in the active site of thrombin,
which was very similar to that observed for compounds
8 and 10. The sulfur atom of the thiazole ring pointed
toward Gly219, avoiding an unfavorable interaction
between the thiazole nitrogen atom and the carbonyl
oxygen of Gly219, which would be expected in the
opposite orientation of P1. An ortho substituent next
to the amidine moiety in the thiazole series led to a
substantial decrease in potency (cf. 31 vs 16), which
was not observed in the thiophene series (cf. 27, 29).
The methyl group in 31 might cause an unfavorable
orientation of the P1 moiety in the S pocket, for exam-
ple, by shifting the nitrogen of the thiazole ring close to
the carbonyl oxygen of Gly219. This is in line with the
finding that a heteroaromatic residue in P1 with an
increasing number of polar atoms led to a pronounced
decrease in potency. The oxazoles 19 and 20, oxadia-
zole 21, pyrazole 24, triazole 25, thiadiazole 26, and
amino thiophene 33 showed only moderate to weak
potency and subsequently low antithrombin activity.

The N-methyl pyrroles 22 and 23 exhibited good to
moderate in vitro potency and in vivo activity. Unex-
pected was the gain in thrombin versus trypsin selectiv-
ity of 22, which has been described previously.!® This
effect was attributed to the different orientations of the
N-methyl pyrrole moieties within the S pocket. In the
complex of 22 with thrombin, the N-methyl group
pointed toward Gly219, causing a rearrangement in
the protein structure, which is better accommodated in
thrombin than in trypsin. In the case of 23, however,
the N-methyl group of the pyrrole ring pointed in the
opposite direction, as indicated by the X-ray structures
of the inhibitors 22 and 23 with thrombin.?® A similar
increase in thrombin versus trypsin selectivity was ob-
served by adding a methyl group ortho to the amidine
moiety in 10 (cf. 27 vs 10; Table 2).

These examples demonstrate that the trypsin/thrombin
selectivity of the inhibitors can be improved by modifi-
cation of the P1 aryl substitution pattern. Table 2 sum-
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Table 2. Potency of selected compounds versus thrombin and other serine proteases

Compound 1Cs5o (nM)
Thrombin Trypsin tPA Plasmin FXa

8 1.0 4.8 540 3270 1390
10 1.0 1.6 70 1240 328
14 1.3 1.9 125 1470 251
16 1.4 21 173 201 995
27 1.8 117 687 >20,000 >45,000
Melagatran 69.2 11.9 ND 3060 17,300

ND, not determined.

marizes the potency of selected thrombin inhibitors of
our series in comparison to melagatran for thrombin
and some related serine proteases. The selectivity versus
proteases like tPA, plasmin, and FXa was in most cases
good to excellent.

The encouraging in vitro results and the promising in vi-
vo data in rats prompted us to further investigate the
most potent compounds in dogs after oral administra-
tion in order to assess their gross pharmacodynamic
profile (absorption, metabolic stability, half-life, and
antithrombin activity in vivo). Melagatran was also
included in this study for the sake of comparison. The
PK/PD results indicated by the ECT prolongation are
depicted in Figure 4. A similar activity ranking of the
compounds in rats and in dogs was observed based on
their ECT prolongation after oral administration (cf.
Table 1 and Fig. 4).

Thrombin inhibitors with a five-membered heterocyclic
P1 moiety like furan 14, thiophenes 10 and 12, and thi-
azole 16 showed the highest level of ECT prolongation
(area under ECT curves) that we ever observed with this
type of compound in dogs. Their antithrombin activity
was even more pronounced than those of the corre-
sponding phenyl or pyridyl derivatives 7 and 8. The
moderate in vitro potency of oxazole 20 and thiophene
11 resulted in only moderate in vivo activity in dogs.
Additional factors influencing the oral activity of com-
pounds were their degree of absorption, volume of dis-
tribution, metabolic stability, and clearance. The
values for oral bioavailability were in the range from
35% to 60% in dogs (cf. melagatran 24%). Pyridine 8
had an oral bioavailability of 42%, a terminal half-life
of 3-6h, and a clearance of 0.5L h~'kg~'. Thiazole
16 exhibited data comparable to those of 8 with an oral

720 detection limit compound
| 7
600 i 8
o, 480 1 ——10
E 360 - ——11
1 12
240 4
| —14
120 —16
0] ——20

—— melagatran

T T T ™
180 270 360 450 24 h
Time [min] p.a.

T T
0 90

Figure 4. Effect of different P1 scaffolds on the ecarin clotting time in
dogs at a dose of 4.64 mg kg™, po (see Ref. 21).

bioavailability of 53%, a terminal half-life of 2-8 h, and
a clearance of 0.5 L h~!' kg~'. The graph in Figure 4 evi-
dently depicts the overall better performance of these
novel thrombin inhibitors compared to the reference
compound melagatran.

In summary, the aromatic ring in the amidine bearing
P1 moiety of HOOC-CH,-bp-cyclohexylalanyl-3,4-
dehydroprolyl-NH-CH,-aryl-C(=NH)NH, was opti-
mized. Five- or six-membered heteroaromatic systems
were introduced modifying the basicity of the amidine
function and the binding mode of the P1 moiety in the
S pocket of thrombin. This optimization program led
to thrombin inhibitors with improved potency, which
was strongly influenced by the nature of the aromatic
ring in Pl and by its substitution pattern. Especially
the 2,4-substituted pyridine- (8), 2,5- and 3,5-substituted
thiophene- (10 and 12), 3,5-substituted furan- 14, and
2,4-substituted thiazole-ring (16) in P1 were favorable.
The selectivity of the thrombin inhibitors versus trypsin
could be improved by additional substituents on P1 (22,
27). The overall improvement in antithrombin activity
of these inhibitors compared to melagatran was demon-
strated by the remarkably enhanced prolongation of the
ecarin clotting time in dogs after oral administration.
Selected thrombin inhibitors of this series exhibiting an
excellent in vitro and a favorable in vivo profile are very
interesting compounds for in-depth pharmacological
characterization and suitable candidates for future
development.
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Abstract—A research program is under way to develop a series of madindoline-based inhibitors targeting interleukin 6. Such inhib-
itors will have potential use in fighting a variety of diseases for which no effective therapeutic drugs currently exist. Madindoline is
no longer available from natural sources. Consequently, we have developed a purely synthetic route to ensure a supply of the com-
pound. The synthesis of a range of analogues is described, all of which were evaluated for their inhibitory activity against the growth
of IL-6-dependent 7TDI cells. From these assays, several synthetic madindoline analogues were identified as highly promising can-

didates for further development.
© 2006 Published by Elsevier Ltd.

Interleukin 6 (IL-6) is a multifunctional cytokine in-
volved in control of antibody production, T cell activa-
tion, hematopoiesis, and acute responses. Moreover,
uncontrolled IL-6 activity is known to cause various
serious diseases.! It has been reported that excess IL-6
production is closely associated with cancer cachexia,’
Castleman’s disease,® rheumatoid arthritis,* hypercalce-
mia,> and multiple myeloma.® No effective therapeutic
drugs for these diseases have been developed, but our re-
search shows that a low molecular weight compound
could be developed for therapeutic use that modulates
function of IL-6 via a new mode of action.

In 1996, we reported the isolation of the two novel
indole alkaloids from a culture broth of Streptomyces
nitrosporeus K93-0711, madindolines A (+)-1 and B
(+)-2 (Fig. 1). Both are selective inhibitors of IL-6.7-8
The biological activity profiles of (+)-1 and (+)-2 were
exceptional. Both (+)-1 and (+)-2 specifically inhibited
the growth of the IL-6-dependent MH60 cell line (ICs,
values of 8 and 30 uM, respectively), but they did not af-
fect the IL-6-independent MHG60 cell line.

Detailed biological studies of the compound have
showed that (+)-1 competitively binds to gp130, but

Keywords: Natural Products; Total Synthesis; Structure-activity

relationships.
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(+)-Madindoline A (+)-1  (+)-Madindoline B (+)-2

Figure 1. Structures of (+)-madindolines A ((+)-1) and B ((+)-2).

does not inhibit formation of the IL-6/IL-6R/gp130
complex.

Furthermore, oral administration of (+)-1 to ovariecto-
mized (OVX) mice s1gn1ﬁcantly suppressed the decrease
in bone mass and increase in serum Ca®' level after
ovariectomy. This suppression mechanism was distinct
from that of 17B-estradiol.’

Unfortunately, the scarcity of natural material has pre-
cluded further evaluation. Madindolines are no longer
available from natural sources due to mutation of the
originating bacterial strain.

Intrigued by the novel architecture, the significant 1L-6
inhibitory activity, and the scarcity of these natural
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products, we devised a process which achieved their to-
tal synthesis in 2000.'° Although the synthetic route de-
fined for the first time their relative and absolute
configurations, it did not produce enough material to al-
low extensive biological studies. We therefore developed
a more practical (i.e., scalable) total synthesis to produce
(+)-madindolines, thereby generating a source of materi-
al for further studies and biological development. Our
initial approach to (+)-madindoline synthesis has been
refined into a practical and effective route for total syn-
thesis!' (Scheme 1). The process has so far led to the
generation of over 1 g of the synthetic natural product.

In parallel with our efforts to develop a reliable source of
product for testing, we broadened our interest to include
the production of analogues. This allowed us to investi-
gate structure—activity relationship, as well as to identify
more stable madindolines which retained their ability to
inhibit IL-6.

Our strategy for synthesis of madindoline analogues fo-
cused on two distinct aspects: (1) length of the side
chains of the cyclopentene ring and (2) functionalization
of the 3a-hydroxyfuroindoline ring.

Access to the side-chain modified madindoline ana-
logues was secured by modifying the alkyl group to

D. Yamamoto et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2807-2811

the aldehyde, as depicted in Scheme 2. Thus, Wittig—
Horner reaction'? of the appropriate aldehyde with 9
produced moderate yields of the methyl allylsilane
(10a), ethyl allylsilane (10b), heptyl allylsilane (10c),
nonyl allylsilane (10d), undecyl allylsilane (10e), henei-
cosyl allylsilane (10f), and benzyl allylsilane (10g). All
were used in the synthesis of analogues (15a-g).
Although Z/E mixtures were obtained, these diastereo-
mers generated (£)-o,p-unsaturated acyl chlorides as a
single isomer (12a—g). Finally, the desired (£)-a,B-unsat-
urated acyl chlorides (12a—g) were incorporated into our
efficient and shorter synthesis system to produce the
side-chain modified analogues (15a-g) with sufficient
quantities for in vitro studies.

The growth inhibition activity of the three series (two of
them: vide infra) of analogues investigated was assayed
against IL-6-dependent 7TDI cells and the bioactivity of
the analogues compared against the natural compound.
The degree of cell growth inhibition was measured in the
presence of 10 uM of each of the tested analogues. The
level of inhibition using 10 pM madindoline A was de-
fined as 1.0. Tables 1-4 show the relative impact of the
analogues compared with madindoline A.

It is interesting to note that while the shorter and the
longest side chain analogues (Table 1, compounds 15a,

TBSO

TAS-F
— (42
ClOoC (56%)
TBSQ TMSJ:\n-Bu
HO 5
9 LDA 99% (>99% de)
N © ) " TBSO
H H %7)
(-)-3(>99% e.e.) CO,Me
()4
TBAT
_— = ()
Cloc (52%)
TMS N
n-Pr
6 8
88% (>11:1 dr)
Scheme 1. Summary of short total synthesis of (+)-1 and (+)-2.
TMS a T™MS b TMS c TMS
— . . h)i . Qi
(E10),(0)P~ “CO,Et 7 COo,Et R Scom R\ coa
9 10a (R' = CHy) (99%) 11a (R" = CHg) (99%) 12a (R' = CHj)

10b (R" = CH3CHb,) (66%)

10c (R' = CH3(CH,)e) (66%)
10d (R' = CH4(CHy)g) (99%)
10e (R" = CH3(CH,);) (85%)
10f (R! = CH5(CHy)og) (71%)

10g (R' = Bn) (57%)

12b (R" = CH3CH,)
12¢ (R' = CHg(CHa)e)
12d (R = CHy(CHy)g)
12e (R' = CHy(CH,)1o)
12f (R' = CH5(CHy)o0)
12g (R' = Bn)

11b (R = CH3CHy) (99%)
11¢ (R" = CHg(CH,)g) (99%)
11d (R = CH5(CH,)g) (58%)
11e (R! = CH3(CHyo)10) (85%)
11f (R' = CHy(CHa)o) (31%)
11g (R = Bn) (48%)

Scheme 2. Reagents and conditions: (a) NaH, DME, 0 °C; (b) KOH, EtOH-H,O0, rt; (c) SOCl,, A.
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Given the structural information (Fig. 1), this seems to
identify an oxidation at the 5-position. Indeed, it
Table 3. Activities of the acyl sector analogues appears that (+)-1 and (+)-2 are easily metabolized
30 and subsequently produce 5-hydroxy madindolines in
' 2.6 2.6 plasma. Consequently, we were concerned that the 5-ha-
2.5 ] T lo analogues might increase tolerances of oxidation in a
> . .
£ 55 | living body. We therefore focused on a careful assess-
S ment of the action of the drug. The more efficient sec-
g 1.5 10 T2 — ond-generation synthesis system we had developed
20 - caused us to examine whether we could access clinical
" o | candidate madindolines by this new method. Attain-
' 0.0 ment of this goal would involve a functionalization of
0.0 . - S - the 3a-hydroxyfuroindoline moiety (see Scheme 3).
~ ~ ~ ~

Madindoline
A (+)-1

15b, and 15f) possess no activity as compared to mad-
indoline A, the appropriately longer side-chain ana-
logues (Table 1, compounds 15¢, 15d, and 15e)
exhibited significantly greater potency.

Syntheses of the 5-halo madindolines were achieved,
accompanied by each N-halo succinimide reagent
(Scheme 4). Moreover, esterification of the 3a-hydroxyl
group was achieved by treatment with several acid anhy-
drides, DMAP, and pyridine, leading to the desired acyl
derivatives (Scheme 5).

Table 2 and 3 depict the 5-halo and the acyl sector
analogues in order of potency in comparison with the
natural compound. Although increased activity of
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15f (R = CH5(CHo)og) (27%)
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Scheme 3. Reagents and conditions: (a) LDA, THF, —78 °C; (b) TBAT, DMF, A.

16a R? = Cl (84%)
16b R? = Br (99%)
16c R2 = 1(96%)

Scheme 4. Reagents: (a) NCS or NBS or NIS, CH,Cl,.

e

QJQ@F@

O 17a(R® = CHj) (99%)
17b (R3 = CH3(CH,),) (90%)
17¢ (R® = CHgy(CH,)g) (99%)
17d (R® = Ph) (82%)

Scheme 5. Reagents: (a) (R3C0O),0, DMAP, pyridine.

5-chloro madindoline 16a was not observed, 5-bromo
and iodo madindolines (compounds 16b and 16c)
showed moderate levels of activity. The unprecedented
result would mean that enhanced activities of the 5-halo
sector analogues depend on their hydrophobicity rather
than improvement of stabilities against oxidation for
metabolism. Metabolic studies of 16a, 16b, and 16c¢

Figure 2. Structures of madindoline analogues.

would be continued in the future. Interestingly, hexano-
ate and benzoate analogues (compounds 17b and 17d)
exhibited much higher efficacy than the natural com-
pound, however, decanoate analogue (compound 17c¢)
possessed no activity.

Finally, our investigation of the madindoline series
(Fig. 2) examined the effect of stereochemistry and
parts of the system on a compound’s IL-6 inhibitory
properties. Although (—)-3, cyclopentendione 18,'3
and the inversion of stereochemistry of the 3a-furoind-
oline moiety (—)-2 do not invoke the activities as
compared to madindoline A, the reductive 3a-hydroxy-
furoindoline moiety 19 appeared to retain its
potency.

In summary, preliminary studies of the totally synthet-
ic madindoline analogues indicated enhanced activi-
ties, reinforcing initial chemical biology studies that
revealed a number of unexpected structure-activity
relationships within the madindoline class. Notably,
promising candidates 15¢, 15d, and 15e demonstrated
the importance of side chain length. The 5-halo and
some of the acyl sector analogues also exhibit en-
hanced activities. Using madindolines as a lead struc-
ture, the collection of synthetic analogues we have
produced offer promising leads to the discovery of a
series of potent IL-6 inhibitors. Further in vitro and
in vivo studies on madindoline derivatives are in
progress.

19
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Abstract—Human methionine aminopeptidase type 2 (hMetAP-2) was identified as the molecular target of anti-angiogenic agents
such as fumagillin and its analogues. We describe here the crystal structure of hMetAP-2 in complex with L-methionine and p-me-
thionine at 1.9 and 2.0 A resolution, respectively. The comparison of the structure of the two complexes establishes the basis of
enantiomer discrimination and provides some considerations for the design of selective MetAP-2 inhibitors.

© 2006 Elsevier Ltd. All rights reserved.

Methionine aminopeptidase (MetAP) is a dimetallopro-
tease that catalyzes the removal of N-terminal methio-
nine in newly formed polypeptide chains.'> MetAPs
are found in both eukaryotic and prokaryotic cells, and
two types of MetAPs are recognized from amino acid se-
quence comparisons and structural studies: type 1 (Me-
tAP-1) and type 2 (MetAP-2). MetAP activity is
essential for survival, as the removal of N-terminal initi-
ator methionines precedes post-translational modifica-
tions such as acetylation and myristoylation, which are
required for proper localization and stability of
proteins.? In prokaryotes, the deletion of the single Me-
tAP gene is a lethal event.* In yeast, the deletion of either
MetAP gene results in a slow growth phenotype, and
deletion of both types is lethal.> While the detailed bio-
logical roles of various MetAPs remain to be defined,
two independent papers have identified human methio-
nine aminopeptidase type 2 (hMetAP-2) as the molecular
target of the fungal metabolite fumagillin and its
derivatives. These epoxide-containing natural products
are potent anti-angiogenic compounds through irrevers-
ible covalent inhibition of hMetAP-2.58

Keywords: Methionine aminopeptidase; X-ray crystallography;
Enantiomer discrimination; m-Cation interaction; D-Methionine;
L-Methionine.
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Angiogenesis, the formation of new blood vessels, has
been identified as an essential step in the growth and
proliferation of cancer cells as well as a prominent fea-
ture in diabetic retinopathy, hemangiomas, arthritis,
and psoriasis.®!!

Currently, TNP-470, a fumagillin synthetic derivative, is
in clinical trials for cancer treatment. Although the abil-
ity of fumagillin and analogues to inhibit endothelial cell
growth is related to their ability to inhibit MetAP-2
activity, it is not fully established why endothelial cell
proliferation requires MetAP-2 activity. This study
was undertaken to better understand the interactions
in the binding pocket and active site of hMetAP-2 for
the design of reversible and specific inhibitors.

Lowther et al. have described structural and biochemical
studies on type 1 methionine aminopeptidase from
Escherichia coli, eMetAP-1, and these studies have pro-
vided important insights into the structure-based design
of inhibitors for this type 1 enzyme.!'”> A particularly
interesting example is their analysis of the crystal struc-
ture of eMetAP-1 in complex with the substrate-like
inhibitor  (3R)-amino-(2S)-hydroxyheptanoyl-L-Ala-L-
Leu-L-Val-L-Phe-Ome, an analogue of the natural prod-
uct bestatin.'> Those results, besides clarifying possible
reaction mechanisms for eMetAP-1, suggested that an
unnatural absolute configuration at the Co mimic of
methionine—a D- not an L-amino acid—could be incor-
porated into potent inhibitors.

In a preliminary effort to gain insight into hMetAP-2’s
binding pocket and especially to explore enantiomeric
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inhibitor binding, we carried out high-resolution crystal
structure determinations for MetAP-2 in complex with
L- and p-methionine at 1.9 and 2.0 A resolution, respec-
tively. Recombinant hMetAP-2 was expressed and puri-
fied as previously reported'® and crystals of hMetAp-2
could be grown in two days at 4 °C using the sitting
drop vapor diffusion technique.'* Lack of reproducibil-
ity in preparing hMetAP-2 crystals under the original
crystallization conditions prompted us to investigate
the protein’s stability. N-Terminal amino acid sequence
analysis was performed at the BioResource Center at
Cornell  University using pre-formed hMetAP-2
crystals'> indicating that a fragment of hMetAP-2 start-
ing at residue Gly108 is the only detectable species in
our crystals. The crystallization of this stable truncated
hMetAP-2 fragment of approximately 42 kDa is consis-
tent with the results recently reported by Yang et al.'®
In their work, analysis of full-length and truncated
hMetAP-2 shows that the deletion of the 107 N-terminal
residues from hMetAP-2 does not affect the overall
structure of the peptidase domain and does not alter
its kinetic behavior or the binding affinities of inhibitors.

Crystals of the L-Met and D-Met complexes were ob-
tained by soaking native hMetAP-2 crystals with satu-
rated solutions of the tripeptide L-Met-L-Ala-L-Ser
(purchased from Sigma) or p-methionine (purchased
from Aldrich). Data collections for the (L-Met)MetAP-
2 and (D-Met)MetAP-2 complexes were performed at
the Advanced Photon Source (APS, 14-BM-C beam
line) and the Cornell High Energy Synchrotron Source
(CHESS, F2-beam line), respectively. Data collection
statistics are shown in Table 1. Crystals of the two com-
plexes proved to be isomorphous to those previously ob-
tained and the coordinates of the native hMetAP-2,
without metals, waters or fert-butanol, were used to ob-
tain an initial set of phases. L-Methionine and p-methi-
onine molecules were clearly present in the active site, as
observed by g5-weighted 2F, — F, and F, — F. maps for
the corresponding complexes (Fig. 1). The models were

Table 1. Crystallographic data

L-Met

D-Met

Figure 1. o5-weighted 2F, — F_ electron density maps at 1.2¢ (where o
is the root mean square value of the electron density) for L-methione
(1.9 A resolution) and p-methionine (2.0 A resolution).

initially refined by rigid body refinement, followed by
several rounds of adjusting side chain rotamers for res-
idues using O, interspersed with torsion angle simulat-
ed annealing using CNS,'® and positional and individual
B-factor refinement using REFMACS5'® (Table 1).

The final model of (L-Met)hMetAP-2 complex (acces-
sion code 1KQ9Y) contains one protein molecule com-
prising residues 112-478, with two disordered regions
from residues 114-115 and 139-154, plus two metal
ions, a tert-butanol molecule, a L-methionine molecule,
and 221 solvent sites treated as water oxygens. The aver-
age B-factors for the main chain and side chains are 26.3
and 28.7 A?, respectively.

L-Methionine binds in the active site, a deep hydro-
phobic pocket adjacent to the metal sites, through a
number of different interactions (Fig. 2). One oxygen

Data collection

Ligand Cell parameters Resolution Unique

Completeness Multiplicity Rgym"

A) A) reflections (%) (%)
L-Met a=90.7,b=987,¢=101.4 50.0-1.9 33,600 94.0 3.4 4.2
pD-Met a=89.8,b=98.9, c=100.6 50.0-2.0 30,241 98.7 5.0 7.7

Refinement statistics

Data Rﬂesolution Reactor” Riree® RMS bond! Ramachandran plot statistics regions®
set (A) (0) () Loengths Angles Most Additional Generously Unallowed
(A) ©) favored allowed allowed (%) (%)
(Vo) (Vo)
L-Met  50.0-1.9 18.1 20.9 0.07 1.88 92.3 7.0 0.3 0.3
D-Met  50.0-2.0 19.1 21.8 0.09 1.41 92.8 6.6 0.3 0.3

L-Met and D-Met raw data were merged and scaled using DENZO and SCALEPACK %!

* Ryym = 2_[Io—(D)|/> "Iy, where (I), average intensity obtained from multiple observations of symmetry related reflections.
Reactor = D |Fo — F|lY_F,, where F, and F, are the observed and calculated structure factor amplitudes, respectively.

¢ Rivee = R factor calculated from 5% of the data chosen randomly and omitted during refinement.

9Root mean square deviation from ideal geometry and root mean square variation in the B factors of bonded atoms.

¢ Ramachandran plot statistics were calculated using PROCHECK >
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His331

Figure 2. Three-dimensional representation of the hMetAP-2 active
site showing the superimposition of L- and b-Met complexes.

of the carboxylate bridges the two metal centers, while
the other oxygen is hydrogen bonded to the imidazole
of conserved His339 (3.25 A) and two water molecules
(2.95 and 2.97 A, Fig. 2). In the (L-Met)hMetAP-2 com-
plex, the amino group of the methionine interacts with
the edge of the m-clectron cloud of Phe219. The distance
between the N-terminal nltrogen of L-Met NMety and
CZ is 3.0A, NMCel is 3.68 A, and NM*.Ce2 is
2.86 A, and this interaction will be addressed shortly.
This location relative to Phe219 places the nitrogen
2.38 A from metal site 1.

The side chain of L-Met is accommodated in a hydro-
phobic tunnel defined by Phe219, Gly222, TIle338,
Met384, and Ala414. The closest distance observed
between L-Met and residues that comprise the active
site is 3.6 A between SO of L-Met and CP of Ala414.
There is no significant movement of the residues
comprising the hydrophobic pocket upon L-Met binding,
which recapitulates the lack of reorganization seen on
fumagillin binding,'? and suggests that the binding pock-
et is preorganized for binding a methionine side chain.

The final model of (D-Met)hMetAP-2 complex (acces-
sion code 1KQO) contains one protein molecule com-
prising residues 111478, with a disordered loop
comprising residues 139-154, two metal ions, a tert-
butanol molecule, a b-Met and 192 solvent sites treated
as water oxygens. The average B- factors for the main
chain and side chains are 27.4 and 27.5 A2 , respectively.

The side chain of p-methionine is located in the same
hydrophobic pocket as L-methionine’s and makes
the same hydrophobic interactions. In particular, the
closest distances observed between L-Met and residues

comprising the hydrophobic pocket are 3.79 A for Sé
of L-Met (S8MY) and CPB of Phe219, and 3.94 A for
SaMet and CP of Ala414.

The carboxyl, amino, and a-hydrogen of p-methionine
must reorient relative to their locations in the L-methio-
nine complex to accommodate the change in absolute
stereochemistry (Fig. 2). The carboxylate is roughly in
the same location but with a different orientation, and
the amino and o-hydrogen switch places (Fig. 2). The
plane of the carboxylate group rotates roughly 90° while
maintaining an interaction with His339 (2.17 A) New
interactions with the conserved His231 (3.04 A) and a
water molecule (2.76 A) complete the interactions of
the carboxylate, which does not interact with the metal
sites in the p-Met complex. The amino group occupies
a new location with no n-cation interaction to Phe219,
a hydrogen bond to the side chain of Asp251 (3.02 A)
and a closer approach to the metals.

It has long been accepted that multiple noncovalent
interactions such as hydrogen bonds, salt bridges, and
hydrophobic contacts play an important role in stabiliz-
ing protein folding and protein-ligand interactions.
More recently, m-cation interactions have also been
shown to contribute to folding, stability of biological
systems, and molecular recognition process.?>2¢ Burley
and Petsko have thoroughly documented the preference
of a protonated amino group to interact with the center
of the m-electron cloud of an aromatic ring.>* More
recently, Zaric et al. proposed a variation on this inter-
action, the metal ligand aromatic cation-n interaction
(MLACHr), in metalloproteins.>> In MLACn interac-
tions, the metal interacts with the lone pair of an unpro-
tonated amino group to mimic a protonated amino
group, which then interacts with the m-electrons of an
aromatic ring. Because of geometrical constraints and
the lack of a fully protonated amino group, the interac-
tion is often to the side, not the center, of the ring.

The (L-Met)hMetAP-2 crystal structure indicates a
MLACT interaction between the amino group of methi-
onine and Phe219. Phe219, the aromatic ring identified
to take part of MLACx in (L-Met)hMeTAP-2, is con-
served in all type 2 MetAPs but not in type I MetAPs,
where Phe219 is replaced by a conserved Lys residue.

Interestingly, a comparison among the three-dimension-
al structures of other members of the aminopeptidase
family suggests that weak interactions such as hydrogen
bonds, m-cation, and others may be required for proper
recognition and positioning of their natural substrate.
For example, the structure of the (L-Met)eMetAP-1
complex reveals that besides the N-terminal interaction
to metal site 2 previously described, a threonine residue
was found to interact with the amino nitrogen of the
substrate (2.95 A, 30). Aminopeptidase P from E. coli
(eAMPP) is a proline peptidase that specifically releases
the N-terminal residue from a peptide where the next
residue is a proline.?’” As observed in MetAPs, AMPP
is activated in the presence of divalent metal ions coor-
dinating with the same conserved residues. A superposi-
tion between eAMPP and hMetAP-2 reveals that
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Phe219 is replaced by Tyr219, allowing hydrogen bond
formation with the N-terminal nitrogen from the
substrate.

In summary, the present work reveals the binding
modes of the reaction product, L-methionine and its
enantiomer D-methionine, determined by X-ray
crystallography at 1.9 and 2.0 A, respectively. These
results suggest that different absolute configurations
can be accommodated in the active site and that struc-
ture-based inhibitors exploiting both binding modes
could be considered.
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Abstract—Synthesis and SAR of orally active thrombin inhibitors of the p-Phe-Pro-Arg type with focus on the P2-moiety are
described. The unexpected increase in in vitro potency, oral bioavailability, and in vivo activity of inhibitors with dehydroproline
as P2-isostere is discussed. Over a period of 24 h the antithrombin activity of the most active inhibitors with ICsgs in the nanomolar
range was determined in dogs demonstrating high thrombin inhibitory activity in plasma and an appropriate duration of action after

oral administration.
© 2006 Elsevier Ltd. All rights reserved.

Thrombin has long been the main focus of thrombosis
research. Its role in blood coagulation and its inhibition
as a therapeutic opportunity for thromboembolic disor-
ders like deep vein thrombosis (DVT), myocardial
infarction, unstable angina, pulmonary embolism, and
ischemic stroke have been extensively reviewed.!

Although several highly potent and selective thrombin
inhibitors have been described, most of them lack suitable
oral bioavailability? and plasma half-life. The main strat-
egies'? pursued to address these problems have been to in-
crease the lipophilicity of the inhibitor and/or to reduce
the basicity of the Arg mimicking moiety. Approaches
drawing on more lipophilic inhibitors are often hampered
by substantial interspecies variations of the oral bioavail-
ability® and high plasma protein binding.* Attempts to re-
duce the basicity of the Pl-moiety led to prodrug
approaches like ximelagatran the double prodrug of the
thrombin inhibitor melagatran® which have both recently
been approved in some European countries for DVT®
despite some liver related safety concerns.’

SAR studies and optimization of our initial leads finally
resulted in the development of orally active thrombin

Keywords: Thrombin inhibitor; Anticoagulant; Factor Ila inhibitor;

Serine protease inhibitor; Amidine.
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inhibitors of the p-Phe-Pro-Arg type with an N-(carb-
oxymethyl)-D-cyclohexyl alanine unit as P4-P3-moicty
and a heteroarylamidine as Pl-moiety.® A major part
of these studies was concerned with the detailed explora-
tion of the P pocket of thrombin resulting in modifica-
tions of the P2-moiety that not only led to inhibitors
with improved in vitro potency but also with enhanced
oral bioavailability.

The following discussion will be based on structures
with the above-mentioned P4-P3-building block, 2-am-
idino-5-aminomethylpyridine as Pl-moiety and varia-
tions of the P2-moiety. A detailed discussion of the
SAR obtained by the variation of the P4-P3- and P1-
moieties has in part been reported earlier® and will be
presented separately.52P

One of the major structural differences between throm-
bin and the related serine protease trypsin is its Tyr-
Pro-Pro-Trp insertion loop at position 60. When the
natural substrate fibrinogen is bound, the constrained
P pocket is occupied by Val. Bajusz and co-workers’
introduced Pro as a P2-isostere, a building block that
was subsequently used in numerous thrombin inhibitors.
Based on these results and our own findings® we initiat-
ed the following synthesis program directed toward the
optimization of the P2-moiety.

The thrombin inhibitors were prepared by a convergent
synthesis. A representative example is depicted in
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Scheme 1.'° The dehydroproline synthesis is suitable for
scale-up.8!! The P3—P4-building block 4 was easily ob-
tained from Cha-OBn.®®" The two amide bonds of the
inhibitor were established with 1-propanephosphonic
acid cyclic anhydride (PPA)!? as coupling reagent and
the extremely mild conversion of nitrile 5 to amidine 6
did neither affect the stereocenters nor the double bond
of the pyrrolidine ring.'3

Thrombin inhibitors of the type described above with
flexible amino acid building blocks in the P2 position
exhibit good to moderate in vitro potency and weak to
moderate in vivo activity in rat (Table 1). The alanine
derivative 7 had about the same in vitro potency and
in vivo activity as melagatran'# (cf. Table 2).!>1¢ The
in vitro potency of the epimer 8 was substantially lower.
The N-methyl alanine derivative 9 was slightly more po-
tent in vitro than 7. The X-ray structure of 9 in throm-
bin revealed that the two methyl groups of the P2 unit
are engaged in favorable hydrophobic interactions in
the P pocket (cf. Fig. 1).17

The o-methyl alanine 10 and the inhibitors 11 and 13
containing a l-amino-1-carboxy-cycloalkyl building
block had only low to moderate activities. The disubsti-
tuted o-position either leads to an inhibitor conforma-
tion unfavorable for binding to the enzyme or the
additional o-substituent sterically interferes with the
van der Waals surface of the P pocket. The latter is con-
sistent with the low activity observed for p-alanine 8. An
exception is the 1-amino-1-carboxy-cyclopentyl deriva-
tive 12 that showed good potency in the chromogenic
thrombin assay, although the cyclopentyl ring came in
close contact with C3-2 of Leu99. Trp60D had to be
pushed away by 0.86 A to accommodate this P2-moie-
ty.!® The energy required for this rearrangement is
somewhat compensated by the large additional hydro-
phobic contact area between the cyclopentyl ring and
the 60 loop of thrombin (cf. Fig. 1).

Within this set of inhibitors (Table 1) N-methyl alanine 9
displayed the best in vitro potency, but did not exhibit
sufficient oral activity. Replacement of this flexible
moiety by the more rigid Pro gave the nanomolar throm-

HO,

) | 04’%
> N

N
P e O
1

Table 1. Effect of flexible P2 moieties on the in vitro potency and
in vivo activity of the thrombin inhibitors

O\ I
=z
x H | NH,
HO N SN
T(\H
o o

Compound P2 Chromogenic ECT (s), ECT(s),
thrombin assay po (rat)® iv (rat)°
ICsy" (nM)

CH,

7 ;KH)YQ 76.8 261 83
By

8 53600 .d. .d.

N " "

o
CH,

9 SNJ}ﬁi 20.2 153 75
CH, O
H,C CH,

10 ;ﬂ@%ﬁa 581 92 59
A o

11 SHX% 4090 nd. nd.
(0]

12 SN; >y 473 80 46
H (0]

13 S’\Qﬁ‘ 103 43 35
A 0]

n.d., not determined.

#See Ref. 15.

® Measured 60 min after 21.5 mg x kg™! po, see Ref. 16.
©Measured 60 min after 1.0 mg x kg~ iv, see Ref. 16.

bin inhibitor 14,%¢ which also had good oral activity
in rat (Table 2). Introduction of dehydroproline (Dhp,
compound 6) in place of Pro slightly increased the in vitro
potency and the high in vivo activity was maintained.
Although the increase in in vitro potency of the dehy-
droproline derivative compared to its proline analog is

(o] (o] (6] (o]
>k > 2
N OY L O\ iy
d) (Ir"' A CN e)-f) s (IrH Z NH,
o) N N N HO ] N N N
N N
ﬁ/ w/\ W ﬁ/ To}/\/g/ﬁo( ) TOK\H/T)( T .
4 (0] [e]
>K > P4 P3 P2 P1

Scheme 1. Convergent synthesis of a D-Phe-Pro-Arg type thrombin inhibitor. Reagents and conditions: (a) 1. 1.1 equiv NEt;, 1.05 equiv MsCl,
1 mol% DMAP, DCM, —10 to 0 °C, 2 h, 98%, 2. 2 equiv aqueous 1 N NaOH, dioxane, 0-5 °C, 2.5 h, 87%; (b) 2.7 equiv MeOCH,CH,OH, 2.5 equiv
NaH, DME, 0 °C to rt, 12 h, 52%; (c) 1. 5S-aminomethyl-2-cyanopyridine, 1.3 equiv 50% PPA in EtOAc, 4 equiv DIEA, DCM, 2. HCI, i-PrOH, 80%
(2 steps); (d) 3, 1 equiv 50% PPA in EtOAc, 4 equiv DIEA, DCM, 0 °C to rt, 95%; (e) NH3(g), 1.05 equiv N-acetylcysteine, MeOH, A; (f) HCI, H,0,
60 °C, 3 h, 45% (2 steps).
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Table 2. Effect of cyclic P2 moieties on the in vitro potency and in vivo
activity of the thrombin inhibitors

Compound P2 Chromogenic ECT (s), ECT(s),
thrombin assay po (rat)® iv (rat)°
ICsp" (nM)
14 W 32 800 104
- 0
6 W 1.8 792 138
- 0
15 % 14.8 100 54
5
=z
16 N 71.2 100 59
5
£ F
17 W 290 96 38
N
- 0
He CH,
18 442 55 37
N
- 0
19 m 31.9 229 59
e}
20° q&& 56.3 74 47
0
S
21 QM 58.4 516 49
~ 0
S
2 (N)\rﬁe 16.0 196 77
-+ 0
(0]
23 QM 288 141 64
- 0
Q
24¢ Ny 1.7 726 201
B e}
25¢ HNW 34 640 114
e}
Melagatran 69.2 247 98
#See Ref. 15.

® Measured 60 min after 21.5 mg x kg™ po, see Ref. 16.
¢ Measured 60 min after 1.0 mg x kg™ iv, see Ref. 16.
4See Ref. 21.

not significant, it was observed as a general trend in most
of the p-Phe-Pro-Arg type thrombin inhibitors studied.'®
The X-ray structure of 6 in complex with human throm-
bin?® revealed an optimal fit of the Dhp mojety in the
P pocket with distances of 3.92 A and 3.91 A from Cy
of Dhp to C3-2 of Leu99, and from Cy of Dhp to Cn-
2 of Trp60D, respectively. Ringflip of the pyrrolidine-
Cy in 14 between the two possible ring conformations
representing the two local minima of the Pro showed in
both cases unfavorable close contacts with either Leu99
or Trp60D when modeled onto the Dhp of 6 leaving

Figure 1. X-ray structure derived structures showing the orientation of
the thrombin inhibitors 9 (purple) and 12 (green) in the active site of
thrombin. The amino acids Leu99, Tyr60A, Trp60D, and His57
forming the P pocket are highlighted (yellow: complex with 9; red:
complex with 12).

the coordinates of the backbone Cp and Co unchanged
(cf. Fig. 2). The resulting conformational changes in
the protein minimize these interactions, but reduce the
binding energy of 14 since the hydrophobic contact area
of Pro is similar to that of Dhp. This effect is even more
pronounced for derivatives 15%¢ and 16 with the larger
pipecolinic and dehydropipecolinic acid moieties.>*> The
more flexible piperidine derivative 15 had a 4 times high-
er in vitro potency than the more rigid dehydropiperidine
16, which obviously required substantial conformational

Tyr60A

Leu99

Trp60D

Co-2

©e0O
ozo0

Figure 2. Orientation of the Dhp (Cy and CP in green) and Pro (Cy
and Cp in blue) moiety of thrombin inhibitors 6 and 14, respectively, in
the P pocket of thrombin based on data from the X-ray structure of the
thrombin-inhibitor complex from Dhp derivative 6 and modeling
results.
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changes in the P pocket to be accommodated. Their
in vivo activities, however, were comparable.

Inhibitors with substituents on the proline ring like fluo-
rine (17),%3 methyl (18)** or methylene (19 and 20)>> were
less potent than the parent compounds 14 and 6. The 4-
thiaproline 21 exhibited surprisingly high oral activity
compared to its moderate potency in the chromogenic
thrombin assay. The corresponding 3-thiaproline 222°
did not prolong the ecarin clotting time (ECT) to the ex-
tent as the better in vitro data would suggest. This could
be attributed to its lower metabolic stability. The 4-oxa-
proline 23?7 was less potent than its Pro analog 14. 5-aza-
dehydroproline 24°® and 5-azaproline 25%° were more
potent in vitro. To our surprise they also had a compara-
tively high oral activity indicating their good metabolic
stability. The in vivo activity after oral administration of
24 did, however, not quite match that of dehydroproline 6.

Molecular modeling studies helped to explain the ob-
served in vitro potencies. Cf of the Pro moiety in 14 forms
a van der Waals contact with C5-2 of His57 and Cy of the
Pro is located close to the benzene ring of Tyr60A.

Any substituent larger than hydrogen in these positions
therefore has a negative effect on the binding energy (cf.
18-20, respectively). Exchange of the y-methylene group
in the Pro moiety of 14 against difluoromethylene, sulfur

or oxygen (cf. 17, 21, and 23) increases the electron den-
sity in this position introducing an unfavorable interac-
tion with the n-electrons of Tyr60A leading to a loss in
potency. In the case of the 4-oxaproline 23, this effect
was especially emphasized since in solution the hydro-
philic oxygen can assumed to be hydrated. The bound
water molecule has to be removed before the oxazolidine
ring can be accommodated in the P pocket. The 3-thia-
proline 22 is not involved in such negative interactions.
Due to the larger ring size caused by the sulfur atom its
in vitro potency, however, is only comparable to that of
the slightly less potent pipecolinic acid derivative 15.

The 5-nitrogen of 5-azadehydroproline 24 and 5-azapr-
oline 25 does neither improve nor hinder the binding
to the enzyme®® because it is exposed to the solvent
and not interacting with the protein. The observed in vi-
tro potencies therefore closely resemble those of Dhp
derivative 6 and Pro derivative 14. It is worth noting
that the 5-azadehydroproline 24 was slightly more po-
tent in vitro and more active in vivo than the corre-
sponding 5-azaproline 25.

Pro 14 and Dhp 6, two of the most potent inhibitors in
this series, were chosen for preliminary pharmacody-
namic and pharmacokinetic profiling in dog. They dis-
played an oral bioavailability of 25% and 36%,
respectively (Table 3).

Table 3. Effect of Dhp versus Pro in P2 on the in vitro potency, oral bioavailability and in vivo activity of the thrombin inhibitors

(. iy
e T NH,
N N
(o]

HO
Ty
Compound A P2 Chromogenic AUC( o4, by Fora1 (%), (dog)
thrombin assay ECT meantsp X 10° (s)b
IC5o" (nM) (n=2-8) (dog)
14 7 Pro 32 74335 25
=~ _N
6 7 Dhp 1.8 185.0 + 68.6" 36
=~ _N
26 >£©>€ Pro 2.7 100.1 £26.7 34
27 >£©>€ Dhp 1.7 168.0 + 38.5" 35
28 S \ Pro 1.0 158.9 £ 70.2 48
N
29 2 Dhp 1.0 278.9 +47.4° 58
N
Melagatran 69.2 74.6 £27.7 24
#See Ref. 15.

® After administration of 4.64 mg x kg™

, po. Calculated from data depicted in Figure 3. Asterisk refers to significance (P < 0.05, calculated by

unpaired t test with Welch’s correction) in comparison to the corresponding proline analog.
¢ Calculated from the AUCs(_»4y, after iv and po administration, see Ref. 33.
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To study the effect of the Dhp P2-moiety on the in vitro
potency, oral bioavailability, and in vivo activity in
more detail, a series of thrombin inhibitors as sets of
Pro and Dhp pairs with different P1 building blocks
was prepared. The benzamidine 26°' and thienylamidine
2832 have also been described by others. For comparison
melagatran was also included in this study. The results
of the pharmacodynamic and pharmacokinetic experi-
ments are summarized in Table 3 and Figure 3.

All compounds (6, 14, and 26-29) exhibited higher
in vitro potency and in vivo activity higher than those
of melagatran. The observed ECTs in particular illus-
trate the improved oral bioavailability and antithrombin
properties of these inhibitors. In all cases, the Dhp deriv-
ative matched or surpassed the in vitro potency of the
corresponding Pro compound. For the thrombin inhib-
itors bearing a heterocyclic P1-moiety the Dhp deriva-
tives (6 and 29) showed a substantially increased oral
bioavailability in dogs compared to the Pro containing
compounds (14 and 28). In the case of the benzamidine,
the measured oral bioavailability was about the same for
both derivatives (26 and 27).

The activity after oral administration based on the
ecarin clotting time of the Dhp derivatives (6, 27, and
29) was significantly higher than that of the correspond-
ing Pro analogs (14, 26, and 28; cf. Table 3, Fig. 3). The
improvements in ECTs were much higher than the
observed differences in in vitro potency would suggest.
The cause of this remarkable effect is unknown, but
could, e.g., either be due to a higher metabolic stability
of the Dhp containing inhibitors and/or could be caused
by better active resorption of these analogs possibly
favored by the more rigid P2 isostere.

In summary, the synthesis of orally active thrombin
inhibitors of the b-Phe-Pro-Arg type with high
antithrombin potency has been described. The SAR
with respect to the interactions observed for different
P2-moieties in the P pocket of thrombin has been
discussed. The noteworthy positive effect of the
P2-isostere dehydroproline on the in vitro potency and
especially the in vivo activity after oral administration
has been highlighted.
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Figure 3. Effect of Dhp versus Pro in P2 on the ecarin clotting time in

dogs at a dose of 4.64 mg x kg™!, po.
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Abstract—Carbamate and ester derivatives of the 1,1-dioxobenzo[b]thiophen-2-ylmethyloxycarbonyl (Bsmoc) scaffold react readily
with thiols via a Michael addition at rates not significantly affected by the nature of the carboxylic or carbamic acid leaving group.
These Michael acceptors are irreversible inhibitors of the cysteine proteases papain and human liver cathepsin B, displaying first-
order kinetics with respect to inhibitor concentration. In contrast, none of the Bsmoc derivatives inhibited porcine pancreatic elas-

tase, a serine protease.
© 2006 Elsevier Ltd. All rights reserved.

The Bsmoc, 1,1-dioxobenzo[b]thiophen-2-ylmethyl-oxy-
carbonyl, group is a novel, base-sensitive amino protect-
ing group, the usefulness of which is due to deblocking
and base scavanging occurring in a single step.!>> Depro-
tection/base scavanging involve Michael addition of a
secondary amine, for example, piperidine, to form the
intermediate 2, which undergoes rearrangement to 3,
as confirmed by '"H NMR spectroscopy (Scheme 1).!
The Bsmoc strategy has been successfully used in the
synthesis of a wide range of peptides and amino acid
drug derivatives under extremely mild conditions.?™
The reactivity of 1 suggests the Bsmoc protecting group
to be a particularly attractive Michael acceptor for thiol
nucleophiles and thus a potential lead structure for the
design of irreversible cysteine protease inhibitors. Mi-
chael acceptor scaffolds, such as peptidyl vinylsulfones,
sulfonamides or sulfonates,®® have been used to design
cysteine protease inhibitors that irreversibly alkylate the
active site cysteine residue via conjugate addition.® Cys-
teine proteases represent a broad class of proteolytic en-
zymes, widely distributed among mammals, protozoa,
bacteria, and viruses that are involved in a diverse range
of physiological processes, including microorganism-—
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Scheme 1. Mechanism for the deprotection of Bsmoc-amino acids with
nucleophiles (Nu, secondary amines).

host interaction mechanisms.Unregulated proteolysis
by cysteine proteases can lead to many disease states
and thus these enzymes are important targets for design-
ing inhibitors as potential therapeutic agents.!%!!

The recent report!? of the inclusion of the Bsmoc moiety
in dihydroisoxazole inhibitors of human transglutamin-
ase 2, an enzyme believed to play a crucial role in several
pathological disorders, and that such inhibitors are
unstable in the presence of a thiol such as GSH, prompts
us to report our evaluation of the Bsmoc group as Mi-
chael acceptor for thiols and its ability to inhibit human
liver cathepsin B and papain in an irreversible manner.
Cathepsin B is a lysosomal cysteine protease that has
been implicated in rheumatoid arthritis and in the pro-
gression and invasion of tumors.'® Cathepsin B degrades
extracellular matrix components, either intracellularly
or extracellularly, thus enabling the tumor to progress.'®
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Scheme 2. Reagents: (i) RNCO (for 4a—e) or RCOCI (for 4f-h), TEA,
CH,Cl,.

Papain is a cysteine protease with a broad range of spec-
ificity, sharing sequence and structural homology with
other mammalian cysteine proteases.'3

On the basis of the known chemistry of the Bsmoc group
(Scheme 1), we rationalized that compounds 4 (see
Scheme 2) with a good leaving group (LG) would inac-
tivate papain via conjugate addition of a cysteine SH
group to form 2 (NuH = CysSH) or, by rearrangement,
3, either of which contain a second Michael acceptor
capable of reacting with a second active site nucleophile
and thus leading to irreversible inactivation.

The carbamic acid (4a—e) or carboxylic acid (4f-h)
Bsmoc derivatives were prepared in good yield by reac-
tion of 1,l1-dioxobenzo[b]thiophen-2-ylmethanol (4,
LG = OH) with the appropriate isocyanate or benzoyl
chloride, respectively (Scheme 2 and Table 1). The Leu-
i-Am, 4i, and Phe-i-Am, 4j, carbamates (Table 1) were
also prepared to probe the potential interaction of the
amino acid with the S, subsite of papain and cathepsin
B. Cystein proteases of the papain superfamily prefer
substrates with lipophilic amino acids, for example,
Phe, in the P, position.” Moreover, the Leu side chain
in the epoxysuccinyl-Leu-i-Am inactivator, E64c, has
been shown to interact with the S, subsite in papain.’
Compounds 4i,j were prepared from the corresponding
Boc-protected aminoacid N-hydroxysuccinimide ester,
5, and iso-amylamine, to yield the amides 6 (Scheme
3).1% After removal of the Boc group, the intermediates
7 reacted with 1,1-dioxobenzo[b]thiophen-2-ylmethyl
chloroformate, 8, to give 4i,j.

To assess the intrinsic reactivities of these derivatives,

and as a measure of the irreversible chemical step of

R
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S\o OCOCI

a 4ij

8

Scheme 3. Reagents: (i) Me,CHCH,CH,NH,, TEA, DCM; (ii) TFA,
DCM; (iii) 8, TEA, THF.

enzyme inactivation, we studied their reaction with
phenylmethanethiol, dithiothreoitol (DTT), and N-ace-
tylcysteine. In contrast to the reaction of Bsmoc-protect-
ed amino acids with piperidine, which leads to the
rearrangement product 3, compounds 4 undergo Mi-
chael addition with phenylmethanethiol to form 9!°
along with the corresponding amine or carboxylic acid
(Scheme 4). The second-order rate constants for 4a—d
correlate (Fig. 1) with the Hammett ¢ values for the sub-
stituents in the arylamino moiety, yielding a p value of
0.3 (*=0.91). This indicates that reactivity increases
with electron-withdrawing substituents, the relatively
low value being consistent with rate-limiting addition
of thiol to the cyclic vinylsulfone moiety rather than
the carbonyl carbon or exocyclic methylene positions.
A similar p value can be determined for reaction of
4a-d with DTT (Table 1). Furthermore, the second-
order rate constant for the reaction of 4d with N-acetyl-
cysteine (44.4 M~ s7!) is some 20 times greater than the

N\

P Ph
Sy LG St
O// [0) O/ 0]
4 9

Scheme 4. Reagents: (i) PhCH,SH, TEA, CH,Cl,.

Table 1. Second-order rate constants for the reaction of 4 with DTT (k;) and for papain inactivation by 4 (kopsa/[1])

Compound LG ke M71s7h obsa/[T] M~1s7h

Papain Cathepsin B PPE
4a OCONHC¢H,-4-OMe 4.68 2.15 0.22 NI?
4b OCONHCH; 5.68 1.24 0.46 NI
4c OCONHC¢H4-4-CF; 8.67 0.64 0.035 NI
4d OCONHC¢H,-4-NO, 9.65 NDP ND NI
de OCONHCH,CgH; 3.67 0.89 0.45 NI
af OCOCH5 7.82 2.48 0.030 NI
4g OCOC¢H4-4-OMe 7.68 0.45 0.10 NI
4h OCOC¢H4-2-OMe 7.80 1.60 0.24 NI
4i 0CO-Leu-NH-iAm 6.65 0.93 0.14 ND
4 OCO-Phe-NH-iAm 7.10 0.65 0.085 ND
Ac-Phe-NH-CH,-CH=CH-SO,M¢* 18.7

#No inhibition.
®Not determined.
°Ref. 16.
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Figure 1. Hammett plot for the reaction of Bsmoc derivatives 4a—d
with PhCH,SH at 25 °C.

corresponding value for the reaction with piperidine
(2.1 M 's™!), the reagent recommended for removing
the Bsmoc protecting group, indicating a significantly
greater reactivity of the Bsmoc scaffold with the thiol
functionality than with an amine. Additionally, there
is no major difference between the reactivity of carba-
mates 4a—e and esters 4f-h, as would be expected if reac-
tion were occurring at the ring C-3, rather than the
carbonyl, position. Indeed, the sterically hindered 2-
MeO-substituted ester 4h reacts with DTT at an almost
identical rate to that of its 4-MeO counterpart 4g (Table
1), which is also consistent with conjugate addition of
the thiol to the vinylsulfone.

The inhibitory potency of compounds 4 against papain
and cathepsin B was assessed using Kitz and Wilson’s
incubation method.!” Both Bsmoc carbamate, 4a—e and
4i,j, as well as ester, 4f-h, derivatives, were found to be
time-dependent inactivators of papain (Fig. 2) and
cathepsin B. Pseudo-first-order rate constants of inacti-
vation, k,psq values, were obtained from plots of % activ-
ity (v/vy) against time.'® For each assay, the concentration
of each Bsmoc derivative was normalized to take account
of the competitive reaction with DTT.!®!° The irrevers-
ible nature of the inactivation was shown in a routine as-
say, when no reactivation of enzyme activity was detected
even after 4d of dialysis at 25 °C.

For the enzyme inhibition experiments, due to solubility
problems at the higher values of inhibitor concentration

10°[1/M

Figure 2. Plot of the first-order rate constant, kgpsg, for the inactiva-
tion of papain 4b against inhibitor concentration.

[1], neither K1 nor kj,.e (the first-order rate constant for
the chemical inactivation step) could be determined for
papain or cathepsin B. However, the corresponding sec-
ond-order rate constants for inactivation, k> (=kjnac/ K1),
were determined from the slopes of the plots of kgpsg
versus [I] and are expressed as kopsa/[I], ranging from
0.35to 2.48 M~ ' s™! for papain (Table 1). These values
indicate that both carboxylate and carbamic acid leav-
ing groups lead to active compounds and contrast with
the value of 0.08 M ' s™! determined for the alcohol
starting material (4, LG = OH). Such 6- to 35-fold dif-
ference between the second-order inactivation constants
for compounds 4a-h, when compared to the alcohol
counterpart, can be ascribed, in part, to the increased
electron-withdrawing effect of the carbonyloxymethyl
moiety when compared to the hydroxyl substituent
(the Taft ¢" values for OCOC4Hs and OH are 2.57
and 1.34, respectively). However, the most potent papa-
in inhibitor in the carbamate series is the 4-MeO substi-
tuted compound 4a, which is ca. 3 more active than the
4-CF; analogue 4c¢. Unfortunately, introducing the Leu-
i-Am and Phe-i-Am side chains, (4i and 4j, respectively)
did not improve the inhibitory potency when compared
to carbamates and esters 4a—h. Despite being efficient
Michael acceptors, Bsmoc derivatives 4a—j are ca. 8
to 40 times less potent than vinylsulfone Ac-
PheNHCH,CH=CHSO,Me (Table 1).'®

Compounds 4 are also time-dependent inhibitors of
cathepsin B,?° but the corresponding kopsa/[I] values
are 2-80 times smaller than those for papain. The most
potent compounds in the series, 4a and 4f, are also the
most selective for papain. Interestingly, the most active
compound against papain, 4f, is the least active against
cathepsin B. As for papain, the Leu-i-Am and Phe-i-Am
side chains did not improve inhibition against cathepsin
B. The Bsmoc derivatives 4 were also tested against por-
cine pancreatic elastase (PPE),?! a serine protease, using
the dilution assay. None of the Bsmoc derivatives inhib-
ited PPE up to a concentration of 10 mM, which sug-
gests that 4 are selective inhibitors for cysteine
proteases (Table 1).

We have yet to examine the precise nature of the inter-
action of the enzyme and the Bsmoc derivatives using
mass spectrometry. However, modeling the interaction
of 4f with papain (pdb: 1PPN) using Autodock soft-
ware?? reveals the preferred conformation of the inhibi-
tor to sit in the active site such that the pro-S sulfonyl
oxygen atom forms a hydrogen bond to the NH of
Gly-66, while the benzoate moiety sits in the S, pocket
of the enzyme. This orientation presents C-3 of the ben-
zothiophene-1,1-dioxide system to the sulfur atom of
Cys-25 of the Asn-175/His-159/Cys-25 catalytic triad,
as would be expected for Michael addition chemistry
as described above (Fig. 3).

The results herein presented show that the Bsmoc scaf-
fold provides a novel and unexplored approach for
achieving cysteine protease inhibiton. The Bsmoc-
derived carbamates and esters 4 react with thiols via
conjugated addition to the cyclic vinylsulfone moiety.
This pathway is likely to be identical to that of
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Figure 3. Autodock-generated active site interaction of papain and 4f
(green). His-159 (blue) and Cys-25 (yellow) are also highlighted. Figure
generated using Pymol software: DeLano, W.L. The PyYMOL Molec-
ular Graphics System (2002) DeLano Scientific, San Carlos, CA, USA.
http://www.pymol.org.

alkylation of the active site cysteine that leads to papain
and cathepsin B inactivation.
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Abstract—A series of 2-amino-9-aryl-7 H-pyrrolo[2,3-d]pyrimidines were designed and synthesized as focal adhesion kinase (FAK)
inhibitors using molecular modeling in conjunction with a co-crystal structure. Chemistry was developed to introduce functionality
onto the 9-aryl ring, which resulted in the identification of potent FAK inhibitors. In particular, compound 32 possessed single-digit
nanomolar ICsy and represents one of the most potent FAK inhibitors discovered to date.

© 2006 Elsevier Ltd. All rights reserved.

Focal adhesion kinase (FAK) is a protein-tyrosine
kinase that is found at the sites of cellular contact and
is phosphorylated in response to cell attachment.'3
FAK plays an important role in cellular movement
and survival pathways. FAK is a potential target
for the treatment of both primary cancers and the
prevention of tumor metastasis.*’ In the previous
communication, we reported the synthesis of a series
of 7H-pyrrolo[2,3-d]pyrimidines as inhibitors of FAK.®
Among these, compound 1 exhibited submicromolar
inhibitory activity against FAK (Fig. 1). A co-crystal
structure of compound 1 with FAK was also successful-
ly obtained.® Molecular modeling based on the co-crys-
tal structure suggested that the inhibitory activity of this
series of compounds could potentially be improved by
introducing additional interactions between the K454,
D564, R550 or E502 amino acid residues of the kinase
and the inhibitor.

Our initial attempt focused on forming a salt bridge
or hydrogen bond to K454 by introducing a carboxylate
to the 8-position of pyrrolopyrimidine (7, Scheme 1).

Keywords: TH-Pyrrolo[2,3-d]pyrimidines; Focal adhesion kinase

(FAK); Molecular modeling; SAR; Kinase inhibitor.

* Corresponding author. Tel.: +1 858 332 4706; fax: +1 858 332
4351; e-mail: yhe@gnf.org
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Figure 1. Structure of pyrrolopyrimidine 1 and its complex with FAK.

Compound 7 was synthesized in six steps starting
from commercially available 3-bromo-2-oxo-propionic
acid 2.1 After a two-step conversion of 2 to methyl
enol ether ester 3,!! the corresponding vinyl stannane
4 was prepared by reaction with tributylstannyl cop-
per. Palladium-catalyzed coupling of 4 with bromo-
pyrimidine 5 gave the corresponding vinyl ether in
good yield.®!'? Treatment of the resulting vinyl ether
with hydrochloric acid furnished the pyrrolopyrimidi-
nyl ester 6, which upon saponification, led to the
desired carboxylic acid 7. Contrary to our expectation,
the appendage of the carboxy group at position 8
resulted in a complete loss of inhibitory activity
(Table 1).
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Scheme 1. Synthesis of 6 and 7. Reagents and conditions: (a)
(MeO);CH (6.0 equiv), MeOH, H,SO, (cat), reflux, 4 h; (b) p-TSOH
(cat), 210 °C, 3 h, 68% for two steps; (c) CuSnBu;, THF, —78 °C to
25°C, 3 h, 47%; (d) 5 (1.0 equiv), Pd(PPh;), (cat), toluene, reflux, 4 h,
81%; (e) HCl (3.0 N), i-PrOH, reflux, 4 h, 80%; (f) NaOH (2.0 N),
MeOH, 25 °C, 5 h, 86%.

X
N—coH

Table 1. Enzymatic ICs, against FAK for inhibitors 1-32°

Cpd  ICs (M) Cpd  ICsy (uM)  Cpd  ICsy (kM)
1 0.212 18b 1.53 231 0.983
6 >10 18¢ 5.12 23m 0.434
7 >10 18d 7.32 23n 0.882
13 3.50 18e 0.831 24a 1.81
16a 2.81 18f 1.51 24b 0.421
16b >10 18g 3.23 24c 0.117
16¢ 4.05 18h 6.50 24d 5.80
16d >10 18i 2.84 24e 0.727
16e 0.727 19 0.115 24f 1.33
16f >10 20 0.232 24g >10
16g 0.504 21 0.119 24h 0.635
16h 0.314 22a >10 24i 0.318
16i 2.82 22b 0.342 25a 0.331
17a 0.221 22¢ >10 25b 0.345
17b 0.235 22d >10 25¢ 0.063
17¢ 0.126 23a >10 25d 0.236
17d 0.063 23b 0.262 25e 0.339
17¢ 0.093 23c¢ 0.365 28a 7.55
17f 1.507 23d 0.322 28b >10
17¢g 0.038 23e 5.06 28¢ 0.182
17h 0.037 23f 4.11 28d 0.634
17i 0.035 23g 0.029 28e 0.397
17§ 2.71 23h 0.038 28f 0.278
17k >10 23i 0.073 28g 0.242
171 >10 23j 0.298 28h 0.544
18a 0.507 23k 0.054 32 0.004

We next tried to introduce a contact to either K454 or
E502 by incorporating a sulfonamide appendage on
the 9-phenyl moiety (13, Scheme 2). Compound 13
was synthesized in six steps from commercially available
sulfonyl chloride 8. Selective displacement of 5-bromo-
2,4-dichloropyrimidine with aniline 9 gave the corre-
sponding anilinyl pyrimidine 10 in good yield. Stille
coupling of the resulting 5-bromopyrimidine led to vinyl
ether 11, which was cyclized to pyrrolopyrimidine 12 in
excellent yield using hydrochloric acid. Displacement of
the chlorine in 12 with 3,4,5-trimethoxyaniline gave the
desired sulfonamide analog 13 in moderate yield. Again,
to our disappointment, sulfonamide 13 displayed signif-
icantly reduced FAK inhibitory activity relative to 1
(Table 1).

Br
N
NO, NH, /I
S0,CI ab SO.NHPr ¢ m)\\
©/SOZNHPr

8 9 10
Jd
N~ N OEt

e

N soaNHPr, \H
@ PrHN%S\@ PrHNOQS\©

13 1

MeO OMe
OMe

Scheme 2. Synthesis of 13. Reagents and conditions: (a) n-PrNH,
(1.5 equiv), Et3N (2 equiv), 23 °C, 5 h; (b) 10% Pd/C (cat), H,, EtOH,
25°C, 16h; (c) 5-bromo-2.4-dichloropyrimidine (1.0 equiv), 80%
AcOH, 50°C, 16h, 52% for three steps; (d) EtOCHCHSnBuj
(1.2 equiv), Pd(PPhs), (cat) toluene, 110°C, 1h, 83%; (e) HCI
(3.0N), i-PrOH, reflux, 4h, 90%; (f) 3.,4,5-trimethoxyaniline
(1.5 equiv), -BuOK, 1,4-dioxane, 70 °C, 8 h, 45%.

In an effort to understand why our designed inhibitors 7
and 13 were significantly less active than our lead com-
pound 1, we used molecular mechanics to study the
conformational preferences of our inhibitors. These
studies suggested that the diminished FAK inhibitory
activity might result from the compounds being
predisposed to a conformation less favorable to binding.
Specifically, the mechanics calculations suggest that the
9-pyridyl ring in 1 and the 9-aryl ring in 13 have
significantly different orientations in the ground state
(Fig. 2). The aryl ring in 13 is nearly perpendicular to
the pyrrolopyrimidine ring in contrast to the nearly
planar orientation of the pyridine ring in 1. Similar
results were obtained for compound 7. Since these
conformational changes are likely caused by the steric
hindrance created between the pyrrole moiety and the
9-aryl moiety, we decided to pursue substituents that
would minimize these interactions.

A library of analogs with various substitutions on the
9-phenyl moiety (2’, 3’ and 4’) was synthesized using
copper-mediated coupling of phenyl bromides with pyr-
rolopyrimidine intermediate 15 (Scheme 3). Consistent
with what was observed for 13, most of the analogs with
ortho substitutions (16a—16h) exhibited weak inhibitory
activity. Among these analogs, only the ester (16h) and
nitrile (16g) analogs showed 0.314 uM and 0.504 uM
1Cs, respectively. In contrast, most of the 3’-substituted
analogs (17a-171) demonstrated comparable or im-
proved inhibitory activity compared to 1 (0.212 uM).
In particular, the carboxy analogs, 17g-17i, represent
significantly improved potency, suggesting that these
pyrrolopyrimidines might have gained additional inter-
actions with the enzyme via these substitutions. The
4'-substituted analogs (18a-18i) did not exhibit any
improved activity. With this information in hand, we
prepared an additional library of 3’-substituted analogs
with various functional groups that have the potential to
form interactions with the enzyme. The nitrile analogs
(17¢ and 17d) were thus converted into the correspond-
ing tetrazoles (19-21) in good yields by treatment with
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Figure 2. Ground state conformations of 1 and 13.13

7

A
N
\ H
/<>\ /<>\OM9 /= u
14 16-18
16a: R=2"-Me 17b: R=3-CF3 171: R=3'-CH,NH,
16b: R=2'-Et 17c: R=3-CN 18a: R=4-Me
16¢: R=2-NO, 17d: R=3-CH,CN 18b: R=4"-Et
16d: R=2-NH, 17e: R=3'-(CH,),CN 18c: R=4'-nBu
16e: R=2-CH,0H 17f. R=3-CO,Me 18d: R=4"-1Bu
16f: R=2"-NHAc 17g: R=3'-CO,H 18e: R=4-SMe
169: R=2"-CN 17h: R=3"-CH,CO,H 18f: R=4'-CF3
16h: R=2-CO,Me 17i: R=3-(CHp)pCOH  18g: R=4'-NO,
16i: R=2"-CO,H 17j: R=3-SO,NHMe 18h: R=4'-CO,Me
17a: R=3'-Me 17k: R=3-NH, 18i: R=4'-CO.H

Scheme 3. Synthesis of 2,9-disubstituted pyrrolopyrimidines 16-18.
Reagents and conditions: (a) 3.4,5-trimethoxyaniline (1.5 equiv), HCI
(1.0 equiv), n-BuOH, 110°C, 4 h, 90%; (b) ArBr (1.5equiv), 1,4-
dioxane, Cul (0.1 equiv), K3PO4 (2.0 equiv), trans-1,2-diaminocyclo-
hexane (0.1 equiv), 100 °C, 5 h, 40-85%.

tributyltin azide (Scheme 4). Compared to the corre-
sponding nitriles, tetrazole 20 lost activity slightly, while
19 and 21 remained approximately equipotent.

A variety of amide analogs (22-25) were prepared from
the carboxy analogs 16i, 17g—17i by reaction with vari-
ous simple and functionalized amines (Scheme 5).
Among the ortho analogs (22a-22d), only the relatively
small methyl amide (22b) exhibited moderate activity.
While most of the analogs with substitutions at the 3’
position (23-25) have reduced potency, a number of
them (23g-23i and 23k) retained their activity. Since
all of these more potent analogs contain basic pendant
amines of various chain lengths, it is likely that they
are directed towards solvent. While these modifications
did not improve the potency, they could serve as useful
handles to modulate the physicochemical properties of
these pyrrolopyrimidines at a later stage.

N
BN
HN
Q @
MeO

OMe OMe
17¢c:n=0 19:n=0
17d:n=1 20:n=1
17e:n=2 21:n=2

Scheme 4. Synthesis of 19-21. Reagents and conditions:
(a) n-BusSnNj, xylene, reflux, 20 h, 70-82%.

_CONHR
()n

OMe

16i: 2'-CO,H

17g: 3'-CO,H

17h: 3-CH,CO,H
17i: 3'-(CHy),CO.H

22. 2'-CONHR
23: 3-CONHR
24: 3-CH,CONHR
25: 3'-(CH,),COHR
22a:

23e:R=Bu 23m:R=(CH,),0H  24g: R=(CH,)3NMe,

R=H

22b: R=Me 23f: R=cPent 23n: R=(CHy)30H  24h: R=CH,CO,Me
22¢: R=(CHy),NH,  23g:R=(CHj),NH; 24a: R=Me 24i: R=(CH,),CO,Me;
22d: R=(CH,)3sNMe, 23h:R=(CH,),NMe,  24b: R=Et 25a: R=Me

23a: R=H 23i: R=(CHy),N(CHyp)s 24c: R=cPr 25b: R=Et

23b: R=Me 23j: R=(CHy),NHAc  24d: R=cPent 25¢: R=Bu

23c: R=Et 23k:R=(CHp)3sNMe,  24e: R=(CH,)oNH,  25d: R=(CH,),NMe,
23d: R=cPr 231: R=(CHz)4sNMe,  24f: R=(CH,)sNH, 25e: R=CH,CO,Me

Scheme 5. Synthesis of 22-25. Reagents and conditions: (a) (COCl),,
DMF (cat), CH,Cl,, 25°C, 3h; (b) RNH, (1.5equiv), i-Pr,NEt
(20.0 equiv), 25 °C, 4 h, 45-85% for two steps.

Since a 2-pyridyl moiety at the 9-position is more
favorable over the corresponding phenyl substitution
at the same position,® we next prepared a series of
analogs which contain both the 2-pyridinyl ring and
the 3’-substitutions (28a—28h, Scheme 6). Coupling of
pyrrolopyrimidine intermediate 9 with 2-bromopyri-
dine 26, followed by hydrolysis of the resulting methyl
ester, furnished the corresponding carboxy analog 27
in good overall yield. The acid chloride was then

~ ~
A o A
NS NS
HNT N7 N = ab HN SN N
NN — Vi N
VY—Cco,H
CO,Me =
MeO OMe MeO OMe
OMe OMe
9 26 27
‘c,d
28a: R=Me =
28b: R=Bu /Nk T
28c: R=(CH,),NH, N SN N
28d: R=(CH,),NMe, y N
28e: R=(CHy)3NH, \ NHR
28f: R=CH,CN _/)°
289: R=(CHp)oCN MeO OMe

28h: R=CH,CO,Me

Scheme 6. Synthesis of 28. Reagents and conditions: (a) 26 (1.2 equiv),
1,4-dioxane, Cul (0.1 equiv), K3POy, (2.0 equiv), trans-1,2-diaminocy-
clohexane (0.1 equiv), 100 °C, 4 h, 60%; (b) NaOH (3.0 N), MeOH,
25°C, 5h, 85%; (c) (COCl),, DMF (cat), CH,Cl, 25°C, 3h; (d)
RNHj; (1.5 equiv), 25 °C, 2 h, 75-90%.
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formed from 27 using oxalyl chloride, and its reaction
with various amines produced the amide analogs 28a—
28h. Contrary to our expectations of simple additivity,
all these analogs had reduced FAK inhibitory activity.
One potential explanation is that an unfavorable con-
formation is induced through a lone-pair interaction
between the pyridyl nitrogen and adjacent carbonyl
oxygen.

In order to test this hypothesis, an analog containing
both a 2-pyridine ring and an extended carboxy group
(32) was synthesized from 7 (Scheme 7). To our delight,
compound 32 exhibits single-digit nanomolar ICs
against FAK and represents one of the most potent
FAK enzyme inhibitors reported to date. Molecular
modeling studies suggest that the carboxy group could
make a salt bridge with K454 (Fig. 3).

In summary, we have demonstrated how a structure-
based design approach can be used to design pyr-
rolo[2,3-d]pyrimidines which possess potent FAK

N7 I Br N7 I
HN)\\N N Y HN)\\N N
H \_/ a N
+ 7\ \
74 = CO,'Bu
MeO OMe 4 MeO OMe
OMe COzBu OMe
9 29 30
Jb
N7 N7
HN*N N N . HN)\N N N
= COzH = COzH
MeO OMe MeO OMe
OMe OMe
32 31
Scheme 7. Synthesis of 32. Reagents and conditions: (a) 29 (1.2 equiv),
1,4-dioxane, Cul (0.1 equiv), K3POy4 (2.0 equiv), trans-1,2-diaminocy-

clohexane (0.1 equiv), 100 °C, 4 h, 80%; (b) TFA, CH,Cl,, 25°C, 3 h,
80%; (c) 10% Pd/C (cat), H,, EtOH, 25 °C, 8 h, 76%.

4-

Figure 3. Docking of pyrrolopyrimidine 32 into the active site of
FAK."

inhibitory activity. Various acidic or basic moieties
could be incorporated onto the 9-aryl ring to mod-
ulate the interactions with the enzyme and potential-
ly their physicochemical properties. Our studies
suggest that the effect of the 2-pyridine nitrogen is
sensitive to its environment, and that the positioning
and orientation of a carboxy group are critical for
optimal interactions with the kinase. Future studies
will focus on optimizing the selectivity against other
kinases and the cellular activities of the pyrrolo[2,3-
d]pyrimidines.

References and notes

—_—

Richardson, A.; Parsons, J. T. Nature 1996, 380, 538.

2. Gilmore, A. P.; Romer, L. H. Mol. Biol. Cell 1996, 7,
1209.

3. Hynes, R. O. Trends Cell Biol. 1999, 9, 33.

4. Ilic, D.; Furuta, Y.; Kanazawa, S.; Takeda, N
Sobue, K.; Nakatsuji, N.; Nomura, S.; Fukimoto, J.;
Okada, M.; Yamamoto, T.; Aizawa, S. Nature 1995,
377, 539.

5. Frisch, S. M.; Vuori, K.; Ruoslahti, E.; Chan-Hui, P. Y.
J. Cell Biol. 1996, 134, 793.

6. Miyazaki, T.; Kato, H.; Nakajima, M.; Sohda, M.; Fukai,
Y.; Masuda, N.; Manda, R.; Fukuchi, M.; Tsukada, K.;
Kuwano, H. Br. J. Cancer 2003, 89, 140.

7. Mitra, S. K.; Hanson, D. A.; Schlaepfer, D. D. Nat. Rev.
Mol. Cell Biol. 2005, 6, 56.

8. Choi, H.-S.; Wang, Z.; Richmond, W.; He, X.; Yang, K ;
Jiang, T.; Sim, T.; Karanewsky, D.; Gu, X.-J.; Zhou, V.;
Liu, Y.; Ohmori, O.; Caldwell, J.; Gray, N.; He, Y. Bioorg.
Med. Chem. Lett. 2006, 16, 0000.

9. Lee, C. C., et al., manuscript in preparation.

10. Chari, R. V. J.; Kozarich, J. W. J. Org. Chem. 1982, 47,
2355.

11. Yu, M. S.; Lopez De Leon, L.; McGguire, M. A.; Botha,
G. Tetrahedron Lett. 1998, 39, 9347.

12. Seitz, D. E.; Lee, S.-H. Tetrahedron Lett. 1981, 22, 4909.

13. Ground state energies and conformations were calculated
using OPLS2003 forcefield with quantum mechanical ESP
charges. Quantum mechanical calculations were based on
DFT with 6-31G** basis set under continuum solvation
model (¢ = 80.4). The conformational energy penalty was
obtained from internal energy difference between the
bound and free forms of each ligand molecule including
solvation. Quantum mechanical charges were important
for proper assessments of energies since charge distribu-
tions had significant influence on desolvation energies.
Desolvation and torsional energy penalty were the two
most important factors that control the activity difference
among this class of compounds.

14. Computational docking: protein coordinates for docking

were obtained from the crystal structure of FAK in

complex with pyrrolopyrimidine 1. The binding site for

docking was defined as the collection of amino acids of

FAK within 10 A radius centered on the bound ligand 1.

Waters and 1 were deleted from the pdb file and hydrogen
atoms were added to the amino acid residues. Compound
3D coordinates were generated using the MOE program.
Docking was performed using the default parameter
settings of GOLD v2.2 (Cambridge Crystallographic Data
Centre). All atom types and charges were assigned in
GOLD. 1,00,000 independent genetic algorithm (GA) runs
were performed for the ligand. The radius of the search
was set to 10 A.
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Abstract—The natural product withaferin A (WFA) is a potent angiogenesis inhibitor and it targets the ubiquitin—proteasome path-
way in vascular endothelial cells. We generated a biotinylated affinity analog WFA-LC,B for use as a probe to study angiogenesis.
WFA-LC,B inhibits angiogenic sprouting in vitro and it causes levels of ubiquitinated proteins to increase in tumor necrosis factor-
a-treated human umbilical vein endothelial cells, confirming the retention of WFA’s biological activity. We show that WFA-LC,B
forms protein adducts in endothelial cells which are competed by free WFA in vivo. This WFA-LC,B analog will be useful to isolate

the biological target of WFA.
© 2006 Elsevier Ltd. All rights reserved.

Withaferin A (WFA), an important prototype of the
withanolide class of natural products (Fig. 1), is a
highly oxygenated steroidal lactone that is found in
the medicinal plant Withania somnifera and its related
solanaceas species.! The withanolides are known to
exert very potent and diverse cytotoxic, anti-stress,
cardioactive, central nervous system, and immuno-
modulatory activities.” Since the early discovery of
WFA during the 1960s, the major interest has been
on its anti-tumor cytotoxic activities.>* However, the
non-cytotoxic anti-inflammatory> and immunomodula-
tory mechanisms® of WFA have thus far remained
rather poorly characterized. These latter disease-alter-
ing activities are highly pertinent to the practice of
ayurveda, a traditional form of Indian medicine,
which has borne out many effective formulations from
W. somnifera, especially for the treatment of chronic
human diseases such as arthritis and female bleeding
disorders.?

Angiogenesis, which is the growth of new blood vessels
from preexisting vasculature, is a pathogenic manifesta-
tion in cancers,” and it is also widely recognized to be
critically involved in the pathogenesis of arthritis, endo-
metriosis, age-related macular degeneration, diabetic

Keywords: Biotinylated analog; Natural product; Binding protein;

Ubiquitin; Angiogenesis inhibitor.

* Corresponding author. Tel.: +1 859 323 4764; fax: +1 859 257
9700; e-mail: Royce.Mohan@uky.edu
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OH
Withanolide D
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n5
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Withanolide A

12-deoxy-withastramonolide

Figure 1. Some of the major withanolides found in Withania
somnifera.

retinopathy, etc.” Since these non-malignant inflamma-
tory diseases could also benefit from anti-angiogenic
therapeutics,® new treatments for such chronic diseases
have spurred a greater interest for angiogenesis
inhibitors.
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We have been intrigued by the Ayurvedic use of W. som-
nifera-based formulations in the treatment of arthritis
and menstrual disorders in women.? And therefore, we
hypothesized that such extracts could possess heretofore
unrecognized inhibitors of angiogenesis. In fact, we
demonstrated that W. somnifera extracts containing
non-cytotoxic levels of withanolides, and also WFA,
the derived active principle of these extracts, exert po-
tent anti-angiogenic activity in vivo at very low doses.'°
Furthermore, at low nanomolar concentrations, we
showed that WFA directly targets endothelial cell prolif-
eration and exerts cytostatic cell cycle G; arrest in hu-
man umbilical vein endothelial cells (HUVECs).
Interestingly, non-cytotoxic sub-to-low micromolar con-
centrations of WFA also inhibit in vitro vessel forma-
tion!®!! in the three-dimensional endothelial cell
sprouting assay (3D-ECSA). At such doses, WFA
potently inhibits TNF-o-induced NF-kB-DNA-binding
activity, a mechanism which is associated with stabiliza-
tion of phosphorylated IxB-o in the cytoplasm. Our
findings suggest that WFA does not interfere with
upstream phosphorylation events, but acts possibly at
the level of protein ubiquitination/degradation. In fact,
we showed that WFA increases global levels of ubiquiti-
nated-protein species in TNF-a-treated HUVECs, sug-
gesting that the ubiquitin—proteasome pathway (UPP)
is the major target of this class of natural product.'”
Given the critical role that ubiquitination plays in cell
cycle control, differentiation, and NF-xB signaling,'? it
is readily recognized that an important key step to study
the anti-angiogenic mode of action of WFA is to
identify its cellular biological target(s).

In this study, we sought to detect the direct binding pro-
tein(s) of WFA. Fortunately, previous structure—activity
studies have identified the relevant pharmacophores of
WFA, which indicate the importance of the 4f-hy-

-

droxy-58,63-epoxy-2-en-1-one moiety and unsaturated
lactone side chain (Fig. 1) for biological activity.!314

Notably, the unsaturated A-ring is known to react with
thiol-nucleophiles and undergoes Michael addition, and
the unsaturated lactone is readily alkylated by model
biological nucleophiles that mimic proteins.!> In fact,
we recently showed the requirement for the A-ring
unsaturation for sprouting inhibitory activity in the
3D-ECSA, because conversion of WFA to 3-methoxy-
2,3-dihydrowithaferin A abrogates this activity.'! How-
ever, the C27 hydroxyl in WFA is known to be dispens-
able for biological activity;! this fortuitous functional
group was therefore exploited to attach a biotin adduct
through a 12-hydrocarbon chain linker to afford the
generation of biotinylated analog of WFA (Scheme 1).
This chemical genetic strategy'® was chosen because
we and others have employed such long-hydrocarbon
chain linkers to couple natural products to biotin and
successfully employed these affinity reagents to identify
binding targets of diverse natural products, such as fum-
agillin, epoxomicin, parthenolide, etc.!” Therefore, fol-
lowing these established synthetic chemical procedures,
WFA (1) was first coupled with Fmoc-Gly-OH to gener-
ate the intermediate Fmoc-Gly-WFA (2), which was
purified by silica gel flash chromatography.'® The subse-
quent deprotection of Fmoc group and reaction with
NHS-LC-LC-biotin afforded WFA-Gly-LC-LC-biotin
3 (WFA-LC,B). WFA-LC,B was purified by silica gel
flash chromatography and structure validated using
mass spectroscopy and '"H NMR spectroscopy.!®

To ensure the preservation of biological activity of
WFA-LC,B, we first tested this affinity reagent in the
3D-ECSA, an assay we have established to be highly
sensitive to inhibitors of the UPP.!%!1:20 Spheroids de-
rived from HUVECs were embedded in a collagen 1

C/ﬁ\/NH-Fmoc

b

O
OH

3

long chain linker

H ‘
AN N - NH
H 2 H N/k
(¢}
/o /
N N

Biotin moiety

Scheme 1. Synthesis of WFA-LC,B. Reagents and conditions: (a) i—Fmoc-Gly-OH, oxalyl chloride/DMF, CH,Cl,, rt (3 h); ii—DMAP, CH,Cl,,
rt (3 h); (b) i—20% piperidine/DMF (15 min); ii—NHS-LC-LC-biotin, DMSO, rt (30 min).
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matrix and provided with 20 ng/ml bFGF to induce
sprouting.

The effect of WFA, 12-deoxy withastramonolide (12-D
WS), and WFA-LC,B on angiogenic sprouting was
investigated by co-treatment of these spheroids for
20 h. As anticipated, 1 uM WFA potently blocked
bFGF-induced vessel growth in the collagen I matrix,
whereas its regioisomeric congener, 12-D WS (Fig. 1),
even at 5uM did not inhibit angiogenic sprouting
(Fig. 2). As evidenced from spheroid images, WFA-
LC,B completely inhibits sprouting at 5 uM, whereas
at 2 uM only a few sprouts are formed and their growth
is also attenuated considerably (Figs. 2A and B). At con-
centrations below 500 nM WFA-LC,B we did not ob-
serve any inhibition of sprouting (data not shown). We
estimated from dose-response studies in the 3D-ECSA
that there is a 5- to 8-fold loss in potency with WFA-
LC,B compared to WFA (data not shown), which re-
sults possibly from reduced cell permeability. Such loss
in potency has previously been reported with biotinyla-
ted natural products although this permeability limita-
tion has not restricted their successful use for target
identification.!”-?!

Next, to investigate whether WFA-LC,B retains the
UPP-targeting activity of WFA, we tested WFA-LC,B

in HUVEC cultures and analyzed protein ubiquitination
by Western-blot analysis as done previously.! HUVECs
pre-treated with 5pM  WFA-LC,B for 1h and
subsequently with TNF-o for 20 min were shown to
abundantly accumulate high molecular weight ubiquiti-
nated-protein species compared to TNF-a-alone-treated
cells (Fig. 3). Similar treatment at the lower dose of
1 uM WFA-LC,B produced a weaker response.

+ TNF-o,
0 50

L0 WFA-LC,B(M)
kDa } '
250-
150-
100-
75-
50-

37-

Figure 3. HUVECs were treated for 1 h with DMSO (0) or with
different doses of WFA-LC,B. The treated cells were subsequently
stimulated with TNF-o (10 ng/ml) for 20 min and then harvested.
Equal amounts of protein from cytoplasmic extracts were subjected to
SDS-PAGE on 4-20% gradient gels and Western blotted using a
monoclonal antibody against ubiquitin. Antibody complexes were
detected with a goat anti-mouse-horseradish peroxidase (HRP) con-
jugate and visualized with chemiluminescence detection.

Figure 2. Endothelial cell spheroids in 96-well plates were incubated with growth factor in the presence and absence of WFA analogs for 20 h. Digital
photographs of samples were obtained on an inverted microscope at 10x magnification. Representative images are shown of spheroids treated with
20 ng/ml bFGF along with 2 pM WFA-LC,B (A), 5 uM WFA-LC,B (B), 5 uM WFA (C), 5 uM 12-D WS (D), control samples treated with 20 ng/ml

bFGF (E) or VEGF (F) alone.
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This pattern of ubiquitination is consistent with mode of
action of WFA in HUVECs.!'? Thus, our findings show
that WFA-LC,B is biologically active in HUVECs and
its activities parallel that of WFA.!°

Finally, to detect the binding protein targets of WFA,
we investigated the ability of WFA-LC,B to form ad-
ducts with cellular proteins in vivo.>> HUVECs were
pre-treated with DMSO or 5 uM WFA for 30 min and
subsequently incubated with 5 uM WFA-LC,B for 4 h.
Alternatively, in reverse competition experiments HU-
VECs were pre-treated with 5 uM WFA-LC,B for 1 h
and subsequently with DMSO or 5 uM WFA for 4 h.
Cytoplasmic protein samples were subjected to affinity
chromatography on Ultra-link immobilized NeutrAvi-
din™ beads and the bound proteins eluted.

SDS-PAGE of affinity-purified proteins with silver
staining analysis identified ~180, 70, and 56 kDa protein
species that are bound by the WFA-LC,B affinity re-
agent and competed by free WFA in vivo (Fig. 4A).
The reverse competition experiment revealed a partial
reduction in the intensity of only the 70 kDa band
(Fig. 4B). These findings suggest that WFA binds pre-
sumably via irreversible covalent interactions with the
abundant 56 kDa protein target and the less abundant
180 kDa species, whereas its interactions with the
70 kDa protein species appear to be reversible.

In conclusion, we have generated a biologically active
affinity-tagged analog of WFA, WFA-LC,B. This versa-
tile small molecule probe will allow us to isolate the pro-
tein targets of WFA by affinity chromatography, studies
which are currently underway in our laboratory. The
identification of the biological targets of WFA should
prove useful in the study of the UPP and angioinflam-
matory signal transduction.

A “TA-ECZB WFA-}_,CZB B DMSO WFA

DMSO WFA WFA-LC,B WFA-LC,B
kDa = KDa
—250 -250
* -150 > 150
] -100

- i; 75 -} -75
g -50 d ! -5

; -3

-37

B -37

Y -25

-25 4 20
20

Figure 4. HUVECs were treated first with DMSO or 5 uM WFA for
30 min and subsequently with 5uM WFA-LC,B for 4h (A), or
alternatively first with 5 uM WFA-LC,B for 1 h and subsequently with
DMSO or 5puM WFA for 4 h (B). Cytoplasmic extracts were pre-
cleared and loaded on separate NeutrAvidin columns. The columns
were washed and bound biotinylated proteins eluted and subjected to
SDS-PAGE on 4-20% gradient gels. Silver staining revealed that one
major (arrow) and at least two minor (arrowheads) biotinylated
proteins were competed by free WFA in (A), but only the 70 kDa band
was competed in (B).
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with the inclusion of 1 M PMSF and proteinase inhibitor
cocktail (Roche). Proteins were quantified using the Bio-
Rad reagent and equal amounts of protein pre-cleared
with Sepharose beads (0.2 ml, 30 min) and then loaded
repeatedly on Ultra-link immobilized NeutrAvidin beads
(0.2 ml, Pierce). The bead columns were washed five times
with 0.5 ml of ice-cold lysis buffer, and bound proteins
eluted by boiling the beads in SDS-PAGE sample loading
buffer.
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Abstract—A series of 2,3-diaminopyridine bradykinin B; antagonists was modified to mitigate the potential for bioactivation.
Removal of the 3-amino group and incorporation of basic 5-piperazinyl carboxamides at the pyridine 5-position provided com-

pounds with high affinity for the human B, receptor.
© 2006 Elsevier Ltd. All rights reserved.

The production of bradykinin (BK) peptides transpires
subsequent to tissue injury and noxious stimuli resulting
in a variety of physiological effects, including pain and
inflammation.! There are two distinct G-protein-cou-
pled bradykinin receptors, designated as B; and B,, that
regulate these effects.”> The constitutively expressed B,
receptor mediates the acute pain response following
injury and is activated by the peptides bradykinin
(BK = Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg) and kal-
lidin (Lys-BK). Their corresponding metabolites, [des-
Arg’|BK and [des-Arg'|kallidin, are substrates for the
inducible B, receptor.® Bradykinin B, receptor antago-
nists have been shown to ameliorate pain responses in
animal models* indicating the potential for treating
inflammatory pain such as osteoarthritis via a novel
mechanism.’ Additional evidence for the function of
B, antagonists has been obtained from studies in both
B, receptor knockout mice and, more recently, in trans-
genic mice expressing the human B, receptor.®

Keywords:
Bioactivation.
* Corresponding author. E-mail: scott_d_kuduk@merck.com

Bradykinin ~ Bl;  Antagonists;  Diaminopyridine;

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.01.112

We have previously described the preparation and bio-
logical evaluation of a series of non-peptide, 2,3-diami-
nopyridine BK B; antagonists.” These compounds
exhibited excellent affinity for the human B; receptor
(hBK,), suitable pharmacokinetic properties, and good
in vivo efficacy in rabbit models of hyperalgesia and
inflammation. However, evidence that 2,3-diaminopyri-
dines such as 1 are subjected to bioactivation as depicted
in Figure 1 impaired their development.® Herein, we re-
port our efforts to modify the 2,3-diaminopyridine
nucleus to yield analogs which retain the beneficial prop-
erties of their progenitors.

The design rationale was based on the premise that
removal or transposition of the 3-amino group on the
diaminopyridine nucleus would lead to analogs incapa-
ble of forming reactive intermediates via the bioactiva-
tion route shown in Figure 1. Thus, we were pleased
to discover that removal of the 3-cyanoacetamide side
chain yielded a truncated analog which still retained
modest affinity for the human B, receptor (Fig. 2). This
result held out the prospect that the A-ring in 2 is a
promising scaffold for further exploration.

Scheme 1 shows the route employed to prepare the 4-
substituted pyridine derivatives of Table 1. Negishi
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Scheme 1. Reagents and conditions: (a) Rieke Zn, THF, 60 °C; (b)
Pd(Ph3P),, 60 °C, THF; (c) 2-amino-4-carboxyethylpyridine, NaB-
H(OAc)s, AcOH, DCE; (d) NaOH, THF, H,0; (e) EDCI, TEA,
R,RNH, HOBt, CH,Cl,.

cross-coupling between bromide 4 and zinc reagent Sb
provided the requisite biphenyl aldehyde 6. Reductive
amination of 6 with 2-amino-4-carboxyethylpyridine
led to ester 7. Selective hydrolysis of the ethyl ester
and subsequent EDCI mediated coupling with the
appropriate amines provided compounds 10-12.°

NG CO,Me NH2
SN S 08 -
F Br F O F

13 5a,R=| 14
a(5b,R=ZnI

RZ _R!

N ‘d

0 NF ‘ MeO,C._~ |
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Scheme 2. Reagents and conditions: (a) Rieke Zn, THF, 60 °C; (b)
Pd(Ph3P),, 60 °C, THF; (c) Raney Ni, H,, NH3;-MeOH; (d) methyl 6-
chloronicotinate, TEA, MeOH, 110 °C; (¢) NaOH, THF, 60 °C; (f)
EDCI, TEA, amine, HOBt, CH,Cl,.

18-50

The preparation of 5-substituted pyridine derivatives
of Tables 1 and 2 is illustrated in Scheme 2. Negishi
cross-coupling of bromide 13 with zincate 5b pro-
ceeded smoothly and was followed by nitrile reduc-
tion to afford amine 14. Displacement of the
chlorine of methyl 6-chloronicotinate with amine 14
provided ester 15. Subsequent hydrolysis and EDCI
coupling produced the desired 5-substituted analogs
18-50.

In an earlier report, we disclosed a series of dihydroqui-
noxalinones, exemplified by 3, whose optimization was
facilitated by a theoretical study using a BK By-rhodop-
sin homology model.!® A key finding in the latter study
was that incorporation of a basic moiety led to enhanced
affinity for the human B; receptor. Analogous studies
with aminopyridine 2 (vide infra) indicated that a basic
pharmacophore extending from the 4- or 5-position on
the pyridine ring could potentially lead to similarly
favorable interactions.

o )
N
N
C|:(>/so2
cl 3: hBK; K; = 0.034 nM

Accordingly, the pyridine A-ring of 2 was substituted
with a variety of piperidine and piperazine derivatives.
The compounds in Table 1 show that human B, receptor
binding affinities are influenced by the position, as well
as the nature of the linking unit. For example, a piperi-
dine ring linked to the 4-position of the pyridine core via
a methylene unit (8) showed a modest increase in recep-
tor affinity relative to 2, but attachment at the 5-position
afforded the more potent compound 16. A 20-fold de-
crease in affinity was observed when a piperidine ring
was replaced with a morpholine ring at the 5-position.
5-Position substitution was also favored when the link-
ing unit was changed to an amide (cf. 10 and 18). Over-
all, substitution at the 4-position for this series of
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Table 1. Effect of linker at the 4- or 5-position on receptor affinities

Compound X Y hK;® (nM)
Y
e
X
P
N NH
O CO,Me
e l F (Cl)
8-12
8 CH, CH, 611
9¢ CH, o >3000
10 CcO CH, >3000
11 CO (¢} 2100°
12 CO NCH; 893
O
N
X X
P
N NH
O CO,Me
el
16-20
16 CH, CH, 9.1
17 CH, (0] 184°
18 CO CH, 70¢
19 CcO O 80°¢
20 CO NCH; 4.4

#Compound has a chlorine ortho to the ester in place of fluorine.

®Values represent the average of two experiments; standard deviation
is £25%.

“Denotes n = 1.

compounds either had minimal effect or led to loss in
binding affinity, whereas the addition of substituents
to the 5-position yielded analogs with improved poten-
cy. The N-methyl piperazinyl amide 20 emerged as a
key lead compound from this first phase of
optimization.

Extended SAR work on compound 20 was centered on
evaluating piperazine nitrogen substituents (Table 2).
Acylation or sulfonylation (21-24) led to significant
decreases in potency indicating a preference for the basic
piperazine nitrogen. With regard to unsubstituted alkyl
groups (25-32), a trend favoring larger groups became
evident. However, it appears that the i-butyl group in
30 is optimum since the mere insertion of a methylene
unit to give the homologous isopentyl group (31) result-
ed in a 6-fold reduction in affinity. While fluoroethyl
piperazine 37 was equipotent with ethyl piperazine 26,
the difluoro-(38), and trifluoroethyl analogs (39) were
less potent, which was consistent with the decreased
basicity of the corresponding piperazine nitrogen.

Table 2. Effect of piperazine N-substituent on receptor affinity

o

o A
L
N~ “NH
O CO,Me
el
Compound R hK* (nM)
21 -BuCO 213°
22 Ac 17°
23 Ms 230
24 CO,Me 34°
25 H 5.5
26 Et 3.4
27 Pr 1.7
28 Bu 1.4
29 i-Pr 22
30 i-Bu 1.5
31 i-Pent 9.5
32 2-Bu 1.5
33 Crotyl 33
34 Allyl 8.0°
35 Homoallyl 4.0
36 Propargyl 25°
37 CH,CH,F 5.2
38 CH,CHF, 28°
39 CH,CF; 520
40 cBu 2.9
41 cPent 1.5
42 cHex 2.8
43 CH,cPr 0.85
44 CH,cBu 3.4
45 CH,cPent 1.7
46 Benzyl 26
47 Phenyl 62°
48 2-Pyridyl 65°
49 3-Pyridyl 3.5
50 4-Pyridyl 0.045

#Values represent the average of two experiments.
® Denotes 1 = 1.

Further receptor binding potency improvements of 28
were probed with cycloalkane (40-42), cycloalkylmethyl
(43-45), N-benzyl (46), and N-aryl (47-50) substituents.
In all instances, the receptor potency ceiling established
by 28 could not be significantly superseded. However,
the judicious placement of a nitrogen atom into 47 yield-
ed the 4-pyridyl analog 50, the most potent analog to be
identified among the pyridinecarboxamide BK B;
antagonists.

To address the potential for bioactivation of the pyri-
dine carboxamides, diaminopyridine 1 and compound
50 were incubated in rat and human liver microsomes.
As predicted, diaminopyridine 1 underwent extensive
metabolism after incubation with human liver micro-
somes (HLM) and rat liver microsomes (RLM) (supple-
mented with NADPH and glutathione (GSH)), and
produced a number of GSH-adducts as major metabo-
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Figure 3. Compounds 3 (green) and 50 (yellow) bound to the
homology model of the human B, receptor.

lites. Based upon mass spectral analysis, the formation
of these conjugates appeared to involve modification
of the diaminopyridine ring. However, compound 50
was more resistant to metabolism and formation of
GSH-adducts was not detected, indicating that the met-
abolic pathway for 50 is unlikely to include a reactive
pyridine intermediate (cf. Fig. 1).

Since the optimization of compound 3 was facilitated by
modeling studies,'®!'! the activity of 50 may be rational-
ized in similar terms. As seen in Figure 3, the southern
hydrophobic portion of the receptor binding site accom-
modates both the biphenyl group of 50 and the dihydro-
quinoxalinone  moiety of 3.  Whereas the
phenylimidazoline moiety of 3 reaches residues Glu273

Figure 4. Compounds 48 (magenta) and 50 (yellow) bound to the
homology model of the human B, receptor.

Table 3. Bradykinin mutant binding affinities

Mutant® 48 50 3

WT 79 0.041 0.034
E273 286 0.05 0.0078
D291 85 0.08 0.049
Q295 10,000 5.12 0.89
N298 726 0.83 0.038

#Human K; values (nM) represent the average of three experiments.

(3.0 A) and Asp291, compound 50 is too ‘long’. Accord-
ingly, the 4-pyridyl tail is positioned toward His199.

Docking of the 2-pyridyl analog, 48, in the homology
model (Fig. 4) further illustrates the binding advantage
of compound 50 over other analogs in Table 2. Com-
pound 48 lacks the ability to bind to His199 and no
other residue can compensate for the polar interaction
seen in 50.

In support of the modeling studies, mutagenic binding
experiments were conducted. Residues Glu273,
Asp291, GIn295, and Asn298 were selected to confirm
that the piperazine series would use the northern pocket
differently than compound 3 (Table 3).

Mutations at positions 273 and 291 would not be
expected to significantly alter the potency of compounds
48 and 50. Consistent with the model, the potency of 50
in the wildtype (wt) remains within the same order of
magnitude for these mutants. Mutation of residue
GIn295, located at the bottom of the binding pocket,
renders both 3 and 50 incapable of making good interac-
tions (as in the wt) leading to a dramatic reduction in
potency. The proposed models show that compound 3
does not make any direct interaction with Asn298, con-
sistent with the mutant data. On the other hand, both 48
and 50 pair their pyridine N with residue 298. Such a po-
lar interaction becomes weaker when a shorter Ser
replaces the original Asn leading to the slight decrease
in potency for both 48 and 50.

To address the potential for bioactivation of the 2,3-dia-
minopyridine ring, the attendant 3-cyanoacetamide
group in compound 1 was deleted to afford a scaffold
for further exploration. Incorporation of a 5-piperazi-
nylpyridine pharmacophore dramatically increased
affinity for the human B, receptor and gave compound
50 which did not form detectable GSH-adducts when
incubated with NADPH-fortified HLM and RLM.
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Abstract—As part of our continuing effort for development of novel anti-inflammatory agents, the highly potential agent CCY1a,
which we reported recently, was selected as lead compound to synthesize a series of its derivatives for evaluation. Most of the newly
synthesized compounds exhibited superior inhibitory activity than both the lead compound and the positive control (trifluoperazine)
toward fMLP-stimulated neutrophil superoxide formation. (2E)-3-[2-(Benzyloxy)-5-methoxyphenyl]-acrylaldehyde (31) was among
the most potent with action mechanism different from CCYla in that it does not act as cAMP-elevating agent but inhibits the

increase in cellular Ca®* with greater potency.
© 2006 Elsevier Ltd. All rights reserved.

In our previous work,! several regioisomers of benzyl-
oxybenzaldehyde were synthesized and determined to
have significant inhibitory activity toward neutrophil
superoxide anion generation. Among these compounds,
2-benzyloxybenzaldehyde (1, CCYla) was the most
promising one, which was further identified as an indi-
rect adenylyl cyclase activator,” through the release of
endogenous adenosine. The inhibition of superoxide
anion generation by CCY1a in neutrophils is attributed
partly to its cAMP-elevating activity, and partly to the
blockade of external Ca** entry and phospholipase D
activation via cAMP-independent mechanisms.>

In the present work, CCY1la was selected as lead com-
pound and a series of 3-{2-[(substituted ben-
zyl)oxy]phenyl}acrylaldehydes were synthesized and
their effect on neutrophil superoxide formation and
cAMP-elevating activity were evaluated.

The (2E)-3-{2-[(substituted benzyl)oxy]phenyl}acrylal-
dehydes (15-26) were synthesized according to the syn-
thetic method of CCYla.! As shown in Scheme 1,

Keywords:  Anti-inflammatory agents; 3-{2-[(Substituted benzyl)-

oxy]phenyl}-acrylaldehydes.

* Corresponding authors. Tel.: +886 4 22053366 1007; fax: +886 04
22055105 (L.J.H.); tel.: +886 04 23592525 2043; fax: +886 04
23592705 (J.P.W.); e-mail addresses: ljhuang@mail.cmu.edu.tw;
w1994@vghtc.vghtc.gov.tw

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.005

when cinnamic aldehyde (2) was reacted with a variety
of substituted benzyl chlorides (3-14) and K,COj3 in
EtOH, the corresponding target compounds (15-26)
were obtained. On the other hand, as illustrated in
Scheme 2, 2-(substituted benzyloxy)-5-methoxybenzal-
dehyde (27-30),> which was prepared from 2-hydroxy-
S-methoxybenzaldehyde and substituted benzyl chloride
(3-6), was treated with equal mole of acetaldehyde at
low temperature to undergo aldol condensation which
resulted in the formation of (2E)-3-[2-(substituted ben-
zyloxy)-5-methoxyphenyl]acrylaldehyde (31-34). Final-
ly, compounds 31-33 were treated with hydroxylamine
to afford the corresponding oximes 35-37. All the syn-
thetic compounds were characterized by their spectral
characteristics.®

Superoxide anion formation was measured in terms of
superoxide dismutase inhibitable cytochrome ¢ reduc-
tion.” Briefly, the assay mixture contained the cell sus-
pension and 0.5 mg/mL of cytochrome ¢ (AA4ssg), the
reference mixture also received 6.6 pg/mL of superoxide
dismutase. Reaction was initiated by stimulating with
0.3 uM formyl-Met-Leu-Phe (fMLP) or 3 nM phorbol
12-myristate 13-acetate (PMA).

According to the data in Table 1, converting the
—CHO moiety of lead compound (CCYla) into
—CH=CH-CHO (15) improved its activity significant-
ly. Moreover, the addition of a Cl atom into the ortho
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Scheme 1. Reagents and conditions: (a) K,COs, Kl/ethanol, reflux.

CHO RS
\©i R’
0 +
R? R*
R3

27-30

H,CO.

CH,;CHO

H;CO X
) \©f\/\
> O
R2
35-37

27,31, 35: R?=R*= R*=R°*=R°=H
R 28, 32, 36: R2=C|, R3=R*=R=R®=H

29, 33,37: R3=Cl, R2=R*=R%=R%=H

30,34 :R*=Cl, RZ=R3=R°=R=H

Scheme 2. Reagents and conditions: (a) 20% NaOH/ethanol, 0 °C; (b) NH,OH -HCI, CH3;COONa/ethanol, reflux.

position of the benzyl group in compound 15 resulted
in compound 16 with further improved activity.
Meanwhile, the placement of the same Cl atom in
the meta position (17) appeared to be functionless,
whereas a Cl atom in para position (18) resulted in re-
duced activity. In order approaches, it was found that
the substitution of the ortho Cl of compound 16, or
the meta Cl of 17 with F atom, resulted in compounds
19 and 20 with a slight improvement in their activity.
Then our attempt to modify compound 15 by adding
a CHj; group onto its para position at benzyl group
resulted in compound 21 with only about half the
activity.

Results on the effect of all dichlorobenzyl derivatives
(23-26) on neutrophil superoxide anion formation indi-
cated that only 3,4-dichlorobenzyl derivatives (23) dem-
onstrated significant activity. Neither its 2,3-dichloro
(24), 2.4-dichloro (25) nor 2,6-dichloro (26) isomers
show any significant activity. Excitingly, the incorpora-
tion of an OCHj; group into the 4 position at the benzyl-
oxy group (22) and the 5 position at the phenyl group
(31) of compound 15 resulted in significant boost of
activity.

In particular, the ICs value for compound 31 was deter-
mined as 2.6 uM which is about 6 times more active than
the lead compound CCY1a or the positive control (tri-
fluoperazine). After introduction of a Cl atom onto
the benzyl group of compound 31 at either the ortho-
(32), meta-(33) or para-location (34), only the 3-chloro-
benzyl derivatives (33) maintain significant inhibitory
activity against superoxide formation. Our attempt in
derivatization of compound 31 into an oxime (35) result-
ed in 50% lower activity, whereas similar derivatization
of compound 32 resulted in compound 36 with im-
proved activity in 30 uM concentration. On the other
hand, all the compounds were tested for their inhibitory
activity against PMA-stimulated superoxide anion for-
mation. The result indicated that, unlike the positive
control TFP, none of the tested compounds showed sig-
nificant activity in the test concentration range 1-30 uM.
This seems to suggest that, the action mechanism of the
test compounds differs when tested against superoxide
anion generation by different stimulants.

Summarizing all the above findings, compound 31 was
found to demonstrate the greatest inhibitory activity
against fMLP-induced superoxide anion formation of
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Table 1. The inhibitory effects of 15-26 and 31-37 on the neutrophil superoxide formation

cHO @\/\VCHO Me0\©f\VCHO MeO N, OH
N
[ IO/\R' o R o DR \©\/C)\/fl?'\

CCY 1a (15-26)

Animal: Rat (Sprague Dawley)

(31-34) (35-37)

Inducer: fMLP (0.3 uM)/cytochalasin B (5 pg/mL)
Inducer: PMA (3 nM)

Compound R’ Concentration (uM) Superoxide formation (nmol/10° cells/30 min)
fMLP % inhibition PMA % inhibition
Control 2.89 + 0.30 7.60 * 0.36
CCYla CgHs 3 1.01 £0.19™ 36.1+6.3 — —
10 0.86 = 0.20™" 40.6+5.9 — —
30 0.62 +0.07"" 60.8 % 1.6 — —
IC50 =15.6
15 CeHs 3 1.96 +0.19 31.8 £33 — —
10 1.05£0.16 63.7+24™ 8.61 +0.50 ~13.5+6.0
30 0.48 £ 0.05 83.2+ 14" 9.39 +0.49 —23.6+438
ICso = 6.4 + 0.7
16 2-Cl-C¢H, 3 1.69 +0.13 40.1 +7.5™ — —
10 0.82 + 0.08 71.4+23" 9.86 +0.27 —30.1+54
30 0.29 +0.02 89.7+0.7" 8.39 +0.36 ~109+7.0
ICso = 4.4+ 1.1
17 3-Cl-CgH, 3 2.00 £ 0.26 31.2+1.8" — —
10 0.9 +90.12 65.7+2.6" 9.85+0.14 —30.1 5.6
30 0.34 £ 0.04 88.0+ 1.5 9.06 + 0.89 —18.7+7.8
ICsp=5.9+ 0.3
18 4-Cl-CgH,4 3 2.23+0.20 24+13 — —
10 1.05 % 0.06 63.1+22" 9.41 +0.35 —239+3.1
30 0.37 £ 0.02 86.9+1.3" 9.26 + 0.31 —22.0+3.7
ICso=7.4%+0.3
19 2-F-C¢H, 3 1.48 £ 0.12 475+7.0" — —
10 0.72 £ 0.13 75.1 23" 9.45 + 0.64 —24.1 +4.3
30 0.35 £ 0.05 87.6 22" 9.82 +0.51 —29.4+6.0
ICsp=3.3+0.8
20 3-F-C¢H, 3 1.70 + .12 403 +3.6" — —
10 0.76 £ 0.06 73.0 £3.4" 8.07 £0.26 —62+23
30 0.46 + 0.06 83.9+0.9™ 9.38 + (.39 —23.7+6.5
ICso =45+ 0.7
21 4-CH;5-C¢Hy4 3 2.24+0.15 219+28 — —
10 1.57 £0.11 451+19™ 8.53 +0.48 ~132+11.0
30 0.78 £ 0.12 7324127 9.51 +£0.18 —258+7.7
IC5)=11.0 £ 0.4
22 4-OCH;-C¢Hy 3 1.58 = 0.09 44.6+28" — —
10 0.81 +0.02 713 +18" 9.45 +0.51 —245+63
30 0.33 £ 0.09 88.2+3.7" 9.28 +0.31 —222+19
IC50 =3.8+0.5
23 3,4-Cl-CH,4 1 2.56 +0.35 11.7+3.1 — —
3 2.03+0.21 294 +24" — —
10 0.60 % 0.20 79.8 4.4 7.77 +0.29 1.9+6.3
30 — — 11.4+0.48 —51.1+£8.6"
ICso =43+ 04
24 2,3-Cl-CgH, 10 2.39+0.27 17.4+0.8 6.72 +0.39 11.2+72
30 1.75 £ 0.30 39.9+4.9™ 6.29 +0.38 173+1.2
25 2,4-Cl-CgH,4 10 2.16£0.17 244+ 47 9.29 + 0.06 —227+6.6
30 1.76 £0.33 39.9+55" 9.84 +0.57 —29.8+8.4
26 2,6-Cl-CgH, 10 1.71 £0.21 403 +7.5" 11.4 % 0.55 —50.6+5.3"
30 1.54 £ 0.27 468 +7.6" 12.0£0.14 -592+7.6"
31 CeHs 1 2.09 £0.10 26.7+4.1" — —
3 1.37£0.16 5224 +2.4" — —
10 0.53 £ 0.03 81.2+1.0" 9.42 +0.52 —240+54
30 — — 9.19 + 0.37 —20.9+238

IC50 =2.6%t0.2
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Table 1 (continued)
Compound R’ Concentration (LM) Superoxide formation (nmol/10° cells/30 min)
fMLP % inhibition PMA % inhibition
32 2-Cl-C¢H, 10 1.89 £0.18 343126 8.94 +0.59 ~17.5+3.7
30 1.69+0.13 409+19" 9.63 +0.39 —269+54
33 3-Cl-C¢Hy4 1 2.54£0.17 114+£34 — —
3 1.8240.20 36.8+ 1.4 —
10 0.67 £0.22 77.7£5.6" 10.3£0.91 —35.7+8.4
30 — — 9.96 + 0.67 -312+7.7
ICsp=4.2+03
34 4-Cl-C¢Hy 10 2.10+0.21 27.1£0.5" 9.39£0.72 —23316.0
30 1.90 + 0.08 33.4 43" 9.55 + 0.66 —255+5.8
35 CeHs 3 2.03 £0.08 419 +3.4" — —
10 1.05 + 0.08 70.0 £ 1.3" 4.97+0.88 7.6+ 125
30 0.48 £ 0.05 86.0+1.9" 6.90 £ 0.76 ~29.4+83
ICsp =431 0.5
36 2-Cl-C4H, 3 2.45+0.30 29.5+10.5" — —
10 2.09 +0.23 404+ 58" 5.27+0.64 1.5+77
30 0.78 £0.11 77.7£2.9" 7.62+0.12 —444+47
ICso=9.5% 1.4
37 4-Cl-C¢H,4 10 2.53+0.22 27.9+4.6° 11.9£0.25 —124+13.7°
30 241+ 1.4 31.6+7.97 12.1£0.15 —132+ 144"
TFP 1 — — 5.48 £0.13 27.6+42°
3 28.0 £ 0.27 1.7£6.6 3.4+0.13 55.4+94"
5 2.1+0.09 242453 — —
10 0.54 £0.22 79.5+4.2" 1.23£0.16 83.3+58"
IC5)=6.6+0.2 ICs9=2.71 0.6
—, not determined. Trifluoperazine (TFP): positive control.
* P<0.05.
" P<0.01; N =3,
neutrophil. Therefore, compound 31 was selected for
study of action mechanism. 20 “® CCYla
. . . 1 |31
We also determined the cAMP-elevating activity of
compound 31 in neutrophils by using an enzyme immu- . 159
noassay kit (Amersham) as the previous report.! Sur- E 4
prisingly, compound 31 only slightly elevated the a
cellular cAMP level at 10 uM and then returned to the & 107
baseline at higher concentrations (Fig. 1), unlike 5 4
CCY1a, which produced a concentration-dependent in- J
crease in cellular cAMP level. We next determined the 0.5 &~
effect of compound 31 on intracellular free Ca>" concen- _
tration because the fMLP-induced superoxide anion is a

Ca”"-dependent process and CCYla also exerts its
effect through the inhibition of Ca®' entry.? In this
experiment, neutrophils were loaded with 5 pM fluo-3
AM for 45 min. After being washed, the cells were
resuspended and monitored for the fluorescence change
(488/535 nm). Addition of fMLP to fluo-3-loaded
cells evoked an initial Ca®* spike, followed by a
plateau phase, in the presence of 1 mM extracellular
Ca®* 8 Interestingly, compound 31 was 2.5-fold more
potent than CCY1a in the inhibition of plateau phase
(Fig. 2).

To sum up, the inhibitory activity for all of the
above CCYla derivatives against neutrophil superox-
ide formation was found to be far superior than

00~ AT
0 1 10 100

Concentration (uM)

Figure 1. Effect of CCYla and compound 31 on cellular cAMP levels.
Cells were treated with DMSO (as basal level), the indicated
concentrations of CCYla or compound 31 for 10 min. The cAMP
contents were assayed using an enzyme immunoassay kit. Values are
means * SD of three experiments.

both their lead compound and the positive control.
The action of the most potent compound 31 is
attributed at least partly to the blockade of intracel-
lular Ca®* elevation but not to the cAMP-dependent
mechanism.
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igure 2. Effect of compound 31 on the fMLP-stimulated elevation of

intracellular free Ca>" in neutrophils. Fluo 3-loaded cells in HBSS
containing 1 mM Ca®" were pretreated with the indicated concentra-

ti

ons of compound 31 at 37°C for 1 min before stimulation with

0.3uM fMLP. The data presented are representative of three
independent experiments with similar results.
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. Spectral characteristics for compounds: Compound 15:
yield, 42%; '"H NMR (200 MHz, DMSO-dy): 5 9.63 (d,
J=7.8Hz, 1H), 790 (d, J=16.0Hz, 1H), 7.73 (d,
J=75Hz, 1H), 7.29-7.50 (m, 6H), 7.19 (d, J=8.4 Hz,
1H), 7.02 (dd, J=7.5, 7.5Hz, 1H), 6.75 (dd, J=16.0,
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dg): 6 194.80, 157.02, 147.79, 136.56, 133.26, 132.80, 129.35,
129.03, 128.54, 127.98, 127.65, 122.68, 121.04, 69.81 ppm;
MS (EI) m/z 238 (M"); Anal. Calcd for C;¢H,40,: C, 80.65;
H, 5.92. Found: C, 79.98; H, 5.86. Compound 16: yield,
35%; 'H NMR (200 MHz, DMSO-ds): & 9.62 (d,
J=78Hz, 1H), 789 (d, J=16.0Hz, 1H), 7.70 (d,
J=175, 12Hz, 1H,), 7.37-7.65 (m, 5H), 7.23 (d,
J=72Hz, 1H), 7.05 (dd, J=17.5, 7.5 Hz, 1H), 6.82 (dd,
J=16.0, 7.8 Hz, 1H), 529 (s, 2H)ppm; *C NMR
(50 MHz, DMSO-dg): 6 194.82, 156.78, 147.58, 133.80,
133.32, 132.90, 130.38, 129.54, 129.32, 129.12, 127.48,
121.38, 120.13, 67.62 ppm; MS (EI) m/z 272 (M™); Anal.
Calcd for C;¢H30,Cl: C, 70.46; H, 4.80. Found: C, 70.32;
H, 4.68. Compound 17: yield, 31%; '"H NMR (200 MHz,
CDCls): 6 9.62 (d, J=7.8 Hz, 1H), 7.88 (d, J=16.0 Hz,
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1H), 7.77 (dd, J = 7.5, 1.6 Hz, 1H), 7.25-7.56 (m, 5H), 6.99
(d, J = 8.4 Hz, 1H), 6.96 (dd, J = 7.5, 7.5 Hz, 1H,), 6.79 (dd,
J=16.0, 7.8 Hz, 1H), 5.13 (s, 2H)ppm; *C NMR
(50 MHz, CDCly): & 194.35, 156.93, 147.59, 138.31,
134.64, 132.62, 130.06, 129.13, 128.67, 128.40, 127.37,
125.31, 123.38, 121.45, 112.68, 69.71 ppm; MS (EI) m/z
272 (M*); Anal. Calcd for: C, 70.46; H, 4.80. Found: C,
70.82; H, 5.04. Compound 18: yield, 43%; 'H NMR
(200 MHz, DMSO-dq): 6 9.63 (d, J = 7.8 Hz, 1H), 7.90 (d,
J=16.0Hz, 1H), 7.72 (d, J=7.5Hz, 1H), 7.38-7.52(m,
5H), 7.16 (d, J = 8.4 Hz, 1H), 7.01 (dd, J = 7.5, 7.5 Hz, 1H),
6.83 (dd, J = 16.0, 7.8 Hz, 1H), 5.18 (s, 2H) ppm; '*C NMR
(50 MHz, DMSO-ds): & 194.73, 156.78, 147.63, 135.54,
132.76, 132.65, 129.46, 129.24, 129.01, 128.52, 122.69,
121.13, 113.19, 68.96 ppm; MS (EI) m/z 272 (M™); Anal.
Calcd for C;6H30,Cl: C, 70.46; H, 4.80. Found: C, 69.88 ;
H, 4.56. Compound 19: yield, 33%; 'H NMR (200 MHz,
DMSO-d): 6 9.60 (d, J = 7.8 Hz, 1H), 7.85 (d, J = 16.0 Hz,
1H), 7.75 (dd, J = 7.6, 1.4 Hz, 1H), 7.59 (ddd, J = 7.6, 7.6,
1.4 Hz, 1H), 7.41-7.47 (m, 2H), 7.21-7.32 (m, 3H), 7.04
(dd, J=17.6, 7.6 Hz, 1H), 6.81 (dd, J=16.0, 7.8 Hz, 1H),
528 (s, 2H)ppm; '*C NMR (50 MHz, DMSO-dy): o
195.17, 160.72, 157.10, 148.02, 133.15, 130.97, 130.89,
129.56, 124.85, 123.52, 122.97, 121.61, 115.73, 113.54,
64.56 ppm; MS (EI) m/z 256 (M"); Anal. Caled for
Cy6H305F: C, 74.99; H, 5.11. Found: C, 73.56; H, 4.88.
Compound 20: yield, 34%; '"H NMR (200 MHz, CDCly): 6
9.70 (d, J = 7.8 Hz, 1H), 7.91 (d, J = 16.0 Hz, 1H), 7.06 (dd,
J=8.0, 1.6 Hz, 1H), 7.33-7.44 (m, 2H), 6.95-7.27 (m, 5H),
6.78 (dd, J = 16.0, 7.8 Hz, 1H), 5.17 (s, 2H) ppm; '*C NMR
(50 MHz, CDCls): 6 194.18, 156.78, 147.43, 138.54, 132.40,
130.15, 128.95, 128.49, 122.45, 122.31, 121.22, 114.95,
113.97, 112.47, 69.51 ppm; MS (EI) m/z 256 (M"); Anal.
Calcd for CigH30,F: C, 74.99; H, 5.11. Found: C, 75.65;
H, 4.89. Compound 21: yield, 31%; 'H NMR (200 MHz,
CDClLy): ¢ 9.67 (d, J=7.8 Hz, 1H), 7.89 (d, J=16.0 Hz,
1H), 7.58 (dd, J=8.0, 1.8 Hz, 1H), 7.20-7.43 (m, 4H),
6.97-7.05 (m,2H), 6.77 (dd, J=16.0, 7.8 Hz, 1H), 5.13 (s,
2H), 2.38 (s, 3H) ppm; '*C NMR (50 MHz, CDCls): 6
194.52, 157.45, 147.41, 138.09, 133.21, 132.61, 129.41,
128.98, 128.66, 127.54, 123.36, 121.09, 112.82, 70.54,
21.20 ppm; MS (EI) m/z 252 (M"); Anal. Caled for
C17H,6402: C, 80.93; H, 6.39. Found: C, 79.88; H, 6.54.
Compound 22: yield, 32%; '"H NMR (200 MHz, CDCl,): &
9.66 (d, J = 7.8 Hz, 1H), 7.88 (d, J = 16.0 Hz, 1H), 7.58 (dd,
J=8.0, 1.8 Hz, 1H), 7.34-7.40 (m, 3H), 6.92-7.05 (m, 4H),
6.73 (dd, J=16.0, 7.8 Hz, 1H), 5.10 (s, 2H), 3.83 (s,
3H) ppm; *C NMR (50 MHz, CDCl;): 6 194.54, 159.66,
157.49, 148.08, 132.62, 123.39, 121.11, 114.15, 112.87,
70.44, 55.33 ppm; MS (EI) m/z 268 (M™"); Anal. Calcd for
Cy7H,405: C, 76.10; H, 6.01. Found: C, 76.58; H, 5.98.
Compound 23: yield, 22%; '"H NMR (200 MHz, DMSO-
dg): 6 9.64 (d, J=7.8 Hz, 1H), 7.92 (d, J=16.0 Hz, 1H),
7.75-7.77 (m, 2H), 7.66 (d, J = 8.3 Hz, 1H), 7.41-7.50 (m,
2H), 7.17 (d, J = 8.4 Hz, 1H), 7.03 (dd, J = 7.5, 7.5 Hz, 1H),
6.83 (dd, J = 16.0, 7.8 Hz, 1H), 5.25 (s, 2H) ppm; °C NMR
(50 MHz, DMSO-dg): 6 194.92, 156.59, 147.65, 137.83,
132.89, 131.20, 130.84, 130.63, 129.68, 129.29, 129.13,
127.97, 122.76, 121.37, 113.30, 68.29 ppm; MS (EI) m/z
306 (M™); Anal. Calcd for C¢H,0,Cl,: C, 62.56; H, 3.94.
Found: C, 63.51; H, 4.05. Compound 24: yield, 24%; 'H
NMR (200 MHz, CDCl;): 6 9.71 (d, J = 7.8 Hz, 1H), 7.93
(d, J=16.0 Hz, 1H), 7.61 (dd, J = 7.5, 1.4Hz, 1H), 7.36—
7.49 (m, 3H), 7.22-7.29 (m, 1H), 7.05 (d, J=7.5, 7.5 Hz,
1H), 6.95 (d, J=8.4 Hz, 1H), 6.78 (dd, J=16.0, 7.8 Hz,
1H), 5.28 (s, 2H) ppm; 3C NMR (50 MHz, CDCly):
194.31, 156.66, 147.50, 136.22, 133.31, 132.68, 130.75,
129.97, 129.10, 128.59, 127.56, 126.61, 123.35, 121.62,
112.72, 67.98 ppm; MS (EI) m/z 306 (M"); Anal. Calcd
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for C;cH;,0,Cl,: C, 62.56; H, 3.94. Found: C, 63.21; H,
4.01. Compound 25: yield, 42%; 'H NMR (200 MHz,
DMSO-dy): 6 9.62 (d, J = 7.8 Hz, 1H), 7.89 (d, J = 16.0 Hz,
1H), 7.77 (d, J=17.5Hz, 1H), 7.71 (d, 1H), 7.63 (m, 1H),
7.47-7.51 (m, 2H), 7.05 (d, J=8.4Hz, 1H), 6.95 (dd,
J=17.5,7.5Hz, 1H), 6.78 (dd, J = 16.0, 7.8 Hz, 1H), 5.27 (s,
2H) ppm; 3C NMR (50 MHz, DMSO-dg): 6 194.90,
156.63, 147.52, 133.87, 133.05, 132.95, 131.72, 129.29,
129.14, 127.70, 122.84, 121.53, 113.36, 67.06 ppm; MS
(EI) m/z 306 (M"); Anal. Calcd for C;6H;,0,Cly: C, 62.56;
H, 3.94. Found: C, 62.54; H, 3.88. Compound 26: yield,
27%; 'H NMR (200 MHz, DMSO-dg): 6 9.52 (d,
J=78Hz, 1H), 773 (d, J=16.0Hz, 1H), 7.72 (d,
J=12Hz, 1H), 7.35-7.60 (m, 5H), 7.08 (dd, J=7.5,
7.5 Hz, IHP, 6.73 (dd, J=16.0, 7.8 Hz, 1H), 5.34 (s,
2H) ppm; °C NMR (50 MHz, DMSO-ds): & 194.92,
157.35, 147.65, 136.32, 133.18, 132.00, 131.45, 129.74,
129.41, 129.12, 123.14, 121.94, 113.83,66.11 ppm; MS (EI)
mlz 306 (M"); Anal. Calcd for C;¢H;,0,Cly: C, 62.56; H,
3.94. Found: C, 61.22; H, 4.02. Compound 28: yield, 79%;
'"H NMR (200 MHz, DMSO-dg): 6 10.30 (s, 1H), 7.26-7.38
(m, 4H), 7.25 (d, J=2.8Hz, 1H), 7.15 (d, J = 2.8Hz, 1H),
5.23 (s, 2H), 3.72 (s, 3H) ppm; '>*C NMR (50 MHz, DMSO-
de): 6 189.14, 155.13, 153.78, 134.00, 132.87, 130.31, 129.67,
127.64, 125.36, 123.24, 116.53, 110.57, 68.69, 55.75 ppm;
MS (EI) m/z 276(M*); Anal. Caled for C,sH;305Cl: C,
65.11; H, 4.74. Found: C, 64.99; H, 5.02. Compound 29:
yield, 73%; '"H NMR (200 MHz, DMSO-d;): 6 10.37 (s,
1H), 7.52 (s, 1H), 7.35-7.41 (m, 3H), 7.18 (m, 3H), 5.17 (s,
2H), 3.17 (s, 3H) ppm; *C NMR (50 MHz, DMSO-dg): &
188.91, 155.03, 153.63, 139.33, 133.50, 130.49, 128.04,
127.40, 126.15, 125.15, 122.96, 115.91, 110.65, 69.74,
55.60 ppm; MS (EI) m/z 276(M¥); Anal. Calcd for
C5sH1303CL C, 65.11; H, 4.74. Found: C, 65.32; H, 4.74.
Compound 30: yield, 63%; 'H NMR (200 MHz, DMSO-
dg): 0 10.36, (s, 1H), 7.39-7.51 gm, 4H), 7.16-7.21 (m, 3H),
5.19 (s, 2H), 3.72 (s, 3H) ppm; '*C NMR (50 MHz, DMSO-
dg): 6 188.79, 154.89, 153.38, 135.62, 132.54, 129.37, 128.45,
124.94, 122.88, 115.98, 110.30, 69.63, 55.47 ppm; MS (EI)
mlz 276 (M™"); Anal. Caled for C;sH;305Cl: C, 65.11; H,
4.74. Found: C, 65.21; H, 4.69. Compound 31: yield, 35%;

'"H NMR (200 MHz, DMSO-dj): 6 9.64 (d, J = 7.8 Hz, 1H),
7.89 (d, J=16.0Hz, 1H), 7.31-7.48 (m, 6H), 7.13 (d,
J=9.1Hz, 1H), 7.01 (dd, J=9.1, 3.0 Hz, 1H), 6.90 (dd,
J=16.0, 7.8 Hz, 1H), 5.16 (s, 2H), 3.74 (s, 3H) ppm; °C
NMR (50 MHz, DMSO-dg): & 194.89, 153.39, 151.30,
147.47, 136.81, 129.24, 128.52, 127.94, 127.66, 123.43,
118.83, 114.93, 112.97, 70.41, 55.59 ppm; MS (EI) m/z 268
(M™); Anal. Caled for C;;H,405: C, 76.10; H, 6.01. Found:
C, 76.01; H, 6.11. Compound 32: yield, 55%; 'H NMR
(200 MHz, DMSO-dg): 6 9.62 (d, J = 7.8 Hz, 1H), 7.87 (d,
J=16.0 Hz, 1H), 7.35-7.61 (m, 4H), 7.31 (d, J = 3.0 Hz,
1H), 7.16 (d, J = 9.1 Hz, 1H), 7.03 (dd, J = 9.1, 3.0 Hz, 1H),
6.88 (dd, J=16.0, 7.8 Hz, 1H), 521 (s, 2H), 3.75 (s,
3H) ppm; '*C NMR (50 MHz, DMSO-dg): & 194.73,
153.63, 151.02, 147.20, 134.01, 132.73, 130.284, 129.99,
129.46, 129.23, 127.40, 123.65, 118.83, 115.04, 112.81,
68.26, 55.57 ppm; MS (EI) m/z 276 (M*); Anal. Calcd for
C7H,505Cl: C, 67.44; H, 4.99. Found: C, 66.99; H, 5.01.
Compound 33: yield, 39%; '"H NMR (200 MHz, DMSO-
dg): 6 9.65 (d, J=7.8 Hz, 1H), 7.90 (d, J = 16.0 Hz, 1H),
7.52 (s, 1H), 7.31-7.44 (m, 3H),7.31 (d, J=2.7Hz, 1H),
7.12 (d, J=9.1 Hz, 1H), 7.03 (dd, J = 9.1, 2.7 Hz, 1H), 6.89
(dd, J=16.0, 7.8 Hz, 1H), 5.19 (s, 2H), 3.74 (s, 3H) ppm;
13C NMR (50 MHz, DMSO-dq): & 194.95, 153.54, 151.00,
147.38, 139.44, 133.18, 130.51, 129.33, 127.92, 127.44,
126.27, 123.53, 118.86, 114.97, 112.93, 69.51, 55.61 ppm;
MS (EI) m/z 302 (M*); Anal. Caled forC,;H;505Cl: C,
67.44; H, 4.99. Found: C, 66.99; H, 5.01. Compound 34:
yield, 32%; '"H NMR (200 MHz, DMSO-dg): 6 9.60 (d,
J=7.8Hz 1H), 7.89 (d, J=16.0 Hz, 1H), 7.42-7.52 (m,
4H), 7.31 (d, J = 2.9 Hz, 1H), 7.13 (d, J = 9.1 Hz, 1H), 7.02
(dd, J=9.1, 2.9 Hz, 1H), 6.88 (dd, J = 16.0, 7.8 Hz, 1H),
5.18 (s, 2H), 3.74 (s, 3H) ppm; '>*C NMR (50 MHz, DMSO-
dg):6 194.93, 153.50, 151.08, 147.36, 135.88, 132.55, 129.57,
129.28, 128.54, 123.49, 118.85, 114.96, 112.93, 69.58,
55.61 ppm; MS (EI) m/z 302 (M"); Anal. Caled for-
C17H,505Cl: C, 67.44; H, 4.99. Found: C, 67.32; H, 5.02.

. Wang, J. P.; Raung, S. L.; Kuo, Y. H.; Teng, C. M. Eur. J.

Pharmacol. 1995, 288, 341.

. Merritt, J. E.; McCarthy, S. A.; Davies, M. P.; Morres, K.

E. Biochem. J. 1990, 269, 513.
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New 4-(4-methyl-phenyl)phthalazin-1(2H)-one derivatives and their effects on a;-receptors pp 2575-2579
Giovannella Strappaghetti,” Chiara Brodi, Gino Giannaccini and Laura Betti
. . . . . . O
Continuing our research aimed at obtaining new compounds with | I\
high affinity and selectivity toward o;-AR, a new class of N— (CHyn-N N n= 247
. . .. . { = H;
arylpiperazine derivatives has been synthesized. The new compounds N ’
) . : ) 2 X = 0-OCH,,
are characterized by a 4-methyl-phenyl-phthalazinone system linked, R= 0-OC,Hx:

through a linker of two-, four- or seven-carbon atoms, to an R= 0-CH(CHa),y:
arylpiperazine moiety. The pharmacological profile of these com- O R. m-CF;:

pounds was evaluated for their affinities toward a- and o,-AR, and R= m-CL
toward 5SHT;, receptor. A discussion on the structure-activity CH,
relationship of such compounds is also reported.
Human methionine aminopeptidase type 2 in complex with L- and D-methionine pp 2580-2583
M. Cristina Nonato, Joanne Widom and Jon Clardy*
The crystal structures of human type 2 methionine aminopeptidase complexed with L- and “ - Y
D-methionine were deduced by X-ray crystallography to establish the structural basis %'“Q‘o
of enantiomer discrimination in natural substrates and inhibitors. %05 e %w
035387 ogi'e
& - 2.
o . g
", fq : &3
oD Ta e 2
® tﬁ:«"
i
Synthesis of new and potent analogues of anti-tuberculosis agent 5-nitro-furan-2-carboxylic acid pPp 2584-2589

4-(4-benzyl-piperazin-1-yl)-benzylamide with improved bioavailability
Rajendra P. Tangallapally, Robin E. B. Lee, Anne J. M. Lenaerts and Richard E. Lee”

Qo WY
/IN+ \ l Pl X/HNH\\ i
b i Nep!

Ring A Ring B L,\,,\,',/,,,Br

II; R = Alkyl /NCOOR/NCONHR; X=C/N;n=1/2

The synthesis of lead optimized analogues, their anti-tuberculosis activity, and bioavailability are reported.
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Synthesis and SAR of 1,9-dihydro-9-hydroxypyrazolo[3,4-b]quinolin-4-ones pp 2590-2594
as novel, selective c-Jun N-terminal Kinase inhibitors

Mei Liu,” Zhili Xin, Jill E. Clampit, Sanyi Wang, Rebecca J. Gum, Deanna L. Haasch,

James M. Trevillyan, Cele Abad-Zapatero, Elizabeth H. Fry, Hing L. Sham and Gang Liu

R! HCI/HOAC
/EQN . CHO 85°C, 50-60% \G\)‘\J\/(
N

Ho™ N NO,
R? OH R

This paper describes a novel class of 1,9-dihydro-9-hydroxypyrazolo[3,4-b]quinolin-4-ones as c-Jun-N-terminal

kinase (JNK) inhibitors. These compounds were synthesized via the condensation of 2-nitrobenzaldehydes and
hydroxypyrazoles. The structure-activity relationships (SARs) and kinase selectivity profile of the inhibitors are +
also discussed. Compound 16 was identified as a potent JNK inhibitor with good cellular potency. @

Non-peptide calcitonin gene-related peptide receptor antagonists from a benzodiazepinone lead pp 2595-2598

Theresa M. Williams," Craig A. Stump, Diem N. Nguyen, Amy G. Quigley, Ian M. Bell,

Steven N. Gallicchio, C. Blair Zartman, Bang-Lin Wan, Kimberly Della Penna, Priya Kunapuli,
Stefanie A. Kane, Ken S. Koblan, Scott D. Mosser, Ruth Z. Rutledge, Christopher Salvatore,
John F. Fay, Joseph P. Vacca and Samuel L. Graham

CFa—

g N—\r:} %N}N;Q
O

Structure activity studies led to the non-peptide CGRP antagomst, 7 (K; = 44 nM, ICs, = 38 nM), which was orally bioavailable in
rats. Benzodiazepinone 7 is a promising new lead in the development of orally bioavailable CGRP antagonists for the treatment of
migraine.

Development of a dual fluorogenic and chromogenic dipeptidyl peptidase IV substrate pp 2599-2602
Nan-Hui Ho, Ralph Weissleder and Ching-Hsuan Tung*

‘E O * J@L
Gly-Pro-Gly-Pro-HN

‘\L sogH  — . SOaH

Weakly fluorescence SOzH Strongly fluorescence SO3H

A water-soluble far-red tetrapeptide substrate was developed to sense DPP-IV activity.

Development of withaferin A analogs as probes of angiogenesis pp 2603-2607
Yasuno Yokota, Paola Bargagna-Mohan, Padma P. Ravindranath,
Kyung B. Kim and Royce Mohan”

Withaferin A long chain linker Biotin moiety
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Nitrogen-bridged substituted 8-arylquinolines as potent PDE IV inhibitors Pp 2608-2612
Patrick Lacombe,” Denis Deschénes, Daniel Dubé, Laurence Dubé, Michel Gallant,

Dwight Macdonald, Antony Mastracchio, Hélene Perrier, Stella Charleson, Zheng Huang,

France Laliberté, Susana Liu, Joseph A. Mancini, Paul Masson, Myriam Salem,

Angela Styhler and Yves Girard

Potent inhibitors of the human PDE IV enzyme are described. Substituted 8-arylquinoline

analogs bearing nitrogen-linked side chain were identified as potent inhibitors based on the \ t SO:Me
SAR described herein. N
R1
QPN
R? ‘//
RS
Docking studies and development of novel 5-heteroarylamino-2,4-diamino-8-chloropyrimido- pp 2613-2617

[4,5-b]quinolines as potential antimalarials
Advait A. Joshi and C. L. Viswanathan™

R
*NH  NH,

X SN

AN

cl N~ N7 NH,

Docking is used to predict the binding mode of novel 5-substituted amino-2,4-diamino-8-chloropyrimido-[4,5-b]quinolines and to
design and synthesize three novel analogs.

Novel glycosylation reactions using glycosyl thioimidates of /NV-acetylneuraminic acid as sialyl donors pp 2618-2620
Kiyoshi Ikeda,” Misato Aizawa, Kazuki Sato and Masayuki Sato
RO AcO OAc AcO
CO.R' R-OH
N Z s5ad
AcO1 - >
ANH 2 S_</ j© AgOT
AcO Y g
4 6
1and 2 56-95% e 33-89% a-e
1a (R=H, R'= Me, X = OH) 4a(Y=8,Z=H,R'=Me), 4b (Y=0, Z=H, R'= Me) 6a (R' = Me, R = -CH,CgH,p-NO,)
1b (R=H, R'=Bn, X=0H) 4c (Y=NH, Z=H, R'= Me), 4d (Y = NH, Z = NO,, R' = Me) 6b (R' = Me, R =-Gal)
AcCl )
2a (R = Ac, R'= Me, X = Cl) 4e(Y=S8,Z=H, R =Bn) 6c (R' = Me, R = -3-O-C,,-GIcNTroc)
~-——
2b (R=Ac, R'=Bn, X=Cl) 6d (R'= Me, R =-3-O-Troc-GlcNTroc)
6e (R' = Bn, R = -CH,C4H,p-NO,)
Identification and characterization of amino-piperidinequinolones and pp 2621-2627

quinazolinones as MCHr1 antagonists

Christopher Blackburn,” Matthew J. LaMarche, James Brown, Jennifer Lee Che,
Courtney A. Cullis, Sujen Lai, Martin Maguire, Thomas Marsilje, Bradley Geddes,
Elizabeth Govek, Vivek Kadambi, Colleen Doherty, Brian Dayton, Sevan Brodjian,
Kennan C. Marsh, Christine A. Collins and Philip R. Kym

1
Several potent, functionally active MCHr1 antagonists derived from quinolin-2(1H)-ones and /OI’R
quinazoline-2(1 H)-ones have been synthesized and evaluated. Pyridylmethyl substitution at the H
quinolone 1-position results in derivatives with low-nM binding potency and good selectivity cl L X=CH,N
with respect to hERG binding. /1
N~ ~O
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Synthesis and biological activity of conjugates between pp 2628-2631
paclitaxel and the cell delivery vector penetratin
Shudong Wang,* Nikolai Z. Zhelev, Susan Duff and
Peter M. Fischer

Synthesis of paclitaxel-penetratin (pAntp) constructs, in which
the 2’- or 7-position of paclitaxel was used as the attachment site
for linkers connecting the drug and peptide moieties, is

described. Conjugates 3b and 3¢ were highly soluble and stable s N

with a half-life of >8h under cell culture conditions. Their R3

antitumour activities were determined. T 5 jb o]
:R'=B,R?=H a: R3 = pAntp[43-58]-OH

e
:R' = CPhy~(p-OMe-Ph), R =A— " c: R% = pAntp[52-58]-NH,
:R'=H,R2=B

1
2
3
4: R' = COCH,OMe, R? = A b: R = pAntp[43-58]-NH,
5
6

A cassette-dosing approach for improvement of oral bioavailability of dual TACE/MMP inhibitors pp 2632-2636
Philipp Janser,” Ulf Neumann, Wolfgang Miltz, Roland Feifel and Thomas Buhl

TNF484 6
@*
Tenfold improvement of the oral bioavailability of TNF484 with the help of cassette-dosing is described.
Quinol fatty alcohols as promoters of axonal growth pp 2637-2640

Mazen Hanbali, Marta Vela-Ruiz, Dominique Bagnard and Bang Luu”

OMe OMe
X /@QBn X
MeO-r ———» ————» MeOt n=12,14,15,16, 18
g, Pd(PPhs); Hp, Pd/C 5% ~yOH
Piperidine EtOH, rt n
OMe  gg°c 24h  Overnight OMe

Three series of quinol fatty alcohols were synthesized and their capacity to promote axonal growth was evaluated. Q,FA15, bearing
15 carbon atoms on the side chain, exhibits the highest promoting effect (107 M) allowing axonal growth on both permissive and
non-permissive (glial scar) environments.

Orally active thrombin inhibitors. Part 1: Optimization of the P1-moiety pp 2641-2647

Helmut Mack,” Dorit Baucke, Wilfried Hornberger, Udo E. W. Lange,*
Werner Seitz and H. Wolfgang Hoffken :

: A
HO ‘N NH
7
o " o o N/\(/J/ZANHQ
H S

16 ICy, (thrombin) = 1.4 nM
F (dog) = 53%
Highly potent thrombin inhibitors and their SAR with focus on the P1-position are described. The aryl P1-moiety mimicking the
Arg part of the (D)-Phe-Pro-Arg derived thrombin inhibitors turned out to be a key component for in vitro potency and in vivo
activity.
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Orally active thrombin inhibitors. Part 2: Optimization of the P2-moiety Pp 2648-2653

Udo E. W. Lange,” Dorit Baucke, Wilfried Hornberger, Helmut Mack,*
Werner Seitz and H. Wolfgang Hoéffken

RO AW
: N

29 ICg, (thrombin) = 1.0 nM
F (dog) = 58 %

The convergent synthesis of highly potent thrombin inhibitors and their SAR with focus on the P2-position is described. The special
‘dehydroproline’ effect on the in vitro potency and in vivo activity is discussed for selected examples.

Synthesis and in vitro evaluation of N-substituted aza-trozamicol analogs as vesicular pp 2654-2657
acetylcholine transporter ligands

Thaer Assaad, Sylvie Mavel, Stanley M. Parsons, Shane Kruse, Laurent Galinecau, Hassan Allouchi,

Michael Kassiou, Sylvie Chalon, Denis Guilloteau and Patrick Emond*

Aza-trozamicol derivatives substituted at the HO
nitrogen of the piperidine ring with alkyl, alk-2- Ve,
enyl or benzyl groups were synthesized. The N- QN N_CNH

substitution with ortho or meta bromobenzyl R-CH,-Br, E1OH

groups gave compounds with high affinity for HO

O~ C
human VAChT. @N/—\N_O EtsN, KI @ @
NH

/

®+

Photochemical hammerhead ribozyme activation pp 2658-2661
Douglas D. Young and Alexander Deiters”

-

Inactive Active
Ribozyme Ribozyme
{
——
g

Cleaved RNA
We report the light-activation of allosteric cis and trans acting ribozymes via decaging of a small organic molecule ligand. To achieve
this effectively, we introduce an optimized N-caging group based on a nitrobenzyl core structure. This approach can potentially be
employed toward a light-induced control of gene function.

Synthesis of a potent 5'-methylthioadenosine/S-adenosylhomocysteine (MTAN) inhibitor Pp 2662-2665
Vivekanand P. Kamath, Jainwen Zhang, Philip E. Morris, Jr. and Y. Sudhakar Babu*
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Discovery of novel biaryl heterocyclic EP; receptor antagonists pp 2666-2671
Adrian Hall,” Rino A. Bit, Susan H. Brown, Helene M. Chaignot, Iain P. Chessell,

Tanya Coleman, Gerard M.P. Giblin, David N. Hurst, Ian R. Kilford,

Xiao Q. Lewell, Anton D. Michel, Shiyam Mohamed, Alan Naylor, Riccardo Novelli,

Lee Skinner, David J. Spalding, Sac P. Tang and Richard J. Wilson
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The synthesis and biological activity of a series of novel EP; receptor antagonists are described. In vitro and in vivo DMPK data are
presented for selected compounds.

Novel 4-anilinoquinazolines with C-6 carbon-linked side chains: Synthesis and structure-activity pp 2672-2676
relationship of a series of potent, orally active, EGF receptor tyrosine kinase inhibitors
Laurent F. A. Hennequin,” Peter Ballard, F. Tom Boyle, Bénédicte Delouvrié,

Rebecca P. A. Ellston, Chris T. Halsall, Craig S. Harris, Kevin Hudson, Jane Kendrew,
J. Elizabeth Pease, Helen S. Ross, Peter Smith and Jennifer L. Vincent

Cl
The discovery and SAR of a novel subseries of 4-anilinoquinazoline EGFR inhibitors
substituted at the C-6 position with carbon-linked side chains are described.
A fast and robust '’F NMR-based method for finding new HIV-1 protease inhibitors pp 2677-2681
Silvia Frutos, Teresa Tarrago and Ernest Giralt*
Enzymafic
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- E nzy mattic
/ product
55
N-Benzylbenzamides: A new class of potent tyrosinase inhibitors pp 2682-2684

Sung Jin Cho, Jung Seop Roh, Won Suck Sun, Sung Han Kim and Ki Duk Park*

A series of potent inhibitors of tyrosinase and their structure-activity relationships are described. N-Benzylbenzamide derivatives
(1-21) with hydroxyl(s) were synthesized and tested for their tyrosinase inhibitory activity. With this series, compound 15 provided a
potent tyrosinase inhibition: it effectively inhibited the oxidation of L-DOPA catalyzed by mushroom tyrosinase with ICsy of
2.2 uM.
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Novel fluorescent oligoDNA probe bearing a multi-conjugated nucleoside with a fluorophore Pp 2685-2688
and a non-fluorescent intercalator as a quencher

Sinichi Kodama, Satoko Asano, Tomohisa Moriguchi, Hiroaki Sawai and Kazuo Shinozuka*

\ij ‘7 ~ hv v NH . ,E; .
= ( - hybridization O doior: [O OOH < acceptor:
‘— HO Y 070 0

A set of 15mer linear oligoDNA probes bearing a modified nucleoside conjugated with a polyamine/fluorescein/anthraquinone
reporting moiety exhibited marked fluorescence signal upon hybridization to the fully complementary stand.

Design and synthesis of 7H-pyrrolo[2,3-d]pyrimidines as focal adhesion kinase inhibitors. Part 2 pp 2689-2692

Ha-Soon Choi, Zhicheng Wang, Wendy Richmond, Xiaohui He, Kunyong Yang, Tao Jiang,
Donald Karanewsky, Xiang-ju Gu, Vicki Zhou, Yi Liu, Jianwei Che, Christian C. Lee,
Jeremy Caldwell, Takanori Kanazawa, Ichiro Umemura, Naoko Matsuura, Osamu Ohmori,
Toshiyuki Honda, Nathanael Gray and Yun He*
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Discovery of bitriazolyl compounds as novel antiviral candidates for combating the pPp 2693-2698
tobacco mosaic virus

Yi Xia, Zhijin Fan, Jianhua Yao, Quan Liao, Wei Li, Fanqi Qu and Ling Peng*

R: fe)

Bitriazolyl compounds have been discovered to show promising antiviral activity against tobacco mosaic virus and may constitute
interesting leads for the development of new antiviral candidates.

Synthesis and structure—activity relationship of a novel, achiral series Pp 2699-2704
of TNF-a converting enzyme inhibitors

John L. Gilmore,” Bryan W. King, Cathy Harris, Thomas Maduskuie, Stephen E. Mercer,

Rui-Qin Liu, Maryanne B. Covington, Mingxin Qian, Maria D. Ribadeneria, Krishna Vaddi,

James M. Trzaskos, Robert C. Newton, Carl P. Decicco and James J.-W. Duan

Several series of cyclic-B-aminohydroxamic acids have been synthesized and
evaluated for activity against TNF-a-converting enzyme (TACE). The most |
promising compound exhibits a K; of 0.35 nM in a pTACE assay and a whole

blood activity of 150 nM. /H \’(©/
HO
m O X=NR, O
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Design of a potent, soluble glucokinase activator with excellent in vivo efficacy pp 2705-2709

Darren McKerrecher,” Joanne V. Allen, Peter W. R. Caulkett, Craig S. Donald,
Mark L. Fenwick, Emma Grange, Keith M. Johnson, Craig Johnstone,
Clifford D. Jones, Kurt G. Pike, John W. Rayner and Rolf P. Walker
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Studies on the novel a-glucosidase inhibitory activity and pp 2710-2713
structure—activity relationships for andrographolide analogues

Gui-Fu Dai, Hai-Wei Xu, Jun-Feng Wang, Feng-Wu Liu and Hong-Min Liu*

1: no inhibition
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A series of novel a-glucosidase inhibitors were reported and the structure—activity relationships were analyzed.

N-Alkyl-N-arylmethylpiperidin-4-amines: Novel dual inhibitors of serotonin and pp 2714-2718
norepinephrine reuptake

J. R. Boot, S. L. Boulet, B. P. Clark, M. J. Cases-Thomas, L. Delhaye, K. Diker, J. Fairhurst,

J. Findlay, P. T. Gallagher,” J. Gilmore, J. R. Harris, J. J. Masters, S. N. Mitchell, M. Naik,

R. G. Simmonds, S. M. Smith, S. J. Richards, G. H. Timms, M.A. Whatton, C. N. Wolfe

and V. A. Wood

A series of N-alkyl-N-arylmethylpiperidin-4-amines have been prepared and are demonstrated to be inhibitors of both serotonin and
norepinephrine reuptake.

Novel substituted naphthalen-1-yl-methanone derivatives as anti-hyperglycemic agents pp 2719-2723
Atul Kumar,” S. R. Pathak, Pervez Ahmad, S. Ray, P. Tewari and A. K. Srivastava
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Imidazolylpyrimidine based CXCR2 chemokine receptor antagonists pp 2724-2728
Koc-Kan Ho,” Douglas S. Auld, Adolph C. Bohnstedt, Paolo Conti, Wim Dokter,

Shawn Erickson, Daming Feng, Jim Inglese, Celia Kingsbury, Steven G. Kultgen,

Rong-Qiang Liu, Christopher M. Masterson, Michael Ohlmeyer, Yajing Rong,

Martijn Rooseboom, Andrew Roughton, Philippe Samama, Martin-Jan Smit,

Ellen Son, Jaap van der Louw, Gerard Vogel, Maria Webb, Jac Wijkmans and Ming You
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Imidazolylpyrimidine based CXCR2 chemokine receptor antagonist was optimized for potency, in vitro metabolic stability, and oral
bioavailability. Potent and orally available CXCR2 antagonists are herein reported.

3-[6-(2-Dimethylamino-1-imidazol-1-yl-butyl)-naphthalen-2-yloxy]-2,2-dimethyl-propionic pp 2729-2733
acid as a highly potent and selective retinoic acid metabolic blocking agent

Mark J. Mulvihill,* Julie L. C. Kan, Andrew Cooke, Shripad Bhagwat, Patricia Beck,

Mark Bittner, Cara Cesario, David Keane, Viorica Lazarescu, Anthony Nigro,

Christy Nillson, Bijoy Panicker, Vanessa Smith, Mary Srebernak, Feng-Lei Sun,

Matthew O’Connor, Suzanne Russo, Gia Fischetti, Michael Vrkljan, Shannon Winski, NK

Arlindo L. Castelhano, David Emerson and Neil W. Gibson «N

3-[6-(2-Dimethylamino-1-imidazol-1-yl-butyl)-naphthalen-2-yloxy]-2,2-dimethyl-pro- o ’ R°
pionic acid and analogs were designed and synthesized as highly potent and selective | OO N"R5
CYP26 inhibitors, serving as retinoic acid metabolic blocking agents (RAMBAS), HO%CO *R"R*
with demonstrated efficacy in vivo to increase the half-life of exogenous arRA. R R

Arylanthranilodinitriles: A new biaryl class of antileishmanial agents pp 2734-2737
Fateh V. Singh, Rit Vatsyayan, Uma Roy and Atul Goel”
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The Bsmoc group as a novel scaffold for the design of irreversible inhibitors of cysteine proteases pp 2738-2741

Jim Iley,” Rui Moreira,” Luisa Martins, Rita C. Guedes and Claudio M. Soares
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Carbamate and ester derivatives of the 1,1-dioxobenzo[b]thiophen-2-ylmethyloxycarbonyl (Bsmoc) scaffold are irreversible
inhibitors papain and cathepsin B. In contrast, none of the Bsmoc derivatives inhibited porcine pancreatic elastase, a serine protease.
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Synthesis of (2E)-3-{2-|(substituted benzyl)oxy]phenyl}acrylaldehydes as novel
anti-inflammatory agents

Li-Jiau Huang,* Jih-Pyang Wang,” Yu-Chi Lai and Sheng-Chu Kuo
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pp 2742-2747

Tetrazole thioacetanilides: Potent non-nucleoside inhibitors of

WT HIV reverse transcriptase and its K103N mutant

Ester Muraglia,” Olaf D. Kinzel, Ralph Laufer, Michael D. Miller, Gregory Moyer,
Vandna Munshi, Federica Orvieto, Maria Cecilia Palumbi, Giovanna Pescatore,
Michael Rowley, Peter D. Williams and Vincenzo Summa

SAR study on tetrazole thioacetanilides as NNRTIs led to potent compounds, with nanomolar
activity on both WT HIV and on the clinically relevant K103N mutant, submicromolar
activity in infected cells and orally bioavailable in rats.

pp 2748-2752
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ICos (50%NHS) 125 nM

Aziridine-2,3-dicarboxylate inhibitors targeting the major cysteine protease of
Trypanosoma brucei as lead trypanocidal agents

Radim Vicik, Verena Hoerr, Melanie Glaser, Martina Schultheis, Elizabeth Hansell,
James H. McKerrow, Ulrike Holzgrabe, Conor R. Caffrey, Alicia Ponte-Sucre,
Heidrun Moll, August Stich and Tanja Schirmeister®

Inhibition of rhodesain, trypanocidal activity, and cytotoxicity against macrophages by
cysteine protease inhibitors containing an aziridine-2,3-dicarboxylate moiety are described.

pp 2753-2757

Antimalarial effect of bis-pyridinium salts,
N, N -hexamethylenebis(4-carbamoyl-1-alkylpyridinium bromide)

pp 2758-2760

Kanji Fujimoto, Daiki Morisaki, Munehiro Yoshida, Tetsuto Namba, Kim Hye-Sook, Yusuke Wataya,

Hiroki Kourai, Hiroki Kakuta and Kenji Sasaki*
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Synthesis and biological evaluation of B-ring modified colchicine and isocolchicine analogs pp 2761-2764
Michael Cifuentes, Brett Schilling, Rudravajhala Ravindra, Jacquelyn Winter and Mark E. Janik”

A series of colchicine (1) and isocolchicine (2) derivatives modified at the

B-ring substituent (R!) were prepared and evaluated in vitro against MeO MeO
both microtubule polymerization and PC3 cancer cell lines. The O. R O. R!
modified colchicine analogs all displayed strong inhibitory activities. MeO MeO
More importantly, however, select isocolchicine analogs (7, 15, and 17) OMe O OMe O
also showed inhibition of microtubule polymerization and 7 exhibited O ( OMe
strong cytotoxic activity. 1 OMe 20
@*
Three anti-tumor saponins from Albizia julibrissin Pp 2765-2768
Lu Zheng, Jian Zheng, Yuying Zhao, Bin Wang, Lijun Wu and Hong Liang* =
.\‘\ =
The structures of three new triterpenoid saponins, julibroside J,, o K
julibroside J39, and julibroside Jz;, isolated from Albizia o
Jjulibrissin, have been determined on the basis of comprehensive O bu
spectroscopic analysis. They had marked anti-tumor activity.
OH OH
On © J oo Ilo—@/ ¢ = ’ L 1 2,
N HOT O O oside by RI-NHAG REH
OH OH Julibroside J3; R'=0Glc R?=Me

Synthesis and biological evaluation of a novel structural type of serotonin 5-HT; receptor antagonists  pp 2769-2772
Ramachandran Venkatesha Perumal® and Radhakrishnan Mahesh
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A series of novel 3-substituted quinoxalin-2-carboxamides were prepared and evaluated for serotonin 5-HT3 receptor antagonist
activities in the isolated guinea pig ileum.

Synthesis and antiproliferative activity of two new tiazofurin analogues with 2’-amido functionalities pp 2773-2776
Mirjana Popsavin,” Ljilja Torovi¢, Milo§ Sviréev, Vesna Kojic,
Gordana Bogdanovi¢ and Velimir Popsavin
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Design and synthesis of selective, high-affinity inhibitors of human cytochrome P450 2J2 pp 2777-2780

Pierre Lafite, Sylvie Dijols, Didier Buisson, Anne-Christine Macherey,
Darryl C. Zeldin, Patrick M. Dansette and Daniel Mansuy”

® ®
A )

A series of terfenadine analogs were synthetized and evaluated as human CYP2J2 inhibitors. Some of these compounds are high-
affinity, selective inhibitors of this enzyme (R = Pr, K; = 160 nM).

Zn** dependent DNA binders based on terminally modified peptide nucleic acids pp 2781-2785
Iris Boll, Larisa Kovbasyuk, Roland Krdmer, Thomas Oeser and Andriy Mokhir*

It has been found that affinity of a ligand-intercalator—peptide nucleic acid
conjugate to its complementary DNA is affected by Zn** due to electrostatic

interaction between the positively charged Zn(ligand) complex and the
phosphodiester backbone of the DNA. \

Vasorelaxant activity of phthalazinones and related compounds pp 27862790

Esther del Olmo,* Bianca Barboza, M* Inés Ybarra, José Luis Lopez-Pérez,
Rosalia Carron, M* Angeles Sevilla, Cinthia Boselli and Arturo San Feliciano

! Cl

The vasorelaxant activity of some dihydrostilbenamides, imidazo[2,1-a]isoindoles, pyrimido[2,1-alisoindoles and phthalazinones has
been evaluated. Three phthalazinones reverted the 10 uM phenylephrine induced contraction with ECsq <1 puM. The affinities of
compound 9h for a4, o;p and o;p adrenergic sub-receptors have been determined.

5-Piperazinyl pyridine carboxamide bradykinin B; antagonists pp 2791-2795
Scott D. Kuduk,* Christina Ng Di Marco, Ronald K. Chang, Michael R. Wood, June J. Kim,

Kathy M. Schirripa, Kathy L. Murphy, Richard W. Ransom, Cuyue Tang, Maricel Torrent,

Sookhee Ha, Thomayant Prueksaritanont, Douglas J. Pettibone and Mark G. Bock

A series of 2,3-diaminopyridine bradykinin By antagonists was modified to mitigate the 0
potential for bioactivation. Removal of the 3-amino group and incorporation of basic (\ N)K(j
S-piperazinyl carboxamides at the pyridine 5-position provided compounds with high RN\) N” NH
affinity for the human B receptor.
O COsMe
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Discovery of novel hydroxy pyrazole based factor IXa inhibitor pp 2796-2799

Dange Vijaykumar,” Paul A. Sprengeler, Michael Shaghafi, Jeffrey R. Spencer,
Brad A. Katz, Christine Yu, Roopa Rai, Wendy B. Young, Brian Schultz and James Janc

0) o
N NN
HaN D > HN m
NH OH NH  OH
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Replacement of central phenol in 1 with hydroxy pyrazole resulted in compound 2 which selectively inhibits factor IXa. It is also
selective against trypsin-like serine proteases in the coagulation cascade.

Optimization of 2-aminothiazole derivatives as CCR4 antagonists pp 2800-2803

Xuemei Wang, Feng Xu, Qingge Xu, Hossen Mahmud, Jonathan Houze, Liusheng Zhu,
Michelle Akerman, George Tonn, Liang Tang, Brian E. McMaster, Daniel J. Dairaghi,
Thomas J. Schall, Tassie L. Collins and Julio C. Medina*

A series of 2-aminothiazole-derived antagonists of the CCR4 receptor has been synthesized OO
and their affinity for the receptor evaluated using a [*>’IJTARC (CCL17) displacement assay.
Optimization of these compounds for potency and pharmacokinetic properties led to the

HN N
discovery of potent, orally bioavailable antagonists. \r/ ;
SJ’_\ N

DNA hydrolysis promoted by 1,7-dimethyl-1,4,7,10-tetraazacyclododecane pp 2804-2806
Shu-Hui Wan, Feng Liang,” Xiao-Qin Xiong, Li Yang, Xiao-Jun Wu, Ping Wang,
Xiang Zhou™ and Cheng-Tai Wu

NH N
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The first metal free macrocyclic polyamine, 1,7-dimethyl-1,4,7,10-tetraazacyclododecane (DMC), was found to hydrolyze DNA
under physiological conditions (37 °C, pH 7.2).

Design, synthesis, and biological activities of madindoline analogues pp 2807-2811

Daisuke Yamamoto, Toshiaki Sunazuka, Tomoyasu Hirose, Naoto Kojima,
Eisuke Kaji and Satoshi Omura*
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Synthesis, characterization and antiamoebic activity of 1-(thiazolo[4,5-b]quinoxaline-2-yl)-3-phenyl-2- pp 2812-2816
pyrazoline derivatives

Mohammad Abid and Amir Azam”

New 1-N-thiocarboxamide-3-phenyl-2-pyrazolines 1-6 were synthesized by cyclization of

different Mannich bases with unsubstituted thiosemicarbazide. The reaction of cyclized H,C N N
pyrazoline derivatives with 2,3-dichloroquinoxaline afforded the title compounds 7-12. These | | :@
compounds were subjected to evaluation for their antiamoebic activity. Compound 12 was N~ s N

found to be a better inhibitor of Entamoeba histolytica as compared to metronidazole.

12

Synthesis and SAR Studies of diarylpyrrole anticoccidial agents pp 2817-2821
Xiaoxia Qian,” Gui-Bai Liang, Dennis Feng, Michael Fisher, Tami Crumley,
Sandra Rattray, Paula M. Dulski, Anne Gurnett, Penny Sue Leavitt,
Paul A. Liberator, Andrew S. Misura, Samantha Samaras, Tamas Tamas,
Dennis M. Schmatz, Matthew Wyvratt and Tesfaye Biftu
N=
\_/

7\ N—
N
H

19a

The dimethylamine-substituted pyrrole 19a is the most potent inhibitor of Eimeria tenella PKG (cGMP-dependent protein kinase
among the diaryl pyrroles evaluated as anticoccidial agents.

OTHER CONTENTS

Erratum p 2822
Summary of instructions to authors pl

*Corresponding author
@ Supplementary data available via ScienceDirect

COVER

View of the crystal structure of the DB819-d(CGCGAATTCGCG), complex, looking down the minor groove of the DNA (sce
Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15.). The DB819
molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.
J. Mol. Graphics 1996, 14, 33.]

Indexed/Abstracted in: Beilstein, Biochemistry & Biophysics Citation Index, CANCERLIT, Chemical Abstracts, Chemistry
Citation Index, Current Awareness in Biological Sciences/BIOBASE, Current Contents: Life Sciences, EMBASE/Excerpta
Medica, MEDLINE, PASCAL, Research Alert, Science Citation Index, SciSearch, TOXFILE

ISSN 0960-894X

ELSEVIER






ELSEVIER

Available online at www.sciencedirect.com

SCIENCE<d)DIRECT®

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 16 (2006) 2685-2688

Novel fluorescent oligoDNA probe bearing
a multi-conjugated nucleoside with a fluorophore
and a non-fluorescent intercalator as a quencher

Sinichi Kodama, Satoko Asano, Tomohisa Moriguchi,
Hiroaki Sawai and Kazuo Shinozuka*

Department of Chemistry, Faculty of Engineering, Gunma University, 1-5-1 Tenjin-cho, Kiryu 376-8515, Japan
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Available online 9 March 2006

Abstract—A set of 15mer linear oligoDNA probes bearing a modified nucleoside conjugated with a polyamine/fluorescein/anthra-
quinone reporting moiety were synthesized. In a single-stranded form, the fluorescence generated by the excitation of fluorescein was
efficiently quenched, while marked recovery of the fluorescence was observed when the probes formed duplexes with the fully com-

plementary strand.
© 2006 Elsevier Ltd. All rights reserved.

Fluorescent labeling of oligonucleotides has been
attracting wide attention over the last decade because
of its ease of handling and relative inexpensiveness com-
pared to the classical radio-labeling method. Many ef-
forts have been focused on the development of a
fluorescent oligonucleotide probe which is able to detect
a specific oligonucleotide sequence in homogeneous
solution. To fulfill this purpose, however, the probe
should possess certain properties such as changing its
fluorescent properties upon hybridization with its com-
plementary strand. Specific pyrene-conjugated oli-
goDNA and oligoRNA probes developed by Yamana
et al.! and a ‘molecular beacon’ type of probe developed
by Tyagi et al.? are typical examples of such probes. In
the latter case, particularly, the change of the fluorescent
property relies on the change of the efficiency of energy
transfer (ET) between two different functional groups,
namely, a fluorophore (donor) and a quencher (accep-
tor). The groups are generally attached at both ends of
a probe oligomer, independently, which is not always
an easy task. In addition to this, the probe should have
a stem-loop type of structure prior to hybridize the tar-
get to maintain efficient energy transfer between the two
functional groups. Thus, the method also relies on the

Keywords: Fluorescent probe; Sequence discrimination; Quenching.
* Corresponding author. Tel.: +81 277 30 1320; fax: +81 277 30
1321; e-mail: sinozuka@chem.gunma-u.ac.jp

0960-894X/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmcl.2006.02.016

change of the secondary structure of the probe itself
upon hybridization.

Meanwhile, we have previously reported the synthesis of
a linear DNA probe incorporating a fluorophore (fluo-
rescein; acceptor) and an intercalator molecule (acridine;
donor) simultaneously at its 5’-terminus.®> The probe
exhibited enhanced hybridization ability due to the pres-
ence of the intercalator. Also, the fluorophore-based
fluorescence induced by the excitation of the intercalator
was strongly quenched upon the hybridization of the
probe to its complementary strand, presumably due to
the cancellation of fluorescent energy transfer (FRET)
from the intercalator to the fluorophore.?

Along with the study to develop further a feasible oli-
goDNA probe, we have designed a novel oligopDNA
probe. In the probe, a modified pyrimidine nucleoside
bearing a fluorophore (fluorescein; donor) and a non-
fluorescent intercalator (anthraquinone; quencher)
molecules at the C-5 position through an appropriate
polyamine molecule is incorporated in the middle of
the sequence (Probe-1 and Probe-2, Fig. 1). Contrary
to the previous probe described above, the current probe
is designed to emit a fluorescent signal upon the hybrid-
ization to its complementary strand. Through the study,
we have found that the fluorescence induced by the exci-
tation of the fluorophore of the probe was efficiently
quenched in the absence of the complement. The fluores-
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Probe-1 5'-TCG TCG CXG TCT CCG-3'
Probe-2 5'-TCG TCG CYG TCT CCG-3'
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Figure 1. The structure and the sequence of multifunctional fluores-
cent probe bearing a fluorophore and an intercalator.
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cence was, however, markedly recovered upon the for-
mation of a double strand with its complementary
strand.* In addition to these, the probe exhibited certain
differential response with its full-matched and one-base
mismatched complements on both thermal and spectro-
scopical properties. However, these properties depend

on the structure of the linker molecule connecting the
fluorophore and intercalator molecules. Here, we would
like to report the synthesis and properties of a novel
15mer DNA probe conjugated with a multivalent poly-
amine bearing fluorescein and anthraquinone moieties.

The synthetic procedure of the probe is summarized in
Scheme 1. In brief, 5'-protected 5-(cyanomethoxycar-
bonylmethyl)uridine® (1) was reacted with the
tris(2-aminoethyl)amine derivative of anthraquinone
(2), readily prepared by the reaction of the amine and
1-chloroanthraquinone, to give the modified nucleoside
(3). The primary amine function of the nucleoside was
reacted with either trifluoroacetic acid ethyl ester or
Fmoc-protected B-alanine to give the corresponding
nucleosides 4a and 4b, respectively. The obtained
nucleosides 4 were further converted to the correspond-
ing phosphoramidite derivatives (5a and 5b) in the usual
manner® and utilized for the oligomer synthesis with
automated DNA synthesizer (ABI-392).

After the assembly, the resulting oligoDNAs were
deprotected by treatment with concd NH4OH and then
purified by HPLC using reversed-phase column to give
the precursors (Probe-1’ and Probe-2’) of the probes.
It should be noted that prolonged coupling period
(350 s) was applied for 5 during the oligomer assembly.
The purified precursors were dissolved in sodium car-
bonate buffer (pH 9.8) and reacted with FITC for 1
day at room temperature.

Removal of the excess amount of FITC from the reac-
tion mixture with Sephadex G-25 column followed by
purification with reversed-phase HPLC gave the multi-
functional oligoDNA probes (Probe-1 and Probe-2).
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Scheme 1. Synthesis of multifunctional fluorescent oligoDNA probe.
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The structure of the probes was confirmed by enzymatic
digestion and ESI-mass spectrometry.’

At first, the hybridization ability as well as the sequence
specificity of the probes was examined by UV-melting
experiments under near-physiological conditions (pH
7.2, 0.1 M NaCl) and the obtained T}, values are listed
in Table 1.

As is shown in Table 1, the obtained T}, values indicate
that the probes retain almost the same or slightly lower
degree of hybridization ability compared to the parental
unmodified oligopDNA (ODN-N) towards the full-
matched complement despite the fact that they have
an intercalative molecule. The magnitude of the 77, dec-
rement in the current probes is, however, less prominent
than in the case of the analogous oligoDNA probes car-
rying fluorescein and an intercalator (pyrene) moieties in
the backbone portion. In such probes, T, value de-
creased from 6 to 11 °C compared to that of the unmod-
ified control.*® The results suggest that in the current
probes, the anthraquinone moiety brings about the du-
plex-stabilizing effect by the intercalation, although,
the effect is counterbalanced by the introduction of
bulky fluorescein moiety, maybe due to the steric effect
of the moiety. This notion could be supported by the
fact that the T, values of the corresponding precursors
(Probe-1" and Probe-2’) lacking the fluorescein moiety
are much higher than those of the probes (Table 1). Fur-
thermore, the T,, value of Probe-2 bearing an extended
linker portion between the intercalator and the fluoro-
phore is higher than that of Probe-1. These results indi-
cate that the distance between the intercalator and the
bulky fluorescein molecule affects the hybridization abil-
ity in the probe DNA. The factor also affects sequence
discrimination ability of the probes, at least in our
study. For example, the results in Table 1 revealed that
both Probe-1 and Probe-2 retain some sequence discrim-
ination ability since the Ty, values of the probes with
mismatched complement are lower than those with
full-matched complement. The decrement of the 7}, val-
ues of Probe-2 with mismatched complements is, howev-
er, almost the same as that of unmodified ODN-N and is
considerably larger than that of the Probe-1. The results
indicate that the modified probes retain sequence dis-
crimination ability depending on the distance between
the intercalator and the fluorophore. These features
make Probe-2 more desirable than Probe-1 since it has

more feasible hybridization ability as well as sequence
discrimination ability compared to Probe-1.

Next, the fluorescent properties of the probes were
examined under the same condition as the T}, experi-
ments. After the annealing procedure, the probes were
irradiated at the wavelength corresponding to the
absorption maximum of the fluorescein moiety
(494 nm) in the presence or absence of complementary
strands at 20 °C. The obtained fluorescence spectra are
depicted in Figure 2.

As it is clearly shown in Figure 2, both probes exhibited
minimal fluorescence in the absence of the complements
as well as in the presence of non-complementary dT-
15mer (blue and purple lines, respectively). This back-
ground emission, however, seems to be slightly higher
in Probe-1. The observed minimal fluorescence under
the conditions is presumably due to the intramolecular
energy transfer from the fluorescein moiety (Agny:
515 nm) to the anthraquinone moiety (Amax: 520 nm).
On the other hand, marked fluorescence was detected
in the presence of the full-matched complementary
strand in both probes (black lines). The intensity of
the observed fluorescence compared to that of the
probes existing alone was, however, more prominently
increased in Probe-2. As mentioned above, the anthra-
quinone moiety in the probe would intercalate to the du-
plex composed of the probe and the full-matched
complementary strand upon the hybridization. Such

a b
> — + full-match - +fu.II-match
B — + mismatch-1 —_ + m!smatch-1
E 6 1 — + mismatch-2 6 — + mismatch-2
£ — alone — alone
2 — +dT-15mer +dT-15mer
c
3
@ 3 3
o
o
2
(TR

0 0

500 550 600 500 550 600

Wavelength (nm)

Figure 2. Fluorescent spectra of Probe-1 (a) and Probe-2 (b). The
spectra were measured under the same conditions as the UV-melting
experiments.

Table 1. Ty, values (°C) of the duplexes consisting of the probe oligonucleotides and their complements®

Probes + Full-matched complement + Mismatched complement-1* (AT},°) + Mismatched complement-2* (AT,,")
ODN-N 63.1 559 (-7.2) 56.8 (—6.3)

Probe-1' 70.0 — —

Probe-2’ 71.5 — —

Probe-1 61.0 58.0 (—3.0) 57.9 (-3.1)

Probe-2 63.2 55.9 (-7.3) 55.3 (-7.9)

#Sequence of the mismatched complement is as follows in which the underlined position indicates mismatch base; mismatched complement-1, 5'-
CGGAGACTGCGACGA-3’; mismatched complement-2, 5'-CGGAGACGGCGACGA-3'.

®AT,, = (T, value with full-matched complement) — (T}, value with mismatched complement).

¢ T values were determined by computer fitting of the first derivative of UV-melting profile measured in 10 mM of sodium phosphate buffer (pH 7.2)

containing 100 mM of NaCl and 2 uM of each oligonucleotide.
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Figure 3. UV-absorption spectra of Probe-1 (a) and Probe-2 (b) in the
absence (blue lines) and in the presence (purple lines) of the
complement. The spectra were measured under the same conditions
as the UV-melting experiments.

intercalation lowers the efficiency of the intramolecular
energy transfer from the fluorescein moiety to the
anthraquinone moiety causing the increase of the fluo-
rescent intensity.*?

The influence of the sequence of the complements to the
fluorescent properties was also examined. In the pres-
ence of the complement having the one-base mis-
matched sequence used in the T,, study, both Probe-1
and Probe-2 gave decreased fluorescent intensity (green
and red lines, respectively) compared to those of the
probes in the presence of the full-matched complementa-
ry strand. Thus, the fluorescent signal of the probes is
sensitive to the sequence of the target even at 20 °C, con-
trary to the analogous probe reported previously.*
Also, the results are somewhat consistent with the re-
sults obtained in T, studies.®

Interestingly, the UV-absorption spectra of the probes
in the presence of the complement (purple lines)
exhibited hyperchromic effect around the absorption
maximum of fluorescein moiety (494 nm) as those that
are shown in Figure 3. The effect is more prominent
in Probe-2 than in Probe-1. A slight blue shift effect
around the absorption of anthraquinone moiety
(520 nm) was also observed for both probes, suggest-
ing the intercalation of anthraquinone moiety in the
presence of the complement. The exact mechanism
that brings about the observed hyperchromic effect is
not clear at this moment. However, the phenomenon
would, at least, partially be responsible for the fluores-
cent property of the probes, since such efficient
absorption of photon by fluorescein moiety, particu-
larly in Probe-2, would bring about efficient emission
of the moiety, presumably.

In conclusion, we have successfully synthesized a set of
novel oligoDNA probes bearing a modified nucleobase
conjugated with a polyamine/fluorescein/anthraquinone
reporting moiety. In the probes, Probe-2 bearing an
extended linker portion between the intercalator and
the fluorophore exhibited almost the same hybridization
ability as well as sequence discrimination ability as the
parental unmodified oligoDNA. The probe gave a fluo-
rescent signal depending on the presence or absence of
the complement. The intensity of the signal is also sensi-
tive to the sequence of the complement. These features
are quite desirable for oligoDNA probe to realize an
easy detection of the target sequence in homogeneous
solution.
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spectral data are as follows. Probe-1; calcd mass, 5276.6;
obsd mass, 5278.7; Probe-2; calcd mass, 5347.7; obsd mass,
5349.8.

8. The fluorescent intensity of Probe-2 with the other one-base
mismatched sequence (5'-CGGAGACAGCGGCGA-3’
where the underlined position indicates the mismatch
position, T, = 59.0 °C) was almost of the same extent as
Probe-2 and full-matched complementary strand (data not
shown).
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Abstract—The human immunodeficiency virus (HIV) which encodes, among other indispensable enzymes, an aspartic protease that
is essential for viral maturation and replication. Numerous inhibitors of the protease have been developed. However, the eventual
resistance of HIV-1 to these drugs implies a continuous battle to develop new inhibitors. Proposed herein is a robust, fast, and
reliable method employing '°’F NMR for the evaluation of the inhibitory activity of new compounds against HIV-1 protease.

© 2006 Elsevier Ltd. All rights reserved.

HIV-1 protease encoded by retroviruses is required for
the processing of gag and pol polyprotein precursors, !
3 hence it is essential for the production of infectious vir-
al particles. In vitro inhibition of this enzyme results in
the production of progeny virions that are immature
and non-infectious,*> suggesting its potential as a ther-
apeutic target for AIDS. There are two kinds of inhibi-
tors against this enzyme: inhibitors of the active site®’
and dimerization inhibitors.®"'® While compounds in
the latter class have already been approved by FDA
for use as AIDS drugs, the second class is very promis-
ing as well.

The constant search for new inhibitors is greatly facili-
tated by any advances that allow the evaluation of the
inhibitory activity of new compounds. This need for
new inhibitory assays is especially true in the case of
screening of extracts from natural products. Usually,
these very complex extracts contain compounds that,
due to their colored or fluorescent characteristics, inter-
fere with the most commonly used assays, based on UV
or fluorescence spectroscopy.

A common problem of currently available assays is the
appearance of false positives caused by the precipitation
of the substrate, due to interactions among some of the

Keywords: 'Y’F NMR; HIV-1 protease; NMR screening; Protease

inhibitors; Traditional Chinese Medicine.
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compounds in the assayed system. This is a general
problem for all those methods that are based exclusively
on the appearance of the reaction product. Described
herein is a method that employs '°’F NMR to screen po-
tential HIV-1 protease inhibitors by following the simul-
taneous appearance and disappearance of fluorine
signals that correspond to a fluorine-containing, peptid-
ic HIV-1 protease substrate and its fluorinated reaction
product, respectively.

The method is based on the seminal paper by Dalvit
et al.,!' who first proposed an approximation of this
kind. While a similar work has been carried out for
caspases,'>13 this is the first time it is used for an enzyme
with the medical relevance of HIV-1 protease.

The method comprises incubation of purified HIV-1
protease with a substrate that contains at least one fluo-
rine atom, followed by monitoring of the resulting
hydrolysis reaction by "”F NMR spectroscopy. Signals
corresponding to the substrate and hydrolyzed product
can then be identified by their different chemical shifts
(Scheme 1).

HIV-1 protease containing five mutations: Q7K, L331,
and L631 to minimize the autoproteolysis,'*!> as well
as C67A and C95A to prevent cysteine-thiol oxidation, '
was produced in Escherichia coli using the expression
vector pETI1 and host bacterium strain Roset-
ta(DE3)pLysS. Cells were grown in LB media at 37 °C
and, when the cell density reached an optical density
of ca 0.8 at 600 nm, protein expression was induced with
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Scheme 1. (a) Enzymatic reaction of HIV-1 protease in the presence of
a fluorinated substrate; (b) a model °F NMR spectrum corresponding
to partial enzymatic reaction.

2mM IPTG at 37 °C for 3 h. After isolation of inclusion
bodies,!” the extract was loaded onto a Superdex 75 col-
umn.'® The peak fractions containing pure protease
were pooled. In order to fold the protein, the pure frac-
tion was dialyzed for 12-14 h at 4 °C with two changes
of 3L of 10 mM sodium acetate, pH 4.8, containing
I mM DTT and 30 mM NaCl. The protein was stored
at —80 °C. The concentration of purified protein was
determined spectrophotometrically.

HIV-1 protease cleaves peptide bonds by typical aspar-
tyl protease mechanism, which requires a molecule of
water in the lysis process.'® The most highly conserved
cleavage site consists of a pentapeptide (Ser/Thr)-X-Y-
(Tyr/Phe)-Pro, whereby substrate cleavage occurs be-
tween the aromatic residue Tyr or Phe and the Pro
residue.?”

We chose the sequence SQNYP, which represents the
pl7-p24 junction in the HIV-1 gag polyprotein. While
there is no homology among polyprotein substrates out-
side of the consensus pentapeptide, P, and P; sites gen-
erally contain hydrophoblc residues, hence Val was used
for these sites in the peptide test. The peptides were
prepared as its N-acetyl carboxamide derivative and
subsequently fluorinated. In order to synthesize the
substrate, peptide elongations on solid phase were
carried out on a 100 umol scale of Fmoc-AM-p-MBHA
resin (0.3 mmol/g). Fmoc/'Bu chemistry and TBTU and
DIEA coupling reagents were used. An additional
coupling was required to complete incorporation of
the amino acid after the proline residue. In this case
total coupling was determined by a DeClercq test.?!

The trifluoromethyl group was chosen because it pro-
vides high sensitivity, due to the presence of three isoch-
ronous (i.e., having the same chemical shift) fluorine
nuclei.

In this substrate (1), the CF3 group was introduced in
N-terminal obtaining an N-trifluoroacetylated peptide
(Fig. la). Acetylation of N-terminal function was
performed on solid phase using ethyl trifluoroacetate
ester. Final protected amide peptides were cleaved from
the resin using a cleavage cocktail of TFA:H,O:triiso-
propylsilane. The combined solutions were evaporated
to dryness under reduced pressure and lyophilized.
Peptide purity was calculated by HPLC RP-C;g and
peptide identity confirmed by MALDI-TOF spectrome-
try and amino acid analysis.

CONH2
A L’FNJ\ N\)L I(NHQ
CONH; OH
1
b Uncleaved
peptide Cleaved
\ peptide
TFA
e
i . 154 5aé|: . 16 .

Figure 1. Substrate 1 and ’F NMR spectra of its enzymatic reaction.
(a) Fluorinated peptidyl substrate 1. (b) '’F NMR spectrum recorded
for the substrate 1 after incubation with purified HIV-1 protease.

The peptide was treated with HIV-1 protease. The enzy-
matic assay was performed with 700 pL. of sample vol-
ume at 30 °C. The reaction buffer contained 30 nM of
HIV-1 protease, 200 uM of substrate, 50 mM 2-(N-mor-
pholino)-ethanesulfonic acid, 200 mM NaCl, and 1 mM
EDTA, pH 6.0. The substrate was dissolved in hexadeu-
terated dimethylsulfoxide before addition to the buffer.
The reaction was stopped after 30 min by the addition
of 20 uL of HCI.

The result was analyzed by '""F NMR as shown
(Fig. 1b). ""F NMR spectra were obtained at 25 °C with
a Varian 400 NMR spectrometer.??

As the CF5; group in the substrate 1 is far from the
cleaved site, the signals for the substrate and product
in the "’F NMR spectrum overlapped. We thus decided
to prepare an alternative substrate.

The sequence SQNFP, in which Phe was substituted for
Tyr, was chosen because it also occurs in the consensus
cleavage sequence. Analogously to substrate 1, Val was
also used for the P and P; sites, and the peptide was
prepared as its N-acetyl carboxamide derivative. For
substrate 2, the CF3 group was introduced during pep-
tide synthesis via a chemically protected Fmoc-4-(tri-
fluoromethyl)-L-phenylalanine ~ (Fluka, = Chemika)
during the peptide synthesis (Fig. 2a). Acetylation of
N-terminal function was performed on solid phase and
a standard protocol of Ac,O and DIEA in DMF was
used. This peptide was also treated with the HIV-1 pro-
tease, as above, and the resulting product was analyzed
by 1R NMR, reveahng two different peaks (Fig. 2b).

HPLC-MS of the hydrolysis product was performed to
determine if the substrate had been cleaved in the proper
site. An HPLC-MS chromatogram of the product from
the incubation of substrate 2 with purified recombinant
HIV-1 protease for 30 min is shown in Figure 3. The two
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Figure 2. Substrate 2 and '’F NMR spectra of its enzymatic reaction.
(a) Fluorinated peptidyl substrate 2. (b) ’F NMR spectra recorded for
the substrate 2 after incubation with purified HIV-1 protease.

peaks observed, with retention times of 7.72 and
8.78 min, correspond to the expected enzymatic product
Ac-Ser-GIn-Asn-(4-CF3)-Phe-OH and the uncleaved
peptide, respectively. The other proteolysis fragment
can be detected by HPLC, but its extinction coefficient
is comparatively small and it typically is not detected
under the conditions normally employed. The results
were confirmed by mass spectrometry.

Inhibition assays: The rapid mutation of HIV to form
drug-resistance strains, through the development of
HIV-1 proteases that are inert to currently administered
active site inhibitors,?* has led to the development of an
alternative inhibitory mechanism for AIDS treatment:
‘dimerization inhibition.”>* HIV-1 protease is a homodi-

contral 1+
oontrol 1+
100
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meric protein composed of two identical subunits of 99
amino acids, whereby the catalytic site as well as the
substrate-binding pocket are only formed when the pro-
tease is in its dimeric form.?> Thus, molecules that inter-
fere with the stability of the dimer have been shown to
diminish the activity of the enzyme.

We tested the screening method with an active site inhib-
itor and a dimerization inhibitor to determine if it were
capable of detecting compounds that function by both
mechanisms.

The active site inhibitor 3 (Fig. 4a) is a hydrophilic
tripeptide with a K; value of ca. 3 mM. It has been
studied by X-ray crystallography.?® The dimerization
inhibitor 4 (Fig. 4b), a tripeptide that contains an N-ter-
minal palmitoyl group, has a K; value of ca. 11 nM.?’

For the synthesis of inhibitors, Barlos resin was used
(nominal loading, 1.5 mmol/g) and the loading was

A

CONHZ

COOH

3
b HO
H (0}
Palmitoyl N H
amltoy\N \)J\N (0]
H o H H o

COOH
4

Figure 4. Synthetic inhibitors of HIV-1 protease. (a) Active site
inhibitor, inhibitor 3. (b) Dimerization inhibitor, inhibitor 4.
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Figure 3. HPLC-MS chromatogram of the partial hydrolysis of substrate 2 by HIV-1 protease. Inset: ES+/MS spectra for the uncleaved peptide

(top) and the product (bottom).
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reduced to 0.75-0.9 mmol/g after partial incorporation
of the first amino acid. Syntheses were carried out on
a 100 umol scale using Fmoc/'Bu chemistry as above.
For peptide 4, the palmitoyl group was incorporated
as for other amino acids using palmitic acid.

In order to study the inhibition, substrate 2 (200 uM)
was subjected to the proteolysis in the presence
(400 uM) and absence of each inhibitor. The resulting
F NMR spectrum (Fig. 5) indicated that the test meth-
od rapidly and reliably identifies both classes of HIV-1
protease inhibitors. In the case of inhibitor 3, some time
course of inhibitor work was carried out (Fig. 6) to
prove that the apparent reduction in the amount of
cleaved peptide is truly a reduction in the presence of
3. Thus, the method allows detecting inhibitors from
nanomolar to millimolar range.

Finally, we sought to determine if the method was amena-
ble to complex mixtures of natural products. For these
tests, we chose mixtures of products from Traditional
Chinese Medicine (TCM), the therapeutic efficacy of
which has been confirmed for several therapeutic areas
by clinical studies.?® 3 TCM plants were obtained from
Herbasin (Shenyang, China). 30 g of dried plant material
was washed with double-distilled (dd) H,O and ground.
The resulting powder was extracted with 100 mL dd
H,O under reflux for 5 h using a Soxhlet apparatus. The
aqueous extracts (20 extracts) were then freeze-dried
under vacuum. Aqueous extracts of common TCM natu-

a
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peptide ,/ peplide

b
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ral products were thus screened for their potential HIV-1
protease inhibitory activity. The final concentrations of
the TCMs in the assay buffer were 100 pg/mL.

Among the extracts tested, Cortex cinnamoni (Jinjinapi
in Chinese; TCM10) was found to have a potent inhib-
itory activity against HIV-protease, whereas, Rhizoma
coptidis (Huanglian in Chinese; TCM16) had no inhibi-
tory activity (Fig. 7). Data show that this methodology
can be applied to screen complex mixtures of natural
compounds. The fractionation and monitoring of the
extracted molecules with inhibitory activity are currently

a b
Uncle;ved Uncleaved Cleaved
peptide peptide ™~ / peptide
Cleaved NO INHIBITION
 peptide
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Figure 7. '’F NMR spectra corresponding to the substrate 2 (a) in the
presence of Traditional Chinese Medicine extract 10 (b) in the presence
of Traditional Chinese Medicine extract 16.

C
Uncleaved

pepﬁde\‘

Cleaved
/ peptide

AL B B L S B T
-8

T T T T

418

81

LI B

11 . -1 12 414

R
1F

Figure 5. '°F NMR spectra corresponding to the substrate 2 (a) in the absence of inhibitor; (b) in the presence of dimerization inhibitor, inhibitor 4;

(c) in the presence of active site inhibitor, inhibitor 3.
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Figure 6. '°’F NMR spectra corresponding to the substrate 2 after incubation with purified HIV-1 protease for (a) 15 min in the absence of inhibitor;
(b) 15 min in the presence of inhibitor 3 (c) 30 min in the absence of inhibitor; (d) 30 min in the presence of inhibitor 3; (e) 1 h in the absence of

inhibitor (f) 1 h in the presence of inhibitor 3.





S. Frutos et al. | Bioorg. Med. Chem. Lett. 16 (2006) 2677-2681 2681

being carried out in our laboratory and fall out of the
scope of this article.

NMR-based screening has emerged as a powerful tool
for identification of molecules that interact with targets
of interest. Here, we have prepared two new substrates
of HIV-1 protease, which contain a CF3 group. They
were used as enzymatic substrate in the biochemical as-
says, the results of which were monitored by '’F NMR.
Using these substrates, we have developed a 'F NMR
methodology to identify inhibitory activity for the
HIV-1 protease in a fast, reliable, and sensitive way,
and without interferences common to other methodolo-
gies. The method permits the screening of complex nat-
ural product extracts as well as synthetic inhibitors,
which may interact at the active site or destabilize the
HIV-1 protease dimer. Thus, this new methodology
facilitates the ever-lasting need to find new inhibitors
for the HIV-1 protease.
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