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Abstract—Phosphorothioate oligonucleotide–peptide conjugates were synthesized by solid phase fragment condensation (SPFC).
Arginine rich peptides could be successfully conjugated in 2.8–13.4% isolated yields. All the products were fully characterized by
reversed phase HPLC and MALDI–TOF–MS to give satisfactory results.
� 2007 Elsevier Ltd. All rights reserved.

Phosphorothioate oligonucleotides are useful tools for
genetic analyses and antisense genetic medicines.1–5


Advantages of phosphorothioate oligonucleotides as
antisense drugs include an increased resistance against
intracellular nucleases and a restored ability of RNase
H activation. On the other hand, disadvantages of them
include a decreased binding affinity with a target
sequence of mRNA because of an increased electrostatic
repulsion between phosphorothioate backbone and
phosphate linkage of mRNA. It has been also pointed
out that phosphorothioate oligonucleotides might inter-
act with intracellular proteins and other organs in a non-
selective manner, which often causes a reduction of
silencing efficiency and unexpected side effects.


Therefore, further chemical modifications and/or
conjugations with other functional molecules on phosp-
horothioate oligonucleotides are required for the appli-
cation to genetic medicines. From a synthetic point of
view, phosphorothioate oligonucleotides have some dif-
ficulties when they are conjugated with cationic peptides
or cellular membrane penetrating peptides. Using a con-
ventional synthetic method of conjugates of oligonucle-
otides and peptides, thiol groups on peptides are often
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reacted with a maleimide group or an activated disulfide
group linked to oligonucleotides.6,7 Sulfur atom in
phosphorothioate group, however, is nucleophilic
enough to react with a maleimide or an activated disul-
fide group to give complicated products. Therefore, this
common synthetic method of conjugation using thiol
groups on peptides should be avoided in the case of
phosphorothioate oligonucleotides, and only other few
methods can be used for this purpose.8–12 Moreover,
conjugation of phosphorothioate oligonucleotides with
highly cationic peptides is often interfered by an electro-
static interaction of anionic phosphorothioate backbone
and cationic peptide side chains. These problems inhibit
further innovation of antisense technology using phosp-
horothioate oligonucleotides in spite of their highly
attractive properties as antisense reagents. In this paper,
a facile and conventional synthesis of conjugates of
phosphorothioate oligonucleotides and a variety of pep-
tides is achieved.


Solid phase synthesis of peptide fragments: Peptides were
prepared by a standard fmoc-chemistry using 100 mg of
Wang resin (novabiochem, 100–200 mesh, 0.50–
1.30 mmol/g). Each peptide is modified with lysine,
which is initially protected by tert-butyloxycarbonyl
(boc) group and finally deprotected after the cleavage,
at the second terminal position of carboxyl terminus
to put a free reactive amino group on peptides. The
obtained peptide fragments were fully characterized by
RP-HPLC and MALDI–TOF–MS to give satisfactory
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Table 1. Synthesized peptides


Peptide Sequence (origin) Yielda (%) MALDI–TOF–MS (found/calcd)


4a Ac-GPKKKRKVKG-OH (SV40LT-ant NLS) 5.6 1552.69/1551.56


4b Ac-GRKKRRQRRRPPGKG-OH (HIV-1 tat NLS) 4.3 2196.11/2194.36


4c Ac-LPPLERLTLKG-OH (HIV-1 rev NES) 11.8 1278.45/1278.59


4d Ac-LRALLRALLRALLRALKG-OH (designed) 4.1 2063.18/2058.64


K; e-amino group is protected by trifluoroacetyl (tfa) group.
a Isolated yields.


Table 2. Phosphorothioate oligonucleotidea–peptide conjugates


Conjugate Peptide Yieldb


(%)


MALDI–TOF–MS


(found/calcd)


6a 4a 8.5 5582.24/5581.96


6b 4b 2.8 6420.67/6418.85


6c 4c 13.4 5695.16/5694.06


6d 4d 8.7 6475.67/6475.12


a Oligonucleotide sequence 5 0-s(CAGTTAGGGTTAG)-3 0.
bIsolated yields determined on A260.
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results (Table 1). The peptide 4a is a nuclear localization
signal (NLS) sequence derived from SV40 large T anti-
gen,13 the peptide 4b is an NLS from HIV-1 tat pro-
tein,14 peptide 4c is a nuclear export signal (NES)
sequence from HIV-1 rev protein14, and the peptide 4d
is a designed peptide with a repeated LRAL sequence
which is supposed to form a cationic a-helix in the pres-
ence of dsDNA.15,16


Synthesis of s-DNA–peptide conjugates by SPFC: The
syntheses of the conjugates involve a solid phase frag-
ment condensation (SPFC)17 as shown in Scheme 1.


A phosphorothioate oligonucleotide assembled in 1 mmol
scale on CPG (PROLIGO, 500 Å, 30–40 lmol/g) support
was modified at 5 0-end of the oligonucleotides by an
amino group using the commercially available phospho-
ramidite (Glen Research 5 0-Amino Modifier 5) (1). Next
a bifunctional linker molecule, di(N-succinimidyl)car-
bonate (DSC) (2), was reacted with the terminal amino
group on solid phase, and then a partially protected
peptide fragment (4) bearing a single free reactive amino
group, independently synthesized and purified, was
reacted with CPG-linked phosphorothioate oligonucleo-
tides (3) to give phosphorothioate oligonucleotide–pep-
tide conjugates still attached to CPG (5). In the
peptide fragments, e-amino groups of lysine (K) except
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Scheme 1. Synthesis of oligonucleotide–peptide conjugates by SPFC.

for a reactive site are protected by trifluoroacetyl (tfa)
group, thiols of cysteine (C) and hydroxyls of serine
(S) and threonine (T) are protected by acetyl (ac) group,
and guanidyl and carboxyl groups are already deprotec-
ted before the condensation. Finally, CPG-linked prod-
ucts are treated with concentrated aqueous ammonia at
55 �C for 4 h to give fully deprotected product. Reversed
phase HPLC18 purification gives a single peak pure
products in 3–13% overall yields in >95% purities (deter-
mined on RP-HPLC analyses) and all the products are
fully characterized by MALDI–TOF–MS19 to give satis-
factory results (Table 2). The phosphorothioate oligonu-
cleotide used in this study has an antisense sequence
against the RNA template in human telomerase
(hTR). All the peptides include lysine and/or arginine.
Especially, although peptides 4a and 4b are highly cat-
ionic, coupling reactions were not inhibited at all. There-
fore, this study proved that SPFC can be widely used for
the conjugation of phosphorothioate oligonucleotides
and cationic peptides.


Study on intracellular delivery and antisense inhibition
of human telomerase by these phosphorothioate oligo-
nucleotide–peptide conjugates is now in progress in
our laboratory and will be reported somewhere shortly.


Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.09.101.
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Abstract—Pd-catalyzed aminocarbonylation between aryl bromide and NH-benzazepinone was effectively carried out to furnish the
key intermediate for tolvaptan (up to 85%) in one step.
� 2007 Elsevier Ltd. All rights reserved.
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Tolvaptan is in clinical trial as an orally active vasopres-
sin (V2) antagonist,1 possessing the key benzazepinone
amide structural unit, like other congeners of interest.2


Under these circumstances, construction of the key
amide structural units [ArNH–COAr 0] by non-conven-
tional method has become major concern in our re-
search process. We would like to describe herein a
synthesis of the tolvapatan intermediate 1 (Scheme 1)
utilizing Pd-catalyzed aminocarbonylation as a key
reaction.


Because of its diverse utility and efficiency, Pd-catalyzed
carbonylation process is regarded as most useful cata-
lytic process for the direct amide bond formation from
the standpoint of industrial application.3 In case of the
NH-containing amide substrate 2, we have already
investigated typical hydroxycarbonylation reaction,
which afforded the desired acid 3 in high yields.4 Based
on this research, we were interested in the direct amino-
carbonylation of the aryl bromide 2 with benzazepinone
derivative 4 (Scheme 1).


In our previous research, we were interested in the utili-
zation of some inorganic salts as beneficial additive for
hydroxycarbonylation, and revealed some rate-acceler-
ating effect of cesium (Cs) salt.4 As an extension of these
tactics, further investigations on the effective base and
additives for direct aminocarbonylation were surveyed
first. Since nucleophilicity of the benzazepinone NH
(in 4) is not high, we paid attention to organic base addi-
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tive from our preliminary search, as well as other related
reports on carbonylation reactions.5,6 As a first attempt
at hydroxycarbonylation reaction (2 to 3), we added 1,8-
diazabicyclo[5,4,0]undec-7-ene (DBU) under standard
Heck carbonylation conditions: [Pd(OAc)2-PPh3 in sol-
vent].3 These conditions offered a facile hydroxy-
carbonylation reaction within 3 h heating at around
90–120 �C in the presence of some Cs salt and H2O
(Scheme 2).
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As shown in Scheme 2, effect of the Cs salts (Cs2CO3


and CsOAc) was well manifested at higher temperature
in the presence of DBU. Without Cs salts, hydroxycarb-
onylation reaction (with DBU) took much longer time
for 60% conversion and increasing amount of arene
by-product (Ar-H; about 15% yield) was observed. As
a general tendency, DBU preferred Cs2CO3 for fast con-
version in this hydroxycarbonylation, while Bu3N pre-
ferred the co-existence of CsOAc.4 Other amines such
as 1,5-diaza-bicyclo[4,3,0]-5-nonene (DBN), diisopro-
pylethyamine (DIPEA), 1,4-diazabicyclo[2,2,2]octane
(DABCO) were also equally effective for this
conversion.6


In the next stage, we surveyed on the intermolecular
aminocarbonylation reaction with p-chloroaniline and
aryl bromide 2 as a model study (Scheme 3). Addition
of Cs2CO3 (ca 1 equiv) and DBU was proven to be ben-
eficial for the faster reaction. Conventional conditions
usually took ca. 10 h to complete this conversion (with-
out pressure). While the reaction was getting faster
(black mixture) with increasing amount of DBU (1–3
weight to 2), the isolation of crude product was most
easily carried out with 1 weight of DBU to 2, affording
the desired amide product in 82% yield (although
unoptimized).
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Scheme 3. Aminocarbonylation with DBU/cesium salt.

We next investigated the aminocarbonylation reaction
to tolvapatan intermediate 1. Since the nucleophilicity
of the benzazepinone 4 is not high, we first attempted
the aminocarbonylation in the presence of both Cs salts
and DBU (Scheme 4).


Contrary to the previous study (Scheme 3), aminocarb-
onylation with benzazepinone (4; using equivalent or
excess to 2) in the presence of Cs salts and DBU gave
unsatisfactory results (low yield and mixture of
products). Instead, the hydroxycarbonylation to afford
undesired acid 3 prevailed as a major reaction path,
which indicated that Cs salts strongly accelerated the
hydroxycarbonylation reaction with less reactive ben-
zazepinone 4.


To prevent undesired hydroxycarbonylation, water
should be removed from the reaction media (includ-
ing apparatus for carbonylation). Eventually, the
problem could be alleviated by simply conducting
the reaction with DBU in N,N-dimethylformamide
(DMF) in anhydrous conditions, without any Cs
salts present in the reaction mixture as shown in
Scheme 5.


A successful transformation of 1 to tolvaptan was also
carried out as shown in Scheme 5 (reduction of 1 and
simple isolation: 85% from 1).


Final optimization was then carried out using different
kinds of amide solvents (Scheme 6). We then conducted
the reaction in a concentrated mixture with slightly less
equivalent (0.85 equiv) benzazepinone 4 under tightly
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anhydrous conditions. Conversion of the aryl bromide 2
was most effectively attained in DMF, while almost
same conversion was feasible with N-methylpyrrolidone
(NMP) and N,N-dimethylacetamide (DMA) (3 h at
130 �C).


We also attempted the blank experiment without ben-
zazepinone 4, which revealed the formation of small
amount of acid 3 and dimethylamide (by-product from
dimethylamine contained in DMF).


From the results obtained and shown in the Schemes,
we tentatively concluded that DMF was a preferable
(convenient) solvent for this aminocarbonylation,
although small amounts of by-products were present
in the mixture with trace amount of bromide un-
changed. It is interesting to note that carbonylation
was slightly faster in DMF than in NMP and DMA,
and background reaction (as observed in blank exper-
iment) indicated the decomposition of DMF during
reaction under basic conditions. Decomposition of
DMF under Pd-catalyzed amination was reported
and thus DMF could work as a CO source in this
case.7


In summary, we have attained an efficient aminocarb-
onylation to the tolvaptan intermediate 1 in a single step
in reproducible yield. This is the notable example of
aminocarbonylation reaction, in which less reactive ben-
zazepinone 4 has been employed for the first time as a
reaction partner.8


Further improvement will be possible using other CO
source.9,10 Progress toward these convenient and safe
carbonylation processes is under active investigation in
our laboratories for the production of tolvaptan and
other drug candidates.2,11
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Abstract—A simple strategy is outlined for preparation of the antinociceptive 1-b-(p-methoxycinnamoyl)polygodial, isolated from
Drymis winteri barks. The synthesized compound showed vanilloid activity.
� 2007 Elsevier Ltd. All rights reserved.
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Drymis winteri is a plant (Winteraceae) used in folk
medicine, in many countries of South America, for treat-
ment of inflammatory and dolorous processes.1 Re-
cently it has been shown that some drimane
compounds, isolated from D. winteri barks, such as
polygodial (1), drimanial (2) and 1-b-(p-methoxycinna-
moyl)polygodial (3), exhibit significant antinociceptive
activity.2 Moreover, antifungal properties, well known
for polygodial 1, were also recorded for its cinnamoyl
derivative 3.3


Recent studies have been focused only on compounds 1
and 2, showing evidences for the involvement of gluta-
matergic4 and vanilloid5,6 receptors in their antinocicep-
tive activity. These activities have stimulated our interest
to afford a synthetic strategy for 3 in order to assay its
vanilloid activity. In the course of our studies on the
vanilloid activity of terpenoidic dialdehydes, we have re-
cently prepared 1(R)-hydroxypolygodial (4) using a syn-
thetic strategy (Scheme 1) involving a stereoselective
Diels–Alder reaction of a chiral diene 5 prepared using
a Corey–Bakshi–Shibata oxazaborolidine-mediated
reduction.7
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The synthesis of 3 was first investigated starting from
1(R)-hydroxypolygodial (4). However, our initial efforts
did not allow the installation of the cinnamoyl moiety at
1-position in effective and convenient way. In fact, a
preliminary study on direct acylation showed that
1-hydroxypolygodial (4), under typical acylation condi-
tions, gave rise to a complex mixture of reaction prod-
ucts (Scheme 2). The main obtained products were the
enolacyl derivatives 88 (90%) and 10 (80%), respectively,
using commercially available compounds 7 and 9. Very
low yields of the desired acylated product at C-1 were
achieved. In both cases, enolization at C-9 and subse-
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O O


O
O


MeO


12
a b


O
O


OH


13


C. Della Monica et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6444–6447 6445

quent acylation of the resulting enol was faster than
acylation at C-1, even controlling reaction times and
conditions.


Therefore, the synthetic scheme, previously developed to
obtain 4, was modified starting from diol 6, as shown in
Scheme 3.


Before transformation of the hydroxy group at C-1 of 6,
it was required to install appropriate protecting groups
at diol moiety. Thus, both primary hydroxy groups were
protected by preparation of acetonide 11 (93% yield).
Removal of TBS protecting group (TBAF, 88% yield)
furnished alcohol 12. Careful manipulation of com-
pound 12 was needed because of its lability in acidic

O
OH OOTBS O


O


6


11 12


a b


Scheme 3. Reagents and conditions: (a) (CH3O)2C(CH3)2, p-TsOH, rt,


2 h, 93%; (b) TBAF, THF, 0 �C! rt, 16 h, 88%.

conditions, which caused acetonide migration to afford
primary alcohol 13.

The transformation of 12 into the desired ester 14 was
quantitatively carried out by treatment of 12 with
p-methoxycinnamic acid (7) in the presence of DCC
and DMAP (Scheme 4). Deprotection of the acetonide
moiety was initially performed using catalytic amount
of p-toluenesulfonic acid (p-TsOH) in THF/MeOH.
However, this reaction was not very clean, affording a
mixture containing the expected ester 159 (33%) together
with isomeric products, derived by migration of the acyl
moiety, respectively, to the alcohol groups at C-11 and
at C-12. To circumvent this problem, the acetonide 14
was finally deprotected using pyridinium p-toluenesulfo-
nate (PPTS) in THF/MeOH to afford 15 along with
unreacted starting acetonide. The recovered 14 was ex-
posed again to the deprotection conditions affording
15 in 79% overall yield. Oxidation of primary alcohols
in 15 to the corresponding dialdehyde using Swern con-
ditions completed the synthesis of 1-b-(p-methoxycinna-
moyl)polygodial (3). The spectroscopic data of our
synthetic sample10 were identical with those of the natu-
ral compound.11


Finally, the synthesized compound was tested for its
vanilloid activity. Furthermore, in order to evaluate
the influence of some structural requirements, the vanil-
loid activity of 3 was compared with those of 1(R)-
hydroxypolygodial (4) and diol 15 (Table 1).
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Scheme 4. Reagents and conditions: (a) 7, DCC, DMAP, CH2Cl2,


0 �C! rt, 12 h, quant; (b) PPTS (6%), THF/MeOH (1:1), 2· 30 h,


79%; (c) DMSO, (COCl)2, NEt3, �78 �C! rt, 86%.







Table 1. Vanilloid activity assays for compounds 3, 4, and 15 (1 lM)


OR1 R2


R3


Compound R1 R2, R3 % VAa (RA)b


3 p-Methoxycinnamoyl CHO 40.4 (22)


4 H CHO 0


15 p-Methoxycinnamoyl CH2OH 0


a Results are reported as a percent of the maximum possible absolute


effect obtained with 4 lM ionomycin.
b Residual Ca2+ influx activity after treatment with IRTX.
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Vanilloid activity was evaluated by measuring the entry
of Ca2+ (the concentration of internal calcium [Ca2+]i
before and after the addition of test compounds) into
human embryonic kidney HEK-293 cells transfected
with the human TRPV1, a typical TRPV1-mediated
effect.12 Compound 3 caused Ca2+ influx activity in these
assays. However, this activity was only partially due to
the interaction with vanilloid receptor because calcium
mobility was not completely inhibited with the selective
TRPV1 antagonist 5-iodo-resiniferatoxin (IRTX). Com-
pounds 4 and 15 resulted not active, showing that the
presence in the molecule of dialdehyde moiety may be
important but not sufficient for the vanilloid activity.


In conclusion, the synthesis of 1-b-(p-methoxycinna-
moyl)polygodial (3) has been accomplished starting
from chiral diene 5.7 The vanilloid activity showed by
the synthesized compound may furnish an insight into
its antinociceptivity. Further application of this strategy
to the synthesis of other biologically active compounds
for the studies of structure–activity relationship is cur-
rently underway in our laboratory.
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Abstract—The previously discovered salicylhydrazide class of compounds displayed potent HIV-1 integrase (IN) inhibitory activity.
The development of this class of compounds as antiretroviral agents was halted due to cytotoxicity in the nanomolar to sub-micro-
molar range. We identified a novel class of non-cytotoxic hydrazide IN inhibitors utilizing the minimally required salicylhydrazide
substructure as a template in a small-molecule database search. The novel hydrazides displayed low micromolar IN inhibitory activ-
ity and are several hundred-fold less cytotoxic than previously disclosed salicylhydrazide IN inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

HIV-1 integrase (IN) is a critical enzyme for viral repli-
cation. The protein catalyzes the insertion of the reverse-
transcribed proviral cDNA into the host cell nuclear
genome, a prerequisite for virion production and prop-
agation. Although efficient integration in vivo is a com-
plex interplay between both cellular and viral proteins,
IN enzymatic activity consists of two DNA reaction
events that unfold in a ‘cut and paste’-like process. Ini-
tially, IN hydrolytically cleaves a GT dinucleotide from
each conserved CAGT 3 0-terminal sequence of the
reverse-transcribed viral DNA. This catalytic step is
termed 3 0-processing, occurs in the cytosol of the cell,
and results in two 3 0-recessed hydroxyl groups, which
are then utilized for a nucleophilic attack in the second
step of the integration process. This is followed by
strand transfer, where the processed DNA product is
inserted within the cellular genome.1 Host cell nuclear
enzymes presumably execute the removal of the two
unpaired nucleotides on the 5 0-viral DNA ends, DNA
repair, gap filling, and ligation to complete the integra-
tion process. IN catalytic activities can be mimicked
in vitro using isolated systems that contain purified
IN, a DNA oligonucleotide substrate with ends corre-
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sponding to the U3 or U5 viral DNA termini, and
Mg2+ or Mn2+ as a cofactor.2


Great strides have been achieved in the design and dis-
covery of IN inhibitors as antiviral agents.3 The devel-
opment of different IN inhibitors, which each display
strand transfer specific inhibition of the viral enzyme,
have emerged as the most promising to provide a genu-
ine FDA approved drug targeting IN. These include the
b-diketoacid, naphthyridine carboxamide, pyrimidi-
none, and quinolone carboxylic acid class of IN inhibi-
tors.4 Indeed, two strand transfer specific inhibitors, the
pyrimidinone MK-05185,6 and the quinolone carboxylic
acid GS-9137,7 have advanced to late-stage clinical
studies.


Although the success of specific strand transfer IN
inhibitors is a great achievement, the fact remains that
therapeutics targeting crucial enzymes of HIV-1, a path-
ogen characterized by a high mutational rate, will inev-
itably lead to the development of drug resistant viral
strains. The clinical use of first generation IN inhibitors
will undoubtedly warrant the need for second generation
IN inhibitors to treat patients harboring IN resistant
HIV strains. Additionally, HIV-1 strains that exhibit
cross-resistance to IN inhibitors belonging to different
strand transfer specific chemical classes have been docu-
mented in pre-clinical and clinical development studies.4
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Cytotoxicity (CC50 , µM):                 0.1                                         0.035 ± 0.007                              0.24 ± 0.028
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Figure 1. HIV-1 integrase inhibitory activity and cytotoxicity of previously discovered hydrazides 1–3.
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Viral strains displaying resistance to strand transfer spe-
cific inhibitors are expected to be susceptible to structur-
ally novel classes of IN inhibitors. One approach to this
problem is to revive previously identified IN inhibitor
chemical classes, which displayed potent IN inhibition,
but were developmentally halted due to unwanted
pharmacokinetic, pharmacodynamic, or toxicological
characteristics. Here we present a series of novel non-
cytotoxic salicylhydrazide-containing IN inhibitors.
The developmental progress of the salicylhydrazide class
of IN inhibitors was halted due to cytotoxicity issues.
The disclosed novel salicylhydrazides retained potent
IN inhibition in vitro, but are several hundred-fold less
toxic in cell culture as compared to previously discov-
ered salicylhydrazide IN inhibitors greatly enhancing
their therapeutic potential as antiretroviral agents.


The salicylhydrazine 1 (Fig. 1) was first discovered as
being the active component in a mixture of compounds
retrieved using three-dimensional pharmacophore
searches from the open compounds listed in the Na-
tional Cancer Institute (NCI) Drug Information System
(DIS) database. The three-dimensional pharmacophore
models were developed and utilized to identify potential
IN inhibitors from the NCI DIS database that did not
contain a catechol moiety.8,9 Previously identified cate-
chol-containing IN inhibitors were highly cytotoxic
since this moiety was susceptible to oxidation to a qui-
none species, which has a propensity to cross-link with
cellular proteins.10 A thorough structure–activity rela-
tionship (SAR) study was carried out on the hydrazide
1. Structural modifications that abolished IN inhibitory
activity of 1 included the substitution of one or both
hydroxyl groups with amine groups, or deletion of the
hydroxyl(s) altogether.11 Addition of a second aryl ring
to phenol of the hydrazide 1 resulted in an unsymmetri-
cal naphthalenol/phenol hydrazide 2 (one aryl ring) and
a symmetrical naphthalenol hydrazide 3 (two aryl rings).
Interestingly, the unsymmetrical naphthalenol/phenol
hydrazide 2 showed similar IN inhibitory potency. Fur-
thermore, elimination of one salicyloyl moiety from
hydrazide 1 gave an IN inhibitor with reduced inhibi-
tory potency. The detailed SAR study around the
hydrazide 1 demonstrated that a salicyloylhydrazide
moiety is the minimally required substructure for IN
inhibitory potency of the compounds. In addition, the
salicylhydrazides are proposed to inhibit IN catalytic
activities through chelation of the active site Mg2+. Even
though the salicylhydrazides lacked the catechol moiety,

the majority of active compounds in this class exhibited
cytotoxicity in the nanomolar range.12 The most potent
salicylhydrazides, for example compounds 1 –2 (Fig. 1),
showed strong cytotoxicity in the cell-based assays, lim-
iting their therapeutic application as antiretroviral
agents.13,14


Considering the previously observed SAR and cytotox-
icity profiles of the salicylhydrazide class of IN inhibi-
tors, we designed an optimization program utilizing
the minimally required substructure (Fig. 2a) to use as
a two-dimensional search query to identify potent sali-
cylhydrazide IN inhibitors with diverse structural scaf-
folds. Potent salicylhydrazide IN inhibitors exhibiting
a wide therapeutic window without cytotoxic properties
would provide a diverse structural class of lead com-
pounds to develop antiretroviral drugs for the treatment
of HIV/AIDS. Using the minimally required salicylhyd-
razide substructure (Fig. 2a) as a search query, we re-
trieved a series of novel salicylhydrazides 4–20 from a
commercial database that contains over 300,000 small-
molecule compounds (Asinex Corp.). The IN inhibitory
activity and cellular toxicity of the salicylhydrazides 4–
20 are given in Table 1. IN inhibitory activity and cyto-
toxicity of each compound was determined as described
previously.14,15 Several of these compounds inhibited IN
catalytic activities in a similar range to the previously
discovered hydrazides 1–2, and are remarkably non-
cytotoxic. Except compounds 5 and 13, none of the no-
vel salicylhydrazides showed significant cellular toxicity
at a maximum tested concentration of 20 lM. Com-
pounds 5 and 13 displayed CC50 values of 20 and
15 lM in HCT116 (colon cancer cell-line) cells, respec-
tively. Compound 13 displayed a CC50 value of 20 lM
in MDA-MB-435 (breast cancer cell-line) cells. Overall,
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Table 1. Inhibition of HIV-1 integrase catalytic activities and cellular toxicity of a novel class of hydrazides


NN


N S


H
N


O
N
H


O


R2


R1
OH


Compound R1 R2 IC50 (lM) CC50 (lM)a


3 0-processing Strand transfer HCT116 MDA-MB-435


4 2-OHPh 4-MePh 5 ± 2 3 ± 1 >20 (26%)b >20 (12%)


5 2-OHPh 2-OMePh 8 ± 1 6 ± 1 20 >20 (40%)


6 2-OHPh Bn 15 ± 3 9 ± 2 >20 (8%) >20 (15%)


7 Ph Bn 21 ± 6 9 ± 7 >20 (34%) >20 (22%)


8 Bn 3-ClPh 9 ± 1 8 ± 4 >20 (11%) >20 (5%)


9 Bn 4-OMePh 18 ± 1 17 ± 1 >20 (0%) >20 (10%)


10 Bn C6H11– 21 ± 2 17 ± 1 >20 (11%) >20 (5%)


11 4-ClPh Ph 11 ± 3 5 ± 1 >20 (36%) >20 (30%)


12 3,4-diOMePh Ph 22 ± 1 21 ± 1 >20 (24%) >20 (13 %)


13 Ph 4-MePh 23 ± 6 12 ± 8 15 20


14 4-Pyridine 4-FPh 49 ± 1 31 ± 2 >20 (22%) >20 (14%)


15 Ph Me 64 ± 4 58 ± 2 >20 (39%) >20 (32%)


16
N


N
S CH2 Ph 51 ± 5 27 ± 8 >20 (0%) >20 (3%)


17
N


N
S CH2 Me >100 >100 >20 (21%) >20 (16%)


18


NN
N


N S


H
N


O
N
H


O OH


OH


68 ± 3 61 ± 6 >20 (15%) >20 (3%)


19


NN


N S


H
N


O
N


OH
N


>100 >100 >20 (40%) >20 (44%)


20


NN


N S


H
N


O
N


Cl


O OH


>100 >100 >20 (0%) >20 (8%)


a Concentration of compound resulting in 50% cellular toxicity (cell death).
b Percent cytotoxicity at highest tested compound concentration of 20 lM.
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these compounds are several hundred-fold less cytotoxic
as compared to the hydrazides 1–3. The replacement of
one of the two phenols in hydrazide 1 with an optimally
substituted heterocyclic group (Fig. 2b) rendered a novel
class of non-cytotoxic salicylhydrazides with low micro-
molar IN inhibitory activity (Table 1). SAR analysis on
the retrieved compounds illustrates that variation in the
substitution pattern on the 1, 2, 4 triazole core (Fig. 2b)
is well correlated with the IN inhibitory profile of the
compounds (Table 1). Compounds with a bulky substi-
tuted aromatic ring (a cyclohexyl ring in compound 10)
on N4 position of the triazole core showed moderate IN
inhibitory activity. On the other hand, compounds 15

and 17 with a methyl group on N4 position of the tria-
zole core showed decreased to no activity against both
the 3 0-processing and strand transfer reactions of IN.
Interestingly, compounds 4–6 containing a 2-hydroxy
phenyl substitution on the 5th position of the triazole
core are moderately strong inhibitors with activity
against both the strand transfer as well as 3 0-processing
reactions of IN. Similarly, compounds 8–10 containing a
benzyl substitution on the 5th position of the triazole
core also showed moderate inhibitory activity against
both 3 0-processing and strand transfer activities of IN.
Compound 11 with a 4-chlorophenyl substitution on
the 5th position and a phenyl group at the N4 position
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of the triazole core inhibited both the 3 0-processing and
strand transfer activities of IN with IC50 values of 11 ± 3
and 5 ± 1 lM, respectively. Compound 18, the only
compound containing a tetrazole core instead of the tri-
azole core (Table 1), displayed weak IN inhibitory activ-
ity. It inhibited both the 3 0-processing and strand
transfer activities of IN with IC50 values of 68 ± 3 and
61 ± 6 lM, respectively. We also tested compounds 19
and 20, without the salicyloyl carbonyl, to evaluate the
role of the salicyloyl group in conjunction with the heav-
ily substituted triazole core in this novel class of hydra-
zide IN inhibitors. Interestingly, compounds 19 and 20
showed no activity against both IN catalytic reactions
at a maximum tested concentration of 100 lM. This re-
sult reaffirms the importance of the salicyloyl group for
IN inhibitory activity of this novel class of hydrazides.


We additionally tested seven representative compounds
for antiviral activity against HIV-1 in the human MT-
4 T-cell line. Antiviral testing was conducted as de-
scribed previously.16,17 Compounds chosen for antiviral
activity testing include 5, 6, 8–11, and 13. Unfortu-
nately, none of the compounds displayed significant
antiviral activity. Optimization efforts are underway to
enhance the antiviral activity of this new class of
hydrazides.


In conclusion, we have identified a series of novel non-
cytotoxic salicylhydrazide IN inhibitors through sub-
structure database search methods. As compared to ear-
lier disclosed hydrazides, the retrieved compounds
displayed comparable IN inhibitory activity, but are sev-
eral hundred-fold less cytotoxic. Structurally, the
replacement of one of the two phenol (1-naphthalenol
in hydrazide 2) rings in hydrazide 1 with heavily substi-
tuted triazole groups affords novel hydrazide-containing
IN inhibitors with significantly improved cytotoxic pro-
files, greatly enhancing the therapeutic potential of this
chemical class of IN inhibitors.

Acknowledgments


This work was supported by grants from The Campbell
Foundation and the California HIV/AIDS Research
Program (CHRP) to Nouri Neamati.

References and notes


1. Brown, P. O. Integration. In Retroviruses; Coffin, J. M.,
Hughes, S. H., Varmus, H. E., Eds.; Cold Spring Harbor
Laboratory Press: Cold Spring Harbor, NY, 1997; p 161.


2. Bushman, F. D.; Craigie, R. Proc. Natl. Acad. Sci. U.S.A.
1991, 88, 1339.


3. Nair, V.; Chi, G. Rev. Med. Virol. 2007, 17, 277.
4. Dayam, R.; Al-Mawsawi, L. Q.; Neamati, N. Drugs R D


2007, 8, 155.
5. Grinsztejn, B.; Nguyen, B. Y.; Katlama, C.; Gatell, J. M.;


Lazzarin, A.; Vittecoq, D.; Gonzalez, C. J.; Chen, J.;
Harvey, C. M.; Isaacs, R. D. Lancet 2007, 369, 1261.


6. Markowitz, M.; Morales-Ramirez, J. O.; Nguyen, B. Y.;
Kovacs, C. M.; Steigbigel, R. T.; Cooper, D. A.; Liporace,
R.; Schwartz, R.; Isaacs, R.; Gilde, L. R.; Wenning, L.;
Zhao, J.; Teppler, H. J. Acquir. Immune Defic. Syndr.
2006, 43, 509.


7. Dejesus, E.; Berger, D.; Markowitz, M.; Cohen, C.;
Hawkins, T.; Ruane, P.; Elion, R.; Farthing, C.; Zhong,
L.; Cheng, A. K.; McColl, D.; Kearney, B. P. J. Acquir.
Immune Defic. Syndr. 2006, 43, 1.


8. Hong, H.; Neamati, N.; Wang, S.; Nicklaus, M. C.;
Mazumder, A.; Zhao, H.; Burke, T. R., Jr.; Pommier, Y.;
Milne, G. W. J. Med. Chem. 1997, 40, 930.


9. Nicklaus, M. C.; Neamati, N.; Hong, H.; Mazumder, A.;
Sunder, S.; Chen, J.; Milne, G. W.; Pommier, Y. J. Med.
Chem. 1997, 40, 920.


10. Stanwell, C.; Ye, B.; Yuspa, S. H.; Burke, T. R., Jr.
Biochem. Pharmacol. 1996, 52, 475.


11. Zhao, H.; Neamati, N.; Sunder, S.; Hong, H.; Wang, S.;
Milne, G. W.; Pommier, Y.; Burke, T. R., Jr. J. Med.
Chem. 1997, 40, 937.


12. Neamati, N.; Hong, H.; Owen, J. M.; Sunder, S.; Winslow,
H. E.; Christensen, J. L.; Zhao, H.; Burke, T. R., Jr.; Milne,
G. W.; Pommier, Y. J. Med. Chem. 1998, 41, 3202.


13. Neamati, N.; Lin, Z.; Karki, R. G.; Orr, A.; Cowansage, K.;
Strumberg, D.; Pais, G. C.; Voigt, J. H.; Nicklaus, M. C.;
Winslow, H. E.; Zhao, H.; Turpin, J. A.; Yi, J.; Skalka, A. M.;
Burke, T. R., Jr.; Pommier, Y. J. Med. Chem. 2002, 45, 5661.


14. Plasencia, C.; Dayam, R.; Wang, Q.; Pinski, J.; Burke, T.
R., Jr.; Quinn, D. I.; Neamati, N. Mol. Cancer Ther. 2005,
4, 1105.


15. Al-Mawsawi, L. Q.; Sechi, M.; Neamati, N. FEBS Lett.
2007, 581, 1151.


16. Pauwels, R.; Balzarini, J.; Baba, M.; Snoeck, R.; Schols,
D.; Herdewijn, P.; Desmyter, J.; De Clercq, E. J. Virol.
Methods 1988, 20, 309.


17. Witvrouw, M.; Pannecouque, C.; Switzer, W.; Folks, T.;
De Clercq, E.; Heneine, W. Antiviral Ther. 2004, 9, 57.





		Discovery of novel non-cytotoxic salicylhydrazide containing HIV-1 integrase inhibitors

		Acknowledgments

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 17 (2007) 6572–6575

Synthesis and evaluation of novel pyrazolidinone analogs
of PGE2 as EP2 and EP4 receptors agonists


Zhong Zhao,a,*,� Gian Luca Araldi,a Yufang Xiao,a,* Adulla P. Reddy,a Yihua Liao,a


Srinivasa Karra,a Nadia Brugger,a David Fischerb and Elizabeth Palmerb


aDepartment of Medicinal Chemistry, EMD-Serono Research Institute, Inc., Rockland, MA 02370, USA
bDepartment of Lead Discovery, EMD-Serono Research Institute, Inc., Rockland, MA 02370, USA


Received 23 August 2007; revised 18 September 2007; accepted 21 September 2007


Available online 26 September 2007

Abstract—Replacement of the hydroxy cyclopentanone ring in PGE2 with chemically more stable heterocyclic rings and substitution
of the unsaturated a-alkenyl chain with a metabolically more stable phenethyl chain led to the development of potent and selective
analogs of PGE2. Compound 10f showed the highest potency and selectivity for EP4 the receptor.
� 2007 Elsevier Ltd. All rights reserved.
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Prostaglandins are derived from arachidonic acid in a
two-step enzymatic reaction and act as autocrine and
paracrine lipid mediators.1 Prostaglandin E2 (PGE2) is
the most well known prostanoid derivative and exhibits
a broad range of biological actions in diverse tissues
through binding to specific receptors on the plasma
membrane. Four subtypes of the PGE receptor are
known (EP1, EP2, EP3 and EP4) and have been demon-
strated to belong to the G protein-coupled rhodopsin-
type receptor superfamily. Recent developments in the
molecular biology of the prostanoid receptors have en-
abled the investigation of roles specific to each receptor
by disruption of the respective gene.1 The EP2 and the
EP4 receptors are interesting pharmacological targets
because of their important regulatory roles in numerous
physiological processes, including bronchodilation, fer-
tility, bone resorption, and inflammation. Activation
of the EP2 and EP4 receptor increase the intracellular
cAMP level, which is linked to the treatment of preterm
labor by suppressing uterine contraction. Because EP2


receptor is induced in the cumulus in response to
gonadotropins and EP2 receptor system works as a po-
sitive-feedback loop to induce of oophorus maturation
required for fertilization.1b

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.09.074


Keywords: Prostaglandin; EP2; EP4; Agonist.
* Corresponding authors. Tel.: +1 781 681 2789; fax: +1 781 681 2939


(Y.X.); e-mail addresses: zhong.zhao@genzyme.com; yufang.xiao@


emdserono.com
� Present address: Genzyme Corporation, 153 Second Avenue, Walth-


man, MA 02451, USA.

PGE2, the natural ligand for these receptors, despite its
high potency, is not selective toward the individual EP
receptors. Also it is degraded quickly into inactive prod-
ucts under physiological conditions, with a half-life of
30 s to a few minutes.2 Natural prostaglandins are sus-
ceptible to three major modes of metabolic inactivation:
x-chain hydroxy oxidation, b-oxidation of the.a-chain,
and oxidation of the x-chain terminus.2 Furthermore,
PGE2 is chemically unstable since the hydroxyl group
on C-11 can easily undergo elimination, leading to en-
one derivatives like PGA2.2c In the last two decades, ef-
forts to improve the selectivity and chemical and
metabolic stability have been described3–6 (Fig. 1).

N
N
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Figure 1. PGE2 and pyrazolidinone derivative.
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In order to improve the pharmacological properties of
PGE2, we have examined the replacement of the a-alke-
nyl side chain with the more stable phenethyl chain and
the substitution of the hydroxy cyclopentanone moiety
with different heterocyclic rings.3,4,6 This report de-
scribes the synthesis and structure-activity relationship
of a series of pyrazolidin-3-one derivatives of general
structure 1 bearing different R groups in the x-chain.


Synthesis of the pyrazolidin-3-one derivatives is outlined
in Scheme 1. Introduction of the side chain in the a-po-
sition was achieved by alkylation of commercially avail-
able tert-butyl hydrazinecarboxylate with the phenethyl
bromide derivative 2 in the presence of a weak base. The
pyrazolidinone ring was then formed in one step by
reaction of chloropropanoyl chloride with the hydrazide
intermediate 3 under basic conditions.7 Deprotection of
the Boc group afforded the versatile intermediate 5
which was extensively used in our research effort for
the introduction of the x-chain.


Preparation of the pyrazolidinone derivatives bearing
the hydroxy group on C-15 of the x-chain was achieved
by Michael addition of the pyrazolidinone intermediate
5 to enone 7.8 As described in Scheme 1, the carboxylic
acid 6 was converted to the corresponding Weinreb
amide using EDCI and HOBt in DMF.9 Reaction of
the Weinreb amide with vinyl magnesium bromide pro-
vided enone derivative 7 that was used directly without
further purification.10 Michael addition of 5 to enone
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Scheme 1. Reagents and conditions: (a) tert-butyl hydrazinecarboxy-


late, NaHCO3, ACN, reflux, 15 h; (b) 3-chloropropanoyl chloride,


K2CO3, DMF, rt, 18 h; (c) TFA, DCM, RT, 1 h; (d) N,O-


dimethylhydroxylamine, EDCI, HOBt, Et3N, DMF, rt, 18 h; (e)


vinylmagnesium bromide, THF, 0 �C, 1 h; (g) 5, EtOH, reflux, 2 h; (f)


NaBH4, CeCl3, EtOH, H2O, RT, 1 h; (h) NaOH, H2O, MeOH, THF,


rt, 18 h.

7 was carried out in EtOH at reflux for 2 h to furnish
8 in good to quantitative yields. The ketone intermediate
8 was transformed in 2 steps with excellent yield into the
final desired product 10 via reduction of 8 with NaBH4


in the presence of CeCl3 and saponification of the ester
group of 9.


Individual compounds were tested in vitro in the human
EP2/EP4 receptor binding assays and also in the human
EP2/EP4 functional assays.4 The data in Table 1 indicate
that the best results are obtained when a straight PGE2-
like chain is introduced at the x-position (compound
10a). Introduction of branching in the chain led to a
remarkable decrease in activity, especially for the EP4


receptor. Furthermore, it is interesting to note that com-
pound 10a showed 10-fold selectivity for the EP4 recep-
tor over the EP2 receptor.


The ONO’s researchers reported that the introduction of
a meta-position in phenyl group in the x-chain increased
selectivity and potency for EP4 receptor.6b Several 15-
hydroxy-16-aryl pyrazolidinone derivatives have been
synthesized and their in vitro data are summarized in
Table 2. As can be seen, the introduction of a simple
aromatic group as 10d led to a remarkable improvement
in EP4 affinity (100-fold over EP2) compared to the cor-
responding alkyl derivative 10a (10-fold over EP2).
Development of SAR for substituents at the meta posi-
tion of the aromatic ring led to the conclusion that the
best results are obtained with the introduction of halo-
gen atoms like iodo, bromo and chloro. Interesting re-
sults are also obtained with the introduction of bulky
groups (10m and 10n). There is still little known about
the structural determinants of the EP2 and EP4 receptors
that are required for the binding of PGE2, or the resi-
dues that dictate the selectivity of EP2 or EP4 receptors.
It is not at all clear that meta-position contributes signif-
icantly to binding or function at EP4 receptor.


Due to the promising results in this series, we decided to
develop an enantioselective synthesis for these EP4 ago-
nists. As described in Scheme 2, the commercially avail-
able butadiene monooxide was converted to allylic
alcohol 12 by reaction with aryl magnesium bromide
11 in the presence of a catalytic amount of CuCN.
The allylic alcohol was then subjected to Sharpless epox-
idation condition with (+)-diethyl L-tartrate to furnish
the epoxide 13.11 Regioselective ring opening of epoxide
13 with Red-Al12 reduction afforded the diol derivative
14 (ee% >97% determined with chiral HPLC). Selective
protection of the secondary alcohol was achieved in a
two-step procedure by first using trimethyl orthoformate
and then reducing the cyclic ether intermediate with

Table 1. 15-Hydroxy 16-alkyl pyrazolidinone derivatives


Compound CH2RR1 h-EP2


Ki (lM)


h-EP2


EC50


(lM)


h-EP4


Ki


(lM)


h-EP4


EC50


(lM)


10a (CH2)4CH3 2.2 0.595 0.25 0.005


10b CH2CH(Me)2 4.41 15 2 0.277


10c CH(Me)C3H7 2.76 5 6 nd
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Scheme 2. Reagents and conditions: (a) 2-vinyloxirane, CuCN, THF,


�78 �C, 2 h; (b) L-DET, Ti(O-i-Pr)4, t-BuO3H, molecular sieves,


DCM, �16 �C, 4 h; (c) Red-Al, THF, 0 �C, 15 h; (d) (i) trimethyl


orthoformate, CSA, DCM, RT, 2 h (ii) Dibal-H, �70 �C, 2 h; (e) Dess-


Martin reagent, DCM, rt, 1 h; (f) Na(OAc)3BH, AcOH, DCE, rt, 2 h;


(g) (i) HCl (conc), MeOH, rt, 1 h; (ii) NaOH, H2O, MeOH, THF, rt,


18 h.
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Scheme 3. Reagents and conditions: (a) TBSCl, Imidazole, DMF, rt,


18 h; (b) (i) n-BuLi, THF, �78 �C, 10 min, (ii) paraformaldehyde, rt,


2 h; (c) PPh3, CBr4, DCM, rt, 18 h; (d) 5, K2CO3, NaI, DMF, 50 �C,


1 h; (e) H2 (1 atm), Pd/C 10%, MeOH, rt, 2 h; (f) (i) HCl 4 M, dioxane,


rt, 1 h; (ii) NaOH, H2O, MeOH, THF, rt, 18 h.


Table 2. 15-Hydroxy-16-aryl pyrazolidinone derivatives (R1@H)


Compound R h-EP2 Ki


(lM)


h-EP2


EC50 (lM)


h-EP4 Ki


(lM)


h-EP4 EC50 (lM)


10d Ph 6.2 0.068


10e m-I-Ph 2.36 0.027


10f m-Br-Ph 5.45 0.013 0.0002


10g m-OCF3-Ph 2.83 0.059


10h m-F-Ph 6.29 0.036


10i m-CF3-Ph 6 0.057


10l m-Cl-Ph 5.69 0.018 0.0002


10m m-(ethynylcyclopropyl)


phenyl


8.34 0.33


10n m-(ethynylphenyl)


phenyl


0.56 0.044


PGE2 0.0049 0.00079


Butaprost 0.11 >10
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DIBAL-H. Oxidation of the resulting alcohol intermedi-
ate using Dess-Martin periodine reagent afforded the
aldehyde intermediate 15 in quantitative yield, which
was used to alkylate the pyrazolidinone ring under stan-
dard procedure followed by saponification of the ester
groupto yield the desired chiral pyrazolidinone deriva-
tives 16. The in vitro activity of the compounds is sum-
marized in Table 3. The 16 with chiral center at C-15 did
not improve the binding affinity and potency (16a vs
10d, 16b vs 10f, 16c vs 10e). It indicates that the chiral
center at C-15 was not necessary to contribute the po-
tency and selectivity.


In order to improve the selectivity for the EP2 receptor,
we have investigated the synthesis of pyrazolidinone

Table 3. 15-Hydroxy-16-aryl pyrazolidinone derivatives


Compound R h-EP2 Ki


(lM)


h-EP2 EC50


(lM)


h-EP4 Ki


(lM)


h-EP4


EC50


(lM)


16a H 9.2 nd 0.134 nd


16b m-Br 3.07 >10 0.013 0.0001


16c m-I 2.03 nd 0.026 nd

analogs bearing the hydroxyl group at C-16, similar to
the known EP2 selective agonist butaprost, which exhib-
ited a high selectivity (25000-fold) for EP2 receptor.13


Synthesis of the 16-hydroxyl pyrazolidinone derivatives
is outlined in Scheme 3. Protection of the propargyl
alcohol derivative 17 followed by formylation gave the
new propargyl alcohol in good yield. Conversion of
the alcohol into the bromide using triphenylphosphine
and carbon tetrabromide in DCM gave the correspond-
ing propargyl bromide 18 in quantitative yield, which
was used to alkylate pyrazolidinone 5. Hydrogenation
and deprotection of the TBS group and hydrolysis of
the methyl ester furnished the desired compounds of
general formula 20 in good yield.


The in vitro activities are listed in Table 4. Moving the
hydroxy group from C-15 to C-16 decreased dramati-
cally in activity toward the EP4 receptor while maintain-

Table 4. 16-Hydroxy pyrazolidinone derivatives


Compound R h-EP2 Ki


(lM)


h-EP2 EC50


(lM)


h-EP4 Ki


(lM)


20a (CH2)4CH3 2.44 1.3 2


20b 0.75 0.393 >50
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ing the affinity for EP2 (10a vs 20a). An analog with the
butaprost-like cyclobutyl group at C-17 (20b) increased
the EP2 activity to a certain degree, but showed a sharp
decrease in EP4 activity. However, 20b still showed less
selectivity and potency for EP2 receptor.


In summary, for this series of pyrazolidinone deriva-
tives, compound 10f was found to be the most potent
and selective for the EP4 receptor than the EP2 receptor.
The rat pharmacokinetics data showed that compound
10f exhibited a high intravenous distribute rate
(199.66 L/Kg), a moderate clearance rate (1.44 L/Kg/
h), a half-life time (4.25 h), and a low oral bioavailability
(6.7%). The low oral bioavailability might possibly be
caused by its low permeability.14 The low bioavailability
limited the assessment of these compounds in animal
model with per os route. The in vivo ovulation induction
of compound 10f in CD-1 adult female mice (10-week-
old) was evaluated. Preliminary results showed that a
3 mg/kg dose of 10f stimulated rupture of the follicle
and the induction and release of four oocytes into the
fallopian tube.11 oocytes were released when dosing
30 mg/kg at subcutaneous administration.15 10f also
exhibited good efficacy in a dose-dependent manner
(from 3 to 30 mg/kg).


Conclusions. In summary, we have found that analogs of
PGE2 wherein the hydroxyl cyclopentanone ring has
been replaced by a pyrazolidinone ring are potent EP4


receptor agonists. In particular, the pyrazolidin-2-one
derivatives having a phenethyl a-chain showed the best
in vitro profile among the different series explored. Mod-
ulation of the x-chain allowed us to find a potent and
selective EP4 agonist (for example 10f). Introduction
of a 16-hydroxy group on the x-chain (20a–b) did not
obviously improve the potency for the EP2, but dramat-
ically decreased EP4 receptor activity.
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Abstract—A series of aryl-containing N-monosubstituted analogues of the lead compound 8-[N-((4 0-phenyl)-phenethyl)]-carboxam-
idocyclazocine were synthesized and evaluated to probe a putative hydrophobic binding pocket of opioid receptors. Very high bind-
ing affinity to the l opioid receptor was achieved though the N-(2-(4 0-methoxybiphenyl-4-yl)ethyl) analogue of 8-CAC. High binding
affinity to l and very high binding affinity to j opioid receptors was observed for the N-(3-bromophenethyl) analogue of 8-CAC.
High binding affinity to all three opioid receptors were observed for the N-(2-naphthylethyl) analogue of 8-CAC.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of lead compounds for this study.

We recently reported the synthesis and opioid receptor
binding properties of 1, an analogue of 8-carboxamido-
cyclazocine (8-CAC, 2), having an N-((4 0-phenyl)-phen-
ethyl) substitution.1 8-CAC is a long-acting2 analogue of
cyclazocine (3)3 with high affinity for l and j opioid
receptors4 having the potential to treat cocaine addic-
tion in humans. Based on the long-standing knowledge
that a phenolic hydroxyl group was required for the high
affinity binding of many opioid receptor interactive li-
gands,5 8-CAC’s high affinity for l and j opioid recep-
tors was unexpected. Until recently all substitution of
the carboxamide nitrogen of 2 were detrimental toward
opioid receptor binding except N-((4 0-phenyl)-phen-
ethyl) (1), which produced high binding affinity to l
and d, and moderate affinity to j1 (Fig. 1).


To further probe opioid receptor space for what we be-
lieve contains a putative hydrophobic pocket comple-
mentary to the aryl groups on the 8-position of 1, we
now report the synthesis and opioid receptor binding
properties of a series of N-monosubstituted carboxam-
ide analogues of 8-CAC (Table 1). Design of targets
was based on the substitution on either of the aryl rings,
both in its nature and its placement with respect to the
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ethylene linker. Specifically, we chose derivatives with
different attachment points, substituents, and analogues
where the aryl group was switched from biphenyl to the
naphthyl or bromophenyl.


Using a one-step procedure (Scheme 1), novel racemic
targets 7–9, 11, and 14–19 were conveniently made by
treatment of triflate 46 with the appropriate amine,
dichloro[1,1 0-bis(diphenylphosphino)-ferrocene] palla-
dium (II) dichloromethane adduct, triethylamine, and
carbon monoxide in dimethylsulfoxide. Amines were
commercially available or made using known
procedures.
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Table 1. Comparative opioid receptor binding data for 2,6-methano-3-benzazocine derivatives


N


CH3


CH3


O


RNH


1, 2, 5-19


N


CH3


CH3


HO
3 (Cyclazocine)


8


Compound R Ki
a (nM)


[3H]DAMGO (l) [3H]Naltrindole (d) [3H]U69,593 (j)


1b (CH2)2(4-C6H4C6H5) 0.30 ± 0.036 0.74 ± 0.019 1.8 ± 0.19


2c H 0.31 ± 0.03 5.2 ± 0.36 0.06 ± 0.001


3d Cyclazocine 0.16 ± 0.01 2.0 ± 0.22 0.07 ± 0.002


5e (CH2)2(3-C6H4C6H5) 0.95 ± 0.15 5.9 ± 1.2 2.2 ± 0.14


6e (CH2)2(2-C6H4C6H5) 6.7 ± 0.49 21 ± 3.1 2.4 ± 0.28


7e (CH2)2(4-BrC6H4) 2.4 ± 0.33 2.5 ± 0.28 0.38 ± 0.060


8e (CH2)2(3-BrC6H4) 0.35 ± 0.021 3.5 ± 0.19 0.063 ± 0.006


9e (CH2)2(2-BrC6H4) 4.0 ± 0.36 150 ± 6.2 19 ± 1.3


10e (CH2)2(4-C6H4-4-CH3OC6H4) 0.084 ± 0.012 0.18 ± 0.022 1.5 ± 0.10


11e (CH2)2(4-C6H4-4-ClC6H4) 0.20 ± 0.038 0.71 ± 0.046 3.2 ± 0.67


12e (CH2)2(4-C6H4-3,4-Cl2C6H4) 0.98 ± 0.13 2.5 ± 0.38 1.1 ± 0.087


13e (CH2)2(4-C6H4-4-CH3C6H4) 0.29 ± 0.075 0.72 ± 0.027 3.3 ± 0.20


14e CH2(2-naphthyl) 1.3 ± 0.29 31 ± 2.0 19 ± 1.7


15e (CH2)2(2-naphthyl) 0.18 ± 0.009 0.90 ± 0.020 0.20 ± 0.056


16e (CH2)3(2-naphthyl) 1.9 ± 0.19 18 ± 1.2 0.18 ± 0.016


17e CH2(1-naphthyl) 2.5 ± 0.31 52 ± 3.4 18 ± 0.63


18e (CH2)2(1-naphthyl) 4.2 ± 0.13 24 ± 1.2 2.4 ± 0.46


19e (CH2)3(1-naphthyl) 2.4 ± 0.45 18 ± 1.0 1.9 ± 0.077


a The Kd values for [3H]DAMGO, [3H]U69,593, and [3H]naltrindole were 0.56, 0.34, and 0.10 nM, respectively. These values were used to calculate


the Ki values.
b See Ref. 1.
c See Ref. 4.
d See Ref. 3.
e Proton NMR, IR, and MS were consistent with the assigned structures of all new compounds. C, H, and N elemental analyses were obtained for all


new targets and most intermediates and were within ±0.4% of theoretical values.


4 15: R = (CH2)2(2-naphthyl)


16: R = (CH2)3(2-naphthyl)


17: R = CH2(1-naphthyl)
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19: R = (CH2)3(1-naphthyl)
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Scheme 1. Syntheses of target compounds via Pd-catalyzed carboxamidation procedures. Reagents and condition: (i) RNH2, PdCl2(dppf), Et3N,


DMSO, CO, 70 �C.
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As shown in Scheme 2, targets 5 and 6 were prepared by
treating 8 and 9, respectively, with phenylboronic acid,
palladium acetate, triphenylphosphine, and sodium car-
bonate in toluene (microwaves) at 120 �C for 20 min.
Targets 10, 12, and 13 were similarly prepared from
7 using 4-methoxyphenylboronic acid, 3,4-dic-
hlorophenylboronic acid, and 4-methylphenylboronic
acid, respectively. Yields in these Suzuki couplings were
in the 64–80% range.


Target compounds were evaluated for their affinity and
selectivity for l, d, and j opioid receptors stably
expressed in Chinese hamster ovary (CHO) cell mem-
branes.7 Data are summarized in Table 1. All com-
pounds in Table 1 are racemic including cyclazocine.
For comparison purposes, opioid binding affinity data
for 8-[N-((4 0-phenyl)-phenethyl)]-CAC (1),1 8-CAC
(2),4 and cyclazocine (3)3 are included. As stated previ-
ously, N-((4 0-phenyl)-phenethyl) substitution on the car-
boxamide group of 8-CAC had similar binding affinity
for l, slightly weaker for d and 30-fold less affinity for
j opioid receptors, compared to 8-CAC (2). The optimal
linker length between the carboxamide nitrogen and the
biphenyl group has been shown to be a two-methylene
spacer.1 To test the optimal orientation of the distal
phenyl group, the N-((3 0-phenyl)-phenethyl) and N-
((2 0-phenyl)-phenethyl) analogues 5 and 6, respectively,
were synthesized. When the distal phenyl group was in
the 3-position (5), binding affinity decreased only
slightly for l, d, and j (3-, 8-, and 1.2-fold, respectively)
compared to 1. However, when the distal phenyl group
is in the 2-position (6) binding affinity is significantly
decreased by 22-, 28-, and 1.3-fold for l, d, and j recep-
tors, respectively. These data suggest the receptors can
accommodate the distal phenyl in the 2- and 3-positions;
however, the 4-position is optimal.


To ascertain whether the role of the distal phenyl group
in binding was mainly hydrophobics, p–p stacking or
both, the corresponding bromophenyl analogues 7–9

+


N


CH3


CH3


O


N


H


Br


R'


R''


B(OH)2 i8


7: 4-Br


8: 3-Br


9: 2-Br


2


3


4


Scheme 2. Syntheses of target compounds via Suzuki coupling. Reagents a


20 min, 120 �C.

were synthesized. When the distal phenyl group of 1
was replaced by bromide (7), binding affinity was re-
duced for l and d, 8- and 3-fold, respectively, but in-
creased 5-fold for j. This was the first instance of
subnanomolar potency for the j opioid receptor in this
series. The 2- and 3-bromophenethyl analogues of 8-
CAC were synthesized as well. Compared to 1, the 3-
bromophenethyl analogue 8 showed comparable affinity
for l, 5-fold decreased affinity for d, and 29-fold in-
creased affinity for j. With a binding affinity of
0.063 nM, compound 8 had comparable affinity for the
j receptor as cyclazocine (3). The 2-bromophenethyl
analogue 9 had decreased affinity for l, d, and j recep-
tors, 13-, 203-, and 10-fold, respectively, compared to 1.


The Topliss approach8 was applied to this series and the
4 0-methoxy, 4 0-chloro, 3 0,4 0-dichloro, and 4 0-methyl ana-
logues of 1 were synthesized. The 4 0-methoxy analogue
10 had 4-fold increased binding affinity for l and d opi-
oid receptors compared to 1 while against j receptors,
similar affinity was observed. The 4 0-chloro and
4 0-methyl analogues, 11 and 13, respectively, had very
similar binding to all three opioid receptors compared
to 1. The 3 0,4 0-dichloro analogue 12 showed 3-fold lower
affinity to both l and d opioid receptors and similar
affinity to the j opioid receptor compared to 1. From
this activity pattern at the l receptor, the probable oper-
ative parameter is deduced to be �p, implying that a
more hydrophilic group would increase potency.


A series of naphthyl derivatives of 1 were made to fur-
ther probe this putative hydrophobic interaction with
the receptors. The 2-naphthylmethyl analogue 14
showed decreased binding affinity for l, d, and j (4-,
42-, and 11-fold, respectively). The 2-naphthylethyl
analogue 15 showed similar binding affinity to l and d
opioid receptors compared to 1 and affinity increased
by 9-fold for the j opioid receptor. The 2-naphthylpro-
pyl analogue 16 had decreased affinity for l and d, 6- and
24-fold, respectively, but increased affinity (10-fold) for j.
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All three 1-naphthyl analogues of 8-CAC, 1-naphthylm-
ethyl (17), 1-naphthylethyl (18), and 1-naphthylpropyl
(19) had decreased affinity for l (8- to 14-fold), d (24-
to 70-fold), and j (1- to 10-fold) opioid receptors com-
pared to 1.


In [35S]GTPcS functional assays (Table 2),1 compound 1
showed antagonist properties at l while the 4-bromo
analogue 7 showed only agonist properties at l receptor.
Compounds 5, 6, 8, 10, 11, and 16 showed partial ago-
nist properties as well as antagonist properties at l
receptor. All of the compounds were pure agonists at
the j opioid receptor. They had similar Emax values,
ranging from 87% to 110% stimulation over control,
which were slightly greater than the Emax value of 77%
stimulation produced by the j-selective agonist
U50,488. There was not a strong correlation between
the EC50 values for stimulating [35S]GTPcS binding
mediated by the j receptor and the Ki values for the
inhibition of [3H]U69,593 binding to the j receptor.
For example, compounds 8 and 16 had the highest affin-
ity for the j receptor in the receptor binding assay. In
the [35S]GTPcS binding assay, compounds 1, 8, 10, 11,

Table 2. EC50 and Emax values for the stimulation of [35S]GTPcS bindin


[35S]GTPcS binding to the human l, j, and d opioid receptorsa


Compound EC50 (nM) Emax (% maximal stimula


l Opioid receptor


DAMGO 55 ± 7 116 ± 4


1 NAc 5.6 ± 3.4


5 6.8 ± 2.7 41 ± 2.3


6 12 ± 2.8 36 ± 8.3


7 16 ± 1.7 73 ± 5.3


8 5.6 ± 0.93 24 ± 2.0


10 11 ± 2.4 27 ± 1.3


11 2.5 ± 0.73 31 ± 2.2


16 24 ± 5.0 31 ± 0.62


d Opioid receptor


SNC 80 4.8 ± 0.60 120 ± 4.7


1 3.0 ± 0.24 69 ± 8.6


5 18 ± 3.7 43 ± 3.4


6 NTd NT


7 20 ± 5.0 120 ± 21


8 14 ± 3.5 85 ± 1.4


10 0.68 ± 0.15 70 ± 3.6


11 2.0 ± 0.027 45 ± 5.5


16 NT NT


j Opioid receptor


U50,488 36 ± 5.0 77 ± 11


1 4.4 ± 0.73 87 ± 6.5


5 12 ± 1.7 95 ± 1.8


6 42 ± 3.0 97 ± 3.4


7 20 ± 1.5 110 ± 14


8 4.6 ± 0.40 110 ± 4.3


10 1.1 ± 0.24 98 ± 4.4


11 6.4 ± 2.2 96 ± 7.1


16 6.3 ± 0.30 98 ± 10


a See Ref. 1. Data are mean values ± SEM from at least three separate exper


basal [35S]GTPcS binding was set at 0%. For inhibition studies, 200 nM DA


at final concentrations of 10 and 100 nM were used for the d and j recept
b NI, no inhibition.
c NA, not applicable.
d NT, not tested.

and 16 had similar EC50 values. Due to their lower affin-
ity for the d receptor, compounds 6 and 16 were not
tested in the [35S]GTPcS binding assay in CHO mem-
branes expressing the d opioid receptor. As observed
with the j receptor, compounds 1, 5, 7, 8, 10, and 11
were shown to be pure agonists at the d opioid receptor.
Compound 10, which had the highest binding affinity
for the d receptor within the series, also was the most
potent at d in the [35S]GTPcS assay. Other than this
observation, there was little correlation at the d opioid
receptor between binding affinity and functional
activity.


Valuable insights into the SAR of the 8-position substi-
tuent of 8-CAC have been made by examination of the
opioid receptor binding properties of a series of N-mon-
osubstituted carboxamide analogues of 8-CAC. Our
observation that the N-((3 0-phenyl)-phenethyl) and N-
((2 0-phenyl)-phenethyl) groups were less potent than
the N-((4 0-phenyl)-phenethyl) analogue leads us to
believe that the alkyl biaryl groups need to be in a
near-linear arrangement. The loss in activity in the
4-bromophenylethyl analogue 7 compared to 1 suggests

g and IC50 and Imax values for the inhibition of agonist-stimulated


tion) IC50 (nM) Imax (% maximal inhibition)


NIb NI


150 ± 25 99 ± 1.3


NA 72 ± 11 at 10 lM


NA 73 ± 4.0 at 10 lM


NI NI


230 ± 36 85 ± 8.1


24 ± 7.0 82 ± 9.3


NA 71 ± 5.6 at 10 lM


320 ± 62 78 ± 3.4


NI NI


NI NI


NI NI


NT NT


NI NI


NI NI


NI NI


NI NI


NT NT


NI NI


NI NI


NI NI


NI NI


NI NI


NI NI


NI NI


NI NI


NI NI


iments, performed in triplicate. For calculation of the Emax values, the


MGO was used as the agonist for the l receptor. SNC 80 and U50,488


ors, respectively.
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that molecular recognition may not be purely hydropho-
bic in nature but could also involve p–p stacking. Within
this series of N-monosubstituted carboxamide analogues
of 8-CAC, the 3-bromophenylethyl analogue 8 was the
first in this series to show subnanomolar affinity to the
j receptor. Application of the Topliss approach showed
the physicochemical parameter �p appears to be the
most important physicochemical parameter for binding
affinity. This information will guide future efforts. Eval-
uation of napthyl derivatives 14–19 showed that binding
affinity was much higher when the naphthyl ring was at-
tached to the linker via the 2-position and that the two
carbon linker (ethylene) was optimal.


Results from this study will facilitate the design of new
high affinity opioid receptor ligands. The synthesis and
evaluation of new targets related to 1 is ongoing in our
laboratories to further explore this novel SAR. New tar-
gets will include those analogues with a diverse array of
(hetero) aryl groups on the 8-carboxamido group of 2,6-
methano-3-benzazocines as well as the corresponding 3-
carboxamido morphinans and 4,5a-epoxymorphinans.
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Abstract—A new and efficient method for the synthesis of PEG-6-mercaptopurine is described. The key feature of the proposed
approach is the protection of the thiol group against metabolic inactivation. Preliminary in vivo and in vitro evaluations of the mac-
romolecular prodrug have been carried out.
� 2007 Elsevier Ltd. All rights reserved.

6-Mercaptopurine [6-MP] is a water insoluble purine
analogue, well known for its antitumor and immuno-
suppressive properties. The drug is used, at the dose of
1.5 mg/kg/die, in the treatment of a variety of condi-
tions, including rheumathologic disorders, prevention
of rejection following organ transplantation, and inflam-
matory bowel disease.


However, oral absorption of 6-MP is erratic with only
10–50% of the administered dose reaching the systemic
circulation. The limiting factors in the use of 6-MP are
its very short half-life in plasma (0.5–1.5 h) and its very
variable bioavailability (about 16%). Strategies to cir-
cumvent this problem have included the use of azatiop-
rine [AZA, Imuran�, dose of 2.5 mg/kg/die], a low
molecular prodrug of 6-MP containing an imidazole
group attached to the sulfur at the 6-position of the pur-
ine ring. This substitution serves to decrease the rate of
enzymatic and non-enzymatic inactivation. In the blood
AZA is converted to parent drug by non-enzymatic
attack of sulfhydryl-containing compound, such as glu-
tathione, on the sulfide bond between the purine and the
imidazole ring of AZA. 6-MP is further metabolized via
three pathways. Two pathways metabolize 6-MP to pre-
sumed inactive metabolites: 6-thiouric acid via xanthine
oxidase and 6-methyl mercaptopurine via thiopurine
methyl transferase. 6-MP is also metabolized to the pre-
sumed active metabolites, the 6-thioguanine nucleotides
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via hypoxanthine phosphoribosyl transferase and other
enzymes.1 The 6-thioguanine nucleotides are also
responsible for the cytotoxic side effects associated with
this drug. Common problems encountered with the use
of 6-MP, like low solubility and rapid inactivation,
could be overcome by PEGylation. PEGylation defines
the modification of a molecule by the covalent linking
of one or more poly(ethylene glycol) [PEG] chains.
PEG is non-toxic, non-immunogenic, non-antigenic,
highly water soluble, and FDA approved. The PEG–
drug conjugates have several advantages: a prolonged
residence in body, a decreased degradation by metabolic
enzymes and a reduction or elimination of protein
immunogenicity.2


Prodrugs are often biologically inert or substantially
inactive forms of the parent or active compound.
The release rate of active drug, typically by hydrolysis,
is influenced by several factors, but especially by the
type of bond joining the parent drug to the modifier.
Incorporating a polymer, like PEG, as part of a pro-
drug system has been suggested to increase the circu-
lating life of drug. Studies on PEG-based double
prodrug of 6-MP using a benzyl elimination [BE] sys-
tem for controllably delivering of parent drug in vivo
were reported.3


Protected sulfur-linked poly(ethylene glycols) are also
known, although these form polymer–drug conjugates
via covalent disulfide bonds, not via covalent thiol
bonds. By utilizing the sulfhydryl bond as the basis for
linkage, it is possible to take advantage of the reactivity
of such linkages to plasma enzymes in vivo.
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An alternative of the double prodrug strategy is the use
of a simple chemical approach, herein described, that
enables the protection of the thiol group of 6-MP by
the formation of a thioether bond. PEG2000 was used
for the synthesis of the 6-MP prodrug. The hydroxylic
groups of the polymer were activated to chloro deriva-
tive by an excess of thionyl chloride (Fig. 1).4 The
attachment of 6-MP to chlorinate polymer was per-
formed by means of cesium fluoride and Celite (521)
[CsF–Celite] in ACN with a good yield. The CsF–Celite
assisted coupling of aliphatic and aromatic thiols with
various alkyl, acyl, benzyl, and benzoyl halides resulted
in thioethers and thioesters.5


In a typical reaction to a mixture of 6-MP and CsF–Cel-
ite in ACN, PEG-Cl2 was added (Fig. 1). Then the mix-
ture was stirred at reflux up to completion of the
reaction, indicated by TLC monitoring. The product
was purified by extraction with CH2Cl2/NaHCO3 and
recrystallized from EtOH.6


In order to gain some preliminary information about the
potential use of PEG-mercaptopurine as a drug delivery
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Figure 1. Synthesis of PEG-6-MP prodrug. (a) PEG2000 (1 equiv),


SOCl2, (3 equiv), CH2Cl2, reflux under nitrogen, 5 h, 96%; (b) 6-MP


(1.1 equiv), PEG2000-Cl2 (1 equiv), CsF–Celite (1.5 equiv), ACN,


reflux, 48 h, 85%. TLC: isopropanol–MeOH–H2O–NH4OH (60/22/20/


1 v/v), Rf = 0.80.
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Figure 2. 6-MP release profile from PEG-6-MP at pH 1.2 d, simulated


gastric juice; pH 5.5 j, endosomial compartments; and pH 7.4 m,


extracellular fluids. Each value is mean ± SD for three experiments.


Ten milligrams of PEG-6-MP (1.34 mg of 6-MP) was dissolved in 1 ml


of each buffer solution and samples were taken at suitable intervals.


Buffer solutions: pH 1.2: HCl/NaCl 0.1 M; pH 5.5: CH3COOH/


CH3COONa 0.1 M; pH 7.4: KH2PO4/K2HPO4 0.1 M.

system, the conjugate was subjected to hydrolysis at
37 ± 0.1 �C in buffer solutions at physiological pHs, sim-
ulated gastric juice, pH 1.2, endosomial compartments,
pH 5.5, and extracellular fluids, pH 7.4, and in plasma.
Samples were regularly taken out of the incubation mix-
ture and the quantity of released mercaptopurine was
quantified with the HPLC method.7


The PEG-6-MP conjugate was freely water soluble at
room temperature, stable in aqueous solutions at vari-
ous pHs (Fig. 2) and in vitro plasma dissociation assay
(Fig. 3), indicating that 6-MP is very little released from
conjugate by non-enzymatic hydrolysis.


To evaluate the biological performance of the adduct,
a physiological solution of PEG-6-MP was orally
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Figure 3. Stability of the PEG-6-MP in plasma. Each value is
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Figure 4. Concentration–time curve for 6-MP following 100 mg of


AZA [+] (55 mg of 6-MP) or 410 mg of PEG-6-MP [�] (55 mg of 6-


MP) administered orally to a medication-free, non-smoking, healthy


European subjects. Each value is mean ± SD for three administrations.


AUC for AZA: 128 ng/min/ml; for PEG-6-MP: 206 ng/min/ml.
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administered to three human subjects. The same volun-
taries were treated in the same way with a table of aza-
thioprine as control drug. The blood samples were taken
at regular time intervals and centrifuged. The plasma
was stored at �80 �C until analysis. The 6-MP was ex-
tracted from plasma by SPE method and quantified by
HPLC.7,8


Figure 4 is a plasmatic concentration–time curve for 6-
MP following oral administration of 100 mg AZA and
410 mg PEG-6-MP (each 55 mg 6-MP) to three healthy
subjects. It is interesting to notice that 6-MP administra-
tion in the shape of PEG prodrug allows for therapeutic
levels for larger period than in the case of AZA admin-
istration. In fact, AZA gave a plasma concentration of
6-MP that immediately increased after administration,
but decreased with time. On the contrary, the plasma
concentration of drug administration of its polymeric
derivative was initially lower, when compared with the
administration of AZA, but decreased more slowly with
time. The 6-MP plasma concentration after administra-
tion of the polymeric prodrug is initially lower when
compared with the administration of AZA, but de-
creases very slowly with time. Two different processes
contribute to the different blood levels of 6-MP. The first
is the passage of the AZA and PEG-6-MP from the
intravascular space into the tissue and cells. The second
is the faster degradation of the AZA by reductive cleav-
age of the thioether bond than that of PEG-6-MP. The
area under the curve [AUC], calculated by trapezoidal
rule, of 6-MP for PEG prodrug was over 1.5 times in
comparison with the AUC for AZA, suggesting a better
bioavailability of drug from the PEG-6-MP.


In this paper, the synthesis of a polymeric mercaptopur-
ine conjugate was described. Mercaptopurine was

covalently linked to the activated macromolecular car-
rier, poly(ethylene glycol), via thioether formation.
The simplicity, sensitivity, and rapidity of this synthesis
allow it to be easily adapted for prodrug use.


The PEG-mercaptopurine prodrug showed some inter-
esting peculiarities which make it attractive in the drug
delivery for immunosuppressive treatment. It was very
soluble in water and stable in physiological buffer, but,
in vivo, it was able to release drug in a constant and
effective manner.
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Abstract—A series of 3-nitro-4-substituted-aminobenzoic acids were prepared and found to act as potent and highly selective ago-
nists of the orphan human GPCR GPR109b, a low affinity receptor for niacin. No activity was observed at the closely homologous
high affinity niacin receptor, GPR109a. A second series, comprising 6-amino-substituted nicotinic acids was, also prepared and sev-
eral analogues showed comparable activity to the nitroaryl series.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Ligands for GPR109a and GPR109b.

The discovery that the human G-protein coupled recep-
tors GPR109a (HM74A) and GPR109b (HM74) are
high and low affinity receptors, respectively, for niacin
(1) (Fig. 1) has garnered significant recent attention.1,2


Niacin has been used for many years for the treatment
of lipid disorders including dyslipidemia, for the preven-
tion of atherosclerosis, and is of particular interest be-
cause of its ability to raise levels of high density
lipoproteins (HDL).3 Evidence suggests that the anti-
lipolytic activity of niacin (1) is mediated by GPR109a
and not via GPR109b,4 indeed, the function of
GPR109b currently remains unknown. However, given
the identical receptor coupling, the high homology and
the significant overlap in the expression profile between
GPR109a and GPR109b, it is likely that activation of
GPR109b could also inhibit lipolysis.


A challenge in the development of GPR109b as a molec-
ular target remains the lack of a rodent ortholog. Given
the high (95% identity) homology between the two
receptors, GPR109b appears to have arisen from a very
late gene duplication of GPR109a. GPR109a has a
rodent ortholog, PUMA-G,5 whereas GPR109b does
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not, and a search of publicly available genomes only
identified the presence of a GPR109b ortholog in chim-
panzee. Lower species, including even Rhesus monkey,
showed no evidence of the receptor. However, the
identification of ligands selective for GPR109b could
provide useful tools for further exploring the pharma-
cology of this receptor. A selective activator of
GPR109b may display an anti-lipolytic response, and
hence provide an alternative strategy for the therapeutic
control of lipid levels. Furthermore, it is possible
that selective GPR109b activators may avoid the char-
acteristic and uncomfortable cutaneous flushing re-
sponse elicited by niacin in humans.6 Niacin induced
flushing has been shown to be mediated by PUMA-
G,7 and via receptor expressed in epidermal Langerhans
cells.8 Thus minor expressional changes between
GPR109a and GPR109b may eliminate the flushing re-
sponse and avoid this unpleasant side effect of GPR109a
activation.
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Table 1. GPR109b agonist activity of selected 4-substituted amino-3-


nitro benzoic acids (5)a


Compound R1 R2 GPR109b pEC50 (n)


5a Me H 5.72 ± 0.11 (4)


5b Et H 6.64 ± 0.22 (4)


5c n-Pr H 7.53 ± 0.13 (4)


5d Allyl H 7.00 ± 0.31 (3)


5e n-Bu H 6.80 ± 0.19 (4)


5f n-Pentyl H 6.55 ± 0.13 (4)


5g i-Pr H 6.59 ± 0.19 (4)


5h 2-Butyl H 6.82 ± 0.07 (4)


5i 3-Pentyl H 7.24 ± 0.12 (4)


5j c-Pr H 6.51 ± 0.09 (4)


5k c-Bu H 6.70 ± 0.15 (4)


5l c-Pentyl H 6.51 ± 0.10 (4)


5n –CH(Me)CH(Me)2 H 6.44 ± 0.14 (4)


5o Ph H 5.61 ± 0.10 (4)


5p Bz H 5.51 ± 0.23 (4)


5q –CH2CH2OMe H 6.23 ± 0.18 (4)


5r CHMeCH2OMe H 5.85 ± 0.15 (4)


5s –CH2CH-[O(CH2)3]– H 6.51 ± 0.14 (4)


5t Me Me 5.69 ± 0.23 (4)


5u Me n-Pr 7.28 ± 0.18 (3)


5v Et Et 6.20 ± 0.09 (4)


5w n-Pr n-Pr 6.92 ± 0.07 (4)


5x –[(CH2)4]– <5 (4)


Errors are ± log SD. Compounds that showed no response are des-


ignated NA (not active). Compounds displaying only a weak response


at high concentration are designated <5. Accurate pEC50 values for


these compounds were not determined.
a Activities were measured from 30 pM to 100 lM and are provided as


the negative log of the molar value of EC50.


6620 P. J. Skinner et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6619–6622

Until recently, the only other reported ligand for the
GPR109b receptor, in addition to the very weak agonist
niacin, was acifran (2)9 (EC50 = 4.2 lM),1,10 an agent
previously shown to elevate HDL in rodents and hu-
mans.11 However, acifran lacks selectivity over
GPR109a (EC50 = 1.3 lM).1,10 Further studies on some-
what larger series of acifran analogs have shown a sim-
ilar lack of selectivity between the two receptors, despite
improvements in potency.12,13 We recently reported the
discovery of a series of 1-alkyl-benzotriazole-5-carbox-
ylic acids (3) as the first potent and selective agonists
of GPR109b.14 We herein describe the identification
and initial SAR around two related series of selective
agonist ligands for the GPR109b receptor which may
be useful tools with which to further explore the func-
tion of this receptor.


The 1-alkyl-benzotriazole-5-carboxylic acids (3) de-
scribed in our previous work14 were synthesized in three
steps from 4-fluoro-3-nitrobenzoic acid (4) via substitu-
tion of the aryl fluoride with a series of primary amines
to give the associated 4-substituted amino-3-nitroben-
zoic acids (5) (Scheme 1). Catalytic reduction to the
3,4-diamine, and formation of the benzotriazole via con-
densation with an azide source afforded the desired ben-
zotriazoles. However, during the course of this
investigation we discovered that the intermediate 4-ami-
no-3-nitrobenzoic acids also displayed significant activ-
ity at GPR109b while retaining selectivity against
GPR109a. As a result of this discovery, a wider range
of 4-substituted amino-3-nitrobenzoic acids were syn-
thesized and tested in a GPR109b cAMP whole cell
assay. Seventeen compounds were found to display ago-
nist responses with pEC50 greater than 6. Of these, four
compounds displayed agonist responses with pEC50 of 7
or greater. In each case the compounds were able to
fully reverse the cAMP elevating effect of forskolin in
stably transfected CHO-K1 cells, suggesting that they
are likely to be full agonists of the receptor. As may
be seen from Table 1, the best activity was observed
for small linear alkyl groups, such as n-ethyl (5b) and
n-butyl (5e), with the greatest potency observed for the
n-propyl derivative (5c). Substitution a to the amine
was tolerated, albeit with modest reductions in poten-
cies, and with the greatest potency observed for the 3-
pentyl (5i) analog. Cyclic substituents (5j–l) were toler-
ated, but generally resulted in reduced potency com-
pared to the equivalent non-cyclized analogs.
Substitution b to the amine was also tolerated. Bis-N-
substituted analogs were tolerated with modest reduc-
tions in potency relative to the mono-N-substituted ana-
logs, with the exception of the pyrrolidine analog (5x)

Scheme 1. Reaction and conditions: (i) R1R2NH, H2O, NaHCO3,


150 �C, 20 min lW.

which was essentially inactive. None of the compounds
prepared showed any activity at GPR109a at concentra-
tions up to 30 lM.


It was clear from this SAR that in addition to a modest
improvement in potency, the 4-substituted amino-3-
nitrobenzoic acid series allowed a greater range of sub-
stitution than the 1-alkyl-benzotriazole-5-carboxylic
acid series investigated earlier.14 The nitro benzene moi-
ety takes up a smaller footprint than the benzotriazole
scaffold, and we attributed this wider range of active
compounds to an increase in available space within the
binding site. We further hypothesized that a pyridyl ring
could make a suitable electronic isosteric replacement of
the nitro aryl moiety and avoid putative metabolic lia-
bilities in addition to providing a smaller footprint.
Thus, we decided to investigate a series of 6-amino
substituted nicotinic acids (6) as possible alternative
ligands for the GPR109b receptor.


The 6-amino substituted nicotinic acids were readily
obtained in a single step from 6-chloro-nicotinic acid
(7) (Scheme 2). Substitution of the chloro-nicotinic acid
by the relevant primary or secondary amine was carried
out in 2-propanol under microwave irradiation, albeit in
very low yield. The biological activity of each member of
the series was measured using the cAMP whole cell as-
say. Thirteen compounds were found to display agonist
responses with pEC50 greater than 6, and of these, four
displayed agonist responses with a pEC50 greater than 7.
Again, in each case the compounds were able to fully







Figure 2. Tetrazole analogs prepared.
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reverse the cAMP elevating effect of forskolin, suggest-
ing that they are likely to be full agonists of the receptor.
As may be seen from Table 2, the SAR is very similar
between the two series showing that the pyridyl substitu-
tion was indeed a good mimic of the nitro-phenyl
moiety. Again, the greatest potency was observed for
small linear mono-substitutions, with n-propyl (6c)
being the most potent analog prepared. a-Branched cyc-
lic substituents (6j–l) and substitution b to the amine
were tolerated, indeed the cyclobutyl analog (6k) was
amongst the most potent compounds identified. How-
ever, in this series, formation of tertiary amines led to
a significant reduction in potency. The phenyl (6o) and
benzyl (6p) analogs, despite being somewhat less active
than (6c), may allow sites for further functionalization.
Selectivity over GPR109a remained high, none of the
compounds prepared showed any activity at GPR109a
at concentrations up to 30 lM with the exception of 6j
(EC50 = 20 lM) and 6m (EC50 = 35 lM) which showed
weak activities.

Scheme 2. Reaction and conditions: (i) R1R2NH, i-PrOH, 180 �C,


40 min lW.


Table 2. GPR109b agonist activity of selected 6-substituted amino-


nicotinic acids (6)a


Compound R1 R2 GPR109b pEC50 (n)


6a Me H 5.13 ± 0.22 (4)


6b Et H 6.40 ± 0.004 (3)


6c n-Pr H 7.29 ± 0.22 (4)


6d Allyl H 7.15 ± 0.09 (6)


6e n-Bu H 7.00 ± 0.17 (4)


6f n-Pentyl H 6.82 ± 0.23 (4)


6g i-Pr H 6.22 ± 0.27 (4)


6h 2-Butyl H 6.42 ± 0.18 (3)


6i 3-Pentyl H 6.57 ± 0.14 (3)


6j c-Pr H 6.49 ± 0.23 (4)


6k c-Bu H 7.14 ± 0.24 (4)


6l c-Pentyl H 6.41 ± 0.12 (4)


6m i-Bu H 5.97 ± 0.18 (4)


6n –CH(Me)CH(Me)2 H 5.88 ± 0.18 (4)


6o Ph H 5.49 ± 0.21 (4)


6p Bz H 5.80 ± 0.22 (4)


6q –CH2CH2OMe H 6.03 ± 0.15 (4)


6r CHMeCH2OMe H 5.49 ± 0.14 (3)


6s –CH2CH-[O(CH2)3]– H 6.22 ± 0.15 (4)


6t Me Me <5 (4)


6u Me n-Pr 5.79 ± 0.17 (4)


6v Et Et <5 (4)


6w n-Pr n-Pr 5.20 ± 0.11 (4)


6x –[(CH2)4]– NA


Errors are ± log SD. Compounds that showed no response are des-


ignated NA (not active). Compounds displaying only a weak response


at high concentration are designated <5. Accurate pEC50 values for


these compounds were not determined.
a Activities were measured from 30 pM to 100 lM and are provided as


the negative log of the molar value of EC50.

We further probed the nature of the ligand binding site
by synthesizing and testing tetrazole analogs from each
series. N-Isopropyl-2-nitro-4-(2H-tetrazole-5-yl)benzen-
amine (8) was synthesized in one step from 4-isopropyla-
mino)-3-nitrobenzonitrile via condensation with sodium
azide. 5-(2H-Tetrazol-5-yl)pyridine-2-amines (9) (n-pro-
pyl (9c); i-propyl (9g); benzyl (9p); methyl, n-propyl (9u))
were prepared in two steps via substitution of 2-chloro-
4-cyanopyridine with the relevant amine, and subse-
quent cyclization with sodium azide. None of the
tetrazoles displayed significant activity, further high-
lighting the steric constraint around the acid portion
of the binding site (Fig. 2).


In summary, a series of N-functionalized 3-nitro-4-ami-
no benzoic acids were prepared that displayed good
in vitro agonist activity at GPR109b in a whole cell
cAMP assay. The observed activity was highest amongst
small linear and a-branched alkyl chains. Pyridine was
shown to act as a suitable replacement for the aryl nitro
functionality by preparing a series of N-functionalized
6-amino nicotinic acids that showed similar in vitro
activities at GPR109b. All active substances displayed
what was assumed to be a full agonist effect in the
absence of a reference endogenous ligand. Significant
selectivity of >200-fold over the closely related receptor
GPR109a was observed, as none of the compounds pre-
pared displayed any significant activity against this
receptor at the highest concentration tested. We have
previously demonstrated that GPR109b selective ago-
nists can inhibit isoproterenol induced lipolysis in
human cadaver subcutaneous adipose tissue,14 indicat-
ing that activation of this receptor may be capable of
inhibiting lipolysis. The further development of selective
GPR109b agonists, such as those described here, is
essential to further explore the therapeutic utility of this
receptor.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.bmcl.
2007.09.058.
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Abstract—A series of guanylsulfonamides, 2-amino-9-[2-substituted-4-(4-substituted piperidin-1-sulfonyl)phenyl]-1,9-dihydropurin-
6-ones, was synthesized by adopting reductive aminoformylation of 2-amino-5-nitro-6-[4-(piperidin-1-sulfonyl)phenylamino]-3H-
pyrimidin- 4-one and subsequent intramolecular ring condensation as key steps. All the guanylsulfonamides were assayed for their
in vitro antibacterial activities against Klebsiella pneumoniae, Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, Staphylo-
coccus aureus, and Streptococcus faecalis, and their antifungal activities against Aspergillus flavus, Aspergillus niger, and Candida
albicans. Of the guanylsulfonamides, 13e and 13f displayed better antibacterial activities than that of Norfloxacin against the bac-
terial strains S. aureus and S. faecalis except 13f against S. faecalis, which exhibited the activity similar to that of Norfloxacin.
Against the fungal strains A. flavus and A. niger, 13g and 13h showed similar activities to that of Griseoflavin-16 except 13h against
A. niger, which displayed a profound drop in the activity compared to that of Griseoflavin-16. The remarkable inhibition of the
growth of the bacterial and fungal strains makes these substances promising microbial agents.
� 2007 Elsevier Ltd. All rights reserved.

In recent decades, microbial diseases are more prevalent
than they were during the first half of the last century
and are still difficult to be diagnosed clinically. To com-
bat them, various synthetic and semi-synthetic antimi-
crobial drugs have been used in clinical practice.1,2 In
spite of many significant developments in the antimicro-
bial therapy, many problems remain to be solved for
most of the antimicrobial drugs available. Hence, dis-
covery of novel antimicrobial agents with better phar-
macological profile is still highly desirable.


Sulfonamides are among the most widely used antibac-
terial agents in the world, chiefly because of their low
cost, low toxicity, and good activity against common
bacterial diseases. The synergetic action of sulfonamides
with Trimethoprim has brought about enormous resur-
gence of sulfonamide usage everywhere over the last
decade. However, the most common side effects of this
class of drugs are nausea, vomiting, diarrhea, anorexia,
and hypersensitivity reaction.3 Piperazine sulfonamides
exhibit diverse pharmacological activity such as MMP-
3 inhibition, antibacterial activity, and Carbonic anhy-
drase inhibition.4
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On the other hand, 9-substituted purine derivatives pos-
sess broad pharmacological activity. For example, acy-
clovir,5 and ganciclovir,6 are active against viral
diseases caused by HSV-1, HSV-2, VZV, and the human
CMV7 while 9-benzylpurine derivative, 2-chloro-6-(2-
furyl)-9-(4-methoxyphenylmethyl)-9H-purine, and 9-
sulfonylated/sulfenylated-6-mercaptopurine derivatives
are active against bacterial diseases caused by Mycobac-
terium tuberculosis.8 Also, 9-aryl-2,6-diaminopurines
and 2-amino-9-methyl-6-purinethiol show antitumor
activity.9 Furthermore, several 9-phenylguanine deriva-
tives are found to be good irreversible inhibitors of Gua-
nosine deaminase10 and Xanthine oxidase.11 Having
these observations in mind, we designed and synthesized
a series of novel heterocyclic chemical entities, guanyl-
sulfonamides, possessing bioactive guanine and sulfon-
amide scaffolds and evaluated their antimicrobial
activities against various bacterial and fungal strains.


For the construction of the target guanylsulfonamides, a
retrosynthetic approach was designed based on intramo-
lecular ring closure of arylamino pyrimidines (see Chart
1) and is furnished in Chart 2. The intramolecular ring
closure precursor 12 was envisioned to derive from 11
since a disconnection of the bond between C-8 and
N-9 on the target molecule, guanylsulfonamide gives a
synthon, A of the intramolecular ring closure precursor
12 and a disconnection of the imine bond of the synthon
A provides a synthetic equivalent for the pre precursor
11. The compound 11 could be derived from 6 and 10
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as its retrosynthetic analysis produces synthon B and
synthon C.


The compound 6, 2-amino-6-chloro-5-nitro-3H-pyrimi-
din-4-one, was synthesized by adopting the methods
given in the literature (Scheme 1).12–14


When pyrimidinone, 2-amino-6-hydroxy-3H-pyrimidin-
4-one (3), obtained by the condensation of guanidine
with malonic acid diethylester was treated with
POCl3, 4,6-dichloropyrimidin-2-ylamine (4) was formed.

O


O


O


O


C2H5


C2H5


HN


NH2


H2N
+


HCl


HN


N


O


ClH2N


NO2


6


a, b, c, d


1 2


Scheme 1. Reagents: (a) MeOH, NaOMe; (b) POCl3, Et3N; (c) 1 N


NaOH, H2O; (d) HNO3, H2 SO4.

Hydrolysis of 4 using strong NaOH followed by
nitration provided 2-amino-6-chloro-3H-pyrimidin-4-
one (5) and 6, respectively.


On the other hand, an equivalent synthon C, 2-substi-
tuted-4-(4-substituted piperidin-1-sulfonyl)phenylamine
derivatives (10a–10h), was synthesized by adopting a
four-stage synthetic strategy as shown in Scheme 2.
Compound 8a, synthesized from aniline using acetyla-
tion15 followed by chlorosulfonylation methods,16 was
subjected to substitution followed by hydrolysis reac-
tions to afford 9a and 10a, respectively. In a similar
manner, 10b–10h were synthesized.


Eventually, guanylsulfonamide analogues (13a–13h)
were synthesized by adopting a three-step strategy as de-
picted in Scheme 3. When 11a, obtained by the substitu-
tion of 6 with 10a, was submitted to reductive
aminoformylation and subsequent intramolecular ring
closure reactions, guanylsulfonamide 13a resulted as a
sole product. Analogues 13b–13h were synthesized akin
to the method used for 13a.


All the guanylsulfonamides 13a–13h were assayed for
their in vitro antibacterial activity against a panel of
pathogenic bacterial strains such as Klebsiella pneumo-
niae (ATCC-13883), Escherichia coli (ATCC-25922),
Pseudomonas aeruginosa (ATCC-27853), Bacillus subtilis
(ATCC-6033), Staphylococcus aureus (ATCC-25923),
and Streptococcus faecalis (ATCC-29212). The assays
were carried out using twofold serial dilution technique.

Y Y
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Scheme 2. Reagents: (a) (CH3CO)2O, H2O; (b) ClSO3H; (c) MeOH;


(d) HCl, MeOH.
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Dimethyl sulfoxide and one of the potent antibacterial
drugs Norfloxacin, an oral broad-spectrum fluoroquino-
lone antibacterial agent used for the treatment of
urinary tract infections, were used as solvent control
and standard, respectively. The results are furnished in
Table 1.


Among the guanylsulfonamide analogues, 13a and 13b
having no substituents on the 2-position of the –Ph and
the 4-position of the piperidine ring were inactive at the
maximum concentration (64 lg mL�1) against K.
pneumoniae, E. coli, and B. subtilis except 13b against B.
subtilis. However, these compounds (13a and 13b)
showed activity against P. aeruginosa, S. aureus, and S.
faecalis at the maximum concentration. When a
–CH3 was introduced at the 4-position of the piperidine
ring, there were no profound loss or gain in the activities
observed against P. aeruginosa, S. aureus, and
S. faecalis.

Table 1. Antibacterial activities of 2-amino-9-[2-substituted-4-(4-substituted


Compound X Y


K. pneumoniae E. coli


13a H H — —


13b H CH3 — —


13c F H 32 64


13d F CH3 32 32


13e Cl H 16 16


13f Cl CH3 16 16


13g OCH3 H 32 32


13h OCH3 CH3 32 16


Norfloxacin 16 16

Against all the organisms except P. aeruginosa, 13c with a –
F on the 2-position of the –Ph exhibited enhanced activity
compared to its unsubstituted analogue 13a. Introduction
of a –CH3 on the 4-position of the piperidine ring of 13c,
thereby producing analogue 13d, did not alter the activity
against K. pneumoniae, P. aeruginosa, and S. aureus. How-
ever, due to the –CH3 introduction, an increase in the
activity, about twofold, against E. coli as well as a decrease
in the activity, about twofold, against B. subtilis and S. fae-
calis were observed.


When the –F was substituted by a –Cl in 13c, thereby pro-
ducing analogue 13e, a remarkable enhancement in the
activity was observed against S. aureus and S. faecalis.
Due to the –Cl, the growths of S. aureus and S. faecalis
were inhibited at a minimum concentration of 4 lg mL�1.
An appreciable enhancement in the activities of 13e was
noticed against rest of the organisms as well. The guanyl-
sulfonamide 13f with a –CH3 at the 4-position of the

piperidin-1-sulfonyl)phenyl]-1,9-dihydropurin-6-ones (13a–13h)


MIC, lg mL�1


P. aeruginosa B. subtilis S. aureus S. faecalis


64 — 64 64


64 64 64 64


64 32 32 16


64 64 32 32


8 32 4 4


16 32 4 8


64 16 64 64


64 16 32 32


8 32 8 8
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piperidine ring and a –Cl on –Ph has similar activity as
13e against all the organisms except P. aeruginosa and
S. faecalis. Against these two organisms, the –CH3


replacement caused a profound drop in the activity to lev-
els lower than that of 13e.


On the other hand, substitution of a –OCH3 in place of
the –Cl in 13e remarkably decreased the activity against
all the organisms except B. subtilis. Against B. subtilis,
the –OCH3 substitution noticeably enhanced the activity
displayed by the –Cl substituted analogue 13e. When a
–CH3 was introduced at the 4-position of the piperidine
moiety in 13g, an increase in the activity was observed
against E. coli, S. aureus, and S. faecalis whereas there
was no appreciable difference in the activity noticed
against K. pneumoniae, P. aeruginosa, and B. subtilis.


The antifungal activity of the guanylsulfonamides 13a–
13h on a panel of pathogenic fungal strains such
as Aspergillus flavus (NCIM-539), Aspergillus niger
(NCIM-590), and Candida albicans (NCIM-C27) was
evaluated using twofold serial dilution method. Dimethyl
sulfoxide and Griseoflavin-16, an antifungal drug
commonly used to cure fungal infection affecting the
skin, hair, and nail known as ringworm, were used as sol-
vent control and standard, respectively. The results are
presented in Table 2.


Of the guanylsulfonamides 13a–13h, 13a did not show
activity against all the fungal strains at the maximum
concentration (64 lg mL�1). In 13a, a –CH3 substitution
at the 4-position of the piperidine ring (13b) or a –F sub-
stitution at the 2-position of the –Ph (13c) also did not
exhibit activity at the maximum concentration against
all the fungal strains. However, 13d having –CH3 on
the 4-position of the piperidine ring and –F on the 2-po-
sition of the –Ph displayed activity at 64 lg mL�1


against A. flavus and C. albicans and at 32 lg mL�1


against A. niger.


Introduction of a –Cl instead of the –F on the 2-position
of the –Ph in 13c (resulting in analogue 13d) exhibited
activity at the maximum concentration against all the
fungal strains. In 13e, when the –H at 4-position of
the piperidine ring was replaced by a –CH3 resulting
in analogue 13f, the activity was enhanced to twofold
against A. flavus and A. niger, whereas, the activity
remained unchanged against C. albicans.

Table 2. Antifungal activities of 2-amino-9-[2-substituted-4-(4-substi-


tuted piperidin-1-sulfonyl) phenyl]-1,9-dihydropurin-6-ones (13a–13h)


Compound X Y MIC, lg mL�1


A. flavus A. niger C. albicans


13a H H — — —


13b H CH3 — — —


13c F H — — —


13d F CH3 64 32 64


13e Cl H 64 64 64


13f Cl CH3 32 32 64


13g OCH3 H 16 16 32


13h OCH3 CH3 16 32 32


Griseoflavin-16 16 16 8

On the other hand, replacement of the –Cl by a –OCH3


(13g) remarkably enhanced the activity against all the
fungal strains. Against A. flavus and A. niger, 13g dis-
played activity at a minimum inhibitory concentration
of 16 lg mL�1. In 13g, substitution of a –CH3 on the
4-position of the piperidine ring (13h) showed no differ-
ence in the activity compared to 13g against A. flavus
and C. albicans, whereas the –CH3 substitution caused
a profound drop in the activity to the level lower than
that of 13g.


In summary, syntheses of guanylsulfonamides, 2-amino-
9-[4-(piperidin-1-sulfonyl)phenyl]-1,9-dihydropurin-6-ones,
were accomplished by the combination of three synthon
components. Firstly, the equivalent of synthon B, the
compound 6, was synthesized by the condensation of
guanidine and diethyl malonate, followed by chlorina-
tion, hydrolysis, and nitration reactions. Secondly, the
equivalent of synthon C, the compounds 10a–10h, was
synthesized by acetylation of anilines, followed by chlo-
rosulfonylation, condensation, and hydrolysis reactions.
Eventually, substitution reaction between 6 and 10a–10h
followed by reductive aminoformylation and intramolec-
ular cyclization reactions afforded the guanylsulfona-
mide 13a–13h, respectively. Most of the target chemical
entities 13a–13h exhibit modest antibacterial and anti-
fungal activities against a wide spectrum of pathogenic
bacterial and fungal strains. Particularly, the guanylsulf-
onamides 13e and 13f with –Cl displayed better antibac-
terial efficacy than that of the standard drug Norfloxacin
against S. aureus and S. faecalis, while 13e showed
antibacterial efficacy akin to that of Norfloxacin against
P. aeruginosa. Against the fungal strains A. flavus and A.
niger, the guanylsulfonamides 13g and 13h carrying
–OCH3 exhibited antifungal potency akin to that of the
standard drug Griseoflavin-16 except 13h against A. ni-
ger. The appreciable antibacterial and antifungal effica-
cies of the new guanylsulfonamides deserve further
investigation in order to establish the mode of action.
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Abstract—We describe three novel regioisomeric series of aryl naphthyridine analogs, which are potent antagonists of the Class III
GPCR mGlu5 receptor. The synthesis and in vitro and in vivo pharmacological activities of these analogs are discussed.
� 2007 Elsevier Ltd. All rights reserved.
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Non-competitive metabotropic glutamate receptor 5
(mGluR5) antagonists are viewed as having promise
against a number of CNS and peripheral diseases
including the treatment of pain, anxiety, gastro-esopha-
geal reflux disease (GERD), Fragile X syndrome, and
Parkinson’s disease.1 The target has attracted much
attention in the search for small non-competitive antag-
onists which can be useful in the treatment of these dis-
ease states.2–13 We have recently disclosed two novel
classes of potent mGlu5 receptor antagonists (Fig. 1)
which utilize heterocyclic ring cores, namely quinoline
2 and pyrido[2,3-d]pyrimidine 3, identified from a
molecular overlay with MPEP (2-methyl-6-(2-phenyle-
thynyl)pyridine) (1).14,15


In addition to 2 and 3, we now disclose three additional
novel classes of mGlu5 receptor antagonists all contain-
ing regioisomeric 1,8-, 1,6-, and 1,5-naphthyridine cores
(4, 5, and 6, respectively) (Fig. 2).


It has become obvious, from previous reports, that very
potent inhibitors can be prepared by focusing synthetic
efforts to a particular portion of the molecule. Thus,
our SAR exploration of these new scaffolds was primar-
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ily focused on the pendent aryl moiety of the naphthyri-
dine core. In addition, select SAR investigation of the
2-methyl 1,8- and 1,6-naphthyridine derivatives was
explored in analogy to 1.


Assembly of these naphthyridine cores utilized three
separate synthetic routes. The 1,8-naphthydrine core
was constructed utilizing a Friedländer reaction.16,17


The desired products 4 were readily prepared by a sim-
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ple one step protocol from commercially available
2-aminonicotinaldehyde (7) and a diverse set of aryl
acetophenones (8) (Scheme 1). Overall, the desired
products were isolated in modest to good yields.


The 7-aryl 1,6-naphthydrines were constructed utilizing
the procedure of Larock and Roesch.18 Commercially
available 2-bromonicotinaldehyde was converted to its
N-tBu imine (9) which underwent a sequential Sonagas-
hiro coupling with an aryl acetylene derivative19 (10)
(Scheme 2). The resulting crude intermediate was
cyclized upon heating in DMF using CuI (1equiv) to
the desired 7-aryl 1,6-naphthydrine (5). This overall
route, while succinct, revealed variable yields (10–80%)
which appeared to be highly dependent on the substitu-
tion on the aryl ring. For example, a 3-cyano moiety on
the aryl ring afforded the desired 1,6-naphthydrine ring
in only a 26% yield.


The 1,5-naphthydrine series was constructed utilizing a
Suzuki cross coupling reaction. The desired products 6
were synthesized from a palladium catalyzed cross cou-
pling of intermediate 1120 and an aryl boronic acid
derivative21 (12) (Scheme 3).


Additionally, 2-methyl-7-phenyl-1,8-naphthyridine ana-
logs were constructed from 2-amino-6-methylnicotinal-
dehyde in a reasonable yield using the route from
Scheme 1. Similarly, the 2-methyl 7-aryl 1,6-naphthyri-
dine compounds were constructed from 2-bromo-6-
methylnicotinaldehyde22 using the Larock synthetic
route from Scheme 2.
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Scheme 3. Reagents: (a) cat. Pd(Ph3)4, NaCO3 (aq), toluene reflux.

The compounds prepared (13–29) were assessed to
compare the biological activity of all three regioisomeric
naphthyridines to determine mGlu5 receptor antago-
nist functional activity. This data is presented in Table
1. While our SAR studies explored many aryl substitu-
tion patterns, we discovered that similar to the quino-
line14 (2) and the pyrido[2,3-d]pyrimidine15 (3) series,
the 3- and 3,5-aryl substitution pattern was generally
the optimal substitution pattern for imparting antago-
nist activity to these new series. The lone exception
was in the 1,8-naphthyridine series, where compound
17 (3,4-di-Me) was the most potent synthesized
(IC50 = 45 nM).


In general, comparing the data for these three series (4,
5, and 6), reveals less antagonist potency relative to both
the quinoline and the pyrido[2,3-d]pyrimidine series. In
particular, compound 23 and 29 are 10-fold less potent
than their respective pyrido[2,3-d]pyrimidine analogs.15


The SAR between these regioisomeric naphthyridines
seems to reveal that the 1,8-naphthyridine series (4) con-
tains the most potency, highlighted by simple 3-aryl sub-
stitution (14 and 15) which is 10- to 100-fold more
potent relative to comparable 1,5- and 1,6-analogs (19,
25, and 26).


Table 2 illustrates selected 2-methyl 1,8- and 1,6-naph-
thyridine derivatives (32–44) that were prepared and
tested for mGlu5 receptor antagonist activity. These

Table 1. Functional (FLIPR) activity for select 1,8-(4), 1,6-(5), and


1,5-(6) naphthyridine analogs


N N
R


N


N


R
N


N
R


4 5 6


Compound R FLIPR IC50
a (nM) Series


13 H 1840 4


14 3-CN 115 4


15 3-Me 225 4


16 3,5-diOMe 67 4


17 3,4-diMe 45 4


18 H >30,000 5


19 3-Me 1270 5


20 3-Me-5-F 6570 5


21 3-CN-5-F 1590 5


22 3-CN-5-OCH2OMe 468 5


23 3-CN-5-OMe 68 5


24 3,5-diOMe 6070 5


25 3-CN 18,600 6


26 3-Me 15,700 6


27 3,4-diMe 12,000 6


28 3,5-diMe >30,000 6


29 3-CN-5-OMe 55 6


a Compounds were measured for potency to inhibit quisqualate


stimulated calcium mobilization using FLIPR technology. The


data shown were obtained using CHO cells stably expressing rat


mGlu5 receptors. Values are geometric means of two or more


experiments.







Table 2. Functional (FLIPR) activity for selected 2-methyl 1,8-(30)


and 1,6-(31) naphthyridine analogs


N N
R


N


N
R


30 31


Compound R FLIPR IC50
a (nM) Series


32 H 664 30


33 3-CN 480 30


34 3-Me 277 30


35 3,5-diF 181 30


36 3,5-diOMe 51.7 30


37 3-Cl 177 30


38 3-Br 47.9 30


39 H >30,000 31


40 3-Me 676 31


41 3-OMe 7900 31


42 3,5-diOMe 345 31


43 3-CN-5-OMe 6.19 31


44 3-Me-5-F 2930 31


a Compounds were measured for potency to inhibit quisqualate stim-


ulated calcium mobilization using FLIPR technology. The data


shown were obtained using CHO cells stably expressing rat mGlu5


receptors. Values are geometric means of two or more experiments.
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analogs explore the role the methyl moiety has on
potency for these two series.


From the limited SAR shown, it appears the 2-methyl
moiety is beneficial to optimal potency in the 1,6-naph-
thyridine series with 43 being 10x more potent than 23.
Surprisingly, in the 1,8-naphthyridine series, it was
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Figure 3. On day 14 post MIA injection, rats were assessed for change in hin


compound 36 or vehicle (ip) and reassessed 2, 4, and 6 h later. Data are


determined using a one-way analysis of covariance adjusted for multiplicity


same time point). N = l8 rats per group.

revealed that the 2-methyl substitution appears not to
improve the potency relative to the 2-desmethyl tem-
plate. This is highlighted by the similar potencies be-
tween 16 and 36.


The in vivo activity of compound 36 was evaluated (ip,
10 MPK) in the rat monosodium iodoacetate (MIA)
model of osteoarthritis (OA) pain.23,24 The results are
presented in Figure 3. The time course results of a single
dose intraperitoneal administration of 36 revealed a sig-
nificant inhibition of change in hind paw weight distri-
bution versus vehicle at the 2, 4, and 6 h post dose
time points. This effect, although intraperitoneal, was
quite robust which further supports the evidence of the
mGlu5 receptor antagonists as possible agents to allevi-
ate the signs and symptoms of arthritis.


In summary, synthetic routes of three regioisomeric
aryl naphthyridine series possessing potent mGluR5
antagonist activity were developed. The overall SAR
studies for these three series illustrate that the antago-
nist activity resides predominantly in the appropriate
substitution of the C3-and C3,5-disubstituted position
of the aryl ring. In general, the 3 regioisomeric naph-
thydrine series do not appear to be as potent as either
the quinoline or the pyrido[2,3-d]pyrimidine series. The
SAR of the 1,8-naphthyridine series appears to reveal
that this regioisomer is more potent than the other
two naphthyridine regioisomers. Additional 2-methyl
substitution onto the 1,8- and 1,6-naphthyridine series
revealed, unlike the quinoline and pyrido[2,3-d]pyrimi-
dine series, a limited potency benefit. In vivo activity
(ip) of compound 35 revealed a robust effect in the
rat MIA model which validates the 7-aryl 1,8-naph-
thyridine series as another new class of promising
mGlu5 receptor antagonists.

ost Dose


4 6


le (98% Saline, 2% Cremophor; i.p.) 
ound #36 (10 mg/kg; i.p.)


*


*


d paw weight distribution (0 h post dose). Rats were then administered


expressed as mean ± SEM. Statistically significant differences were


of statistical testing by Hochberg’s Procedure (*P < 0.05 vs vehicle at
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Abstract—We report the synthesis, anti-inflammatory and antioxidant activities of novel ring substituted 3-phenyl-1-(1,4-di-N-oxide
quinoxalin-2-yl)-2-propen-1-one derivatives and of their 4,5-dihydro-(1H)-pyrazole analogues. The tested compounds inhibit the
carrageenin-induced rat paw edema (4.5–56.1%) and present important scavenging activities. Compound 2a is the most potent
(56.1%) in the in vivo experiment and exhibits promising in vitro inhibition of soybean lipoxygenase (IC50 < 1 lM).
� 2007 Elsevier Ltd. All rights reserved.

Quinoxalines, including their fused-ring derivatives, dis-
play diverse pharmacological activities (antiviral, anti-
cancer, and antibacterial).1,2 Scientists in Belgium and
the United Kingdom have found that quinoxaline is a
potential treatment for HIV infection, and works well
with lamivudine, abacavir, and efavirenz.3 Oxidation
of both nitrogens of the quinoxaline ring dramatically
increased the diversity of certain biological properties,
such as antibacterial activity4a,b,5,6 and hypoxia-selective
anticancer activity.7 Monge et al.8–12 are involved in the
synthesis and biological evaluation of new agents de-
rived from quinoxaline 1,4-di-N-oxide and related com-
pounds that have proved to be efficient cytotoxic agents
for hypoxic cells in solid tumors. The poor tumor vascu-
lar structure, the inefficient blood supply along with a
high interstitial pressure generate a variable proportion
of viable hypoxic cells in solid tumors which is one of
the causes of cell resistance to anticancer treatments.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Systemic hypoxia increases reactive oxygen species gen-
eration and promotes leukocyte-endothelial adherence
via reactive oxidant generation. Thus, antioxidants pre-
vent the increase in leukocyte-endothelial adhesive inter-
actions observed in hypoxia.13 Bioreductive drugs have
been designed to take advantage of the particular meta-
bolic characteristics of hypoxic cells.


The formation of reactive oxygen species (ROS) is char-
acteristic of aerobic organisms that normally defend
themselves against these highly reactive species using en-
zymes, like superoxide dismutase and glutathione perox-
idase and naturally occurring antioxidants.14 ROS, like
superoxide radical anion, hydrogen peroxide, and hy-
droxyl radical, are produced during the inflammation
process by phagocytic leukocytes (e.g., neutrophils,
monocytes, macrophages, eosinophils) that invade the
tissue. Moreover, these reactive species are involved in
the biosynthesis of prostaglandins and in the cycloxy-
genase- and lipoxygenase-mediated conversion of ara-
chidonic acid into proinflammatory intermediates.15,16


Persistently high levels of ROS may involve pathological
conditions, as the active species can modify essentially
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biological molecules, such as lipids, proteins, and DNA.
It is therefore evident that the treatment of the above-
mentioned pathophysiological conditions could benefit
from the use of drugs that combine antioxidant and
anti-inflammatory activity, as has already been proven
for a number of commercially available non-steroidal
anti-inflammatory drugs (NSAIDs), for example, tolfe-
namic acid which simultaneously possess radical scav-
enging properties.17


There is increasing evidence from animal models and
clinical observations indicating that lipoxygenase
(LOX) and their products may play a role in tumor for-
mation and cancer metastasis.18 Recently the concept
has been put forward that LOX activation may be in-
volved in both pro- and anti-tumorigenic effects.19 Ara-
chidonate lipoxygenase pathway appears to play a role
in brain tumor growth as well as inhibition of apoptosis
in in vitro studies. Emerging reports now indicate alter-
ations of arachidonic acid metabolism related to carci-
nogenesis and many anti-inflammatory drugs are being
investigated as potential anticancer drugs.


So, on the basis of these results, it seemed interesting to
synthesize some novel ring substituted 3-phenyl-1-(1,4-
di-N-oxide quinoxalin-2-yl)-2-propen-1-one derivatives
and their 4,5-dihydro-(1H)-pyrazole analogues. Repre-
sentative compounds have been tested, in order to study
their scavenging activities, their role in inflammation,
and their inhibition of LOX since LOX inhibitors are
able to induce the anti-carcinogenic and/or to inhibit
the pro-carcinogenic enzymes responsible for polyunsat-
urated fatty acid metabolism.


Synthesis of the derivatives 2a–c, 3a–c, and 4a–c
(Scheme 1) was carried out by a base-catalyzed Clais-
en–Schmidt condensation,20,21 establishing a required
temperature of �10 �C. The synthesis of compounds
5a–c was carried out by dissolution of derivatives 4a–c
in absolute ethanol and subsequent addition of hydra-
zine hydrate.22 The starting reagents used (1a–c) were
obtained using the previously described method.23


All the synthesized compounds24 were characterized by
infrared, proton nuclear magnetic resonance, elemental
analysis of C, H, and N, and melting point.


Non-steroidal anti-inflammatory drugs (NSAIDs) are
widely used for the treatment of pain, fever, and inflam-
mation. All of the NSAIDs are approximately equiva-
lent in terms of anti-inflammatory efficacy but also
cause untoward side effects (such as gastrointestinal
ulcers, hemorrhages) in a significant fraction of treated
patients and this fact frequently limits therapy. The vari-
ations in both efficacy and their tolerability are partly
due to differences in their physicochemical properties,
which determine their distribution in the body and their
ability to pass through and to enter cells.25,26 Thus par-
tition coefficients such as RM values are determined
experimentally27 and compared with the corresponding
theoretically calculated clogP values28 in n-octanol-buf-
fer. From our results (Table 1) it can be concluded that
RM values could not be used as a successful relative

measure of the overall lipophilic/hydrophilic balance
of these molecules. We could attribute this to the differ-
ent nature of the hydrophilic and lipophilic phases in the
two systems and to the presence of basic nitrogen atoms
in the examined compounds, which could disturb the
absorption/desorption process.


In acute toxicity experiments, the studied compounds
did not present in vivo toxic effects at doses up to
0.5 mmol/ml/kg body weight. The in vivo anti-inflam-
matory effects of the tested compounds were assessed
by using the functional model of carrageenin-induced
rat paw edema27 and are presented in Table 1, as per-
centage inhibition of weight increase at the right hind
paw in comparison to the uninjected left hind paw
(CPE%).


All the tested compounds (dose ip 0.01 mmol/ml/kg
body weight), after 3.5 h,29,30 induced protection (ran-
ged from 4.5% to 56.1%) against carrageenin induced
paw edema while the reference drug indomethacin
(IMA) induced 47% protection at an equivalent dose.29


Compounds 2a and 4a were the most potent (56.1% and
55.4%, Table 1) and presented almost equipotent effect.
Among derivatives 2a, 2b, and 2c, compound 2a was
found to be the most potent followed by 2b and 2c
(2b > 2c). The existence of the pyrazolyl ring decreases
the biological response (compounds 5a and 5b) whereas
the condensed ring –OCH2O– (compound 3a) is corre-
lated with a very significant loss in inhibition.


Compounds 2a and 4a, the most potent in vivo, as well
as compounds 2b, 2c, 3a, 5a, and 5b were further evalu-
ated for inhibition of soybean lipoxygenase LOX by the
UV absorbance based enzyme assay.29 Lipoxygenases
oxidize certain fatty acids at specific positions to hydro-
peroxides that are the precursors of leukotrienes, which
contain a conjugated triene structure. It is known that
soybean lipoxygenase, which converts linoleic to 13-
hydroperoxylinoleic acid, is inhibited by NSAIDs in a
qualitatively similar way to that of the rat mast cell
lipoxygenase and may be used in a reliable screen for
such activity. Perusal of % inhibition values or IC50 val-
ues (Table 1) shows that compound 2a (IC50 < 1 lM) is
the most active, within the set, followed by compounds
3a, 4a, 5b, and 2b.


Most of the LOX inhibitors are antioxidants or free rad-
ical scavengers, since lipoxygenation occurs via a carbon-
centered radical. Although lipophilicity is referred31–33 to
as an important physicochemical property for LOX
inhibitors, all the above tested derivatives do not follow
this concept.


Many non-steroidal anti-inflammatory drugs have been
reported to act either as inhibitors of free radical pro-
duction or as radical scavengers. Compounds with anti-
oxidant properties could be expected to offer protection
in rheumatoid arthritis and inflammation and to lead to
potentially effective drugs. Thus, we tested the new
derivatives with regard to their antioxidant ability and
in comparison to well-known antioxidant agents, for
example, nordihydriguaiaretic acid (NDGA), trolox,
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Scheme 1. Reagents and conditions: (a) 3-methoxy-4-(tetrahydro-pyran-2-yloxy)-benzaldehyde, 3% NaOH/methanol, �10 �C; HCl 35%; (b)


benzo[1,3]dioxole-5-carbaldehyde, 3% NaOH/methanol, �10 �C; (c) 3,4,5-trimethoxy-benzaldehyde, 3% NaOH/methanol, �10 �C; (d) NH2NH2,


ethanol, rt.


Table 1. Experimentally determined RM
a values and theoretically


calculated clogP17 values; inhibition% of induced carrageenin rat paw


edema (CPE%) at 0.01 mmol/ml/kg; in vitro inhibition of soybean


lipoxygenase (LOX) (IC50)/% 100 lM


Compound RM clogPb CPE%c LOX


IC50


(% 100 lM)


2a �0.582 (±0.02) 0.05 56.1* <1 lM


2b �0.645 (±0.02) 0.34 36.3* 85 lM


2c �0.654 (±0.04) 0.31 21.3* 55.7%


(100 lM)


3a �0.579 (±0.02) 0.83 4.5* 31 lM


4a �0.622 (±0.01) 0.17 55.4** 42 lM


5a �0.355 (±0.03) 0.58 24.3** 67.3%


(100 lM)


5b �0.397 (±0.03) 0.87 23.4* 70 lM


IMA 47*


Caffeic


acid


600 lM


IMA, indomethacin.
a RM values are the average of at least 10 measurements; each experi-


ment was performed at least in triplicate and the standard deviation


of absorbance was less than 10% of the mean.
b Theoretically calculated values of lipophilicity.
c Statistical studies were done with Student’s t-test, *p < 0.01,


**p < 0.05.
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and caffeic acid. The interaction of the examined com-
pounds with the stable free radical DPPH was studied
by the use of the stable 1,1-diphenyl-2-picrylhydrazyl
radical DPPH at 0.05 and 0.1 mM after 20 and 60 min
(Table 2). This interaction indicates their radical scav-
enging ability in an iron-free system. Compounds 2b
and 2c interact with DPPH in a concentration and time
dependent manner, whereas compounds 2a, 3a, and 4a
do not present any interaction at 0.05 mM. Slight differ-
ences are observed between the compounds 2c and 5b
with the time and the concentration whereas compound
2a presents reducing ability at 0.1 mM. The presence of
the condensed ring –OCH2O– (compound 3a) dimin-
ishes the reducing activity. Preliminary QSAR28 studies
on the values of DPPH interaction have shown that the
molar refractivity (MR) of substituents R7 plays a sig-
nificant role. Molar refractivity (MR) is related not only
to the volume of the substituents but also to the London
dispersive forces. Thus, high molar refractivity values of
substituent R7– (MR for R7–OCH3 = 0.78, MR for R7–
H = 0.103, and MR for R7–F = 0.092) affect the reduc-
ing ability. No role for lipophilicity is defined.


The insertion of a pyrazolyl ring (compounds 5a and 5b)
increases the reducing ability. The R7 = –F substitution







Table 2. Interaction % with DPPH at 0.05 mM and at 0.1 mM


Compound DPPH % 20 min,


0.05 mM


DPPH % 60 min,


0.05 mM


DPPH % 20 min,


0.1 mM


DPPH % 60 min,


0.1 mM


HO� % 0.1 mM PMS % 0.1 mM


2a No No 39.4 56 100 12.5


2b 36.4 38.4 45.3 52 99.7 No


2c 45 59 51 70.4 97.3 No


3a No No 1 3 96 No


4a No No No No 99 100


5a 42 46 31 38 93.4 No


5b 58 67 51.6 68 99.3 No


NDGA 68 72 81 82.6


CA acid 45


Trolox 73.4


Competition % with DMSO for hydroxyl radical (HO� %); superoxide radical scavenging activity (PMS %).


No, no result under the experimental conditions; NDGA, nordihydroguaiaretic acid; CA acid, caffeic acid; each experiment was performed at least in


triplicate and the standard deviation of absorbance was less than 10% of the mean.
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in compound 5b is correlated with an increase compared
to compound 5a. Further investigations are in progress
in order to have a detailed structure–activity relation-
ship study on their interaction with DPPH.


It is consistent that rates of reactive oxygen species
(ROS) production are increased in most diseases.14


Cytotoxicity of O��2 and H2O2 in living organisms is
mainly due to their transformation into �OH, reactive
radical metal complexes, and 1O2. During the inflamma-
tory process, phagocytes generate the superoxide anion
radical at the inflamed site and this is connected to other
oxidizing species as �OH. Hydroxyl radicals are among
the most reactive oxygen species and are considered to
be responsible for some of the tissue damage occurring
in inflammation. It has been claimed that hydroxyl rad-
ical scavengers could serve as protectors, thus increasing
prostaglandin synthesis.


The competition of compounds with dimethylsulfoxide
(DMSO) for OH radicals,27,29 generated by the Fe3+/
ascorbic acid system, expressed as the inhibition of
formaldehyde production, was used for the evaluation
of their hydroxyl radical scavenging activity. All the
tested derivatives show high inhibition of DMSO
(33 mM) oxidation at 0.1 mM (Table 2). Lipophilicity
is not well correlated with the results. Antioxidants
of hydrophilic or lipophilic character are both needed
to act as radical scavengers in the aqueous phase
or as chain-breaking antioxidants in biological
membranes.


Non-enzymatic superoxide anion radicals were gener-
ated.29 The superoxide producing system was set up by
mixing phenazine methosulfate (PMS), nicotinamide
adenine dinucleotide NADH and air–oxygen. The pro-
duction of superoxide was estimated by the nitroblue
tetrazolium method. The majority of the compounds
does not present scavenging activity at 0.1 mM (Table
2), with the exception of compound 4a (100%) which
is the most potent.


The antiradical activity of the tested compounds sup-
ports, at least in part, the in vivo anti-inflammatory
activity.

Further investigation is in progress to delineate the
physicochemical properties implicated in the in vivo re-
sponse. Regression analysis was performed to discover
whether any correlation existed between anti-inflamma-
tory activity and several physicochemical parameters
(lipophilicity, steric and electronic variables). Unfortu-
nately the confidence limits were found to be poor.


For the in vivo results the following equation was
derived:


log %ðCPEÞ ¼ �1:312ð�0:797ÞclogPþ 1:902ð�0:367Þ
n ¼ 6; r ¼ 0:916; r2 ¼ 0:839; q2 ¼ 0:485;


s ¼ 0:183; F 1;4 ¼ 20:932; a ¼ 0:05

Hydrophilicity (lipophilicity with negative sign) is the
most significant parameter. Compound 5b, the more
lipophilic, is not included in the regression. This fact
proceeds in parallel to the observation that low lipophil-
icity is highly involved to the biological response. At-
tempts to correlate the in vivo/in vitro expressions of
activity with RM values in a linear or non-linear regres-
sion analysis gave statistically non-significant correla-
tions. Unfortunately the number of compounds is not
enough to calculate a combination of all the effects.
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Abstract—High throughput screening combined with efficient datamining and parallel synthesis led to the discovery of a novel series
of indolines showing potent in vitro ghrelin receptor agonist activity and acceleration of gastric emptying in rats.
� 2007 Elsevier Ltd. All rights reserved.

Ghrelin, a 28-amino acid gastric hormone, exhibits a
wide range of biological activities via its cognate G-pro-
tein coupled receptor, previously known as the growth
hormone secretagogue receptor. In humans as well as
in rodents, ghrelin stimulates pituitary growth hormone
secretion1 and in addition increases food intake and
body weight gain and regulates energy balance.2,3 Ghre-
lin exerts powerful effects on the gastrointestinal tract,
increasing gastric emptying4 and defecation,5 as well as
having the potential to reduce emesis.6 Hence, agents
which mimic the actions of ghrelin have potential in dis-
orders requiring increased nutritional intake, such as
cancer-associated cachexia and post-operative ileus,
and requiring increased gastric emptying, such as func-
tional dyspepsia.7 A number of first generation ghrelin
receptor agonists have undergone extensive clinical
evaluation in humans. To date these have shown disap-
pointing results in the treatment of diseases such as age-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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related frailty8 but the potential for ghrelin receptor
agonists in other indications remains to be studied.


The discovery and development of ghrelin receptor ago-
nists has focussed on peptide-derived privileged frag-
ment approaches, which have led to relatively high
molecular weight, synthetically complex molecules such
as MK-0677,9 and CP-424391.10 More recently a series
of partial agonists represented by oxindole SM-130686
has been discovered using diversity screening.11 Here,
we report the discovery of a novel series of low molecu-
lar weight achiral ghrelin receptor agonists, employing
high throughput screening using a recombinant func-
tional assay, and early optimization by parallel
synthesis.


A high throughput screen of the GSK compound collec-
tion using FLIPR technology delivered a moderately
potent and tractable hit series represented by the indo-
line amide 1 (Table 1), originally prepared as 5-HT1B


receptor antagonists.12 Analogues of 1 were selected
for further screening with the goal of generating diver-
gent SAR data, taking into account the previous obser-
vation that arylpiperazines bearing an arylsulfonamide
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Table 1. Potency and selectivity of HTS hits14
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Me


Me
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Compound R GHSR pEC50


(IA)a-FLIPR


5HT1B


pKi-binding


1
O


Cl


EtO


6.8 (0.7) 7.9


2 SBr
O O


6.9 (0.7) 5.7


a IA refers to intrinsic activity compared to human ghrelin.


Table 2. GHSR potency and efficacy for sulfonamide and piperazine


analogues14
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Compound R1 R2 GHSR


pEC50 (IA)a
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3 Me 7.4 (0.8)
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8
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N
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H 9.8 (0.9)
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H 8.6 (0.9)


a IA refers to intrinsic activity compared to human ghrelin.
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moiety in a meta-orientation show reduced 5-HT1 recep-
tor affinity.13 This led to the discovery of the sulfonyl
indoline 2 which retains the promising activity of the
amide and shows a 100-fold reduction in affinity for
5-HT1B receptors (Table 1).


Synthetic studies were initiated to explore SAR in the
sulfonamide series. Replacement of the 3-bromophenyl
group in 2 with a 2-naphthyl group to give 3 led to a
moderate increase in potency and efficacy (Table 2).
The 2,6-dimethylpiperazinyl analogue 4 of this com-
pound showed subnanomolar potency and full efficacy.
As a result, the 2,6-dimethylpiperazinyl indoline was
used for subsequent sulfonyl group modifications.


Replacement of the 2-naphthyl group with more flexible
substituted benzyl or phenethyl groups led to a moder-
ate drop in potency (compounds 5 and 6, respectively).
Extension to a biaryl system uncovered more marked
SAR: the 4-linked 2-pyridylphenyl sulfonamide 7 shows
over 100-fold higher potency compared to the 3-linked
isomer 8. In the biaryl system, the sulfonyl-bearing phe-
nyl group could be replaced by a thiophene with little
effect on potency and efficacy (compounds 9 and 10).


Retaining the highly potent 2-pyridylthienyl sulfonyl
group of compound 9, systematic removal of the methyl
groups in the dimethylpiperazine moiety led to incre-
mental loss in potency (11–13, Table 3). No significant
preference for either of the 2-methylpiperazine enantio-

mers 11 or 12 was observed; however, after introduction
of a third methyl substituent (compounds 14 and 15), a
preference for the S-configuration at the 6-position of
the piperazine was observed. The geminal dimethylpi-
perazine 16 shows somewhat reduced potency compared
to either of the monomethyl enantiomers 11 or 12.


The thienyl analogue 9 was further characterized in a
number of in vitro pharmacology assays. The







Table 3. GHSR potency and efficacy for piperazine analogues14
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Table 4. In vivo DMPK parameters after 1 mg/kg iv dose
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Figure 1. Effect of compound 9 on gastric emptying in the conscious rat (su
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compound is inactive at the closest homologue, the
motilin receptor (GPR38), and showed >1000-fold
selectivity against over a hundred diverse receptor and
enzyme selectivity targets.


Compound 9 possesses promising physicochemical
properties, with a logD7.4 of 1.8, aqueous solubility
from solid of 168 lg/ml at pH 7.4, and a molecular
weight of 484 Da. Its metabolic stability in liver
microsomes is moderate (rat 2.6, human 4.5 ml/min/g
liver). After intravenous dosing in rats the compound
shows a promising half-life and relatively high volume
of distribution (Table 4); however, after oral dosing
exposure is low resulting in negligible oral
bioavailability.


Compound 9 shows significant acceleration of gastric
emptying after subcutaneous dosing in rats (Fig. 1) with
an ED50 of 0.1 mg/kg.


The synthesis of 1,2,6-trimethylpiperazinyl indoline
amides analogous to 1 has been described previously.12


Sulfonamides 2 and 3 were prepared from 1,2,6-trimeth-
ylpiperazinyl indoline 17 using standard conditions
(Scheme 1).


The 2,6-dimethylpiperazinyl analogue 4 was prepared
similarly by sulfonylation of the 2,6-dimethylpiperazinyl
indoline 18 (Scheme 2).12 In order to allow efficient
array synthesis of sulfonamide analogues, conditions
using polystyryl-N-methylmorpholine were chosen. This
allowed simple parallel extraction of reaction products
using solid phase cation exchange cartridges, thereby
removing any minor byproducts arising from sulfonyla-
tion of the more hindered piperazine nitrogen. In this
way two 24-member SAR arrays were prepared.


Synthesis of the alternatively substituted piperazine tem-
plates present in 11–16 was carried out using Pd-cataly-
sed amination of the corresponding 6-bromoindoline, as
described previously for the trimethylpiperazine.12

Saline 2ml/kg sc (n=12)


SB-791016-B 0.1mg/kg sc (n=6)


SB-791016-B 0.3mg/kg sc (n=5)


SB-791016-B 1mg/kg sc (n=11)


Ptt: 15min


* p<0.002 cf. Control
One-way ANOVA and Dunnett's test


(Values are means +/- S.E.M.)


bcutaneous dosing, 60 min test meal).15
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Conclusions. High throughput screening combined with
efficient parallel synthesis led to the discovery of a novel
achiral series of ghrelin receptor agonists with potential
as gastroprokinetic agents for the treatment of disorders
such as functional dyspepsia. Further optimization of
this series will be described in due course.
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Abstract—We have proven that xanthones 1–8 isolated from the root of C. tricuspidata possess highly potent aa-glucosidase inhi-
bition properties. Compound 1 was identified as a new isoprenylated tetrahydroxy xanthone, 1,3,6,7-tetrahydroxy-2-(3-methylbut-2-
enyl)-8-(2-methylbut-3-en-2-yl)-9H-xanthen-9-one (1). These are the first natural xanthones documented to exhibit such inhibition.
The IC50 values of compounds 1–8 inhibiting a-glucosidase activity were determined to be up to 16.2 lM. Mechanistic analysis
showed the xanthones 1–8 exhibited full mixed inhibition.
Crown copyright � 2007 Published by Elsevier Ltd. All rights reserved.

a-Glucosidase inhibitors have come to the fore of bio-
medical research into the treatment of numerous dis-
eases including diabetes mellitus type II,1 cancer,2 and
HIV.3 The diverse therapeutic roles of these inhibitors
stem from the paramount role played by carbohydrates
in biochemistry.4 For instance: by retarding the cleavage
of complex carbohydrates, postprandial glucose absorp-
tion in vivo can be attenuated, thus regulating blood su-
gar levels in diabetics5; the spread of cancer as well as
the structural changes of cell surface glycoconjugates
within neoplasmic cells is proliferated by glycosidases
in the sera and interstitial fluid around the tumor, thus
by effecting glycosidase inhibition, cancer growth may
be retarded6; finally, cellular signaling/recognition is
principally orchestrated by glycoproteins. In HIV glyco-
protein 120 (gp120) is responsible for choreographing
the union of the virus and its CD4+ T-cell targets, via
a specific interaction with CD4.


Furthermore, the ensuing syncytium formation (aggre-
gation of healthy T cells with the infected cell), which
grossly accelerates the rate of initial infection, is even
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more dependent on the gp120-CD4 interaction. a-Glu-
cosidase inhibitors have thus reduced the rate of viral
proliferation in HIV infection.7 Currently the most
widely used glucosidase inhibitors, such as acarbose
and voglibose, are iminosugars. Although numerous
glucosidase inhibitors have been developed, including
chalcones,8 azasugars,9 isoxazoles,10 and aminosugars,11


these can be tedious to synthesize and are thus not opti-
mal. Recently, certain synthetic xanthones12 have also
been identified as a-glucosidase inhibitors, but to date
no such inhibitors derived from natural sources have
been evaluated.


Cundrania tricuspidata is one of the most ubiquitous
traditional herbal remedies in East Asia. This plant’s
beneficial effects have been traditionally associated with
anti-inflammatory, anti-tumor, and anti-gastritis activ-
ity. In our recent publications, we have elucidated the
vast biological potential of these species through various
biological studies.13,14 For instance, xanthones possess-
ing a vicinal dihydroxy group on one phenyl ring
were shown to exhibit excellent radical scavenging
activities.15 Interestingly, xanthone-derived species were
later demonstrated to possess potent suppressing
properties toward LDL oxidation, which we linked to
the anti-atherosclerotic and anti-inflammatory nature
of C. tricuspidata.13

ier Ltd. All rights reserved.
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Figure 2. Effect of compounds 4 (s) and 7 (d) on the activity of


a-glucosidase for the hydrolysis of p-nitrophenyl a-DD-glucopyranoside.
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In this manuscript, we present our most recent results
surveying the a-glucosidase inhibitory ability of a range
of xanthones from C. tricuspidata, as defined by their
IC50 values. We hope that this study can elucidate fur-
ther the multitude of roles ascribed to this important
plant (Fig. 1).


The methanol extract of C. tricuspidata showed glycosi-
dase inhibitory activity. In our ensuing investigations,
we isolated eight xanthones 1–8 from it. The identifica-
tion of isolated xanthones 1–8 was performed using
2D-NMR together with other spetroscopic data, all
of which was compared with previous work. Com-
pounds 2–8 were identified as Macluraxanthone B (2),
Cudraxanthone L (3), 1,3,7-trihydroxy-4-(1,1-dimethyl-
2-propenyl)-5,6-(2-2-dimethylchromeno)xanthone (4),
Cudraxanthone M (5), Cudraxanthone D (6), Cudratri-
cusxanthone F (7), and Cudratricusxanthone A (8).16,17


Compound 1 was obtained as yellowish solid having the
molecular formula C23H24O6 and 12 degrees of unsatu-
ration from its HREIMS data. The UV and IR spectra
display the properties of 1,3,6,7-tetrahydroxyxanthone
derivatives. The presence of the 1,1-dimethylallyl group
was deduced from the connectivity between H-18 and
the vinylic proton H-19a/b (dH 5.34) and the correlation
between C-16, 17 (dC 27.6) and H-18 in the HMBC
experiment. This group resided at C-2 because C-15 cor-
related with the H-bonded OH at C-1 and H-4 in the
HMBC experiment. The presence of a 3,3-dimethylallyl
group was determined on the basis of successive connec-
tivities from C-10 to C-14 in the 1H-1H COSY spectrum.
HMBC correlation of C-8 with H-10 proved that the
3,3-dimethylallyl group was located at C-8. Further-
more, HMBC results of 1 were compared with those
of 3 and 7 to resolve any ambiguity in the position of
the 3,3-dimethylallyl group: a strong correlation be-
tween C-9 and H-10 was observed in compound 3 but
was absent in compound 1; furthermore, the pattern of
correlation for H-5 was similar in both 1 and 7. These
results are consistent with 1 displaying similar regio-
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Figure 1. Isolated xanthones 1–8 from the roots of C. tricuspidata.

chemistry to 7. The structure of compound 3 was fully
confirmed with X-ray crystallographic analysis
(CCDC-222304) and HMBC correlation in our previous
work.16 Thus, compound 1 was identified as 1,2,6,7-tet-
rahydroxy-2-(3-methylbut-2-enyl)-8-(2-methylbut-3-en-
2-yl)-9H-xanthen-9-one.18


The isolated compounds were tested for their enzymatic
inhibitory activities against a-glucosidase from baker’s
yeast. The enzyme was assayed according to standard
procedures by following the hydrolysis of nitrophenyl
glycoside spectrophotometrically.19,20 All compounds
showed dose-dependent inhibitory effect on a-glucosi-
dase activity (Fig. 2). The inhibitory potencies and
capacities of these polyphenol toward a-glucosidase
activity were investigated.


As shown in Table 1, all xanthones investigated apart
from xanthone 5 exhibited a significant degree of a-glu-
cosidase inhibition (IC50 16.2–52.9 lM). However the
activity was significantly affected by subtle changes in
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Table 1. a-Glucosidase assay results for compounds 1–8


Compound IC50
a (lM) Ki value


1 35.8 ± 1.7 31.7


2 38.2 ± 0.8 8.9


3 52.9 ± 2.1 7.4


4 24.9 ± 1.1 5.8


5 >100 NT


6 32.0 ± 2.7 15.7


7 16.2 ± 0.4 7.0


8 37.7 ± 1.8 12.4


a Values are means of three experiments, standard deviation is given in


parentheses (NT, not tested).
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Figure 4. Lineweaver–Burk plots of compound 6 (d, control; .,


10 lM; ,, 20 lM).
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structure. Perhaps most poignantly, inactive xanthone 5
differed only by the relative position of the 3,3-dimethyl-
allyl appendage (C-4 vs C-5) from one of the most effec-
tive inhibitors screened, xanthone 6. However, C-4 and
C-8 regioisomeric xanthones 1 and 2 were of almost
equal efficacy, as were regioisomers 1 and 8. Perhaps
most importantly, compound 3, a regioisomer of 1, 2,
and 8 possessing substitution at C-4, exhibited the
second lowest activity. It thus seems that alkyl substitu-
tion in the 4-position diminishes the potency of the
inhibitors greatly, whilst other positions show significant
tolerance.


This was however not the only effect at play in this sys-
tem. C3O-Methylated species 7 was by far the most
effective inhibitor, but its demethylated analog 8 was
much less efficient. This implicates H-bond donor ability
or polarity as an important facet in defining the activity.
Finally, it has been shown previously in synthetic xant-
hones that large conjugated systems serve as optimal
inhibitors.12 The potency of the most effective inhibitor
7 (IC50 = 16.2 lM) compares with sugar-derived gluco-
sidase inhibitors currently used for therapeutic pur-
poses, such as voglibose (IC50 = 23.4 lM)21 and
deoxynojirimycin (IC50 = 3.5 lM).22


All inhibitors manifested the same relationship between
enzyme activity and enzyme concentration. The inhibi-
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Figure 3. Relationship of the hydrolytic activity of a-glucosidase with


enzyme concentrations at different concentrations of compound 6.


Concentrations of compound 6 for curve from top to bottom: 0, 5, 10,


and 20 lM.

tion of a-glucosidase by compound 6 is illustrated in
Figure 3, representatively. Plots of the initial velocity
versus enzyme concentrations in the presence of different
concentrations of compound 6 gave a family of straight
lines, all of which passed through the origin. Increasing
the inhibitor concentration resulted in the lowering of
the slope of the line, indicating that these compounds
were reversible inhibitors. We progressed to analyze
the mode of inhibition using Lineweaver–Burk plots
(Fig. 4), which showed that all xanthones displayed
mixed inhibition.


In conclusion, we have proven that numerous xanthones
isolated from the root bark of C. tricuspidata possess
highly potent a-glucosidase inhibition properties. These
represent the first natural xanthone-derived a-glucosi-
dase inhibitors documented.
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Abstract—The synthesis and structure–activity relationships of novel dipeptidyl peptidase IV inhibitors replacing the classical
cyanopyrrolidine P1 group with other small nitrogen heterocycles are described. A unique potency enhancement was achieved with
b-branched natural and unnatural amino acids, particularly adamantylglycines, linked to a (2S,3R)-2,3-methanopyrrolidine based
scaffold.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Clinically advanced DPP-IV inhibitors.

Dipeptidyl peptidase IV (DPP-IV) is an exopeptidase
ubiquitously expressed in mammalian tissues, specifi-
cally on epithelial and endothelial cells and lympho-
cytes, which specifically cleaves dipeptides from the
amino terminus of peptide substrates with proline or
alanine at the penultimate position.1 DPP-IV is respon-
sible for the degradation of several important incretin
hormones, most notably the gut hormone glucagon-like
peptide-1 (GLP-1) which is released post-prandially
from the L-cells of the intestine, and acts to potentiate
glucose-stimulated insulin secretion resulting in the low-
ering of plasma glucose.2 Due to DPP-IV’s actions, the
circulating half-life of GLP-1 is <90 s. Several DPP-IV
inhibitors have reached late stages of clinical develop-
ment (Fig. 1), including the dipeptidic inhibitors vildag-
liptin3 and saxagliptin,4 and the non-peptidic,
structurally novel sitagliptin5 and alogliptin.6 Robust
antidiabetic efficacy has been demonstrated clinically
with DPP-IV inhibitors, and the most advanced com-
pound has recently gained FDA approval for treatment
of type 2 diabetes.7


Although multiple distinct chemical classes of DPP-IV
inhibitors have been disclosed spanning diverse struc-
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tural types,8 some of the most potent compounds to date
are those containing a proline mimetic cyanopyrrolidine
P1 group.9 This enhanced potency is thought to be due
in part to a transient covalent trapping of the active site
Ser630 hydroxyl of DPP-IV by the nitrile group, result-
ing in delayed dissociation kinetics and slow-tight bind-
ing of certain inhibitors.10


Along with this potency enhancement, chemical stability
issues had been noted with early generations of nitrile-
based inhibitors. While these issues were largely resolved
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with more advanced molecules, we sought to understand
whether adequate potency might be achieved in a dipep-
tidic inhibitor without a serine trap in order to obviate
this potential chemical stability issue altogether. These
efforts were initially both guided and tempered by two
fundamental assumptions derived from extensive inter-
nal and external structure–activity relationship (SAR)
analysis: (1) that very strict steric constraints exist
around the pyrrolidine ring of cyanopyrrolidide-based
inhibitors, with only hydrogen,11 fluoro,12 acetylene,13


nitrile,14 or methano15 substitution permitted; and (2)
that presence of a nitrile moiety on the pyrrolidine ring
is critical to achieving potent activity. The overall strat-
egy we pursued involved exploration of both P2 and P1
residues of the dipetide mimics lacking a prolinenitrile
moiety.


The presumption that the presence of a nitrile group is
critical to achieving potent DPP-IV inhibition in pyrrol-
idine-derived P1 containing inhibitors is based on
known thiazolidine-based inhibitors such as isoleucine
thiazolidide (P32/98, Ki = 126 nM)16 and simple pyrrol-
idine-based inhibitors such as valine pyrrolidide
(Ki = 470 nM)17 and fluoropyrrolidides,18 which exhibit
considerably weaker (typically >10-fold) potency than
their respective cyanopyrrolidine analogues. Further-
more, the des-cyano analogue of NVP-DPP728 was re-
ported to have very weak potency (Ki = 15.6 lM).19


These inhibitors also lack slow-binding kinetic proper-
ties, as an additional consequence of their reduced affin-
ity. Nonetheless, valine pyrrolidide was found to
potentiate plasma levels of active GLP-1 and insulin in
response to glucose,20 and isoleucine thiazolidide was
shown to improve glucose tolerance in obese Zucker
rats.21 Studies with these DPP-IV inhibitor series
showed a preference for b-branched LL-amino acids for
improved potency. We sought to probe the validity of
this assumption regarding a requirement for a nitrile
moiety for potent inhibition, and to evaluate whether
DPP-IV inhibitors possessing bulkier P2 groups which
more fully fill the S2 pocket of the enzyme (proven to re-
sult in potency enhancements in the nitrile series, such as
with saxagliptin) might experience enhanced potency
with simple P1 groups. A partial list of those non-nitrile
containing proline surrogates evaluated in this study is
shown in Figure 2.


Proline surrogates 1–5 are available commercially. Met-
hanopyrrolidines 6–8 were prepared as follows. 3,4-Met-
hanopyrrolidine 6 was prepared according to a known
procedure (Scheme 1).22 Thus, ethyl chloroacetate (9)
and ethyl acrylate (10) were reacted in the presence of
NaH to give the diethyl cyclopropanedicarboxylate 11.
Saponification with NaOH afforded the corresponding
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Figure 2. P1 Proline surrogates used in synthesis of non-nitrile DPP-IV


inhibitors.

diacid which was converted to the methanosuccinic
anhydride 12 by heating in Ac2O. Reaction of 12 with
benzylamine in toluene gave the corresponding benzyl
azabicyclohexane-2,4-dione 13. Finally, reduction of
the imide with Red-Al followed by catalytic hydrogena-
tion in the presence of 10% Pd/C effected N-debenzyla-
tion to give the desired 3,4-methanoproline 8 which
was obtained as the HCl salt by filtering the methanolic
solution directly into a solution of 4.0 N HCl in dioxane.


The initial syntheses of enantiomeric 2,3-methanopyrr-
olidines 7 and 8 utilized a stereorandom construction
of a racemic 2,3-methanopyrrolidine, which was subse-
quently coupled to a suitably protected homochiral ami-
no acid prior to resolution at the analogue stage
(Scheme 2). Commercially available Cbz-protected
LL-proline (14) was oxidatively decarboxylated by treat-
ment with iodobenzene diacetate and elemental iodine
in CH2Cl2, followed by stirring in methanol to provide
the racemic protected 2-methoxypyrrolidine 16 in 77%
yield, along with the corresponding hydroxy product
15 (11%). The hydroxy product could be recycled by
quantitative conversion to the desired methoxy com-
pound 16 by treatment with pyridinium p-toluene sulfo-
nate (PPTS) in MeOH. Dehydration of methoxy
compound 16 was achieved by treatment with Hunig’s
base and TMSOTf to give protected dihydropyrrole 17
in 81% yield. Standard cyclopropanation conditions
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Scheme 2. Reagents and conditions: (a) iodobenzene diacetate, I2,


CH2Cl2, rt; (b) MeOH, rt; (c) PPTS, MeOH, rt, 20 h; (d) TMSOTf,


N,N-diisopropylethylamine, CH2Cl2, 0 �C; (e) diethylzinc, ClCH2I,


Et2O, 0 �C to rt; (f) H2, 10% Pd/C, HCl, EtOH; (g) chiral HPLC


resolution.







Table 1. Inhibition constants versus human DPP-IV for compounds


23–60


Compound P1 P2-Xaaa DPP4 Ki
b (nM)


Saxagliptin 2S-CN-7 3-HO-Ad-Gly 0.6 ± 0.06


23 7 Ph-Gly >10,000


24 7 Phe 3653 ± 206


25 7 4-Cl-Phe 877 ± 286


26 7 His >10,000


27 7 Tyr 3007 ± 180


28 7 Trp >10,000


29 7 Asn >10,000


30 7 N-Ac-Lys >10,000


31 7 Orn >10,000


32 7 Ser >10,000


33 7 O-Me-Ser >10,000


34 7 O-t-Bu-Ser >10,000


35 7 homo-Ser >10,000


36 7 Thr >10,000


37 7 n-Bu-Gly 3257 ± 453


38 7 Leu >10,000


39 7 Neopentyl-Gly 1010 ± 146


40 7 Val 1065 ± 485


41 7 Ile 530 ± 36


42 7 Allo-Ile 731 ± 76


43 7 tert-Leu 356 ± 68


44 8 tert -Leu >10,000


45 3 tert-Leu >10,000


46 7 b,b-di-i-Pr-Ala 112 ± 9


47 7 3,3,5,5-tetra-


Me-Ch-Gly


152 ± 21


48 7 3-HO-Ad-Gly 10 ± 3


49 7 3,5-di-HO-Ad-Gly 14 ± 7


50 8 3-HO-Ad-Gly 1944 ± 334


51 1 3-HO-Ad-Gly 49 ± 8


52 4 3-HO-Ad-Gly 3311 ± 563


53 5 3-HO-Ad-Gly 28 ± 3


54 (±)-2-Me-1 3-HO-Ad-Gly >10,000


55 Isoindole 3-HO-Ad-Gly 1420 ± 196


56 Indoline 3-HO-Ad-Gly >10,000


57 6 3,5-di-HO-Ad-Gly 270 ± 58


58 7 5,7-di-Me-3-HO-


Ad-Gly


2.9 ± 0.5


59 2 5,7-di-Me-3-HO-


Ad-Gly


607 ± 27


60 7 N-(3-HO-Ad)Gly 3081 ± 790


a All P2 amino acids bear the natural LL-configuration at the


a-stereocenter.
b All Ki values are mean ± SD of at least triplicate determinations.
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(diethylzinc, chloroiodomethane) to give the methano
product 18, followed by deprotection of the Cbz group
under acidic conditions, afforded the racemic 2,3-met-
hanopyrrolidine 7/8 as the corresponding HCl salt in
62% overall yield for the two steps.


In a second generation synthesis, the desired 2S,3R-ste-
reoisomer 7 could be obtained in optically pure form by
a formal deamidation of a key intermediate used in the
preparation of saxagliptin (Scheme 3). Beginning with
L-4,5-methanoprolinamide (19),15 protection of the pro-
line nitrogen was accomplished using benzyl bromide
and Hunig’s base in CH2Cl2 to give intermediate 20 in
90% yield. Dehydration of the amide to the correspond-
ing nitrile was achieved using TFAA and triethylamine
in CH2Cl2 to give cyano compound 21 in 67% yield.
Reductive removal of the cyano group by treatment
with NaBH4 in aqueous ethanol afforded benzyl pro-
tected methanopyrrolidine 22 in 60% yield. Removal
of the benzyl protecting group was accomplished by
treatment with a-chloroethyl acetyl chloride (ACE-Cl)
in refluxing CH2Cl2 to give the desired (2S,3R)-2,3-met-
hanopyrrolidine 7 in optically pure form as the HCl salt
in 90% yield.


The series of dipeptides in the present study were then
prepared via standard peptide coupling (PyBOP/
NMO or EDAC/HOBT/DMAP) of the appropriate P1
proline surrogate with the various Boc-protected P2 LL-
amino acids. Subsequent removal of the Boc-protecting
group with TFA in CH2Cl2 or HCl in dioxane afforded
inhibitors 28–40 as their corresponding TFA or HCl
salts.23 All compounds were tested in vitro against puri-
fied human DPP-IV under steady state conditions with
gly-pro-p-nitroanilide as substrate as previously
described (Table 1).4


We systematically examined the influence of both P1
and P2 moiety contributions to DPP-IV inhibitory po-
tency, beginning with a survey of both natural and
unnatural amino acids in the P2 position, while fixing
the P1 subunit as the homochiral des-cyano methano-
pyrrolidine (7) corresponding to saxagliptin. As shown
previously for nitrile containing inhibitors, P2 amino
acids with aryl (23–28) or polar (29–36) side-chains
failed to exhibit any appreciable DPP-IV inhibition

HN
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N
Ph


HN


19 20 21


227


a b


cd
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Scheme 3. Reagents and conditions: (a) benzyl bromide, N,N-diiso-


propylethylamine, CH2Cl2, rt; (b) trifluoroacetic acid anhydride, TEA,


CH2Cl2, 0 �C; (c) NaBH4, EtOH/H2O, rt; (d) 1-chloroethyl chlorofor-


mate, CH2Cl2, reflux.

(Kis P1 lM). Also consistent with findings in the anal-
ogous nitrile series, a strong potency dependence on
b-branching in the P2 side-chain was revealed in com-
parison of those simple alkyl side-chains with and with-
out b-branching (compare 37–39 vs. 40–43). Increasing
the steric bulk of the b-branched substituents gave only
modest incremental enhancement of potency (46, 47). In
all of these cases, it appeared that potency versus the
corresponding nitrile series suffered an approximately
20- to 50-fold loss.


Combining our optimized P2 group present in saxaglip-
tin (3-hydroxyadamantylglycine) with the 2S,3R-met-
hanopyrrolidine 7 gave compound 48, with potency
equivalent to that of some of the most active nitrile-con-
taining inhibitors in the clinic (Ki = 10 nM); similar
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potency was observed in the dihydroxy compound 49
(Ki = 14 nM). As was noted for the nitrile-containing
series, a strong stereochemical preference was main-
tained for the methano bridge bearing the 2S,3R-config-
uration (compare 43 with 44 and 48 with 50). The
apparently unique potency enhancing properties of this
bulky P2 unit are further demonstrated with simple pyr-
rolidine (51) and thiazolidine (53) P1 groups, though the
3- to 5-fold diminished potency compared with 48 serve
to validate the role of the methano bridge in this precise
regio- and stereochemical orientation (compare with 57)
in favorably contributing to DPP-IV binding affinity. It
is noteworthy that strict steric constraints exist in the S1
pocket, such that even simple methyl substitution as in
54 essentially destroys all activity. The most potent com-
pound in the series was obtained by packing further
bulk into the S2 pocket (58, Ki = 2.9 nM), though a
change as subtle as opening the bicyclic methanopyrroli-
dine to a piperidine (59) results in a 200-fold drop in po-
tency. Interestingly, methanopyrrolidine analogues with
N-linked substitution analogous to vildagliptin (60)
failed to demonstrate any significant DPP-IV inhibitory
activity.


The unique structural features imparted to inhibitors by
the hydroxyadamantylglycine P2 group appear to be
capable of conferring significant potency to non-nitrile
compounds, though limited by the same narrow steric
and stereochemical requirements shown for nitrile-con-
taining inhibitors. Interestingly, several of the more po-
tent analogues in this series have retained some slow
binding kinetic properties, despite the lack of a nitrile
(dissociation rate increases from 4.6 · 10�5/s for saxag-
liptin to 2.0 · 10�3/s for compound 48 at 25 �C, unpub-
lished results). Compound 48 maintains potent and fully
efficacious antihyperglycemic effects in rodent models
and mirrors the PK and safety profiles of clinical lead
compound saxagliptin, yet is incapable of undergoing
degradative cyclization. As previously discussed, this
inhibitor also shows uniquely potent inhibition relative
to other non-cyano compounds, suggesting that the
summation of contributions to the binding energy of
this compound in the active site is largely dominated
by the P2 hydroxyadamantylglycine moiety. These stud-
ies have shown the development of chemically more sta-
ble and potent DPP-IV inhibitors in the low nM range,
specifically compounds 48, 49 and 58. Further studies
examining in vivo pharmacological effects as well as bio-
chemical and biophysical aspects of the binding interac-
tions for these potent compounds will be the subject of
forthcoming disclosures from these laboratories.
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Abstract—Fmoc-pSer-W[(Z)CH@C]-Pro-(2)-N-(3)-ethylaminoindole 1, showed moderate inhibition towards the mitotic regulator,
Pin1 (IC50 = 28.3 lM). To improve the cell permeability, the charged phosphate was masked as the bis-pivaloyloxymethyl (POM)
phosphate in Fmoc-(bisPOM)-pSer-W[(Z)CH@C]-Pro-(2)-N-(3)-ethylaminoindole 2. Antiproliferative activity towards A2780 ovar-
ian cancer cells of 1 (IC50 = 46.2 lM) was improved significantly in 2 (IC50 = 26.9 lM), comparable to the IC50 of 1 towards Pin1
enzymatic activity.
� 2007 Elsevier Ltd. All rights reserved.

Cis–trans isomerization of proline-containing peptides
has been implicated in a number of biologically impor-
tant processes.1,2 Peptidyl-prolyl isomerase (PPIase) en-
zymes catalyze the cis–trans isomerization of Xaa-Pro
amide bonds in proteins.3 Pin1, a member of the PPIase
family,4 is unique because it isomerizes prolyl residues
preceded by phosphorylated Ser or Thr with selectivity
up to 1300-fold greater (kcat/Km) than the unphosphory-
lated peptides.5,6


The phosphorylation-dependent PPIase, Pin1, has been
found to regulate mitosis through a simple conforma-
tional change,6 the cis–trans isomerization of phospho-
Ser/Thr-Pro amide bonds in a variety of key cell cycle
regulatory phosphoproteins, including the Cdc25 phos-
phatase, the p53 oncogene, and the c-Myc oncogene.6–8


Pin1 is essential for regulation of mitosis at the G2 to
M transition.4 Cells depleted of Pin1 are characterized
by premature entry into mitosis, followed by mitotic
arrest, nuclear fragmentation and apoptosis, while
overexpression of Pin1 inhibits the G2 to M transi-
tion.4,7,9 Therefore, Pin1 acts as a negative regulator
for mitotic activity in G2, preventing lethal premature
entry into mitosis. Pin1 is present at higher concentra-
tions during mitosis,10 making it a potential target in
the continuously dividing cells of cancer. The central
role Pin1 plays in the cell cycle makes it an interesting
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target for inhibition, both for potential anticancer activ-
ity and for elucidation of the mechanism of mitosis.


Alkenes as cis- and trans-amide isosteres have been
shown to be effective inhibitors of PPIases.1,11 We have
shown previously that Pin1 binds a cis isostere more
tightly than a trans isostere.12 The cis alkene isostere
was about 20-fold more potent than the trans alkene iso-
stere in both the protease-coupled enzyme assay and the
antiproliferative activity with A2780 cancer cells.12


Based on these results, only the cis isostere was incorpo-
rated into inhibitors 1 and 2 (Fig. 1). The design of these
two inhibitors was based on the selectivity of Pin1 for
aromatic groups at the substrate termini.6,13,14


One common problem for phosphorylated compounds
is that they are generally not effective at penetrating cell
membranes because of the negative charge on the phos-

Figure 1. Phosphorylated Pin1 inhibitors without (1) and with (2) bis-


POM prodrug masking group.
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phate group. A general strategy for circumventing this
problem involves masking the phosphate in a form that
neutralizes its negative charge and enhances its cell per-
meability.15–22 Upon cell entry, the mask is removed
enzymatically and the inhibitors are converted to their
biologically active forms.16,17 Among the various ap-
proaches developed for reversibly masking phosphate
compounds, the bisPOM (bis-pivaloyloxymethyl) strat-
egy appears to be quite useful.16,19,22,23 BisPOM deriva-
tives are generally quite stable in buffer and plasma, and
they are readily transformed to free phosphate deriva-
tives inside various cell types.16


We now describe the design and synthesis of two Pin1
inhibitors containing the pSer-W[(Z)CH@C]-Pro isoste-
re, 1 and 2 (Fig. 1). Inhibition of Pin1 and antiprolifer-
ative activity for human ovarian cancer cells in vitro is
also reported. These inhibitors are a successful example
of the bisPOM prodrug approach applied to the cell cy-
cle regulator Pin1, and they provide evidence to estab-
lish Pin1 as an anticancer drug target.


The intermediate Fmoc-Ser-W[(Z)CH@C]-Pro-OH iso-
stere 3 for the synthesis of 1 and 2 was prepared previously
through a stereoselective Still-Wittig rearrangement.24


Initially, the yield for the coupling reaction between
Fmoc-Ser-W[(Z)CH@C]-Pro-OH 3 (with unprotected
alcohol side chain) and tryptamine to give the desired
product 5 was less than 10%. The 7-membered ring lac-
tone 4 was formed in greater than 50% yield (Scheme 1).
Several different coupling reagents: DCC, HOBT/HBTU,
HOAT/HATU were used for this coupling reaction, and
lactone 4 was always the major product.


To circumvent this problem, TBS was introduced to
protect the free hydroxyl group of 3. However, for the
typical TBS protection reaction with imidazole as the
base, the lactone 4 was still formed as the major prod-
uct. The yield for the TBS protected product Fmoc-
Ser(TBS)-W[(Z)CH@C]-Pro-OH was less than 20%,
which was not acceptable in the first step of the synthe-
sis. If the phosphorylation step could be performed be-
fore the coupling step with tryptamine, the protected
phosphate would prevent lactonization and eliminate
one step for the deprotection. For this purpose, tert-bu-
tyl diisopropylphosphoramidite was used for the phos-
phorylation of 3.25 Unfortunately, the formation of
the desired product Fmoc-Ser(PO(O-tBu)2)-
W[(Z)CH@C]-Pro-OH was still unfavourable in this
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Scheme 1. Lactonization of intermediate 3.

phosphorylation reaction, while the formation of lac-
tone 4 dominated. In summary, for the reaction of
Fmoc-Ser-W[(Z)CH@C]-Pro-OH 3, the use of any base
led to the formation of 7-membered ring lactone 4 as
the major product.


Successful synthesis of 5 was accomplished using a dif-
ferent starting material, Boc-Ser-W[(Z)CH@C]-Pro-OH
6, for the coupling reaction.24 Quite different from reac-
tions of Fmoc-protected 3, the side-chain protection step
with TBSCl and imidazole of Boc-protected 6 proceeded
in 70% yield (Scheme 2). The coupling of 7 with trypt-
amine gave 8 in 90% yield. After deprotection of the
TBS group, Boc was changed to Fmoc at the N-termi-
nus. The total yield for the conversion from 6 to 5 was
42%, which was much higher than the yield for the ori-
ginal synthetic route from 3 (10%). tert-Butyl dii-
sopropylphosphoramidite was used again to
phosphorylate 5.25,12 After removal of the tert-butyl
groups with 20% TFA and HPLC purification, com-
pound 1 was obtained as white solid in an overall yield
of 25% from 6.


To synthesize compound 2, the prodrug form of 1, bis-
POM was used as the masking group on the free phos-
phate of 1. Commonly, three general methods for the
introduction of bisPOM have been described.20,26,27 In
the first approach, the hydroxyl group is converted to
the phosphate, followed by alkylation with piv-
aloyloxymethyliodide to give the desired products.20 In
the second approach, bisPOM-phosphodiester is di-
rectly coupled with the hydroxyl compound.26 In the
third approach, one-pot reaction between bisPOM
phosphoryl chloride and the hydroxyl compounds af-
fords the desired products in high yield.27


Since the first approach involved 4–5 steps for the con-
struction of bisPOM-protected phosphate and the over-
all yield is commonly low (<10%), the second and third
approaches were tried. First, bisPOM phosphoric acid
was used for the direct coupling with 6. 31P NMR was
used to monitor the reaction progress. Even after
reaction for 2 days, there was no 31P NMR peak for

8
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10% Na2CO3


78%


HO
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Scheme 2. Synthesis of inhibitor 1.
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Table 1. Inhibition of Pin1 PPIase enzymatic activity and antiprolif-


erative activity towards A2780 ovarian cancer cells for 1 and 2


Compound Inhibition


of Pin1 PPIase


activity IC50 (lM)


Inhibition


of A2780


proliferation


IC50
a (lM)


1 28.3 (±2.1) 46.2 (±3.0)


2 ND 26.9 (±1.5)


a Values are means of three experiments. The error at 95% confidence


level is given in parentheses. ND, not determined.
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the desired product (�3.8 to �4.0 ppm predicted from
the calculation by ACD/XNMR PredictorTM, experimen-
tal value �3.93 ppm) (Scheme 3).


The third approach was used because only one step was
necessary for the construction of bisPOM phosphate,
and the reported yield is generally higher than the other
two methods. The bisPOM phosphoryl chloride was
prepared by the reported method,27 however, no desired
product was obtained in the phosphorylation step ini-
tially. 31P NMR was used to follow the formation of bis-
POM phosphoryl chloride and desired product 2
(Supporting Information Fig. 4). For the formation of
bisPOM phosphoryl chloride, slow addition of bisPOM
phosphate to the solution of oxalyl chloride in DMF
was critical to the success of the phosphorylation
reaction.


Synthesis of 2 via nucleophilic addition of 5 to bisPOM
phosphoryl chloride using triethylamine was problem-
atic, affording only 10–20% yield of 2 under the opti-
mum conditions. Different bases were used to effect
this phosphorylation (Supporting Information Table
1). Among them, a large excess of pyridine gave the
highest yield of 2 (30%). LC–MS analysis of the crude
product showed that the mono-POM phosphate prod-
uct was also formed, but it decomposed on standing.
A steric effect may prevent the bulky bisPOM phos-
phoryl chloride from approaching the hindered hydro-
xyl group of 5, leading to the poor yield.


Inhibition of Pin1 by 1 was measured in the protease-
coupled PPIase assay in vitro as described.12 The enzy-
matic IC50 value obtained was 28.3 ± 2.1lM (Table 1).
In order to test whether the bisPOM strategy would im-
prove the cell permeability of the inhibitors, 1 and 2
were tested for their antiproliferative activities towards
A2780 ovarian cancer cells.28,29 The IC50 value of 1
was 46.2 ± 3.0lM, a loss of about two-fold in activity.
The IC50 value of the bisPOM prodrug 2 was
26.9 ± 1.5lM, within error the same as the IC50 value
for the naked phospho-inhibitor 1 in the enzyme assay
(Table 1). DMSO was included at the same concentra-
tion in all samples and controls. The IC50 values of 1
and 2 towards A2780 ovarian cancer cells suggest that

the introduction of the bisPOM protecting group on
the phosphate of 1 helps entry into the cell by neutraliz-
ing the negative charges on the phosphate, and improv-
ing the hydrophobicity of the inhibitor.


The IC50 value of 2 for the inhibition of A2780 cancer
cell proliferation is comparable to the IC50 of 1 in the
protease-coupled Pin1 enzyme assay, which suggests
that the inhibition of the proliferation activity of
A2780 ovarian cancer cell by these compounds is the
result of Pin1 inhibition. The bisPOM masking group
improves penetration of the hydrophobic cell membrane
by inhibitor 2. These inhibitors provide additional evi-
dence to establish Pin1 as a potential anticancer drug
target.12,13,30,31
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Abstract—A series of potent novel 8-hydroxy-3,4-dihydropyrrolo[1,2-a]pyrazine-1(2H)-one HIV-1 integrase inhibitors was identi-
fied. These compounds inhibited the strand transfer process of HIV-1 integrase and viral replication in cells. Compound 12 is active
against replication of HIV-1 in cell culture with a CIC95 of 0.31 lM. Further SAR exploration led to the preparation of pseudosym-
metrical tricyclic pyrrolopyrazine inhibitors 23 and 24 with further improvement in antiviral activity.
� 2007 Elsevier Ltd. All rights reserved.

Human immunodeficiency virus-type 1 (HIV-1) is the eti-
ological agent of acquired immunodeficiency syndrome
(AIDS). The unique nature of the replicative cycle of
HIV-1 provides many potential targets for chemothera-
peutic intervention. One of these, the viral enzyme integr-
ase, catalyzes the insertion of the proviral DNA into the
genome of host cells. Integration is a multistep process
which includes three different biochemical steps: the
assembly of proviral DNA on integrase, endonucleolytic
processing of the proviral DNA, and strand transfer of the
proviral DNA to host cell DNA.1


We have previously reported from our laboratories that
1,3-diketoacids 1 are potent integrase inhibitors and pre-
vent HIV-1 replication in cell culture.2 In addition, we
have shown that the diketoacid pharmacophore is effec-
tively replaced with a novel series of napthyridines 2,3


and were found to be efficacious in rhesus macaques
infected with the simian-human immunodeficiency virus
(SHIV) 89.6P.4 Recently, we described the discovery of
dihydroxypyridopyrazine-1,6-diones 3 as an alternative

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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scaffold for the diketoacid pharmacophore.5a In this com-
munication we describe the discovery, structure–activity
relationships (SAR),and synthesis of a series of novel
8-hydroxy-3,4-dihydropyrrolo[1,2-a]pyrazine-1(2H)-one
HIV-1 integrase inhibitors.


Contraction of the six membered pyridinone ring in
dihydroxypyridopyrazine-1,6-dione 3 to a five mem-
bered pyrrole ring led to a 8-hydroxy-3,4-dihydropyrrol-
o[1,2-a]pyrazine-1(2H)-one system 4. The addition of an
exocyclic carboxyl group, indicated in the overlay in
Figure 1, provided a new template that mimics the
diketoacid pharmacophore. Although electron-rich 3-
hydroxypyrroles were known to be unstable towards
air oxidation, they are rendered air stable with the addi-
tion of electron withdrawing groups such as carboxylic
esters.6 These structural requirements for chemical sta-
bility coincide with those required for activities against
HIV-1 integrase. No precedent for the preparation of
these structures is evident in a survey of the literature.


The effect of varying ring size was first investigated and
found to be consistent with those observed in the dihydr-
oxypyridopyrazine-1,6-dione integrase inhibitors.5a


Analog 5, with a 7-membered ring constraint, is
significantly less active against HIV integrase than the
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Figure 1. Evolution of hydroxy-3,4-dihydropyrrolo[1,2-a]pyrazine-1(2H)-one inhibitors.


Table 2. Effect of substitutions on benzyl group


N


O


N
R


3


4


OH
O


OEt


Compound R Inhibition of strand


transfer IC50
a (lM)


Antiviral activity


in cell culture,


CIC95
b (lM)


6 4-F 0.04 (±0.02) 3.23 (±1.72)


7 H 0.22 (±0.03) 20.00 (±5.55)


8 4-Cl 0.04 (±0.02) 1.02 (±0.33)


9 3-F 0.11 (±0.03) 9.38 (±4.42)


10 3-Cl 0.03 (±0.02) 1.25 (±0.40)


11 4-F, 3-Cl 0.02 (±0.01) 0.94 (±0.40)


12 3,4-di-Cl 0.01 (±0.01) 0.31 (±0.10)


a See footnotes under Table 1.
b Cell culture inhibitory concentrations (CIC95) are defined as those


which inhibited by >95% the spread of HIV-1 infection in MT-4


human T-lymphoid cells maintained in RPMI 1640 medium con-


taining 10% heat-inactivated fetal bovine serum.13 Cytotoxicity is not


observed in cell culture at concentrations up to 20 lM.
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6-membered ring compound6 (Table 1). Molecular mod-
eling suggested that only the latter compound 6 presents
the key pharmacophore in a coplanar manner.5a It was
also anticipated that the cyclic constraint would bias the
orientation of the benzyl side chain through steric interac-
tion in a manner similar to those observed for 3.5a


Halogen substitution on the benzyl group showed signif-
icant potency effects on the inhibitory activity against
HIV-1 integrase and viral replication in cell culture. Com-
pound 6 inhibits 95% of the replication of HIV-1 in cell
culture at 3.23 lM (Table 2). When the 4-fluoro substitu-
ent is replaced by a 4-chloro group, intrinsic integrase
inhibition potency is maintained and the antiviral activity
improves by 3 fold (compound 8 versus 6). While migra-
tion of the fluoro substituent from the 4- to the 3-position
results in a slight loss in antiviral potency (compare com-
pounds 6 and 9), the 4-chloro and 3-chloro analogs are
equipotent with CIC95 values � 1 lM (compounds 8
and 10). All of these mono-halogenated analogs are
significantly more potent than the des- halo inhibitor 7.
Combination of chloro and fluoro substituents at both
the 3- and 4-positions leads to further improvements in
potency in the cell based assay with sub-micromolar
CIC95 (compounds 11 and 12). These compounds do
not exhibit cytotoxicity in cell culture at concentrations
up to 20 lM.

Table 1. Effect of different constraints


N


O


N
F X


OH
O


OEt


Compound X Inhibition of strand


transfer IC50
a (lM)


5 CH2CH2CH2 >5.00


6 CH2CH2 0.04 (±0.02)


a Assays were performed with recombinant HIV-integrase (0.1 lM)


preassembled on immobilized oliogonucleotides.12 Values are means


of three experiments, standard deviation is given in parentheses.

N


O
O


O


N


F


HN


H
13


The pharmacokinetic profile of compound 12 was
examined in rat. When dosed intravenously as a solution
in DMSO (2 mg/Kg), a relatively high clearance of
30 ± 6 mL/min/Kg and a short half life of 0.5 h were
observed. The ethyl ester was found to be rapidly
hydrolyzed in vivo. It was surmised that, unlike other
carboxylic acids which are ionized at physiological pH
and are apparently cell impermeable, the corresponding
acids from these esters would have pKa values similar to
that of the quinoline antibiotic ciprofloxacin 13 (pKa


6.0).7 This relatively high pKa is attributed to the elec-
tron donating effect of the aromatic nitrogen to the car-
bonyl carbon and the hydrogen bonding interaction of







Table 4. Integrase and HIV replication inhibition activities of amides


N


O


N
R


3


4


OH
O


HN


Compound R Inhibition of strand


transfer IC50
a (lM)


Antiviral activity


in cell culture,


CIC95
a (lM)


19 4-F 0.08 (±0.02) 10.00 (±2.11)


20 4-Cl 0.06 (±0.02) 2.50 (±0.55)


21 3,4-di-Cl 0.04 (±0.01) 1.25 (±0.20)


a See footnotes under Table 2.
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Figure 2. Conformational bias of pyrrolopyrazine carboxamide.


Table 5. Integrase and HIV replication inhibition activities
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the acidic proton with the neighboring hydroxy group in
both systems. In silico pKa estimation using ACD Labs
software suggests that these pyrrolocarboxylic acids
should have pKa values ca. 5.9.8 This result was encour-
aging in that, similar to ciprofloxacin 13, these pyrrolo-
carboxylic acid inhibitors might be cell permeable.


Analogs 7 and 9 (Table 2) were hydrolyzed to the corre-
sponding acids 14 and 15 (Table 3). They were found to
be significantly more active against HIV integrase in the
enzyme assay than their ester precursors. However, this
did not translate into improvements in antiviral activity.
In fact, no antiviral activities were observed with these
inhibitors up to 20 lM.


N


O


N


OH
O


OH OH


O
R


pKaR


H


16
OH


4.20


2.96


17


18


Compound 16, a water soluble N-methylated analog of
these carboxylic acids, was determined to have a pKa va-
lue of 3.76.9 Examination of pKa values reported for
benzoic acid (17) and o-salicyclic acid (18) indicates that
an ortho-hydroxy substitution in benzoic acid greatly
enhances its acidity.10 The ortho-hydroxy substituent
seems to have a more dominant effect in influencing
the acidity observed with our hydroxy-pyrrolocarboxy-
lic acids. The algorithm employed by the ACD Lab
pKa prediction software appears to have underestimated
the effect of this substitution. At physiological pH, it is
very likely that inhibitors 14 and 15, with pKa’s of
approximately 3.8 (based on compound 16) exist
primarily as the negatively charged carboxylate. This
would likely compromise their ability to penetrate cells.


It was reasoned that the more metabolically stable and
cell permeable amide analogs might resolve the liabilities
encountered with the ester and acid inhibitors. Further-
more, the amide inhibitors, with higher electron density
at the exocyclic carbonyl oxygen, were expected to be
more potent than the ester inhibitors. However, the
methyl amide inhibitors 19, 20, & 21 (Table 4) were
found to be slightly less active than the corresponding
esters (Table 2, compounds 6, 8, & 12) in both the en-
zyme and HIV replication inhibition assays. Molecular
modeling (PM3 semi-empirical calculation) suggests
that there may be a bias for orientation of the exocyclic

Table 3. Integrase and HIV replication inhibition activities of acids


N


O


N
R


3


4


O
O


O


H
H


Compound R Inhibition of strand


transfer IC50
a (lM)


Antiviral activity in cell


culture, CIC95
a (lM)


14 H 0.08 (±0.01) >20.00


15 3-Cl 0.01 (±0.01) >20.00


a See footnotes under Table 2.

carboxamide at 180 degrees from the desired conforma-
tion for binding (Fig. 2),11 which would negatively im-
pact the inhibitory activities of compounds 19–21
against HIV-1 integrase.


To circumvent this unfavorable conformational bias, an
additional cyclic constraint was introduced between the
central pyrrole ring and the exocyclic carboxamide
group. The pseudosymmetry of the scaffold permits
the pharmacophore to be examined in both a forward
and reverse spatial configuration or mode (Table 5).
Analogs were prepared in both modes and tricyclic
inhibitors 22 and 23 exhibited enzyme inhibition below
the lower limit of the assay (0.01 lM) and enhancement
in their antiviral activities. Furthermore, preparation of
the highly pseudo-symmetrical bis-4-fluorobenzyl inhib-
itor 24 led to even greater activity against HIV replica-
tion in cell culture.


The pseudosymmetrical nature of compounds 22, 23,
and 24, discussed above, showcases the characteristic
1,3-diketoacid pharmacophore of HIV-1 integrase

N
NN


O O


R"R'


OH
C2


Compound R 0 R00 Inhibition


of strand


transfer


IC50
a (lM)


Antiviral


activity in cell


culture, CIC95
a


(lM)


22 4-F-Bn CH3 <0.01 0.39 (±0.12)


23 CH3 4-F-Bn <0.01 0.16 (±0.11)


24 4-F-Bn 4-F-Bn <0.01 0.07 (±0.02)


a See footnotes under Table 2.
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inhibitors. Together with the observation that both 4-
fluorobenzyl groups on 24 contributes to binding, it is
very likely that the mono-benzyl inhibitors (compounds
6–23) may bind to HIV integrase in more than one
mode. This observation represents the first structural
evidence for the hypothesis presented in a recent com-
munication from our laboratories that there is poten-
tially more than one mode of binding for HIV-1
integrase inhibitors.3b It is our contention that these
analogs provide a unique scaffold to be optimized for
binding in multiple modes. Potentially if one binding
mode is rendered less effective by mutation of the integr-
ase enzyme, the inhibitors may be able to maintain
inhibitory activity against replication of the mutant
viruses by binding in a different mode. Further progress
towards optimization of this series of tricyclic hydroxy-
pyrrole integrase inhibitors with a higher genetic barrier
to mutation has been recently reported.5b


The synthesis of compound 6 is depicted in Scheme 1.
Reductive alkylation of dimethoxyethylamine with 4-
fluorobenzaldehyde 25 in the presence of sodium boro-
hydride provided the corresponding benzylamine, which
was treated with N-CBz-glycine under a standard cou-
pling protocol (EDC and HOBt in DMF) to provide
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Scheme 1. Synthesis of Compounds 6, 19, 22, and 24. Reagents and


conditions: (a) i—H2NCH2CH(OMe)2, NaBH4, MeOH, rt (82%);


ii—N-Cbz-Gly, EDC, HOBt, i-Pr2NEt, DMF, rt, overnight (95%); (b)


TsOH, toluene, 80 �C, 5 days (62%); (c) H2, 10% Pt/C, EtOH; H2, 20%


Pd(OH)2/C, EtOH (95%); (d) diethyl ethoxymethylenemalonate,


toluene, 100 �C, 4 h; (e) LiHMDS, THF, 80 �C (78%); (f) for Y = OH,


NaOH, EtOH, 100 �C, overnight; (g) AlCl3, MeNH2, CHCl3, 70 �C


(85%); (h) Ethylene glycol, microwave at 250 �C for 20 min (25%).

the amide 26. Acid catalyzed cyclization14 of 26, fol-
lowed by a one pot stepwise saturation of the resultant
product 27 in the presence of 5% Pt on charcoal and
cleavage of the CBz group with 5% Pd on charcoal pro-
vided the piperazinone 28. Compound 28 and diethyl
ethoxymethylenemalonate were heated in toluene at
80 �C overnight to provide the adduct 29 and its subse-
quent addition to a refluxing solution of lithium hexa-
methyldisilylamide in THF afforded the cyclization
product 6. Ester 6 was then hydrolyzed to the corre-
sponding acid with aqueous sodium hydroxide in etha-
nol in a sealed tube at 100 �C overnight. Alternatively,
treatment of the ester 6 with a suspension of AlCl3 in
anhydrous chloroform purged with methylamine gas at
70 �C overnight provided the corresponding methyl
amide 19.


Tricyclic inhibitors such as 22 and 24 were prepared by
heating a mixture of the piperazinone 28 and an appro-
priate lactam 3015 in ethylene glycol or 1,2-dichloroben-
zene in a sealed tube at 250 �C in a microwave reactor
for 20 minutes. The crude product mixture was purified
by C-18 reverse phase HPLC eluting with a water-aceto-
nitrile gradient.


In summary, a series of potent 8-hydroxy-3,4-dihydro-
pyrrolo[1,2-a]pyrazine-1(2H)-one HIV-1 integrase
inhibitors which inhibit replication of HIV-1 in cell cul-
ture has been established. Further exploration revealed
the pseudosymmetrical nature of the integrase inhibitor
pharmacophore. Efforts are ongoing to identify the
potential of the tricyclic pyrrolopyrazine template and
analogous bicyclic systems.
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Abstract—Improved synthetic methods are reported for the preparation of sulfenamide derivatives of carbamazepine (CBZ) for
evaluation as prodrugs. These sulfenamide prodrugs were designed to rapidly release CBZ in vivo by cleavage of the sulfenamide
bond by chemical reaction with glutathione and other sulfhydryl compounds. Physicochemical characterization and in vivo conver-
sion of a new prodrug of CBZ was evaluated to further establish the proof of concept of the sulfenamide prodrug approach.
� 2007 Elsevier Ltd. All rights reserved.

Carbamazepine (CBZ, 1) is effective in the treatment of
partial and generalized tonic–clonic epileptic seizures,1


and is less sedating and causes less cognitive impairment
than other anticonvulsants such as phenytoin, pheno-
barbital, and primidone.2 Unfortunately, CBZ’s rela-
tively poor aqueous solubility (120 lg mL�1) hampers
parenteral administration,3 and despite the need, there
is no commercially available injectable formulation.
The poor solubility of CBZ can be addressed to some ex-
tent by use of cosolvents and/or surface active agents,4


but the effectiveness of these approaches is limited and
these additives are undesirable for intravenous (iv) for-
mulations due to the risk of severe allergic reactions
and formulation related toxicities.5 A water-soluble pro-
drug of CBZ that could be administered intravenously
in a safe and effective formulation would be of consider-
able medical benefit.


There is a significant void in the literature for prodrug
strategies available for weakly acidic NH-acid drugs
such as amides, carbamates, and ureas.6 A new prodrug
approach involving the preparation and evaluation of
sulfenamide prodrugs of a variety of NH-acids has
recently been reported by Guarino et al.6,7 The general
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route for the synthesis of these derivatives involved the
reaction of the appropriate disulfide with sulfuryl chlo-
ride to generate a sulfenyl chloride intermediate, which
was then further reacted in situ with the NH-acid to
form the sulfenamide derivative. One of the sulfenamide
prodrugs synthesized and evaluated was 3, an O-ethyl
cysteinyl prodrug of CBZ. While the sulfenyl chloride
synthetic route was considered adequate for most of
the amine, amide and imide drug, and model com-
pounds studied, the yields for this approach with the
urea drug example CBZ were very poor (overall yield
1–2%). It was apparent that improved synthetic methods
would be required to further the study of sulfenamide
derivatives of CBZ for evaluation as prodrugs.


In this communication, we report improved synthetic
methods for the preparation of sulfenamide derivatives
of CBZ and physicochemical characterization, and
in vivo evaluation of a new water-soluble sulfenamide
prodrug. N-cysteamine-CBZ (4) was designed as a
water-soluble prodrug of CBZ to regenerate CBZ
in vivo by cleavage of the sulfenamide bond by chemical
reaction with glutathione and other endogenous sulfhy-
dryl compounds. A successful in vivo result, supporting
the proof of concept of the sulfenamide prodrug strat-
egy, could further the application of this approach to
improve the physicochemical properties and/or delivery
characteristics of other NH-acidic drugs, including
ureas.


Thiophthalimides are well-known sulfur transfer
agents,8 and were utilized as such here to attach various
promoieties to the secondary nitrogen of CBZ. The
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reaction of tert-butyllithium with CBZ followed by N-
(phenylthio)-phthalimide produce the sulfenamide N-
(phenylthio)-CBZ (2) in good yield (76%, Scheme 1).9


Although not further studied here, compound 2 pro-
vides a sulfenyl urea model with a UV-active promoiety
to further investigate the stability and degradation reac-
tions for this class of compounds.


The improvement in synthetic yield of 3 over the sulfe-
nyl chloride method is shown by the reaction of
tert-butyllithium with CBZ followed by N-(Boc-Cys-
OEt)-phthalimide, which yielded N-(Cys-OEt)-CBZ (3)
with improved overall yield (55%, Scheme 2) compared
to the overall yield using the synthetic method reported
by Guarino et al.7


N-(Cys-OEt)-CBZ (3) is a water-soluble CBZ deriva-
tive that likely acts as a prodrug and the stability of
3 was recently characterized in detail.7 Cysteamine
was selected as the promoiety for this in vivo study
to avoid any potential complication caused by hydro-
lysis of the ethyl ester functionality of 3. The aqueous
chemical stability of 4 was also found to be superior
to that of 3. The essential cysteamine derivative of
phthalimide, N-(Boc-cysteamine)-phthalimide, was pre-
pared by reaction of phthalimide with Boc-cysteamine
in the presence of bromine and pyridine (96%,
Scheme 3).


N-(Boc-cysteamine)-phthalimide was then reacted
with lithium CBZ to yield N-(Boc-cysteamine)-CBZ,
followed by reaction with TFA to yield 4 as a white
powder in good overall yield (66%, Scheme 4).


The white powder 4 dissolved rapidly in pure water with
apparent solubility in excess of 100 mg mL�1 (final pH
value of 2.6). The chemical stability of 4 was determined
in aqueous solution at various pH values. Figure 1
shows the pH-rate profile for the aqueous degradation
of 4 at 70 �C.


Eq. 1 expresses the observed rate constant (kobs) for the
loss of 4 in terms of rate and equilibrium constants as a
function of hydrogen ion concentration, or pH where
[H+] = 10�pH and Kw = 1.51 · 10�13 at 70 �C.10 The
rates of hydrolytic reactions of the ionized and neutral
forms of 4 include acid catalyzed hydrolysis (kH), water
hydrolysis (ko), and base catalyzed hydrolysis (kOH) of
the protonated form and base catalyzed hydrolysis of
the neutral form (k 0OH).
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Scheme 1. Synthesis of N-(phenylthio)-CBZ (2). Reagents and condi-
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The results for kobs from the accelerated stability studies
of 4 conducted at pH 4 were 9.39 · 10�6 s�1 for 70 �C,
1.67 · 10�6 s�1 for 60 �C, and 3.96 · 10�7 s�1 for
50 �C. The Eyring behavior was assumed to be linear
and the values obtained were: DH� = 143 kJ mol�1


(34.2 kcal mol�1) and DS� = 74 J mol�1 K�1 (R2 = 0.9949).
The DH� value appears to be relatively high compared
to the activation energies reported for the hydrolysis
of many other drug compounds.11 The predicted hydro-
lysis rate (kobs) for the aqueous degradation of 4 extrap-
olated to 25 �C at pH 4.0 is 3.8 · 10�9 s�1, which
corresponds to a half-life (t1/2) of 5.7 years and a time
for 10% degradation (t90) of 320 days. Extrapolation
to 4 �C predicts a kobs value of 4.4 · 10�11 s�1 and a
t90 value of 75 years indicating that a refrigerated
ready-to-use injectable formulation of 4 with a shelf-life
of >2 years may be possible. While the time for 10%
degradation (t90) appears to be more than adequate
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The solid line represents the fit of the data to Eq. 1. The values for the


rate constants obtained from the fit of the pH-rate profile were:


kH = 7.06 · 10�3 s�1M�1, ko = 9.04 · 10�6 s�1, kOH = 5.92 s�1 M�1,


and k 0OH = 1.01 · 10�10 s�1 M�1, and the value obtained for the pKa


of 4 was 7.4.
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crossover iv administration of 4 (•) and CBZ control (h) in rat 1.
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glutathione to release to CBZ in vivo.


Table 1. Values for dose amounts of CBZ (DCBZ) and 4 (D4), AUC


values for CBZ from 4 and control, and peak plasma CBZ concen-


tration (Cmax)


Rat 1 Rat 2


Rat mass (g) 187 227


DCBZ (mg) 2.54 3.08


D4 (mg) 4.54 5.50


CBZ AUCcontrol
a (lg min�1 mL�1) 959 ND


CBZ AUC4
a (lg min�1 mL�1) 964 545


Cmax (control) (lg mL�1) 16.4 17.4


Cmax (from 4) (lg mL�1) 14.1 16.3


a Values determined by trapezoidal method.


J. N. Hemenway et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6629–6632 6631

for this indication, it is likely that the precipitation of
insoluble degradation products would be the limiting
factor.


A 59 lM solution of 4 in 25 mM isotonic pH 7.4 phos-
phate buffer was found to rapidly and completely con-
vert to CBZ in the presence of a 10-fold molar excess
of LL-cysteine at 25 �C. The conversion was nearly instan-
taneous as the immediate HPLC analysis of this sample
showed no detectable 4. Similarly, it was found that 4
rapidly and completely converted to CBZ in rat whole
blood at ambient temperature.


A limited animal study was performed to establish the
bioavailability of CBZ following iv administration of 4
in rats. A crossover design was chosen because of the
large degree of interanimal variation seen in pharmaco-
kinetics studies with CBZ in rats.12 Rats were given an iv
bolus dose of CBZ control (dissolved in 10% HP-b-CD)
followed 48 h later by an equimolar iv dose of 4 in sterile
saline or vice versa in a crossover design.13 N-methylma-
leimide was added to drawn blood samples to trap any
available sulfhydryl compounds to limit the ex vivo con-
version of 4 to CBZ to less than 1.8% during blood sam-
ple processing, refrigerated storage, and analysis. The iv
bolus dose administration of 4 resulted in the immediate
appearance of the peak plasma level of CBZ and no in-
tact 4 was observed in any blood samples. The plasma
concentration versus time profiles of CBZ from iv doses
of 4 and CBZ control for rat 1 are shown in Figure 2.
The area under the curve values for CBZ were
964 lg min mL�1 for CBZ from 4 and 959 lg min mL�1


for CBZ from control.


A second rat showed a similar plasma CBZ profile from
administration of 4, but only one data point was able to
be collected for the CBZ control dose due to failure of
the carotid artery from blood clot blockage. Values for
the dose amounts of CBZ (DCBZ) and 4 (D4), AUC val-
ues for CBZ from 4 and control, and CBZ Cmax values

are listed in Table 1. Compound 4 was not detected in
any blood or urine samples.


All rats dosed with CBZ and/or 4 did not seem to exhibit
any pain or discomfort with the injections. Prior to dos-
ing, rats appeared active, and within minutes following
dosing the rats calmed down and went to sleep and were
no longer active for several hours. The observed behav-
ior was identical following doses of CBZ and 4.


In summary, these results show that 4 acts as a prodrug of
CBZ and the conversion of 4 to CBZ is rapid and quan-
titative in vitro and in vivo. This supports the hypothesis
that sulfenamide prodrugs release parent NH-acidic
drugs by reaction with glutathione and other endogenous
sulfhydryl containing compounds (Scheme 5).
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Glutathione activity is known to be high in red blood cells
and tissues such as the liver and kidney of rats and
humans.14 The rapid and complete conversion of 4 to
CBZ in rat whole blood is consistent with the proposed
mechanism of conversion via reaction with glutathione.
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to provide the specified dose of 1 or 4 in a volume of
1.00 mL. Dosing syringes and needles were completely
filled and the 1.00- mL dose was administered as indicated
by the change in position of the syringe plug. Doses were
given iv through the jugular vein cannula as a bolus dose
over 1 min. Blood samples were collected manually. Blood
(200 lL) was drawn from the carotid artery cannula at 2,
15, 30, 60, 120, 240, 360, and 480 min post-dose. Excess
blood was returned and 200 lL of normal saline was
infused into the jugular vein cannula following each blood
sample to replace lost blood volume. A volume of
heparinized saline (100 UI mL�1) equivalent to the can-
nula volume was infused into the cannula to create a
heparin lock after replacing the lost blood volume. Drawn
blood samples were immediately added to a solution of
0.10 M N-methylmaleimide and 1.0 M acetic acid in
methanol (1–10 parts blood) and vortexed. Processed
samples were stored at 4 �C until analyzed.
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Suzuki, M. Comp. Biochem. Physiol. B, Biochem. Mol.
Biol. 1984, 79, 515; (c) Baars, A. J.; Mukhtar, H.;
Zoetemelk, C. E. M.; Jansen, M.; Breimer, D. D. Comp.
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Abstract—Botulinum neurotoxins are the most toxic proteins currently known. Based on a recently identified potent lead structure,
2,4-dichlorocinnamic acid hydroxamate, herein we report on the structure–activity relationship of a series of hydroxamate BoNT/A
inhibitors. Among them, 2-bromo-4-chlorocinnamic acid hydroxamate, 2-methyl-4-chlorocinnamic acid hydroxamate, and 2-triflu-
oromethyl-4-chlorocinnamic acid hydroxamate displayed comparable inhibitory activity to that of the lead structure.
� 2007 Elsevier Ltd. All rights reserved.

Botulinum neurotoxin (BoNT) is one of the most toxic
proteins currently known, with a lethal dose of �1 ng/
kg of body weight for humans.1 Although the typical
BoNT poisoning by accidental food consumption is rare
in modern society, serious threats have emerged with the
possibility of its use as a biological weapon. Clostridium
botulinum has seven serologically distinct strains (A–G),
with serotype A being the deadliest and the most threat-
ening for potential bioterrorist attacks, given its pro-
longed half-life in vivo and the ease of its production
and transport.2


The active form of botulinum neurotoxin is a heterodi-
mer consisting of a 100 kDa heavy chain (HC) coupled
to a 50 kDa light chain (LC) by one or more disulfide
bonds.3 Its neurotoxicity is attributed to the light chain,
a Zn(II) endopeptidase that cleaves SNARE (soluble
NSF-attachment protein receptor) proteins involved in
neuronal synaptic vesicle function. There are three dif-
ferent types of SNARE proteins attacked by BoNT
(VAMP, SNAP-25, and syntaxin); the target for
BoNT/A is SNAP-25. The degradation of these proteins
blocks the release of acetylcholine, resulting in flaccid
muscle paralysis and potentially death.4
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Current therapeutic options for BoNT intoxication are
rather limited. An effective immunoprophylactic vaccine
is available, but the development of protection is slow,
with annual boosters required to produce adequate anti-
body titers.5 In addition, equine antitoxins can be used
for the treatment of adult botulism, but this therapy also
can cause severe adverse reactions including serum sick-
ness and anaphylaxis.6 Finally, there are reports of the
successful use of multiple monoclonal antibodies as
BoNT/A antitoxins.7 Unfortunately, the antibodies
must be administered prior to, or shortly after, BoNT
exposure which makes this approach of limited thera-
peutic utility, particularly in case of a possible bioterror-
ist attack. Therefore, a pharmacological intervention
that would be effective after BoNT enters neuronal cells
and could be used en masse is highly desirable. In this
light, small molecule inhibitors of BoNT light chain pro-
tease represent a very attractive target and several non-
peptidic, small molecule inhibitors have been reported.8


As a part of our ongoing research program focused on
identifying small molecule inhibitors of BoNT/A, we re-
ported the high-throughput screen of a library of
hydroxamic acids,9 from which 4-chlorocinnamic
hydroxamate, displaying an IC50 of 15 lM, resulted as
a promising lead structure for further development
(Fig. 1, compound 1).10 A subsequently synthesized ser-
ies of compounds revealed that while replacement of the
chloro substituent was not tolerated, introduction of an-
other chloro substituent in the ortho-position (Fig. 1,
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Figure 1. Structures of potent BoNT/A LC inhibitors, 2-chlorocin-


namic acid hydroxamate (1) and 2,4-dichlorocinnamic acid hydroxa-


mate (2).
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compound 2) resulted in the most potent nonpeptidic
BoNT inhibitor to date, with IC50 value <1 lM.10


Recently, the X-ray crystallographic structures of BoNT/
A light chain with both 4-chlorocinnamic hydroxamate
(1) and 2,4-dichlorocinnamic hydroxamate (2) were de-
scribed.11 This study revealed the expected coordination
of the hydroxyl oxygen of the hydroxamate moiety to
the Zn(II) atom. In addition, the hydroxamate carbonyl
oxygen forms a hydrogen bond with Tyr 366. The cata-
lytic cleft of BoNT/A LC is lined almost entirely by hydro-
phobic residues and the phenyl ring of 1 and 2 binds in a
tight pocket formed by Ile 161, Phe 194, and Phe 369.
The increased potency of 2 compared to 1 was attributed
to the dipole/electronegative contact of the additional
chlorine atom with Arg 363, improving specificity and
enhancing binding affinity. In addition, these structural
studies revealed that the BoNT/A LC active site is capable
of dramatic rearrangements in response to the electro-
static character of the substrate, which makes various
structural patterns very promising in the search for new
BoNT/A LC small molecule inhibitors.11 Consequently,
we decided to further explore the structure–activity rela-
tionship of 2 and herein report on the synthesis and inhib-
itory activity of a series of derivatives of the parent
structure.


In an attempt to improve the potency of our initial lead
structure, we chose two structural modifications: (a) fus-
ing an additional aromatic ring to the benzene moiety of
the parent structure (3a–b and 4a–d) and (b) replacing
the ortho-Cl atom with substituents of varying electro-
negativity and steric requirements (5a–k) (Fig. 2).
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Figure 2. Structural modifications of the lead structure.

In the case of the ring fused derivatives, we rationalized
that ‘freezing out’ the conformational dynamics could
contribute to increased stability of the enzyme–inhibitor
complex.12 Furthermore, we assumed that the addi-
tional aromatic ring might stack with the Tyr 366 resi-
due, improving the binding affinity. Due to the mostly
hydrophobic character of (1) and (2), there are very
few hydrogen bonds formed between the inhibitor and
the residues in the catalytic cleft.11 In order to provide
greater potential for these interactions, we designed a
series of fused ring derivatives with varying hydrogen
bond capability (4a–d) (Fig. 2). Compounds (5a–k) were
designed to examine the boundaries and flexibility of the
interaction with the Arg 363 residue in the active site of
the enzyme. We envisaged that due to the dipole/electro-
negative character of this interaction, introduction of a
substituent with higher electronegativity would increase
the inhibitory activity.11 To test this hypothesis, we de-
signed a series of compounds bearing substituents with
varying stereoelectronic requirements (5a–k) (Fig. 2).


All the ring fused derivatives were obtained by standard
synthetic procedures from commercially available start-
ing materials13 (Scheme 1). The crucial intermediates in
the synthesis of the ortho-modified derivatives, alde-
hydes 12a–i, were either prepared (12b–e; Scheme
2a),14 or purchased (12a, f–i; Scheme 2b). The desired
hydroxamate moiety was typically introduced by activa-
tion of the corresponding carboxylic acid with ethyl
chloroformate followed by treatment with hydroxyl-
amine,15 or by treatment of the appropriate methyl ester
with 50% aqueous hydroxylamine in the presence of cat-
alytic amount of potassium cyanide or stoichiometric
amount of KOH.16


Once prepared, all compounds were evaluated with re-
combinant BoNT/A light chain protease (LC/A) in a
FRET-based assay employing SNAPtideTM (List Biolog-
ical Laboratories, Inc., Campbell, CA) as the enzymatic
substrate.17 While the fused ring hydroxamates (3a–b
and 4a–d) showed only modest inhibition (Table 1),
refuting our hypotheses, some of the ortho-substituted
derivatives displayed significant inhibitory activity (Ta-
ble 1). The best substituents proved to be the electron
withdrawing groups, with the Br (5b), CF3 (5g), and
NO2 (5j) derivatives showing low micromolar or submi-
cromolar inhibitory activity (Table 1). Surprisingly, sim-
ilar inhibitory activity was observed in case of the methyl-
substituted derivative 5f (Table 1). This finding is very
interesting as it sheds new light on the nature of the inter-
action between the substituent in ortho-position and the
Arg 363 residue. Unfortunately, no clear trend was ob-
served between inhibitory activity and electron donat-
ing/withdrawing character of the substituent (5a–k).


In summary, we have synthesized and evaluated a series
of BoNT/A LC protease inhibitors as analogs of the re-
cently discovered potent parent structure (2). While the
increased conformational constraint imported by the
inclusion of an additional aromatic ring resulted in dra-
matic loss of inhibitory activity, introduction of bromo
(5b), trifluoromethyl (5g), and methyl (5f) substituents
in the ortho-position led to increased inhibitory activity,







Scheme 1. Synthesis of ring-fused hydroxamates. Reagents and conditions: (i) CuI, CuCl, DMF, 150 �C, 24 h, 63%; (ii) 1—ethyl chloroformate,


Et3N, THF, 0 �C to rt, 15 min; 2—NH2OH, MeOH, rt, 18 h, 2 steps, 47–60%; (iii) 1—NaBH4, MeOH, 0 �C to rt, 1 h; 2—TsOH, toluene, 160 �C, 2 h,


2 steps 81%; (iv) oxalyl dibromide, 110 �C, 5 h, 11%; (v) 1—(trimethylsilyl)diazomethane, toluene/MeOH, rt, 3 h; 2—KCN (cat.), 50% NH2OH (aq),


THF/MeOH, rt, 18 h, 2 steps 36–43%; (vi) methyl thioglycolate, NaH, DMSO, rt, 5 min, 24%; (vii) KCN (cat.), 50% NH2OH (aq), THF/MeOH, rt,


18 h, 15–37%; (viii) MeI, K2CO3, DMF, 60 �C, 24 h, 72%.
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Scheme 2. Synthesis of ortho-modified hydroxamates. Reagents and conditions: (vii) KCN (cat.), 50% NH2OH (aq), THF/MeOH, rt, 18 h, 15–37%;


(ix) 1—BH3–DMS, THF, rt to 70 �C, 3 h; 2—MnO2, CH2Cl2, rt, 18 h, 2 steps 34%; (x) MeI, K2CO3, DMF, 75 �C, 18 h, 95%; (xi) 1—LiBH4, THF, rt


to 60 �C, 2 h; 2—MnO2, CH2Cl2, rt, 18 h, 2 steps, 94%; (xii) NaSMe, DMF, rt, 1 h, 91%; (xiii) Fe, HCl, EtOH/AcOH/H2O, 100 �C, 15 min, rt, 40 min


(64%); (xiv) methyl diethylphosphonoacetate, NaH, DMF, rt, 18 h, 78–99%; (xv) Zn(CN)2, Pd(PPh3)4, DMF, 160 �C, 10 min, microwave (50%); (xvi)


Oxone�, MeOH–H2O, 0 �C to rt, 5 h, 60%; (xvii) 50% NH2OH (aq), 1 M KOH/MeOH, THF, 0 �C, 2–4, 12–58%.
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Table 1. BoNT/A LC inhibitory activitya


Compound IC50
b (lM)


2 0.9 ± 0.1


3a 21 ± 5


3b 71 ± 1


4a 41 ± 0.3


4b 45 ± 7


4c n.a.


4d 38 ± 7


5a 4.4 ± 0.1


5b 0.7 ± 0.1


5c 9 ± 2


5d 5.1 ± 0.6


5e 25 ± 6


5f 0.8 ± 0.1


5g 0.6 ± 0.1


5h 13 ± 5


5i 2 ± 0.6


5j 17 ± 0.4


5k 12 ± 3


a Inhibitors were evaluated as previously described.17


b Values are means of two experiments performed in triplicate, stan-


dard deviation is given in parentheses (n.a., not active up to 100 lM).
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yielding three new small molecule inhibitors with com-
parable potency to the parent molecule. In light of these
data, future efforts to uncover the full extent of BoNT/A
LC flexibility are warranted.
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Abstract—The need for self-protecting polymer or alloy implants resistant to a broad spectrum of bacterial challenges led us to
investigate covalent bonding of minocycline (MIN), a tetracycline derivative, to polystyrene beads and to titanium alloy foils by
oligoethylene glycol spacers. 9-Hydrazino-acetyl-amido-MIN, and simpler glycylcycline derivatives, retained minimum inhibitory
concentration (MIC) against Staphylococcus aureus comparable to MIN. However, PEG-glycyl-amido-MIN showed very low activ-
ity. Hence, we coupled 9-hydrazino-acetyl-amido-MIN to the aldehyde termini of oligoethylene glycol spacers bonded to polysty-
rene and titanium alloy surfaces to form acid-releasable hydrazone linkages. 9-Hydrazino-acetyl-amido-MIN was released from the
monolayers more rapidly at pH 5.0 than at pH 7.4.
� 2007 Elsevier Ltd. All rights reserved.

Infections are a devastating complication of medical im-
plant devices that cause significant morbidity. The man-
agement of infected implants has serious economic
implications. For example, in the United States, treat-
ment of 3500–4000 cases of knee and hip infections
every year costs an estimated 150–200 million dollars.1


Because of poor vascularity and biofilm formation at
the implant sites, such infections have proven difficult
to prevent or treat. The local application of antibiotics
is a well-known and accepted therapy for such kind of
implications.2–4 Current practice includes antibiotic-
impregnated bone cement5 and antibiotic-containing
coating systems.6–8 These methods are intended to re-
lease antibiotics rapidly and irreversibly, and require a
carrier material other than the orthopaedic implant itself
to transport the antibiotic materials. Some non-resorb-
able materials used in the methods even need to be re-
moved after the surgery.9


Because of the combination of their many biocompati-
ble properties, titanium and titanium alloys are fre-
quently applied in a wide variety of biomedical
devices.10 In our initial studies11 using fine titanium
(Ti) particles which had been aminopropylated,12,13 we
utilized the last resort glycopeptide antibiotic vancomy-
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cin (VAN), which acts at the surface of the Gram-posi-
tive bacterial cell wall to block peptidoglycan
synthesis.14,15 Hydrophilic bis(ethylene glycol) spacers
were coupled to the solid phase NH2PrSiO–Ti particles,
followed by VAN.11 The biological results showed that
the VAN-modified Ti particles effectively inhibited the
growth of S. aureus compared with control Ti particles
on which the bacteria grew abundantly.11


The strategy was then extended to Ti6Al4V alloy pins,
widely used for orthopaedic implants.16 We found that
VAN could be covalently linked to the Ti6Al4V alloy
surface on orthopaedic implants, following oxidation.17


Covalently bound VAN was retained on the surface for
an extended period of time and retained significant anti-
biotic activity.18


Most implant infections are caused by Gram-positive
bacteria,19 but some are caused by Gram-negative bacte-
ria, which are susceptible to broad-spectrum antibacte-
rial agents such as tetracyclines. Bacterial resistance to
tetracyclines has curtailed their clinical effectiveness. A
minimum of semisynthesis and analoging has been car-
ried out with tetracyclines, compared to other classes
of antibiotics, perhaps due to their complex chemistry,
chemical liability and lack of reactivity of the intact
naphthacene nucleus.


Glycylcyclines, such as tigecycline, recently approved by
the FDA,20 are active against a broad range of Gram-
positive and Gram-negative bacterial strains resistant
to tetracycline or doxycycline. Tigecycline, however,
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lacks functional groups suitable for connecting to a solid
support. Minocycline (MIN), on the other hand, allows
exclusive 9-nitration, the starting point for glycylcycline
extension.


MIN is effective against a broad range of Gram-positive
and Gram-negative bacteria,21 displaying an MIC of
0.12 lg/mL against S. aureus.22 Against E. faecalis and
E. faecium, by comparison, MIN was found �8-fold
more active than linezolid and 32-fold more than quinu-
pristin–dalfopristin.23 Bulky groups at the 9-position of
glycylcyclines usually contribute to activity,24 support-
ing our strategy of coupling moieties to the 9-position
of MIN to create new glycylcyclines. We therefore chose
MIN as the basis for glycylcycline tethering to solid
surfaces.


Here we report the design and synthesis of several MIN
C9 derivatives and the determination of their minimum
inhibitory concentration (MIC). Attachment of the
MIN derivatives to polystyrene beads and Ti6Al4V alloy
foils via acid-labile linkers was carried out to character-
ize the bioactivity of the tethered MIN derivatives.


We synthesized [4S-(4a,12aa)]-9-H2N-4,7-bis(Me2N)-
1,4,4a,5,5a,6,11,12a-octohydro-3,10,12,12a-tetrahydroxy-
1,11-dioxo-2-naphthacenecarboxamide (9-H2N-MIN) as
described.22 Briefly, to an ice-cold solution of MINÆHCl
(1 g, 2.03 mmol) in 9 mL of concentrated H2SO4 was
added KNO3 (224 mg, 2.4 mmol). The reaction mixture
was stirred at 0 �C for about 1.5 h and monitored by
HPLC on a 150 · 4.6 mm Phenomenex� Luna phenyl–
hexyl 5 lm column, eluted with 25% CH3CN in
35 mM Na2HPO4, pH 7.5, on a Waters 600 liquid chro-
matograph (Milford, MA, USA). When the reaction
came to completion, the mixture was slowly poured into
240 mL of ice-cold Et2O. The precipitate was collected
by filtration and washed with Et2O three times. The so-
lid was dried overnight under vacuum to give 9-O2N-
MINÆ(SO4)2. The product was characterized by HPLC,
showing a prominent product peak, and MS of the main
peak (SELDI-TOF mass spectrometer Ciphergen Fre-
mont, CA), calcd 502.47 Da, found 502.5 Da. The dried
9-O2N-MINÆ(SO4)2 (1.29 g, 1.8 mmol), 200 mg of 10%
palladium on charcoal and 4.5 mL of 2 N H2SO4 in
6 mL of 2-MeOEtOH were mixed and hydrogenated in
a Parr apparatus at 40 psi for 1.5 h. The catalyst was fil-
tered and the filtrate was added dropwise to a mixture of
2-PrOH (210 mL) and Et2O (150 mL). The yellow solid
was collected by filtration, washed several times with
Et2O and dried under vacuum at room temperature
overnight to yield 1.16 g of 9-H2N-MINÆ(SO4)2 (90%
yield). The product was characterized by HPLC and
MS: calcd 472.2 Da, found 472.0 Da.


We then converted 9-H2N-MIN into [4S-(4a,12aa)]-9-
[(HNAc)NH]-4,7-bis(Me2N)-1,4, 4a,5,5a,6,11,12a-octo-
hydro-3,10,12,12a–tetrahydroxy-1,11-dioxo-2- naphtha-
cenecarboxamide (9-Gly-NH-MIN). To a solution
of Boc-Gly (458 mg, 1.2 mmol) in 3 mL Me2NCHO
was added 412 mg of 2-(7-aza-1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyl-uronium hexa-fluorophosphate
(HATU) (Applied Biosystems, Foster City, CA, USA)

(1.1 equiv) and 311 lL of iPr2EtN. The reaction mixture
was stirred at room temperature for 30 min, then mixed
with 9-H2N-MINÆ(SO4)2 (575 mg, 0.95 mmol) in 4 mL
Me2NCHO. After 1 h at room temperature, the product
was precipitated by addition of two volumes of ice-cold
Et2O. After sedimentation and removal of supernatant,
the precipitate was dissolved in 4 N HCl/dioxane and
incubated for 10 min at room temperature to remove
the Boc protecting group. The final product, 9-Gly-
H2N-MINÆ(cl)3, was precipitated twice from Et2O.
MS: calcd 529.54 Da, found 530.1 Da.


Next, we prepared [4S-(4a, 12aa)]-4,7-Bis(Me2N)-9-
[(HNAc)NH]-4,7-bis(Me2N)-1,4,4a,5,5a,6,11, 12a-octo-
hydro-3,10,12,12a-tetrahydroxy-1,11-dioxo-2-naphtha-
cenecarboxamide (9-hydrazino-Ac-H2N-MIN) (Scheme
1). To a solution of N,N,N 0-Boc3-hydrazinoacetic acid
(369 mg, 0.95 mmol) in 3 mL Me2NCHO were added
397 mg of HATU (1.1 equiv) and 264 ll of iPr2EtN.
The reaction mixture was stirred at room temperature
for 30 min, then mixed with 9-H2N-MINÆ(cl)3


(600 mg, 0.9 mmol) in 4 mL Me2NCHO and 1 g of
Na2CO3, and stirred for 1 h at room temperature. It
was found that the yellow solution changed to brown.
The solid was removed by filtration and the filtrate
was applied to a 150 · 15 mm C18 column (WAT
020594, Waters Associates). The column was washed
with H2O to remove Me2NCHO. Because of the strong
hydrophobicity of 9-Boc3-hydrazino-Ac-NH-MIN, the
impurities in the reaction mixture could be eluted from
the C18 column by 20% CH3CN in aqueous 0.1%
CF3CO2H. The product was eluted with pure CH3CN,
concentrated by rotatory evaporation and lyophilized
overnight. The dried sample was dissolved in 4 N HCl
in dioxane to deprotect the Boc groups. After 10 min,
a precipitate was formed of shaking at room tempera-
ture. The precipitate was collected by filtration and
washed with Et2O three times. The solid product was
dried under vacuum to give 510 mg of 9-hydrazino-
Ac-H2N-MINÆ(Cl)2 as a yellow powder (92% yield).
The product was characterized by HPLC and MS:
calcd 544.56 Da, found 544.6 Da.


To PEGylate 9-Gly-NH-MIN, we added 1 equiv of
HATU and 1.2 equiv of iPr2EtN to 1 mL Me2NCHO
containing 100 mg of O-(N-Fmoc-2-aminoethyl)-O 0-
(2-carboxyethyl)-undecaethyleneglycol (PEG12carbox-
ylate) (Merck, Darmstadt, Germany), stirred at room
temperature for 30 min, was added 1.1 equiv of
9-Gly-NH-MIN. The reaction mixture was kept at
room temperature for 2 h under stirring. The reaction
was stopped by addition of H2O. Taking the molecular
mass (1351 Da) of 9-PEG12-Gly-NH-MIN into consid-
eration, we employed a Sephadex G-25 column
(1.7 · 30 cm) eluted with aqueous 0.5% HOAc to sep-
arate the conjugate from the impurities. The eluent
corresponding to the first peak was collected, concen-
trated and freeze-dried. The dried sample was redis-
solved in H2O, then characterized by HPLC and MS:
calcd 1351.49 Da, found 1351.6 Da. 9-PEG26-Gly-
NH-MIN was prepared similarly. The product was
characterized by HPLC and MS: calcd 2056.33 Da,
found 2056.0 Da.
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Scheme 1. Reaction scheme for synthesis of 9-hydrazino-Ac-NH-MIN.
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Measurements of MIC25 for each of the MIN deriva-
tives without PEG (Table 1) showed that 9-Gly-NH-
MIN and 9-hydrazino-Ac-NH-MIN retained significant
biological activity, compared with unmodified MIN.
However, the MIC of the two 9-PEG-MIN derivatives
was dramatically elevated. The bulky PEG modification
might have inhibited bacterial uptake of the MIN deriv-
atives, and/or the binding of MIN to the 30S ribosomal
subunits, resulting in the loss of bioactivity by the PEG-
MIN derivatives. This result argues against permanent
PEG tethering of MIN derivatives to medical implants.


Because of the loss of bioactivity of MIN after conjuga-
tion with PEG, we selected the acid-liable hydrazone
bond to link 9-hydrazino-Ac-NH-MIN to solid surfaces,
so that the drug could be released on demand upon acid-
ification of the microenvironment by proliferating
bacteria.26


Hydrazone bonds have been widely investigated for tar-
geting drug delivery.27 The bond is relatively stable in
physiological pH. When the delivered drug was ab-
sorbed through endocytosis pathway, the hydrazone
could be broken in response to the low pH in cytoplas-
mic endosomes.28 To enable release on demand, the
hydrazone bonds should remain largely intact for an
effective number of days after implant insertion. For
the attachment of antibiotics to the surface of implants
by acid-labile linkers, we expect that the antibiotics
should remain stably attached on the surface for weeks

Table 1. MIC of MIN derivatives with S. aureus


Compound MIC (found)


(lg/mL)


MIC (published)


(lg/mL)


MIN 0.125 0.125


9-H2N-MIN 2 1


9-Gly-NH-MIN 2 0.5–1


9-hydrazino-Ac-NH-MIN 2 NA


9-PEG12-Gly-NH-MIN 500 NA


9-PEG26-Gly-NH-MIN 1000 NA


Staphylococcus aureus subspecies aureus Rosenbach (ATCC 25923)


were incubated in Mueller–Hinton broth at 37 �C for 14 h, noting the


dilution midway between fully inhibited and uninhibited bacterial


proliferation.25

to months. Due to the reversible property of hydrazone
bonds in aqueous solution, the antibiotics attached to
implant surfaces could be released gradually at neutral
pH, but rapidly at acid pH induced by infection.


We selected TentaGel S-NH2 polystyrene (PS) beads as
a model to investigate the release of 9-hydrazino-Ac-
NH-MIN from a polymeric surface. The amino groups
on 500 mg of TentaGel S-NH2 (Fluka 86364,
0.26 mmol/g) resin were transformed to carboxylates
by reaction with 1.5 equiv of succinic anhydride in the
presence of 0.1 equiv of N,N-dimethylaminopyridine
(DMAP) catalyst dissolved in 4 mL of pyridine (Scheme
2). The reaction mixture was kept at 50 �C with shaking
for 3 h. A ninhydrin test showed no free amino groups
available on the surface of the resin beads. The carbox-
ylates on the resin were activated by HATU and
iPr2EtN at room temperature for 30 min, then coupled
with H2NPr(OEt)2 at room temperature for 3 h. The re-
sin was washed with Me2NCHO and CH2Cl2, then dried
under vacuum. Next, the resin was treated with 50%
CF3CO2H in CH2Cl2 for 30 min to yield aldehyde-mod-
ified resin, which was washed with Me2NCHO and
CH2Cl2, then dried under vacuum overnight. 9-Hydra-
zino-Ac-NH-MIN at 0.1 M in CHCl3 was then reacted
with the aldehyde termini to yield the acid-labile hydra-
zone-linked 9-Ac-NH-MIN polystyrene beads. The re-
sin was washed with physiological buffer (0.15 M
NaCl, 0.01 M Na2HPO4, pH 7.4, PBS), Me2NCHO
and CH2Cl2, then dried under vacuum overnight. PS-
Succ-NHPr-hydrazone-9-Ac-NH-MIN resin beads were
stripped with 10% HOAc in CH2Cl2 to determine the to-
tal loading of 9-hydrazino-Ac-NH-MIN, 18.2 mg/g re-
sin, by absorbance at 350 nm.29


The stability of the hydrazone bond was investigated by
incubating 5.6 mg aliquots of PS-Succ-NHPr-hydra-
zone-9-Ac-NH-MIN resin beads at 37 �C under physio-
logical conditions in 1.5 mL of 0.1 M Na2HPO4, pH 7.4,
and under conditions of anaerobic bacterial metabolism
in a confined microenvironment in 0.1 M NaOAc, pH
5.0. The concentration of the released 9-hydrazino-Ac-
NH-MIN in the buffers was determined by absorbance
at 350 nm29 (Fig. 1).
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The time course of 9-hydrazino-Ac-NH-MIN release
from the beads showed much faster release at pH 5.0
than at pH 7.4. After 24 h at pH 5.0, released MIN
reached 36.7 lg/mL, or 54% of the MIN loading mea-
sured after coupling (Fig. 1). That value is 18 times
greater than the MIC of 2 lg/mL. After 24 h at pH
7.4, released MIN reached 18.8 lg/mL, or 27.6% of
the MIN loading measured after coupling. The leveling
of the A350 trace after 24 h is probably the result of the
instability of hydrazino-MIN. Hence, the hydrazone
bond is not stable enough to keep 9-hydrazino-Ac-
NH-MIN on the surface for an extended period of time.


We also attached 9-hydrazino-Ac-NH-MIN to the sur-
face of Ti6Al4V foil. We prepared H2NPrSi-O-Ti6Al4V
alloy foil as described previously for Ti6Al4V pins.17

The amine was then coupled with 4 equiv of glyoxylyl-
8-amino-3,5-dioxaoctanoic acid in the presence of
HATU/iPr2EtN in Me2NCHO. 9-Hydrazino-Ac-NH-
MIN at 0.1 M in CHCl3was coupled to the surface of
the aldehyde-PEG-NHPrSi-O-Ti6Al4V foil for 4 h to
yield Ti-O-SiPrNH-PEG-hydrazone-9-Ac-NH-MIN.
The foil was washed with CH2Cl2, Me2NCHO and dou-
ble deionized H2O, then dried under vacuum overnight.
On the surface of a 1 cm2 Ti6Al4V foil with a maximum
monolayer loading of 200 pmol,30 as we found for
VAN,18 the amount of strippable MIN would be too
low to measure by UV absorbance.


To determine bacterial viability on Ti6Al4V foil sub-
strates, control Ti6Al4V alloy foils and Ti-O-SiPrNH-
PEG-hydrazone-9-Ac-NH-MIN alloy foils were sterilized
by incubation with 70% EtOH, and washed five times
with autoclaved PBS. S. aureus subspecies aureus
Rosenbach were cultured in Mueller–Hinton broth at
250 rpm, 37 �C for 14 h. Using a 0.5 McFarland stan-
dard, the bacteria were diluted to 1 · 104 cfu/mL in
Mueller–Hinton broth. The sterilized Ti6Al4V foils were
cultured with the S. aureus at 37 �C for 24 h, after which
the pH was still 7.3–7.4. For Ti6Al4V foil, we immersed
the MIN-bonded foil in the minimum volume of 200 lL
of broth. The foils were washed three times with PBS to
remove loosely adherent bacteria, and assessed for bac-
terial adhesion and viability by staining with the Live/
Dead� BacLightTM viability kit, which fluorescently la-
bels viable bacteria green and dead bacteria red. After
labelling, the Ti6Al4V alloy foils were washed three
times with PBS to remove nonspecific stain and visual-
ized by confocal laser fluorescence microscope on a Flu-
oview 300 (Olympus, Melville, NY). Challenge by S.
aureus, however, showed live bacteria on all foil sam-
ples. At physiological pH, the concentration of 9-hydra-
zino-Ac-NH-MIN that could be released into the
medium was insufficient to inhibit the growth of S. aur-
eus. Even if all the attached monolayer of MIN were
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released into the broth, the resulting MIN concentration
of 1.2 lg/mL would have been below the MIC of 2 lg/
mL. The flat foil has much less surface area than the
porous resin beads.


For the construction of medical implants with cova-
lently bound broad-spectrum antibiotics for self-protec-
tion against Gram-negative colonization, we designed
and synthesized three MIN derivatives. Conjugation of
long hydrophilic PEG spacers with MIN at the C9 posi-
tion resulted in dramatic loss of bioactivity, which ar-
gued against the utility of permanent linkage of MIN
to the surface of medical implants by PEG spacers.


Knowing that 9-hydrazino-Ac-NH-MIN showed rea-
sonable antibiotic activity, we attached it to the sur-
faces of polystyrene beads and Ti6Al4V foils by an
acid-labile hydrazone bond that would permit release
of free 9-hydrazino-Ac-NH-MIN to enter bacteria,
triggered by bacterial acidification of the implant
microenvironment. The release kinetics showed a clear
difference between the rates of 9-hydrazino-Ac-NH-
MIN released at pH 7.4 and pH 5.0. However, the
hydrazone bond may not be stable enough for long
term medical implant application. We are also consid-
ering methylmaleimide31 linkers to enable this
strategy.
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Abstract—Stereoselective synthesis of 1, one of biologically active naphthoquinones from a Brazilian traditional medicine Tabebuia
avellanedae, was achieved by utilizing Noyori reduction as a key step. Compound 1 displayed potent cytotoxicity against several
human tumor cell lines, whereas it showed lower cytotoxicity against some human normal cell lines compared with that of mitomy-
cin. On the other hand, its enantiomer was less active toward the tumor cell lines than 1.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1.

The Bignoniaceae plant, Tabebuia avellanedae
Lorentz ex Griseb,1 is a gigantic tropical tree native to
South America from Brazil to north Argentina and
has been known as a useful medicinal plant since the In-
can Era.2 The stem bark of T. avellanedae has been uti-
lized as a diuretic and as astringent, and as a folk
remedy for the treatment of cancer and various dis-
eases.3 Therefore, T. avellanedae is worthy of attention
because of its highly promising therapeutic effects and
has been extensively investigated as an important medic-
inal resource.4


Findings of the antitumor activity of an alcoholic extract
of the stem bark of this plant3b and efforts to find clinically
acceptable antitumor compounds led to the discovery of a
series of naphthoquinones based on the naphtho[2,3-
b]furan-4,9-dione skeltone such as (�)-5-hydroxy-2-
(1 0-hydroxyethyl)naphtho[2,3-b]furan-4,9-dione (1) and
its positional isomers, (±)-8-hydroxy-2-(1 0-hydroxyethyl)-
naphtho[2,3-b]furan-4,9-dione (2) (Fig. 1).5 Extensive
studies demonstrated that the constituent naphtho[2,3-b]-
furan-4,9-dione congeners including compounds 1 and 2
showed potent cytotoxicity against numerous tumor cell
lines.6 Among these naphthoquinones, compound 1
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exhibited remarkably potent inhibition against Epstein-
Barr virus early antigen (EBV-EA) activation induced
by the tumor promoter, 12-O-tetradecanoylphorbol-13-
acetate (TPA).7 Further compound 1 strongly inhibited
TPA-induced tumor promotion on mouse skin initiated
with 7,12-dimethylbenz[a]anthracene (DMBA) in two-
stage carcinogenesis tests. Therefore, compound 1 was
found also to act as a cancer chemopreventive agent.6,8


According to previous studies on the chemical constitu-
ents of T. avellanedae, however, the yield of 1 from the in-
ner bark of the tree was less than 0.001%.5,7 On the other
hand, the naphthoquinones described above can be ob-
tained from the inner bark of only wild T. avellanedae
plants of over 20 years old.7 Moreover, artificial propaga-
tion of this plant is very difficult. These barriers have so far
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prevented further studies on biological properties of the
naphtho[2,3-b]furan-4,9-dione congeners and conse-
quently promoted us to synthesize 1.


Although synthetic studies of other naphthoquinones
isolated from the heartwood of this plant such as lapa-
chol (3) and b-lapachone (4) have been extensively car-
ried out,9 the number of reports on the synthesis of
naphtho[2,3-b]furan-4,9-diones is limited.10 Among
them, Fujimoto et al. obtained a mixture of racemates
1 and 2, which were inseparable on silica gel chromatog-
raphy.10a Separation of racemates 1 and 2 was accom-
plished through several steps including acylation,
column chromatography, and alkaline hydrolysis. Final-
ly, 1 and (R)-1 were obtained by HPLC on a chiral col-
umn.10a In this paper, we report the stereoselective
synthesis of 1 starting from 1,5-dihydroxynaphthalene
(5). In addition, we also describe its cytotoxicity against
several human tumor cell lines, human normal cells and
in vitro cancer chemopreventive activity, comparing
with those of racemate, 1 and (R)-1.


The first stereoselective synthesis of 1 was accomplished
starting from commercially available 1,5-dihydroxy-
naphthalene (5) (Scheme 1). For the synthesis of juglone
(6), compound 5 was oxidized with air in the presence of
CuCl in the dark to give 6 in 47% yield.11 Chemical
transformations of 6 to 8 were carried out according
to the reported methods12 with some modifications.
Oxidative amination of 6 with dimethylamine (2.0 M
solution in THF) in toluene at �40 �C gave 2-dimethyla-
minojuglone (7) and 3-dimethylaminojuglone in 48%
and 10% yields, respectively. According to the previous
paper,12a liquid dimethylamine (boiling point: �6 �C)
was used for this step, whereas compound 7 was
obtained also with a THF solution of dimethylamine,
which is suitable for practical use, in comparable chem-
ical yield and regioselectivity. Deamination of 2-dimeth-
ylaminojuglone (7) with 10% aqueous HCl gave

OH O


O


NMe2


OH O


O


OH


OH O


O


O O


OH O


O


O O
+


OH


OH


OH O


O5 6


7 8


9 10


e


Scheme 1. Synthesis of 10. Reagents and conditions: (a) CuCl,


CH3CN, air, rt, 47%; (b) Me2NH, toluene, THF, �40 �C, 48% and


10% for 7 and 3-dimethylaminojuglone, respectively; (c) 10% HCl,


dioxane, reflux, 97%; (d) 3,4-dibromobutan-2-one, DBU, THF, rt,


79% and 16% for 9 and 10, respectively; (e) MnO2, CHCl3, reflux, 51%.

2-hydroxy-1,4-naphthoquinone (8) in improved yield
compared with the previous method.12b The naph-
tho[2,3-b]furan-4,9-dione skeleton was constructed
based on the method reported by Hagiwara et al.10b


Thus, the reaction of 8 with 3,4-dibromobutan-2-one,
which was synthesized from commercially available
but-3-en-2-one and bromine, in the presence of DBU
in THF afforded naphthodihydrofuran 9 in 79% yield
and the desired natural naphthofuran 10 in 16% yield
after separation by silica gel column chromatography.
Naphthodihydrofuran 9 in chloroform was further trea-
ted with MnO2 to provide the natural naphthofuran 10
in 51% yield along with 44% recovery of the dihydrofu-
ran 9. Subsequent Noyori reduction accomplished the
stereoselective synthesis of 1 (Scheme 2). 13–16 Asymmet-
ric transfer hydrogenation of naphthofuran 10 in a for-
mic acid-triethylamine mixture and CH2Cl2 catalyzed by
a commercially available chiral Ru(II) complex, Ru
[(S,S)-Tsdpen] (p-cymene), RuCl [(S,S)-Tsdpen] (p-cym-
ene), RuCl [(S,S)-Tsdpen] (mesitylene), RuCl [(S,S)-
Msdpen] (p-cymene),17 revealed that naphthofurane 10
can be reduced to the corresponding secondary alcohol
in high chemical yield and enantiomeric excess (89–
91% yield, 95–96% ee).


Compounds 1 and (R)-1 were screened against a panel
of human tumor cell lines including PC-3 (prostate),
A549 (lung), and MCF-7 (breast), in order to explore
their anticancer spectra.18 The results are shown in
Table 1. Compound 1 exhibited potent cytotoxicity
against all three cell lines, especially PC-3 and A549,
while (R)-1 was less cytotoxic against all three cell lines.
It is noteworthy that the cytotoxicity of 1 against PC-3
was comparable to that of mitomycin, which is known
as a strong cytotoxic agent against a panel of human tu-
mor cell lines. On the other hand, 1 and (R)-1 revealed
lower cytotoxicity toward a panel of human normal cell
lines including Fb (skin), Hc (liver), MPC-5 (lung), and
IE (colon) than mitomycin (Table 2). It is also notewor-
thy that 1 was less cytotoxic against all four cell lines
(11.1–54.5 lM) than mitomycin that displayed potent

Table 1. Cytotoxic effect of racemate 1, (R)-1, 1, and mitomycin


against human tumor cell linesa,b


Compound EC50 (lM)


PC-3 A549 MCF-7


Racemate 1 0.56 3.24 8.5


(R)-1 0.93 3.0 9.3


1 0.14 0.96 3.5


Mitomycin 0.14 0.43 0.96


a Cell line: PC-3, prostate, A549, lung, MCF-7, breast.
b Cell viability was evaluated by the Trypan blue staining method.
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Scheme 2. Chiral Ru catalyst mediated asymmetric hydrogenation of


naphthofuran 1.







Table 2. Cytotoxic effect of racemate 1, (R)-1,1, and mitomycin


against human normal cell linesa,b


Compound EC50 (lM)


Fb Hc MPC-5 IE


Racemate 1 45.4 89.3 89.3 158


(R)-1 39.7 29.8 65.9 39.7


1 11.1 11.1 29.7 54.5


Mitomycin 0.93 1.46 2.1 1.46


a Cell line: Fb, skin; Hc, liver; MPC-5, lung; IE, colon.
b Cell viability was evaluated by the Trypan blue staining method.


Table 3. Inhibitory effects on TPA-induced EBV-EA activation


Compound EBV-EA positive cells (% viability)a


Compound concentration (mol ratio/32 pmol TPA)


1000 500 100 10 IC50
c (lM)


Racemate 1 0 (60)b 6.2 (70) 20.7 52.9 34.9


(R)-1 0 (70) 9.7 24.7 59.4 38.9


1 0 (60) 4.4 (60) 16.9 50.0 33.2


b-Lapachone 4.7 (50) 21.7 50.4 73.1 210.3


Lapachol 8.9 (50) 32.8 (60) 65.2 86.6 311.4


a Values represent relative percentage to the positive control value


(100%).
b Values in parentheses represent viability percentages of Raji cells


measured through Trypan blue staining; unless otherwise stated, the


viability percentage of Raji cells was more than 80%.
c IC50 value of curcumin, a positive control substance, was 345 lM.
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cytotoxicity against the normal cell lines (0.93–
1.46 lM). These results suggest that 1 could be a prom-
ising candidate for the development of anticancer drugs.


Compound 1 has already been known to act as a cancer
chemopreventive agent.8 In order to compare in vitro
cancer chemopreventing activity of (R)-1 with that of
1, 1 and (R)-1 were evaluated for their inhibitory effects
on EBV-EA activation induced by TPA in Raji cells as a
primary screening test for antitumor promoters (Table 3).
In this assay, both 1 and (R)-1 showed potent inhibition
on EBV-EA activation without cytotoxicity against Raji
cells dose-dependently (100%, 90–95%, 75–83%, 41–50%
inhibition at 1000, 500, 100, and 10 mol ratio/TPA,
respectively). In particular, 1 exhibited significantly po-
tent inhibitory effects on EBV-EA activation. The inhib-
itory activities of these compounds were greater than
those of b-lapachone and lapachol, which are known
as congeners of 1 in T. avellanedae.


In conclusion, the concise stereoselective synthesis of 1
was completed by using Noyori reduction as a key step.
Compound 1 showed potent cytotoxicity and cancer
chemopreventive activity. Future progress on related
series will be reported in due course.
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Abstract—Nitrofuranyl isoxazolines with increased proteolytic stability over nitrofuranyl amides were designed and synthesized
leading to discovery of several compounds with potent in vitro anti-tuberculosis activity. However, their in vivo activity was limited
by high protein binding and poor distribution. Consequently, a series of non-nitrofuran containing isoxazolines were prepared to
determine if the core had residual anti-tuberculosis activity. This led to the discovery of novel isoxazoline 12 as anti-tuberculosis
agent with a MIC90 value of 1.56 lg/mL.
� 2007 Elsevier Ltd. All rights reserved.
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Mycobacterium tuberculosis is a very successful patho-
gen that infects one-third of the world’s population.1


The emergence of multi-drug resistant tuberculosis and
extensively drug resistant tuberculosis coupled with an
increasing number of tuberculosis patients due to the
overlap between tuberculosis and AIDS epidemics has
created an urgent need to develop novel therapeutics
to treat this deadly disease.1 In order to develop a better
chemotherapeutic regime, it is believed that drugs are
most needed to treat the latent phase of this disease.
Unfortunately, latent bacteria are intrinsically more dif-
ficult to treat.2 The nitroaromatic class of antibiotics is
one of the few classes of antibiotics that have shown
activity against latent M. tuberculosis, and nitroimidaz-
oles PA-824 and OPC-67683 are in current clinical trials
to treat tuberculosis.3 We chose to investigate a related
class, the nitrofurans. Previously, we discovered and
developed a series of nitrofuranyl amides with excellent
in vitro activity against M. tuberculosis (Fig. 1).4 How-
ever, this series of compounds did not perform well dur-
ing in vivo studies due to a short biological half life and
rapid elimination. The amide linkage (shown in green,
Fig. 1) was thought to be the major reason for the
observed metabolic instability. Thus in this current
study we evaluated the replacement of the amide linker
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with an isoxazoline linker (shown in pink, Fig. 1). The
isoxazoline ring system represents a stable bioisosteric
replacement for the amide bond that is found among
many biologically active molecules and drugs.5


The synthesis of the nitrofuranyl isoxazoline compounds
is shown in Scheme 1. First, the olefin 2 was prepared in
good yield (88%) by a palladium-catalyzed aromatic
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12
Novel non-nitrofuranyl isoxazoline


Figure 1. Discovery of novel isoxazoline compound in the course of


developing nitrofuran anti-tuberculosis agents.
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Scheme 1. Synthesis of nitrofuranyl derivatives with an isoxazoline linker. Reagents and conditions: (a) N-Boc piperazine or piperidine, PdCl2[P(o-
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K2CO3, DMF, rt, 6 h; (e) EtOCOCl, Et3N, THF, rt, 6 h; (f) iPrNCO, Et3N, THF, rt, 6 h.
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amination reaction on p-bromo styrene 1 with N-Boc-
piperazine.6 Second, to establish the isoxazoline bridge,
the nitrile oxide was generated in situ from oxime 4 fol-
lowing Torsell’s procedure, which upon treatment with
olefin 2, underwent a [3 + 2] regioselective cycloaddi-
tion7 to give isoxazoline 5 in 67% yield.8 Boc-deprotec-
tion of 5 was achieved by aqueous trifluoroacetic acid
treatment to yield the free amine. The free amine was
treated with benzyl bromide in the presence of K2CO3


to afford 6a (59%). Compounds 6b and 6c were obtained
by reacting the free amine with ethyl chloroformate and
isopropyl isocyanate (82% and 86%), respectively.9


Compound 7 was synthesized in a similar manner to
compound 5 starting by reacting 1 and piperidine to
form 3 (86% yield) and then reacting 3 with 4 to give
isoxazoline 7 (63% yield).


The anti-tuberculosis activity of compounds 5, 6a–c, and
7 were tested using microbroth dilution (Table 1).10 All
compounds in this series demonstrated outstanding
MIC activity and compounds 6a–c were advanced
for in vivo testing in a short term mouse model of
tuberculosis infection.11 Unfortunately, only modest
reduction in the bacterial load was observed after a
9 day treatment regime (Table 1) (P < 0.05). This led
us to more closely examine the biopharmaceutic and
pharmacokinetic properties of the series. Solubility
was determined at two different pH values using a
miniaturized shake-flask method.12 Metabolic stability
of the compounds was assessed in pooled rat liver
microsomal preparations by monitoring disappearance
of the compound. The percentage of intact parent
compound was estimated using an LC–MS/MS assay.
Plasma protein binding was determined by equilibrium
dialysis using RED� devices (Pierce Biotechnology
Inc., Rockford, IL). The results of these studies are
also included in Table 1. Compound 6a was selected
for further in vivo evaluation of pharmacokinetic
properties in rats. Compound 6a was found to have
an oral bioavailability of about 35%, an acceptable
elimination half-life about 2.6 h but a relatively small
volume of distribution of 2.0 L/kg.13 The in vivo effi-
cacy of anti-infective agents is usually dictated by
their intrinsic antimicrobial activity and their free, un-
bound concentration in the target tissue, as only free,
non-protein bound drug is pharmacologically active.

Thus these results seem to suggest that the limiting
factor for these highly protein bound compounds is
tissue penetration.


The outstanding anti-tuberculosis potency of 5–7 led us
to question if the core isoxazoline scaffold itself had any
intrinsic anti-tubercular activity. To test this hypothesis,
a subsequent set of isoxazoline compounds was synthe-
sized keeping the main core but altering the nitrofuran
portion (Scheme 2) using a similar synthetic strategy.
First, the p-bromostyrene was subject to a palladium
catalyzed amination reaction with benzylpiperazine un-
der similar conditions described earlier to give the olefin
intermediate 9 in 79% yield. Then 9 was reacted with dif-
ferent oximes in the presence of NaOCl and catalytic tri-
ethylamine to give corresponding 3 + 2 cycloaddition
products 10a–d in 45–60% yields. The ester analog was
created by reacting 9 with the commercially available
building block 11 in the presence of base triethylamine
to afford isoxazoline ethyl ester derivative 12 in 71%
yield.14


The anti-tuberculosis activity of this series was determined
and is shown in Table 2. Compound 12 was most active
with a MIC90 of 1.56 lg/mL against M. tuberculosis.
The remainder of the compounds 10a–d did not show
any appreciable activity. Importantly, 12 represents a
novel isoxazoline chemotype for which anti-tuberculosis
properties have not been previously noted.


In conclusion, isoxazoline linked nitrofurans were syn-
thesized. These compounds had better anti-tuberculosis
activity in vitro and had improved serum half lives over
corresponding compounds in the previous nitrofuranyl
amide series, demonstrating that the strategy of replac-
ing the amide bond with isoxazoline ring was success-
ful.4 However, the series still possessed limited in vivo
efficacy. A detailed pharmacokinetic analysis of these
agents showed them to be limited by low solubility, high
serum protein binding, and a low volume of distribu-
tion. When these results are combined, it strongly sug-
gests that in vivo efficacy is limited by poor tissue
penetration and low concentrations of free drug at the
site of infection. These factors are now being addressed
in the design of the next generation of compounds in this
series.







Table 1. Anti-tuberculosis activity and in vitro data of nitrofuran compounds with isoxazoline linkage (NT, not tested)
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Table 2. Anti-tuberculosis activity of isoxazolines 10a–d and 12
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Scheme 2. Synthesis of Isoxazoline compounds by altering the nitrofuran motif. Reagents and conditions: (a) PdCl2[P(o-tol)3], NaOtBu, toluene,


100 �C, 3 h; (b) oxime, 5% NaOCl, cat. Et3N, CH2Cl2, rt, (c) Et3N, CH2Cl2, rt.
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As the nitrofuranyl isoxazole series was so potent
in vitro, we explored if the core isoxazoline had any
intrinsic anti-tuberculosis activity. This led to the dis-
covery of a novel isoxazoline compound 12 with
MIC90 value of 1.56 lg/mL. This is a new chemotype
though less potent than the nitrofurans it does offer
some significant potential advantages including in-
creased solubility as the compounds are less crystalline
and lower potential side effects as no nitro group is pres-
ent. Further optimization of this series is ongoing and
will be reported subsequently.

Acknowledgment


We thank National Institutes of Health Grant AI062415
for financial support.

References and notes


1. ‘Tuberculosis’ WHO Fact Sheet No. 104. Health Com-
munications, WHO: Geneva, 2006,http://www.who.int/
mediacentre/factsheets/fs104/en/index.html.

2. Boshoff, H. I. M.; Barry, C. E., 3rd Nat. Rev. Microbiol.
2005, 3, 70.


3. Barry, C. E.; Boshoff, H. I.; Dowd, C. S. Curr. Pharm.
Des. 2004, 10, 3239.


4. (a) Tangallapally, R. P.; Yendapally, R.; Lee, R. E.;
Hevener, K.; Jones, V. C.; Lenaerts, A. J. M.; McNeil, M.
R.; Wang, Y.; Franzblau, S.; Lee, R. E. J. Med. Chem.
2004, 47, 5276; (b) Tangallapally, R. P.; Yendapally, R.;
Lee, R. E.; Lenaerts, A. J. M.; Lee, R. E. J. Med. Chem.
2005, 48, 8261; Tangallapally, R. P.; Lee, R. E. B.;
Lenaerts, A. J. M.; Lee, R. E. Bioorg. Med. Chem. Lett.
2006, 16, 2584; For a review, see: (d) Tangallapally, R. P.;
Yendapally, R.; Daniels, A. J.; Lee, R. E. B.; Lee, R. E.
Curr. Top. Med. Chem. 2007, 7, 509.


5. For recent reviews related to oxazolidinone and oxazoli-
dine antibacterial agents, see: (a) Renslo, A. R.; Luehr, G.
W.; Gordeev, M. F. Bioorg. Med. Chem. 2006, 14, 4227;
(b) Sood, R.; Bhadauriya, T.; Rao, M.; Gautam, R.;
Malhotra, S.; Barman, T. K.; Upadhyay, D. J.; Rattan, A.
Infect. Disord. Drug Targets 2006, 6, 343; (c) Zappia, G.;
Menendez, P.; Delle Monache, G.; Misiti, D.; Nevola, L.;
Botta, B. Mini Rev. Med. Chem. 2007, 7, 389; For a paper
regarding glycoprotein IIb/IIIa receptor antagonists, see:
(d) Sielecki, T. M.; Liu, J.; Mousa, S. A.; Racanelli, A. L.;
Hausner, E. A.; Wexler, R. R.; Olson, R. E. Bioorg. Med.
Chem. Lett. 2001, 11, 2201; For papers regarding factor
Xa inhibitors, see: (e) Quan, M. L.; Liauw, A. Y.; Ellis, C.
D.; Pruitt, J. R.; Carini, D. J.; Bostrom, L. L.; Huang, P.
P.; Harrison, K.; Knabb, R. M.; Thoolen, M. J.; Wong, P.
C.; Wexler, R. R. J. Med. Chem. 1999, 42, 2752; (f) Lam,
P. Y. S.; Adams, J. J.; Clark, C. G.; Calhoun, W. J.;
Luettgen, J. M.; Knabb, R. M.; Wexler, R. R. Bioorg.
Med. Chem. Lett. 2003, 13, 1795; For a paper regarding
human leukocyte elastase (HLE) inhibitors, see: (g)
Groutas, W. C.; Venkataraman, R.; Chong, L. S.; Yoder,
J. E.; Epp, J. B.; Stanga, M. A.; Kim, E.-H. Bioorg. Med.
Chem. 1995, 3, 125; For papers regarding antibacterials,
see: (h) Pirrung, M. C.; Tumey, L. N.; Raetz, C. R. H.;
Jackman, J. E.; Snehalatha, K.; McClerren, A. L.; Fierke,
C. A.; Gantt, S. L.; Rusche, K. M. J. Med. Chem. 2002,
45, 4359; (i) Barbachyn, M. R.; Cleek, G. J.; Dolak, L. A.;
Garmon, S. A.; Morris, J.; Seest, E. P.; Thomas, R. C.;
Toops, D. S.; Watt, W.; Wishka, D. G.; Ford, C. W.;
Zurenko, G. E.; Hamel, J. C.; Schaadt, R. D.; Stapert, D.;
Yagi, B. H.; Adams, W. J.; Friis, J. M.; Slatter, J. G.;
Sams, J. P.; Oien, N. L.; Zaya, M. J.; Wienkers, L. C.;
Wynalda, M. A. J. Med. Chem. 2003, 46, 284.


6. Guram, A. A.; Rennels, R. A.; Buchwald, S. L. Angew.
Chem., Int. Ed. Engl. 1995, 34, 1348.


7. 1,3-Dipolar Cycloaddition Chemistry; Padwa, A., Ed.;
Wiley: New York, 1984.



http://www.who.int/mediacentre/factsheets/fs104/en/index.html

http://www.who.int/mediacentre/factsheets/fs104/en/index.html





6642 R. P. Tangallapally et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6638–6642

8. Sammelson, R. E.; Miller, R. B.; Kurth, M. J. J. Org. Chem.
2000, 65, 2225. General procedure for 3 + 2 cycloaddition to
form isoxazoline linkage: Olefin (1.0 equiv), aldoxime (1.0–
1.5 equiv), and Et3N (0.2 equiv, catalytic) were dissolved in
DCM, and the solution was cooled to 0 �C. Bleach contain-
ing 5% NaOCl by weight (3–6 equiv) was added dropwise to
the vigorously stirring solution. The biphasic mixture was
allowed to warm to room temperature and stirred for 8 h
overnight. An additional volume of water (equal to the
volume of bleach) was added and the layers were separated.
The aqueous layer was extracted two to three additional
times with DCM, and the combined organic layers were
dried with sodium sulfate, rota-evaporated, and flash
column purified to give the product as an enantiomeric
mixture. In case of poor solubility of oxime such as
nitrofuranyl oxime, a 1:1 mixture of DCM and THF was
used as reaction solvent. In this case, for workup, after the
reaction the reaction mixture was concentrated on rota-
evaporator and the crude product obtained was subjected to
water work up. Caution: Nifuraxime is light sensitive hence
proper precautions have to be taken during weighing, trans-
ferring, etc.


9. Representative analytical data of compound 6a. 1H NMR
(500 MHz, CDCl3): d 2.5–2.62 (4H, broad s), 3.1–3.23
(4H, m), 3.32 (1H, dd, J = 9.0, 17.3 Hz), 3.53 (2H, s), 3.66
(1H, dd, J = 11.2, 17.3 Hz), 5.66 (1H, dd, J = 9.0,
11.2 Hz), 6.83 (2H, d, J = 8.7 Hz), 6.95 (1H, d,
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(h)

AUC1
(lg h/L)
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distribution


(L/kg)

Clearance


(L/h/kg)

Bio-


availability

IV


(10 mg/kg)

2.6

 19,091

 2.0

 0.53

 N/A

Oral


(100 mg/kg)

4.2

 65,931

 9.3

 1.58

 34.5%

14. Synthetic procedure for compound 12. To a stirred mixture
of olefin 9 (0.2 g, 0.719 mmol) and Et3N (0.2 mL,
1.438 mmol) in anhydrous CH2Cl2 (10 mL), ethyl chlorox-
imido acetate (0.163 g, 1.079 mmol) was added in portions
at 0 �C. The reaction mixture was stirred at rt for 8 h and
washed with water (2 · 10 mL), dried (anhyd. Na2SO4),
and concentrated under reduced pressure. The crude
product was purified by flash chromatography to give 12
(0.2 g, 71%) as a yellow solid. 1H NMR (500 MHz, CDCl3):
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62.07, 63.06, 85.33, 115.79, 127.22, 127.31, 128.35, 129.23,
129.56, 138.01, 151.28, 151.69, 160.78; MS: 394.4 (M + 1);
HPLC purity: 100% tR = 5.13 min.
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Abstract—Explorations in the pyrimidinetrione series of MMP-13 inhibitors led to the discovery of a series of spiro-fused com-
pounds that are potent and selective inhibitiors of MMP-13. While other spiro-fused motifs are hydrolytically unstable, presumably
due to electronic destabilization of the pyrimidinetrione ring, the spiropyrrolidine series does not share this liability. Greater than
100-fold selectivity versus other MMP family members was achieved by incorporation of an extended aryl–heteroaryl P1 0group.
When dosed as the sodium salt, these compounds displayed excellent oral absorption and pharmacokinetic properties. Despite
the selectivity, a representative of this series produced fibroplasia in a 14 day rat study.
� 2007 Elsevier Ltd. All rights reserved.

In an effort to identify new compounds that can modu-
late the progression of osteoarthritis (OA), our group
has focused on inhibitors of MMP-13.1–11 In many re-
spects, MMP-13 appears to be an ideal point of thera-
peutic intervention in this debilitating disease. Not
only is MMP-13 present in human OA cartilage,12 and
co-localized with cleaved type II collagen,13 but it also
degrades both type II collagen and cartilage.14,15 An
agent that could slow or stop this process has been the
ultimate goal of many research groups over the last
two decades.16–25


Although a number of MMP inhibitors have been
advanced into clinical trials, the results of these studies
have been disappointing. The most consistent clinical
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finding has been the observation of musculoskeletal syn-
drome (MSS).6,26,27 This side effect is observed as signif-
icant joint stiffening, which is reversible when dosing is
interrupted. It is reasonable to suggest that this effect
is due to the inhibition of normal extracellular matrix
turnover, possibly due to inhibition of MMPs other
than MMP-13. To test this hypothesis, we began a
research program that was distinct from our earlier
efforts in this disease area,6 one designed to discover
potent MMP-13 inhibitors at least 100· selective against
a panel of related MMPs.1


Recent publications by several groups, including ours,
have described the utility of the pyrimidinetrione as a
zinc binding moiety.1,2,20,21 As described by Reiter
et al., extension of a long, lipophilic P1 0substituent in
conjunction with the proper placement of heteroatoms
can produce compounds which meet our selectivity cri-
teria for development candidates. In a parallel effort, a
series of related spirocyclic analogs were also investi-
gated (Fig. 1).28
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Figure 1. Sequential acyclic nitrogen replacement analogs, and proposed cyclization strategy.
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A cyclic design would not be possible with a divalent
oxygen atom as a point of attachment, and would re-
quire a nitrogen atom link to the pyrimidinetrione.
Thus, our first objective was to explore sequential, single
atom changes to understand their separate effects on
potency and selectivity.


The single change of nitrogen for carbon at position X, 1
versus 2 (Table 1), showed a distinct drop in potency,
and reduced MMP-12 selectivity relative to compound
1.29 The threefold improvement in potency of diaza ana-
log 3 (over 2) demonstrated that a nitrogen link was
compatible with potent MMP-13 activity and encour-
aged us to pursue the proposed N-linked spirocyclic
derivatives.


The first cyclic variant examined was spiro-lactam 4
(Table 2),30 a compound that is structurally similar to
a series of spirocyclic lactams that have since been dis-
closed by a research group at Bristol-Myers Squibb.
The potency of this compound corroborated their earlier
reported findings.20 The fact that 4 and 3 were roughly
equipotent and showed similar selectivity confirmed
the original hypothesis that changing from an acyclic
to a cyclic linker could be a productive strategy. While
these compounds had lost 5–6· potency relative to the
original ethoxyethyl analog 1, a larger problem of solu-
tion stability with the spirocyclic lactam systems was dis-
covered. Exposing these analogs to PBS (pH 7.2) at
25 �C caused rapid decomposition of the parent analog
(t1/2 = 3.8 days). We reasoned that the decomposition
could be due to lactam ring opening, and thus examined
a range of other possible spirocyclic motifs (Table 2).


Unfortunately, most of these systems were less potent
than lactam 4. Changing the lactam to a cyclic sulfon-
amide produced compound 5, which was approximately
40-fold weaker than the original lactam. Substitution of
the original five membered lactam with gem-dimethyl
groups gave 6 which was twofold weaker than the
unsubstituted lactam. These analogs were also less stable
in solution that the original lactam. The addition of a
single methylene unit to form the six membered lactam
7 resulted in a threefold drop in potency. Both methyl-

Table 1. MMP-13 potency and selectivity for acyclic nitrogen


replacement analogs


Compound MMP-13


IC50 (nM)


MMP-2 selectivity


(X-fold)


MMP-12 selectivity


(X-fold)


1 0.6 8.3 46.5


2 8.9 16.6 7.1


3 2.9 14.7 10.7

ated and unsubstituted cyclic ureas (8 and 9) were five-
fold less potent.


Since compounds 5 and 6 were less stable in solution
than the original lactam, we considered the possibility
that the solution instability was due to pyrimidinetrione
ring opening which would be enhanced by the presence
of electron withdrawing groups (e.g., lactam, sulfon-
amide). To test this idea, spirocyclic pyrrolidines were
prepared as shown in Scheme 1. Reaction of aminopyri-
dines with bromodiethylmalonate produced alkylated
aniline derivatives. These could be cyclized to pyrrolidines
by treatment with 1,3-dibromopropane and cesium car-
bonate in DMF. The 2,2 0-dicarboxyethyl pyrrolidines
could then be converted to the corresponding pyrimidin-
etrione by treatment with urea and sodium ethoxide.


The spiropyrrolidine series was found to be stable in
solution (t1/2 > 1000 days, for 10b tested as a surrogate
for 10a), which supported our hypothesis that electronic
destabilization of the pyrimidinetrione caused solution
instability. While slightly less potent than acyclic analog
1, 10a was more potent than any other nitrogen-linked
analog (cyclic or acyclic) containing a simple terminal
fluorine atom. In the overall comparison of 1 and 10a,
the slight drop in potency (2·) was reasonably balanced
by a slight drop in lipophilicity (c logP drops by
�0.25 U), providing opportunity for further optimiza-
tion. While the pyrrolidine did not display an inherent
improvement in selectivity, we felt that optimization to
improve selectivity by extension of the P1 0group, and
the proper placement of heteroatoms within that ex-
tended tail was possible.


To this end, the fluorine atom at the terminal phenyl
ring was replaced by more elaborate aryl–heteroaryl sys-
tems which had already provided potent and selective
inhibitors of MMP-13 in related, acyclic phenyl oxa-
zole1,31 and benzimidazole systems.32 In these com-
pounds, the spirocyclic pyrrolidine modification gave
modest (5–10·) increases in potency, relative to the acy-
clic, oxygen-linked analogs (Table 3). In general, high
levels of selectivity observed in the acyclic analogs for
MMP-12 and MMP-8 translated to comparably high
levels in the spirocyclic pyrrolidine system.33,34 This
was not surprising, since the extended P1 0group in this
system should be positioned to contact the same vari-
able loop at the base of the S1 0pocket which is likely
responsible for the observation of selectivity in the acy-
clic system.1 Unfortunately, the same was not true for
MMP-2 selectivity. MMP-2 selectivity was somewhat
compromised in the spirocyclic analogs. In several cases
(see compounds 14, 16, and 20) the selectivity ratio







Table 2. Various spirocyclic linkers


Compound Structure MMP-13


IC50 (nM)


MMP-2 selectivity


(X-fold)


MMP-12 selectivity


(X-fold)


t1/2 solution stability


(days)


4
HN


N
H


O


O O


N
N


O


O


F 3.49 16.4 23.2 3.8


5
HN


N
H


O


O O


N
S


N


O


O


F


O


138 7.39 2.09 1.1


6 HN


N
H


O


O O


N
N


O


O


F 7.33 13.6 17.6 2.8


7
HN


N
H


O


O O


N
N


O


F
O


11.7 9.40 86.5 ND


8 HN


N
H


O


O O
N


H
N


N


O


O


F 15.1 16.1 21.5 ND


9 HN


N
H


O


O O


N


N


N


O


O


F 12.0 13.8 14.2 ND


10a
HN


N
H


O


O O


N
N


O


F 1.57 8.92 33.6 ND


10b HN


N
H


O


O O


N
N


O


Br 0.6 5.83 22.0 >1000


Scheme 1. Synthesis of spiropyrrolidine 10a.
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dropped below the desired 100· threshold for progres-
sion through our screening cascade. Within the 4-phe-
nyl-oxazole series, SAR suggested that MMP-2
selectivity at the desired 100-fold level was only attain-
able with substituents in the para-position.

In the benzimidazole series (compounds 22, 24, and 26)
the spirocyclic linker still provided a 5–10· potency in-
crease. In this subseries, however, the selectivity trends
were different. It was no longer difficult to achieve high
levels of MMP-2 selectivity, and MMP-8 selectivity was







Table 3. Spirocyclic pyrrolidines versus oxygen-linked ethoxyethyl analogs


HN


N
H


N


O


O


N
O


O


Series A


HN


N
H


O


O


O


O
O


Series B


OEt


Compound R Series MMP-13 (nM) MMP-2 (X) MMP-12 (X) MMP-8 (X)


1
F


A 0.59 9 48 ND


10 B 1.6 6 34 ND


11


O


N
F


A 0.68 400 568 237


12 B 0.12 127 1198 312


13
O


N


F


A 0.93 537 849 269


14 B 0.16 67 ND ND


15
O


N


F


A 0.35 273 906 128


16 B 0.09 32 ND ND


17


O


N
CN


A 0.43 444 394 247


18 B 0.05 137 931 303


19
O


N


CN


A 0.52 31 133 156


20 B 0.11 15 ND ND


21
N


N
H


A 0.49 280 99 643


22 B 0.11 252 107 273


23
N


N
H


Cl


A 0.96 150 39 438


24 B 0.1 552 85 349


25
N


N
H


F


A 0.4 353 147 648


26 B 0.08 238 167 ND
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also attainable. Now, MMP-12 selectivity became more
challenging (similar to the acyclic analogs 21, 23, and
25). While the use of the spirocyclic linker did provide
modest increases in selectivity, these were not always en-
ough to meet our goal of 100-fold for progression
through our entire screening cascade.


Given the selectivity and potency in this series, a number
of compounds were progressed to rat pharmacokinetic
studies. Among these, 12 was found to have an excellent
PK profile (Clp 3.9 mL/min/kg, Vdss 1.3 L/kg, t1/2 4.5 h).
When compared to the corresponding analog in the acy-
clic series, these spirocyclic analogs generally gave both
increased volume and clearance, the net effect of which
resulted in a very similar t1/2 value. As with the oxy-
gen-linked analogs, high oral absorption is obtained
when these compounds are dosed as the sodium salt.
Compound 12 is very effective at preventing the
MMP-13 induced in vitro degradation of bovine nasal
cartilage (as measured by hydroxyproline release) with

an IC50 of 12 nM.35 Compound 12 also performed very
well in our in vivo hamster model of direct intraarticular
injection of MMP-13 into the knee joint (>80% inhibi-
tion at 10 mg/kg po).36


Owing to its positive attributes, 12 was chosen to test the
hypothesis that a selective inhibitor of MMP-13 from
this spirocyclic series could avoid the MSS side effect.
Thus, 12 was advanced to a 14-day rat fibroplasia study,
a surrogate for the production of MSS in humans.37 No
acute toxicity was observed at doses of 30, 100, 300, and
800 mg/kg bid. At the highest two doses (300 and
800 mg/kg bid) comparable Cmax were obtained (63
and 52 lg/mL, respectively). Histological examination
revealed one instance of fibroplasia in each of these
groups. Whether this fibroplasia resulted from the high
Cmax causing inhibition of MMP-2 or -9 (each of which
compound 12 was �100· selective for), a combination
of both, or another unidentified MMP has not been
determined.







K. D. Freeman-Cook et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6529–6534 6533

In conclusion, we have described the discovery of a no-
vel series of spirocyclic pyrimidinetrione inhibitors of
MMP-13. Close-in modifications of the electron with-
drawing ability of the spirocyclic linker provided dra-
matic variations in solution stability. Attachment of
extended P1 0groups gave compounds that were potent,
selective, and had excellent pharmacokinetic properties.
These compounds provided in vitro and in vivo protec-
tion to cartilage, and showed no acute toxicity despite
very high doses for 14 days. However, in the same study,
pre-clinical signs of MSS were observed. These findings
were sufficient to cause the termination of the pre-clini-
cal work on these analogs.
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benzimidazol-2-yl)phenoxy)pyridin-3-yl)pyrrolidine-2,2-
dicarboxylate. Treatment of this diester with urea and
sodium ethoxide produced 22. For (24), the same steps are
performed, but using 1,2-diamino-4-chlorobenzene. For
(26), the same steps are performed, but using 1,2-diamino-
4-fluorobenzene.
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Abstract—Esculentoside A (EsA) has been reported to possess anti-inflammatory activity and selective inhibitory activity towards
cyclooxygenase-2. A series of derivatives of EsA were synthesized by converting the C-28 carboxylic acid group into amides. The
haemolytic activity and inhibitory activity towards cyclooxygenase-2 were evaluated in vitro. The SAR study of the derivatives
was conducted and showed that introducing aromatic ring to EsA greatly enhanced its biological activity. Compound 23 showed
higher inhibitory activity than Celecoxib and EsA, but lower haemolytic toxicity than EsA.
� 2007 Elsevier Ltd. All rights reserved.

The Chinese herb Phytolacca esculenta has been proved
to have striking therapeutic effects on a number of
diseases such as rheumatoid arthritis, oedema and can-
cer. Esculentoside A (EsA), a kind of triterpene saponin
isolated from roots of Phytolacca esculenta, has been
identified as 3-O-[b-DD-glucopyranosyl-(1,4)-b-DD-xylopyr-
anosyl] phytolaccagenin (1).1 Our previous research
showed EsA has strong inhibition on acute and chronic
inflammation in various kinds of animal models.2–5 We
have demonstrated that the mechanism of its anti-
inflammation effect might be associated with the reduc-
tion of several key inflammatory mediators. In vivo,
EsA dose-dependently decreased the TNF, IL-1 and
IL-6 levels in the sera of mice following LPS challenge.
In vitro, EsA significantly reduced the release of TNF,
IL-1 and IL-6 from the peritoneal macrophage of
mice.6–11 Furthermore, EsA diminished the functions
of activated macrophages such as phagocytosis and anti-
body production and secretion of cytokines. A recent
literature also disclosed that EsA inhibited cyclooxygen-
ase-2 (COX-2) in a dose-dependent manner, but had no
effect on COX-1.12 EsA exhibits great anti-inflammatory
activity, however, EsA also has great haemolytic toxic-
ity. Therefore, we aimed at optimizing the structure of
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EsA and exploring the structure–activity relationship
of EsA in order to seek the derivatives with increased
biological activity and lower toxicity.

In the study of structure–activity relationship of triter-
pene saponin, both the aglycone and the sugar moiety
play important roles in the evaluation of biological
activity.13 However, to our current knowledge, there
was no literature describing the SAR of EsA. We herein
report the structure optimization of EsA and the struc-
ture–activity relationship of EsA derivatives.


The first step of the optimization is to convert the car-
boxylic acid group in the aglycone of EsA (1) into an
amide by a coupling reaction as described in Scheme 1.
EsA was reacted with HOBt in the presence of DCC
in DMF at room temperature for 1hr to give ester 2,
characterized by 1H NMR, 13C NMR and HRMS.
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Scheme 1. General synthetic route for compounds 3–23.
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The amines (aliphatic amines, aromatic amines and ami-
no acid esters) were added to the reaction mixture and
heated at 60 �C for 1 h to give the amides 4–23, which
were purified by HPLC and identified by 1H NMR,
13C NMR and HRMS. The compound 3 was formed
as a by-product in the reactions and it was confirmed
by 1H NMR, 13C NMR and HRMS to be the product
of EsA coupling with DCU. The by-product formation
appears to be related with the high solubility of DCU
in DMF. This suggested that DMF is not a favourable
solvent for this reaction. When DMF–THF (1:2, v:v)
was used as the solvent, good yields of the desired
amides were achieved and there was no trace of by-prod-
uct 3 found in the reaction mixtures.


The measurement of the inhibitory effects on reactive
oxygen species fluorescence in hCOX-2 expressing sf-9
cells is a rapid method to screen COX-2 inhibitors and
is more effective, less expensive, and does not have iso-
tope contamination in contrast to RIA or ELISA.14


The inhibitory effects of the compounds were deter-
mined by the method described by Zhang.15 Briefly,
recombinant human COX-2 (hCOX-2) was expressed
in insect sf-9 cells and harvested cloned sf-9 cells were
stored in liquid nitrogen until use. Reactive oxygen
species production was stimulated by arachidonic
acid in sf-9 cells and was measured by 2 0,7 0-dichlorodi-
hydrofluorescein diacetate (DCDHF-DA) fluorescence.
DCDHF-DA can rapidly permeate into the cells and
is converted into 2 0,7 0-dichlorodihydrofluorescein
(DCDHF). DCDHF is not fluorescent, but it can rap-
idly react with a reactive oxygen species to produce fluo-
rescence.16 The sf-9 cells (1 · 105/mL) containing
hCOX-2 protein were preincubated with the tested com-
pounds, including 1, 3–23, and Celecoxib (10 lM), for
30 min in a 96-well black plate, followed by adding
DCDHF-DA (2.5 lM, final concentration) and arachi-
donic acid (5 lM, final concentration). The fluorescence
in the cell suspension was immediately detected using a
PolarStar plate reader with excitation wavelength of
485 nm, emission wavelength of 520 nm. The rate of
fluorescence generation in the first 10 min was recorded.
The biological evaluation of the compounds was investi-
gated at the concentration of 10 lM in hCOX-2 express-
ing sf-9 cells in vitro. Four parallel experiments were
performed for each sample. The inhibitory activities of
the tested compounds are listed in Table 1.


Haemolysis assay was carried out following the proce-
dure reported by Wang.17 Non-heparinized blood of
healthy New Zealand rabbit (Experimental Animal Cen-
ter of Second Military Medical University, China) was

used in the experiments. The erythrocytes were washed
three times in PBS (phosphate-buffered saline:
NaCl = 8 g/L, KCl = 0.2 g/L, Na2HPO4 = 1.44 g/L and
KH2PO4 = 0.24 g/L; pH 7.4) and then diluted with
PBS to obtain a 10% suspension. All the tested com-
pounds were dissolved in DMSO at a concentration of
500 lg/mL, and then PBS was added to prepare the test-
ing concentrations ranging from 2.5 to 250 lg/mL. The
final volume of the sample was 1.0 mL. The erythrocyte
suspension (100 lL) was added to the samples to be
tested then the samples were rapidly stirred and incu-
bated at 37 �C with periodic stirring during a 60-min
incubation period. The solutions were then centrifuged
at 3000 rpm for 5 min and the absorbance of the super-
natant was measured at 540 nm using Thermo Multis-
kan MK3 (Labsystems Dragon, Finland, model: 353).
The haemolysis percentage was calculated by compari-
son with the 100% haemolysis caused by distilled water
as maximal haemolytic controls. The haemolytic percent
developed by the PBS control was subtracted from all
groups. The concentration inducing 50% of the maxi-
mum haemolysis is abbreviated as HD50. Each experi-
ment included triplicate at various concentrations and
the results are listed in Table 1.


Over the past two decades, we have revealed that EsA
has strong anti-inflammatory activity through effects
on several important inflammatory mediators including
TNF, IL-1 and COX-2. Haemolytic activity is the main
toxicity of EsA, which needs to be overcome. We initi-
ated the optimization of EsA, which aims at increasing
the anti-inflammatory activity and lowering the haemo-
lytic activity.


The compounds 2, 11–16 and 23 bearing aromatic ring
showed higher potency towards COX-2 than EsA and
Celecoxib, but also showed higher haemolytic activity
than EsA. The compounds 4–9 containing aliphatic
groups lost their activity towards COX-2 and also
showed lower haemolytic activity. From this result, we
can make a conclusion that aromatic ring can promote
the biological activity of EsA derivatives. Most notice-
able is compounds 12 and 14 exhibited the highest inhi-
bition rates, 158.2% and 126.1%, respectively, while EsA
and Celecoxib exhibited 21.7% and 40.0%, respectively.
However, the haemolytic activities of the compounds 12
and 14 are also the highest. Interestingly, our research
showed correlativity between COX-2 inhibitory activity
and haemolytic activity of EsA, and there was no report
in the literature, which is worth further research. How-
ever, the results suggested us that the C-28 carboxylic
acid group plays an important role in biological activity.







Table 1. Haemolytic activity and inhibitory activity of the compounds 1, 3–24 on reactive oxygen species fluorescence in hCOX-2 expressing sf-9 cells


R Biological activity R Biological activity


Inhibition (%,10 lM) HD50 (lM) Inhibition (%,10 lM) HD50 (lM)
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a Celecoxib, a selective inhibitor towards COX-2, as a positive control.
b Not tested.
c No inhibition activity observed.
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The compounds 18–23, in which amino acid esters
were introduced, lost their activity towards COX-2
and decreased their haemolytic toxicity. However, com-
pound 23 showed 47.7% inhibitory rate towards COX-2,
which was higher than EsA and Celecoxib, and showed
lower haemolytic activity (HD50 > 243 lM) than EsA
(HD50 = 185.5 lM). These findings suggest that the
modification of the C-28 carboxylic acid may yield

higher potent COX-2 inhibitors with lower haemolytic
activity by coupling with appropriate groups.


The screening tests gave us a clear SAR on the modifica-
tion of C-28 carboxylic acid group. The conversion of
the C-28 carboxylic acid into an amide affected their
inhibitory activity towards COX-2 and haemolytic
activity. Especially, introducing aromatic ring to EsA
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enhanced its biological activity. Further research on the
structure optimization of EsA is in progress to investi-
gate its structure–activity relationship.
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Abstract—Several 1,8-naphthyridine-3-carboxamide derivatives (8–23) were synthesized and tested for in vitro cytotoxicity against
eight cancer cell lines and a normal cell line. Compound 12 exhibited high cytotoxicity (IC50 = 1.37 lM) in HBL-100 (breast) cell line
while compounds 17 (IC50 = 3.7 lM) and 22 (IC50 = 3.0 lM) have shown high cytotoxicity in KB (oral) and SW-620 (colon) cell
lines, respectively. The synthesized 1,8-naphthyridine-3-carboxamides were also evaluated for anti-inflammatory and myeloprotec-
tive activities, indicated by modulation in cytokine and chemokine levels secreted by dendritic cells.
� 2007 Published by Elsevier Ltd.

Recently, quinolones and naphthyridine class of com-
pounds have been explored in cancer chemotherapy
and one molecule of naphthyridine class, namely SNS-
595, is presently in phase II clinical trial.1 SNS-595 acts
as a cell cycle modulator.1,2 However, a limited informa-
tion is available in the literature for the anticancer po-
tential of naphthyridine class of compounds. Most of
the chemical modifications were carried out at N-1, C-
5, C-6, and C-7 positions in 1,8-naphthyridines.1,3 The
C-3 position has not been well exploited. In order to
appreciate the actual utility of naphthyridines in cancer
chemotherapy and to understand structure–activity rela-
tionship, modification at C-3 in 1,8-naphthyridines is
required.
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In addition, 1,8-naphthyridine class of molecules has
been reported to exhibit potent anti-inflammatory activ-
ity.4,5 1,8-Naphthyridine-3-carboxamide derivatives
were assessed for anti-inflammatory and myeloprotec-
tive activity using an in vitro screening assay based on
murine bone marrow derived dendritic cells (DCs).
The extent of modulation in pro-inflammatory cytokine
and chemokine levels was taken as an indicator of anti-
inflammatory and myeloprotective activity.


In the present paper, we have designed 1,8-naphthyri-
dine-3-carboxamides where cyclic as well as open amino
acids have been introduced at C-3 position. These amino
acids may provide interaction with receptors and may
lead to biological response. The propargyl group was
introduced at N-1 position due to its hydrogen bonding
capability. In order to have low molecular weight deriv-
atives, the pyridine ring of 1,8-naphthyridine has been
remained either unsubstituted or substituted with small
groups such as halo or methyl group. Herein, we report
the synthesis, cytotoxicity, anti-inflammatory, myelo-
protective activity, and structure–activity relationship
of 1,8-naphthyridine-3-carboxamides (8–23).


Synthesis of 1,8-naphthyridine-3-carboxamide deriva-
tives (8–22) has been described in Scheme 1. The appro-
priate nicotinic acid 1 was treated with CDI in dry THF
and the resulting imidazolide solution was reacted with
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ethyl hydrogen malonate and methyl magnesium bro-
mide to give ketoester 2. Treatment of 2 with triethyl
orthoformate and acetic anhydride followed by the
addition of propargyl amine afforded the corresponding
ethyl nicotinoylacrylate 3. Compound 3 was cyclized by
K2CO3 in ethyl acetate to afford 1,8-naphthyridine-3-
carboxylate 4. The acidic hydrolysis of 4 provided the
corresponding acid derivative 5, which was converted
to carbonyl chloride derivative 6 with thionyl chloride.3


Compound 6 was reacted with suitable amino alcohol to
give compound 7. The 1-propargyl-1,8-naphthyridine-3-
carboxamide derivatives, 8 and 12, were prepared by
coupling of suitable derivative of 7 with 4R,5S-1-N-
(tert-butoxycarbonyl)-2,2-dimethyl-4-phenyl-5-oxazoli-
dine carboxylic acid6 in the presence of DCC and
DMAP.7 Using the same method as described for 8
and 12, compounds 9–11 and 13–20 were synthesized
from the reaction of 7 with commercially available
Boc-protected DD-amino acids. The oxazolidine ring of
compound 12 was opened with 20% TFA/DCM to pro-
vide compound 21, which was then converted to 22 with
di-tert-butylpyrocarbonate. Compound 23 was prepared
in two steps starting from 7 as shown in Scheme 2. The
displacement of 7-Cl in compound 7 by 3-methylpiperi-
dine was performed by using K2CO3 as a base to
provide compound 7a, which was coupled with Boc-DD-
proline, as described for 8–20, to give compound 23.
The 1,8-naphthyridine-3-carboxamide derivatives 8–20
are listed in Table 1.


Results and discussion. The 1,8-naphthyridine-3-carbox-
amide derivatives (8–23) were tested for in vitro cytotox-
icity in eight tumor cell lines and IC50 values were
calculated in micromole (lM).8,9 The human tumor cell
lines used in the study were ovary (PA-1), prostate
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Scheme 1.

(DU145), oral (KB), colon (SW-620), breast (HBL-
100), lung (A-549), pancreas (MiAPaCa2), and leukemia
(K562) cancers. Compounds 8–23 were also screened
against normal mouse fibroblast (NIH3T3) cell line to
evaluate their cancer cell specificity (safety index).8 The
cytotoxicity data are given in Table 2.


Except compound 10, none of the unsubstituted 1,8-
naphthyridine-3-carboxamides (8–11) have shown cyto-
toxicity. Compound 10 exhibited cytotoxicity in PA-1
and KB cell lines. The 7-chloro naphthyridines (12–16)
were found to be better than unsubstituted naphthyri-
dines (8–11). Compound 12, containing oxazolidine
ring, was found to be the most potent derivative as it
exhibited high cytotoxicity (IC50 = 1.37 lM) in HBL-
100 cell line and was also found to be active in SW-
620 and PA-1 cell lines. Compounds having proline
(13) and alanine (16) substituent showed cytotoxicity
in HBL-100 cell line. Compound 13 also showed cyto-
toxicity in MIAPaCa 2 cell line. Based on the above re-
sults, several analogs, related to active compounds 12,
13, and 16, were further designed and synthesized to im-
prove the cytotoxicity.


Upon replacing the 7-chloro group in compound 13 with
methyl group (compound 17), activity in HBL-100 cell
line was lost but was found to be most potent in KB cell
line (IC50 = 3.7 lM). It seems that nature of group present
in pyridine ring in naphthyridine-3-carboxamides plays a
vital role in eliciting cytotoxicity profile. On the other
hand, by replacing propyl spacer with isopropyl (com-
pound 18) in compound 13, cytotoxicity profile has been
changed. Compound 18 was found to be more than 2-fold
less cytotoxic in HBL-100 than compound 13 but exhib-
ited activities in PA-1, KB, and SW-620 cell lines. It indi-
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Table 1. 1,8-Naphthyridine-3-carboxamide derivatives (8–20)
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cates that spacer has also played an important role in
determining cytotoxic profile. When the 7-chloro group
in compound 13 was replaced by 3-methylpiperidine
(compound 23), cytotoxicity was lost. As described in
the activity profile for compound 18, upon replacing the

propyl spacer with isopropyl (compound 19) in com-
pound 16, a similar cytotoxic profile was obtained except
in SW-620 cell line. Compound 19 was 2-fold less cyto-
toxic than 16 in HBL-100 but exhibited cytotoxicity in
PA-1 and KB cell lines. On the other hand, when oxazol-
idine ring in compound 12 was opened (compound 21),
activity was lost. Further, upon converting amine group
in compound 21 to its Boc derivative 22, activity HBL-
100 was lost but was found to be highly potent in SW-
620 cell lines (IC50 = 3.0 lM).


It reveals that 1,8-naphthyridine-3-carboxamides, in
general, exhibited cytotoxicity in oral, colon, and breast
cancers and the nature of group present in pyridine ring
and the spacer, in particular, determined cytotoxicity
profile. It was also interesting to note that 1,8-naph-
thyridine-3-carboxamides, in general, have shown good
safety index as well. However, compounds 12, 18, and
22 are under further biological evaluation.


Anti-inflammatory activity. 1,8-Naphthyridine-3-carbox-
amide derivatives (8–23) were able to downregulate the
levels of LPS stimulated TNF-a, IL-1b and IP-10 se-
creted by DCs that were identified to have potential
anti-inflammatory activity. The downregulation of cyto-
kine and chemokine levels by >25% was considered as
significant.10,11


Figure 1 shows the downregulation of a key pro-inflam-
matory cytokine TNF-a by selected molecules. Com-
pounds 12, 13, 14, and 22 exhibit >50% TNF-a
inhibition at 1 lg/ml, reflecting significant anti-inflam-
matory activity. Compound 13 shows a remarkable
downregulation of TNF-a activity even at 0.1 lg/ml.
Out of these few selected compounds, 13, 14, and 22
demonstrate a significant inhibition of IP-10 activity,
as shown in Figure 2. In addition, compounds 8, 12,
and 21 exhibited >50% IL-1b inhibitory activity (Fig. 3).


The downregulation of TNF-a, IL-1b, and IP-10 levels
by compounds 8, 12, 13, 14, 16, 21, and 22 suggests po-
tential anti-inflammatory activity.


1,8-Naphthyridine-3-carboxamides (8–23) with poten-
tial myeloprotective activity were identified by evaluat-
ing modulation in MIP-1-a, CCL-22, and TNF-a from
basal levels secreted by DCs, when incubated with these
molecules.12







Table 2. In vitro cytotoxicity of 1,8-naphthyridine-3-carboxamide derivatives (8–23)


Compound IC50 (lM)


PA-1


(ovary)


DU-145


(prostate)


KB


(oral)


SW-620


(colon)


HBL-100


(breast)


A-549


(lung)


Miapaca


(pancreas)


K-562 (leukemia) NIH3T3


(normal fibroblast)


10 9.0 >10 7.0 >10 >10 >10 >10 >10 >10


12 6.0 >10 >10 3.96 1.37 >10 >10 >10 >10


13 >10 >10 >10 >10 3.7 >10 7.6 >10 8.4


16 >10 >10 >10 >10 5.4 >10 >10 >10 9.2


17 >10 >10 3.7 >10 >10 >10 >10 >10 >10


18 5.2 >10 6.6 3.3 8.4 >10 >10 >10 >10


19 4.9 >10 8.3 >10 >10 >10 >10 >10 >10


22 >10 >10 >10 3.0 >10 >10 >10 >10 7.84
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Figure 1. Anti-inflammatory activity of selected 1,8-naphthyridine-3-


carboxamide derivatives as a measure of TNF-a downregulation. %


change in TNF-a was calculated with reference to LPS stimulated


levels secreted by murine DCs.
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Figure 2. IP-10 downregulation (% change calculated with reference to


LPS stimulated levels secreted by DCs) by selected 1,8-naphthyridine-


3-carboxamide derivatives.
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Figure 3. IL-1-b downregulation (% change calculated with reference


to LPS stimulated levels secreted by DCs) by selected 1,8-naphthyri-


dine-3-carboxamide derivatives.
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Figure 4. Upregulation of MIP-1-a levels (% change calculated with


reference to basal levels secreted by DCs) by selected 1,8-naphthyri-


dine-3-carboxamide derivatives with potential myeloprotective


activity.
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Figure 5. CCL-22 downregulation (% change calculated with reference


to basal levels secreted by DCs) by selected 1,8-naphthyridine-3-


carboxamide derivatives.
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Figure 6. TNF-a downregulation of selected 1,8-naphthyridine-3-


carboxamide derivatives with potential myeloprotective activity. %


change in TNF-a was calculated with reference to basal levels secreted


by DCs.
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Figure 4 demonstrates MIP-1-a upregulation by selected
compounds 13, 14, and 16, suggesting significant myelo-
protective activity. Also, compounds 13, 14, and 16 were
able to downregulate CCL-22 and TNF-a as shown in
Figures 5 and 6, respectively. Endogenous upregulation
of MIP-1-a under the influence of proposed 1,8-naph-
thyridine-3-carboxamide derivatives is also likely to ex-
ert similar myeloprotective effects.

In addition, these molecules showing a downregula-
tion of TNF-a from basal levels (Fig. 6) were
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predicted to have lower tissue toxicity due to reduced
probability of TNF-a induced inflammation leading to
tissue damage.
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Abstract—3-O-3 0(or 2 0)-Methylsuccinyl-betulinic acid (MSB) derivatives were separated by using recycle HPLC. The structures of
four isomers were assigned by NMR and asymmetric synthesis. 3-O-3 0S-Methylsuccinyl-betulinic acid (3 0S-MSB, 4) exhibited
potent anti-HIV activity with an EC50 value of 0.0087 lM and a TI value of 6.3 · 103, which is comparable to the data for bevirimat
(DSB, PA-457), a current clinical trials drug that was also derived from betulinic acid. The anti-HIV potency of 4 was slightly better
than that of AZT.
� 2007 Elsevier Ltd. All rights reserved.

Highly active antiretroviral therapy (HAART) com-
bines several anti-HIV drugs with different targets, and
its use has significantly improved AIDS treatment.1–3


However, it has also led to some serious problems, such
as increased toxicities and emergence of multi-drug
resistant HIV viral strains.4–7 Therefore, new classes of
compounds with novel modes of action against HIV
are still urgently needed.


We initially identified betulinic acid (BA, 1) as an anti-
HIV lead compound with an EC50 of 1.4 lM and ther-
apeutic index (TI) of 9.3 from the leaves of Syzygium
claviflorum.8 Our subsequent modification study re-
sulted in the discovery of 3-O-(3 0,3 0-dimethylsuccinyl)-
betulinic acid (bevirimat, DSB, PA-457, 2). Bevirimat
exhibits extremely potent anti-HIV activity with an
EC50 value of <0.00035 lM and a TI value of
>20,000.9,10 It was found to inhibit HIV-1 replication
by interfering with a previously unidentified viral target,
HIV-1 P24/P25 processing, resulting in the production
of a noninfectious HIV-1 particle.11,12 Therefore, bevir-
imat represents a unique first in a class of anti-HIV com-
pounds termed maturation inhibitors (MIs). Bevirimat

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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has recently succeeded in Phase IIa clinical trials and
is currently in Phase IIb clinical trials.13,14

Our prior structure–activity relationship (SAR) study of
2 and other 3-O-acyl-betulinic acid derivatives suggested
that the proper length, a terminal carboxylic acid, and
C-3 0 dimethyl substitution of the C-3 side chain contrib-
ute to enhanced anti-HIV activity.9,15 However, it is still
unclear which, if either, C-3 0 methyl group within the
C-3 side chain of 2 contributes more toward activity.
Therefore, 3-O-monomethylsuccinyl-betulinic acid
(MSB) derivatives were designed to investigate the im-
pact of these methyl groups. This paper reports their
synthesis, isolation, structural assignment, and SAR
study.


Betulinic acid was treated with 2-methylsuccinic anhy-
dride and DMAP in pyridine at reflux to furnish the
3 0-MSB racemic isomers, as well as the undesired 2 0-
MSB isomers. The separation of the four compounds
(3–6)16 was challenging, since they differ only by the
presence of a 2 0 or 3 0 (R or S) methyl group, but was
successfully achieved by using recycle preparative HPLC
(Fig. 1).17 The purities of 3–6 were ascertained by
analytical HPLC (Fig. 2). By comparing the 1H NMR
spectra of the purified isomers with those of 2 and
3-O-2 0,2 0-dimethylsuccinyl BA, peaks 1 and 2 were
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assigned as the 3 0-MSBs, and peaks 3 and 4 as the 2 0-
MSBs. However, we still needed to determine the stereo-
chemistry of the C-3 0 and C-2 0 chiral centers. Therefore,
the 3 0 R and 3 0 S isomers were also prepared through
asymmetric synthesis as described below.


As shown in Scheme 1, the hydroxy group of 3R-bromo-
2-methylpropanol was first protected by reaction with
TBDPSCl in DMF. The bromide group was then re-
placed with an aldehyde group by reaction first with so-
dium cyanide in DMSO, followed by reduction using
DIBALH.18 The aldehyde was oxidized to a carboxylic
acid in the presence of NaClO2 and NaH2PO4 in DMSO
to yield 9a. Reaction of 1 with 9a in the presence of
EDCI and DMAP led to esterification of the 3b-hydro-
xy group of 1 with the carboxylic acid of 9a to provide
10a. After cleavage of the TBDPS group with TBAF in
THF, the primary hydroxy group of 11 was oxidized to
a carboxylic acid in the presence of TEMPO, PhI(OAc)2


in a solution of H2O–CH2Cl2 to give 3-O-(3 0R-methyl

succinyl)-betulinic acid (3 0R-MSB, 3). The 3 0S-MSB
isomer (4) was synthesized using the same method start-
ing with 3S-bromo-2-methylpropanol. By comparing
the HPLC retention times and 1H NMR spectra of these
compounds, we determined that peak 1 is the 3 0S diaste-
reoisomer and peak 2 is the 3 0R diastereoisomer.


Furthermore, the reaction of 2R-methylsuccinic anhy-
dride with betulinic acid yielded the 3 0 R-MSB (3) and
2 0 R-MSB (5) isomers. The HPLC retention time indi-
cated that peak 4 is the 2 0 R isomer (5). Similarly, peak
3 was confirmed as the 2 0 S isomer (6). Thus, the stereo-
chemistry of the 3 0 or 2 0 chiral center in 3–6 was fully
determined.


Anti-HIV activities of all four synthetic compounds (3–
6) and 2 were evaluated according to the procedure
described in Refs. 19 and 20. The synthetic intermediate
12 and a 1:1 mixture (13) of the 3 0 R- and 3 0 S-MSB iso-
mers (3 and 4) were also tested.
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Table 1. Anti-HIV activities for 3-O-monomethylsuccinyl-betulinic


acid derivatives in HIV-1 infected MT-2 cell line18


Compound EC50
a (lM) IC50


b (lM) TI (IC50/EC50)


AZT 0.034 1870 55,330


2 0.0013 >42.78 30,555


3 0.12 >43.83 961


4 0.0087 32.78 6274


5 No suppression >43.83 —


6 0.44 >43.83 100


12 No suppression >44.93 —


13 0.016 >44.93 5323


a Concentration that inhibits HIV-1 replication by 50%.
b Concentration that is toxic to 50% of mock-infected MT-2 cells.
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The anti-HIV activities of the synthesized compounds
are summarized in Table 1. Among these derivatives,
the 3 0S-MSB isomer (4) showed very potent anti-HIV
activity with a TI of 6.3 · 103 and EC50 of 0.0087 lM,
which is comparable to that of 2 (EC50: 0.0013 lM)
and slightly better than that of AZT (EC50: 0.034 lM)
in this assay system. The 3 0R-MSB isomer (3) exhibited
only moderate anti-HIV activity with a TI of 9.6 · 102


and EC50 of 0.12 lM. The antiviral activity (EC50:
0.016 lM) of the mixture (13) of the two stereoisomers
falls in between those of 3 and 4. This result indicates
that the two C-3 0 methyl groups in the DSB side chain
contribute differently to the extremely potent anti-HIV
activity of this compound class. We postulate that an
interaction of the 3 0 S-methyl group with the viral target
might be essential to the anti-HIV activity of 2. The
interaction of the 3 0 R-methyl group within the target
is less significant, but still necessary, since 2, with di-
methyl substitution at C-3 0, is slightly more potent than
the 3 0 S-MSB isomer (4). In comparison with 3 and 4,
both 2 0-MSBs (5 and 6) exhibited no or little activity
in the same assay. These results agree with our previous
SAR study, indicating that methyl substitution at the C-
3 0 position improves the antiviral activity much more
significantly than at the C-2 0 position.


In addition, compound 12, which differs structurally
from 3 only in the replacement of a primary hydroxyl
group for a terminal carboxylic acid in the 3-O-acyl side
chain, had no activity. This result is also consistent with
our findings in prior studies that the terminal carboxylic
acid is essential for enhanced antiviral activity.15


In conclusion, 3 0-MSBs and 2 0-MSBs were prepared in
our study to investigate the SAR of the C-3 0 chiral cen-
ter of the anti-HIV clinical trials agent bevirimat (2).
Our results suggest that the 3 0 S-methyl group of 2 is
the major contributor to the compound’s extremely high
anti-HIV potency, since 2 and 3 0 S-MSB (4) exhibit
comparable anti-HIV activity, while the 3 0 R isomer
shows much lower activity.
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Abstract—A new class of small-molecule GnRH antagonists, the thieno[2,3-b]pyrroles, was designed. Herein, the synthesis and
structure–activity relationships are described. Substitution at the C4 position was investigated; during this study, it was observed
that introducing piperazines and piperidines improved the physical properties of the compounds while retaining good in vitro
potency. This exploration led to the discovery of amidopiperidines with improved pharmacokinetic properties.
� 2007 Elsevier Ltd. All rights reserved.

Gonadotropin-releasing hormone (GnRH), also
known as LHRH, is a decapeptide hormone secreted
and produced by the hypothalamus. It binds to
GnRH receptors on the pituitary and stimulates the
release of follicle stimulating hormone (FSH) and
luteinising hormone (LH) which regulate gonadal ste-
roid hormone production regulating in turn progester-
one, oestrogens and androgens.1,2 Several hormone
dependent diseases such as endometriosis, breast and
prostate cancer, caused by over-stimulation of the go-
nadal steroids, can be treated by GnRH peptide-based
agonists. Antagonism of the GnRH receptor consti-
tutes a valid alternative to agonists. They compete
with endogenous GnRH at the receptor level and pro-
voke a rapid suppression of the formation of LH
without the concomitant ‘flare’ effect which is induced
by peptide agonists in reaction to the initial over-stim-
ulation of the receptors.3a Several peptide antagonists
have been evaluated in the clinic for the treatment
of hormone-sensitive diseases.3 Orally administered
small-molecule GnRH antagonists would present an
advantage over the peptide antagonists and efforts to-
wards orally active GnRH receptor antagonists have
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been reported in the literature (Fig. 1).4 T-98475 (1)
and analogues were the first orally active small mole-
cules to be disclosed.5 Indole derivatives (2) were re-
ported to be potent and orally active GnRH
antagonists.6 Uracil derivatives (3) with potent antag-
onist activity have also been disclosed.7


In this paper, we describe our efforts towards potent or-
ally bioavailable small-molecule GnRH antagonists and
disclose the SAR study of thieno[2,3-b]pyrroles 4
(Fig. 2).8


The thienopyrrole core 5 with the functional amino
group on the C4 side-chain was constructed by a Fischer
indole approach according to Scheme 1.9


Commercially available ethyl thiophen-2-ylacetic acid
ester was dimethylated with an excess of CH3I in the
presence of NaH. The resulting thiophene 7 was selec-
tively nitrated with NO2BF4 to form 8 which was re-
duced by catalytic hydrogenation over palladium on
charcoal to give the desired 2-aminothiophene. Boc pro-
tection of the amine gave carbamate 9 which was depro-
tonated with NaH and aminated with O-
(diphenylphosphinyl)hydroxylamine, to afford hydra-
zine 10.10 Ketone 11 was condensed with hydrazine 10
under tailored Fischer indole conditions to give pro-
tected thieno[2,3-b]pyrrole 12.8 Deprotection and Boc
reprotection provided intermediate 13. Introduction of
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Figure 1. Small-molecule GnRH receptor antagonist.
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Figure 2. General synthesis of thieno[2,3-b]pyrroles.
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overnight, 88%; (c) 10% Pd/C, EtOH/EtOAC, H2, 9 h, 100%; (d) Boc-O-Boc, THF, reflux, 16 h, 68%; (e) NaH 60%, DMF, 5 �C, 2 h, overnight, 95%;


(f) 11, 2-butanol, ZnCl2 120 �C, 6 h; (g) EtOH, NH2–NH2, H2O, 75%, 4 h; (h) MeOH, TFA, Boc-O-Boc, 60 �C, 4 h, quant; (i) NaOH 1 N, EtOH,
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ZnCl2, 110 �C, 5 h, 60%; (m) EtOH, NaOH 1 N, 60 �C, 4 h, 95%; (n) 7-azabicyclo[2.2.1]heptane, HCl, DIPEA, HATU, CH2Cl2, 0.5 h, 70%.
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the amide group at the C2 position was achieved by
saponification and a subsequent amide coupling under
basic conditions using HATU.11 Deprotection with
TFA afforded the key intermediate 5. A similar ap-
proach gave the hydroxy thienopyrrole core 6.


A series of thienopyrroles incorporating non-basic
N-acylguanidino and urea groups was prepared accord-
ing to Scheme 2. Synthesis of acylguanidines 19–22 was
achieved by the addition of N-alkoxycarbonylisothiocy-

anates to core 5 and subsequent reaction of the interme-
diate 18 with secondary amines. Ureas 23–25 were
prepared by reaction with p-nitrophenylchloroformate
and further reaction with amines.


The synthesized compounds12 were evaluated for their
ability to compete for [125I]-DD-Trp6 GnRH radioligand
binding to rat and human receptors.13 Their functional
antagonism activity was established by inhibition of
GnRH stimulated LH release.14







Table 1. Binding and functional affinities of thienopyrroles 19–25 towards the rat and human GnRH receptors


Compound R1R2N R4R5N R3 r IC50, nMa h IC50, nMa r cell IC50, nMa Sol. lMb


19 Me2N


N


N
i-Pr 100 244 452 —


20
N


N


N
i-Pr 15 55 3 0.8


21
N


N


N
Me 8 35 3 4.6


22
N


N


N


i-Pr 27 79 12 1.4


23 N


N


N
— 64 96 445 1.5


24
N


N


N
— <1 2 13 —


25
N


N


N


— 16 56 29 0.6


r, rat; h, human; sol., solubility.
a Values are geometric means of several experiments.
b Phosphate buffer 0.1 M, pH 7.4, 25 �C.
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Scheme 2. Reagents and conditions: (a) alkoxycarbonylisothiocyanate, CH2Cl2, TFA, 2 h, quant; (b) CH2Cl2, EDCI, DIEA, NR4R5, overnight,


63%; (c) 4-nitrophenylchloroformate, Et3N, CH2Cl2, 0 �C, 10 min, 0.5 h, quant; (d) R4R5NH, 2 h 30, 50%; (e) SOCl2, DMF (cat), CH2Cl2, 0 �C,
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Table 2. Binding and functional affinities of piperazine thienopyrroles 27–35 towards the rat and human GnRH receptors


X


N
S


N
N


O


N


R1


Compound X NR1 r IC50, nMa h IC50, nMa r cell IC50, nMa Sol. lMb


27 CH2 N N


O


O


110 162 184 87


28 CH2
N N


O


172 177 209 104


29 CH2 NN


O


74 195 89 39


30 — NN


O


116 495 161 2


31 C@O NN


O


101 170 197 71


32 CH2


N


N


O


529 696 — —


33 CH2 NN


O


N


O 104 345 947 107


34 CH2
NN


N


O


O


155 331 280 236


35 CH2


NN


N O


55 74 171 425


r, rat; h, human; sol., solubility.
a Values are geometric means of several experiments.
b Phosphate buffer 0.1 M, pH 7.4, 25 �C.
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Table 1 lists the binding affinity data, functional activ-
ity and solubility for compounds 19–25. Replacement
of the diethylamide or pyrrolidine amide group at the
C2 position by more lipophilic bicyclic amides led to
a dramatic improvement in the affinity for GnRH
receptors (rat and human) which translated into the
functional assay (20 vs 19; 24 vs 23). Solubility and free
drug (not shown) were improved by replacement of the
isopropoxy group by methoxy group (21 vs 20).

Replacement of the pyrrolidinopyridine group by
piperidinopyridine led to less potent compounds (22
vs 20; 25 vs 24).


Overall, the introduction of acylguanidine or urea side-
chains at the C4 position of the thieno[2,3-b]pyrrole
gave very potent compounds. This suggests that there
is no requirement for the side-chain to be basic.6 Never-
theless, the physical properties were less than desired,







Table 3. Binding and functional affinities of piperidine thienopyrroles 36–46 towards the rat and human LHRH receptors


X


N
S


N
N


O


R1


Compound X R1 r IC50, nMa h IC50, nMa r cell IC50, nMa AUC lM.h


36 CH2
N


O


51 178 191 0.006b


37 CH2 NN


O


O


94 275 743 0.018b


38 CH2 N


O


O


51 132 111 0.041b


39 C@O N


O


O


108 371 238 0.360b


40 CH2 N


O


O


64 233 381 27.1d


41 CH2 N


O O


30 169 214 39.3d


42 CH2 N


O
OMe 62 173 210 190d


43 CH2 N


O


O
76 184 216 358d


44c CH2
N


N


O


O 43 88 220 0.254d


45 CH2 N


O


O


O


116 338 117 0.526d


46 CH2 N


O


30 33 36 0.002b


a Values are geometric means of several experiments.
b AUC dosed in rat at 1 mg/kg po (vehicle: propylene glycol).
c Drawing represents piperidine-R1.
d AUC dosed in rat at 10 mg/kg po (vehicle: propylene glycol).
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resulting in poor bioavailabilities, therefore further
improvement was needed.


Introduction of piperazine, pyrrolidine and piperidine
groups was then considered in an attempt to improve
the physical properties. These compounds were pre-
pared by reaction of the appropriate amines with the
chloro intermediate 26 derived from core 6, in the pres-
ence of a base (Scheme 2).


Right-hand side-chains with substituted piperazines
contributed to improved physical properties, more spe-
cifically the solubility (Table 2). This was achieved to
the detriment of binding and functional activities that
were generally reduced. A rigid one-carbon linker be-
tween the thienopyrrole nucleus and the piperazine led
to poor solubility (30 vs 29). On the contrary, introduc-
tion of a carbonyl function on the linker generally im-
proved solubility (31 vs 29).


Variation of R1 showed that amidomethyl substitution
on the piperazine was giving good potency associated
with overall good physical properties. Potency decreased
dramatically with amide substitution (32). We observed
during our investigation that functional activity was cor-
related with lipophilicity (33 vs 29). We also discovered
during this study that some compounds were inhibitors
of the cytochrome P450 3A4 enzyme. In fact, suscepti-
bility to Cyp 3A4 is a general feature of this class of lipo-
philic antagonists.6h,i Nevertheless, we succeeded in
diminishing the 3A4 inhibition with a variety of our
piperazine compounds, as exemplified by 34 and 35
(3A4 IC50: 6 lM and >10 lM, respectively, compared
to 0.1 lM for 27).15


The replacement of piperazines by piperidines appeared
to be advantageous in giving better pharmacokinetics.
Our exploration of piperidine side-chains was therefore
driven towards combining good potency and improved
pharmacokinetics (Table 3).


We rapidly observed that the 4-amidopiperidine series
gave high blood levels (40–43). This was also true with
a carbonyl function on the linker (39). Other series such
as the amine (36), the methyl urea (37) or the amidom-
ethyl (38) gave much poorer exposure. Good pharmaco-
kinetic properties were restricted to close analogues of
40. Indeed, minor modifications, as illustrated by 44,
45 or by the replacement of the piperidine by a pyrroli-
dine (not shown), resulted in a dramatic loss of oral
exposure. During our extensive exploration of the piper-
idine substitutions, we also discovered that binding
affinities to rat and human receptors could be improved
by 4-disubstitution (46). However, these compounds had
poor blood levels.


Based on the attractive properties of these amidopiperi-
dines, full pharmacokinetic profile in rat (po and iv) was
obtained. These compounds were cleared from the plas-
ma more slowly (40: 4.0; 41: 1.3; 42: 0.8; 43: 0.1 ml/min/
kg compared to 27: 153 ml/min/kg) and had therefore
longer terminal half-lives. This translated into better
oral bioavailability as exemplified by 42 and 43 (38%

and 35%, respectively, compared to 4% for 27). Further-
more, those compounds showed an ability to inhibit the
production of LH after oral administration in both
acute and chronic in vivo rat models. For example, com-
pound 40 administered orally at 75 mg/kg bid provided
prolonged suppression of circulating LH levels in a cas-
trated rat model.16


In conclusion, we have developed a route to a new class
of small-molecule antagonists of the GnRH receptor.
Introduction of substituted piperazines and piperidines
at the C4 position substantially improved the physical
properties. In these series, amidopiperidines showed im-
proved pharmacokinetic parameters while retaining
good potency.
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Abstract—A variety of macrocyclic urea compounds were prepared as potent Chk1 inhibitors by modifying the C5 position of the
benzene ring of the macrocyclic urea with ether moieties, aliphatic carbon chains, amide and halides. Enzymatic activity less than
20 nM was observed in 29 of 40 compounds. Compounds 14, 46d, and 48j provided the best overall results in the cellular assays as
they abrogated doxorubicin-induced cell cycle arrest (IC50 = 3.31, 3.08, and 3.13 lM) and enhanced doxorubicin cytotoxicity
(IC50 = 0.54, 1.27, and 0.96 lM) while displaying no single agent activity, respectively.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of compounds 1, 2, 3, and 4.

More than 50% of cancer cells have mutant p53 and are
not capable of arresting in the G1 checkpoint.1 As a re-
sult, cancer cells rely on Chk1-dependent S and G2
checkpoints to cope with DNA damages.2–4 Inhibition
of Chk1 abrogates the S and G2 checkpoints and leads
to premature mitotic progression and mitotic catastro-
phe when combined with a DNA damaging agent.5–7


In contrast, normal cells still arrest at G1, via p53, to re-
pair their DNA damages. Therefore, Chk1 inhibitors
should selectively sensitize cancer cells to DNA damag-
ing reagents2–4,8 and be of great therapeutic value in
cancer treatment.


Several compounds are already known as Chk1 inhibi-
tors.9–12 UCN-01 is undergoing clinical trials as an anti-
cancer agent.13 Recently, we,14–17 and others,18–20 have
disclosed N-aryl-N 0-pyrazinyl ureas (1, Fig. 1) as a
new class of Chk1 inhibitors. Much of our effort was fo-
cused on the modification of R2, which points toward
the ribose pocket of the Chk1 enzyme, and R4, which
points toward the solvent front. Hundreds of acyclic
urea compounds we synthesized showed single-digit
nM enzymatic activity and excellent selectivity.14–16 Be-
cause diaryl ureas have been explored extensively in the
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patent literature,14,18–20 we synthesized macrocyclic urea
compounds21,22 (2, Fig. 1). Since acyclic ureas with eth-
oxy (3, Fig. 1, IC50 = 31 nM) and amide (4, Fig. 1,
IC50 = 22 nM) substitution at the R5 position were ac-
tive in the Chk1 enzymatic assay, we modified R5 on
the benzene ring of the macrocyclic urea. The chemistry
and biological results of these modifications are pre-
sented here.


Scheme 1 shows the initial synthesis of the macrocyclic
ureas. After the protection of 2,4-dimethoxyaniline 7
with phthalic anhydride and demethylation with BBr3,
the C5-hydroxy of intermediate 8 was selectively pro-
tected with a TBDPS group, and subsequent allylation
of the C2-hydroxy of intermediate 9 afforded compound
10. Deprotection of compound 10 with hydrazine fol-
lowed by coupling with intermediate 5 (Fig. 2) provided
acyclic urea 12. Grubbs cyclization afforded compound
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nylsilane, imidazole, DMF, 50 �C, 72 h; (d) allyl bromide, K2CO3,
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12 h; (g) Grubbs catalyst, 2nd generation, CH2Cl2, 40 �C, 12 h; (h)
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13. TBAF deprotection provided compound 14. Mitsun-
obu reaction gave compound 15.


Since the Mitsunobu reaction in Scheme 1 did not work
well, we used an alternate strategy in Scheme 2. Com-
pound 10 was deprotected with TBAF to give com-
pound 16, which was then alkylated, and deprotected
with hydrazine to provide amino intermediates 18 and
20. The Mitsunobu reactions of compound 16 with 3-
morpholinopropanol and 5-morpholinopentanol (made

Scheme 2. Reagents and conditions: (a) TBAF, THF, rt, 3 h; (b)


iodomethane, K2CO3, acetone, reflux, 3 h; (c) H2NNH2, CH3OH, rt,


2 h; (d) iodoethane, K2CO3, acetone, reflux, 3 h; (e) 3-morpholino-


propanol, di-tert-butylazodicarboxylate, PPh3-polymer supported,


THF, rt, 12 h; (f) 4-bromo-1-butanol, di-tert-butylazodicarboxylate,


PPh3-polymer supported, THF, rt, 12 h; (g) morpholine, triethylamine,


CH3CN, 60 �C, 12 h; (h) morpholine, CH3CN, 80 �C, 12 h; (i) 16, di-


tert-butylazodicarboxylate, PPh3-polymer supported, THF, rt, 12 h; (j)


acetyl chloride, pyridine, rt, 12 h; (k) K2CO3, MeOH, rt, 72 h; (l) allyl


bromide, K2CO3, acetone, reflux, 6 h; (m) Fe, NH4Cl, EtOH, H2O,


80 �C, 3 h; (n) allyl alcohol, NaH, THF, rt, 12 h; (o) 6, DMF, 70 �C,


12 h; (p) Grubbs catalyst, 2nd generation, CH2Cl2, 40 �C, 12 h; (q)


Rh(I)(PPh3)3Cl, 60 psi H2, THF, rt, 72 h; (r) 5, DMF, 70 �C, 12 h; (s)


5% Pt/C, THF, 50 psi H2, rt, 3 h.


c


from the reaction of compound 26 with morpholine
via step h) and subsequent deprotection with hydrazine
afforded amino intermediates 22 and 28. The Mitsunobu
reaction of compound 16 with 4-bromo-1-butanol fol-
lowed by substitution and deprotection produced amino
intermediate 25. Compound 29 was converted to the
amino intermediate 33 in four steps via global acetyla-
tion of compound 29; selective removal of the acetyl
group from the resulting phenolic ester; allylation of
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the phenol; and finally iron reduction of the nitro group.
Amino intermediate 36 was synthesized by substitution
and reduction of compound 34. Amino intermediates
41–43 were made through allylation and reduction.
Intermediates 22, 25, 28, and 42 were coupled with inter-
mediate 6 (Fig. 2) separately to afford the corresponding
acyclic ureas. After Grubbs cyclization and hydrogena-
tion, 14-membered ring macrocyclic urea compounds
45a–d and 46a–d were obtained. Moreover, all the ami-
no intermediates in Scheme 2 were coupled with inter-
mediate 5 separately to afford all the corresponding
acyclic urea intermediates. Grubbs cyclization and
hydrogenation provided the 15-membered ring macro-
cyclic urea compounds 48a–j and 49a–j.


As shown in Scheme 3, several alcohol groups were
introduced at the C5 position. Starting material 50 was
benzylated to give intermediate 51. The bromo moiety
was then replaced with vinyl via Stille coupling. After
hydroboration and oxidation, a hydroxyethyl group
was introduced at this position. THP protection affor-

Br


NO2
OBn NO2


OBn


Br


NO2
OH


Oa O


50 51 54


N
HO


NH


O


N
N


CN
O


O O


57


NO2
OBn


NO2
OBn


OH
b c,d e


NH2
OH


O Of
N
HOH


NH


O


N
N


CN
O


O O


hg


52 53


55 56


77% 88% 47%


96% 94% 63% for
2 steps


91%


51
i


N
HO


NH


O


N
N


CN
O


O O


61


NO2
OBn


O O


f


NH2
OH


O O


N
HOH


NH


O


N
N


CN
O


O O


g h


16
j


O


N
HO


NH


O


N
N


CN
O


O O


64


O


N
O


O


O


O O
O


NH2
O


O O


k g


58 59 60


62 63


100% 36% 94% 57%


27% 53% 81%


R5/THP


O
N
H


O


NH


N
N


CN
O


R5/OH


O
N
H


O


NH


N
N


CN
O


R5/OH


O
N
H


O


NH


N
N


CN
O


m n


65 66 67


57, 61, 64
l


30-47% 43-100% 23-70%


Scheme 3. Reagents and conditions: (a) benzylbromide, K2CO3,


acetone, reflux, 3 h; (b) tributyl(vinyl)tin, Pd(PPh3)4, DMF, 80 �C,


12 h; (c) 9-BBN, THF, rt, 12 h; (d) NaOH, H2O2, rt, 6 h; (e) 3,4-


dihydro-2H-pyran, p-TsOHÆH2O, CH2Cl2, rt, 12 h; (f) 20% Pd(OH)2/


C, 60 psi H2, CH3OH, 50 �C, 4 h; (g) 5, DMF, 70 �C, 12 h; (h) allyl


alcohol, di-tert-butylazodicarboxylate, PPh3-polymer supported, THF,


rt, 12 h; (i) tetrahydro-2-(2-propynyloxy)-2H-pyran, Pd(PPh3)2Cl2,


PPh3, CuI, triethylamine, 120 �C, 25 min, microwave; (j) 2-(2-bromo-


ethoxy)-tetrahydro-2H-pyran, K2CO3, acetone, reflux, 3 h; (k)


H2NNH2, CH3OH, rt, 2 h; (l) Grubbs catalyst, 2nd generation,


CH2Cl2, 40 �C, 12 h; (m) CH3CO2H/THF/H2O (4:2:1), 45 �C, 12 h; (n)


5% Pt/C, THF, 50 psi H2, rt, 3 h.

ded compound 54. Hydrogenation followed by urea
coupling and Mitsunobu reaction provided acyclic urea
intermediate 57. A triple bond was introduced on the
bromo site of intermediate 51 via the Sonogashira
reaction and intermediate 58 was made. After hydroge-
nation, urea coupling and Mitsunobu reaction, interme-
diate 61 was obtained. Alkylation of compound 16
followed by hydrazine deprotection and urea coupling
afforded intermediate 64. Intermediates 57, 61, and 64
were cyclized to produce compounds 65a–c. THP depro-
tection provided compounds 66a–c. Hydrogenation
afforded compounds 67a–c.


NMR analysis confirmed that the Grubbs cyclization
here provided the cis conformation. The enzymatic
activities14–16,21 of the macrocyclic urea compounds
are listed in Table 1. Compound 13 showed no enzy-
matic activity because the TBDPS group prevented
binding to the enzyme.


In most cases, the enzymatic activities of the macrocyclic
ureas before and after the hydrogenation of the cycliza-
tion chain are comparable. For example, compounds
45b and 46b both possess IC50 = 4 nM. The other corre-
sponding pairs generally follow the same trend. This
indicates that the hydrogenation of the cyclization chain
did not have a significant effect on the enzymatic activ-
ity. Also, the enzymatic activities of the 15-membered
ring macrocyclic ureas and 14-membered ring macrocy-
clic ureas with the same side group R5 are essentially
equivalent. For example, the corresponding 14-mem-
bered ring versus 15-membered ring pairs of compounds
48c and 45a, 49d and 46b, 49e and 46c have similar
IC50’s. We did not make 16-membered ring macrocyclic
urea compounds here because they are 4- to 5-fold less
than active the 14- and 15-membered ring macrocyclic
urea compounds.22


Comparison of compounds 65a and 66a, compounds 65b
and 66b, and finally compounds 65c and 66c shows that
the enzymatic activity does not change significantly upon
THP deprotection. Also, increasing the side chain by one
methylene group does not cause appreciable change in
the enzymatic activity. Compounds 45a and 45b and
the other analogous pairs have similar IC50’s. This indi-
cates that R5 may be near to or occupy a position in free
space because the enzymatic activity was not sensitive to
the length of the side chain. This is consistent with the X-
ray crystallography data reported in Ref. 16.


Comparison of the enzymatic activity of compound
65b–65c, compound 66b–66c, and finally compound
67b–67c shows that in each case the latter of the pair
is more active than the former. The only difference be-
tween these two types of compounds is that compounds
65b, 66b, and 67b have a methylene group directly at-
tached to the C5 position, while compounds 65c, 66c,
and 67c have an oxygen atom at this position. Obvi-
ously, oxygen provides a better interaction between the
small molecule and the enzyme.


Comparing compounds 48c–e with compound 14, one
can calculate that compounds 48c–e are 6.80-, 5.67-,







Table 1. Chk1 IC50’s of 15-membered ring and 14-membered ring macrocyclic urea compounds before and after the hydrogenation of the cyclization
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O


O 48d 6 49d 3 45b 4 46b 4


N
OO 48e 5 49e 3 45c 2 46c 3


H
N


O
48f 16 49f 8


–Br 48g 12 49g 12


–H 48h 12 49h 16


–Clb 48i 10 49i 11 45d 5 46d 6


–Me 48j 15 49j 8


O O
65a 108


OH 66a 97 67a 39


O O
65b 91


OH 66b 69 67b 24


O
O O


65c 19


O
OH 66c 13 67c 11


a Radiometric assay in the presence of 5 lM of ATP.
b See Ref. 22.
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and 6.80-fold more active than compound 14 in the
enzymatic assay. However, comparing compounds 15,
48a, 48b, 65c, and 66c with compound 14, one can see
that the enzymatic activities did not change significantly.
These results indicate that the terminal morpholine
group on the side chain interacted more effectively with
the solvent front16 than the other side chains we intro-
duced. Compounds 45a–c and 46a–c were prepared to
determine if this trend would continue with the analo-
gous 14-membered ring macrocyclic ureas. The excellent
enzymatic assay results of compounds 45a–c and 46a–c
confirmed this hypothesis.

The enzymatic activities of compounds 48f, 48g, 48i, and
48j are better than that of compound 14. However, the
acetamidyl, bromo, chloro, and methyl groups are larger
than the hydroxyl group. It may be interesting to pre-
pare more macrocyclic urea compounds with larger
groups at this position to more fully develop and under-
stand the SAR of these compounds.


A total of 29 compounds were further evaluated in the
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) cell
proliferation assay and FACS (fluorescence-activated
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cell sorting) analysis.6,14–17,21 The MTS assay measures
the amount of surviving cells as an assessment of cyto-
toxicity. FACS analysis measures abrogation of the
G2 checkpoint as an indicator of Chk1-based cellular
mechanism for the compounds. A Chk1 mechanism-
based compound is expected to have little single agent
activity when administered alone in MTS and FACS.
Preferably, the IC50 values should be higher than the
maximum concentration of 59.29 and 10.00 lM used
for MTS and FACS analysis, respectively. In combina-
tion with DNA damaging agents such as doxorubicin
(Dox), the Chk1 inhibitor should significantly enhance
cytotoxicity.


Table 2 shows the results of the above two cellular as-
says, along with the enzymatic assay data (all presented
as IC50 values). Because of compound-to-compound
variabilities concerning such factors as cell permeability,
compounds with good enzymatic activity do not always
have good cellular activity. In Table 2, all 29 compounds

Table 2. Results of the MTS cell proliferation and FACS analysis


Compound Chk1 IC50 (nM) MTS EC50
a (lM


Compound alone C


14 34 >59.29 3.


15 15 30.38 N


45b 4 7.56 0.


45df 5 >59.29 >5


46df 6 >59.29 3.


48a 37 >59.29 >5


48b 19 >59.29 N


48c 5 >59.29 4.


48e 5 5.27 3.


48f 16 39.91 5.


48g 12 29.37 2.


48h 12 39.95 3.


48if 10 11.90 2.


48j 15 >59.29 3.


49a 25 >59.29 >5


49b 55 >59.29 >5


49c 7 4.03 3.


49e 3 8.87 0.


49g 12 52.77 >5


49h 16 >59.29 >5


49if 11 57.57 3.


65a 97 NV >5


65b 91 >59.29 3.


65c 19 30.86 5.


66b 69 >59.29 >5


66c 13 >59.29 >5


67a 39 >59.29 >5


67b 24 >59.29 5.


67c 11 >59.29 >5


a Tested using HeLa cells, a p53-deficient human cervical cancer cell line.
b Tested using NCI-H1299 cells, a human lung cancer cell line.
c Calculated from the percentages of inhibition by varying concentration of


doxorubicin, a topoisomerase II inhibitor in clinical use known to confer G2


the compound to sensitize HeLa cells is represented by the ratio of the E


doxorubicin.
d Compounds alone (10 lM) caused no alternation in cell cycle distribution


dramatic shift of cell distribution in comparison with the DMSO control,


population of apoptotic cells. Increasing the concentration of the compoun


and simultaneously increased apoptotic cells, which is consistent with the
e Not determined.
f See Ref. 22.

have very good enzymatic activity, however, 12 com-
pounds showed no combination activity in the MTS
cell proliferation assay (>5.93 lM) and 7 compounds
showed no combination activity in the FACS assay
(>10.00 lM).


In Table 2, 12 compounds showed single agent activity
in the MTS assay (<59.29 lM); while no compound
showed single agent activity in the FACS assay (all
>10.00 lM). Since MTS measures cell survival, com-
pounds that had single agent activity could inhibit cell
growth without alteration of the cell cycle profiles. The
fact that most of the compounds were weak in MTS
and inactive in FACS indicated that they lacked non-
mechanism-based cellular profiles, which was consistent
with the Chk1 siRNA data.6


Generally speaking, the two cellular assays correlate
well with each other. Among all 29 compounds, six com-
pounds (48a, 49a, 49b, 49g, 49h, and 67c) did not show

) FACS EC50
b (lM)


ompound/Doxc Compound alone Compound/Doxd


31 >10.00 0.54


V >10.00 6.06


50 NDe NDe


.93 >10.00 2.19


08 >10.00 1.27


.93 >10.00 >10.00


V >10.00 2.71


25 >10.00 1.18


04 >10.00 1.14


92 >10.00 3.43


86 >10.00 1.05


91 >10.00 1.93


60 >10.00 4.53


13 >10.00 0.96


.93 >10.00 >10.00


.93 >10.00 >10.00


99 >10.00 >10.00


28 >10.00 1.23


.93 >10.00 >10.00


.93 >10.00 >10.00


04 >10.00 2.65


.93 >10.00 3.12


13 >10.00 3.12


54 >10.00 1.84


.93 >10.00 1.01


.53 >10.00 1.93


.93 >10.00 4.48


37 >10.00 2.29


.93 >10.00 >10.00


the test compounds above the background inhibition by 100 nM of


/M checkpoint arrest at this concentration in HeLa cells. The ability of


C50 values of the compound alone and the compound with 100 nM


in comparison to the DMSO control. Doxorubicin at 500 nM led to a


with most of the cell population in the G2/M phase and a very low


ds such as 14, 46d, and 48j significantly reduced the G2/M population


abrogation of the G2 checkpoint arrest and induction of apoptosis.
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any activity in either of the two cellular assays. Fourteen
compounds (14, 46d, 48c, 48e, 48f, 48g, 48h, 48i, 48j, 49i,
65b, 65c, and 67b) showed activity in both cellular as-
says. Among these 14 compounds, compounds 14, 46d,
48c, 48j, 65b, and 67b showed the greatest inhibitory
activity. The most active compounds in the cellular as-
says were compounds 14, 46d, and 48j.


In summary, we have modified successfully the C5 posi-
tion of the benzene ring of the macrocyclic urea core.
Forty new macrocyclic urea compounds were prepared
and 29 of these compounds showed excellent Chk1 enzy-
matic activity (<20 nM). Compounds 14, 46d, and 48j
showed the best overall results in all three assays with
IC50’s of 34, 6, and 15 nM; ratios of single agent to com-
bination activity of >59.29 lM/3.31 lM, >59.29 lM/
3.08 lM, and >59.29 lM/3.13 lM in the MTS assay;
and ratios of single agent to combination activity of
>10.00 lM/0.54 lM, >10.00 lM/1.27 lM, and >10.00 lM/
0.96 lM in the FACS assay, respectively. Further inves-
tigation is needed to optimize the design of these Chk1
inhibitors.
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Abstract—4-Amino analogues prepared from b-boswellic acid and 11-keto-b-boswellic acid, wherein the carboxyl group in ursane
nucleus was replaced by an amino function via Curtius reaction, displayed improved cytotoxicity than the parent molecules. The
same molecules also exhibited apoptotic activity by inducing DNA fragmentation.
� 2007 Elsevier Ltd. All rights reserved.

The gum exudate of Boswellia serrata, used in the treat-
ment of various inflammatory diseases in Ayurvedic sys-
tem of medicines,1–3 comprises b-boswellic acid (1) as
the main triterpenic acid along with 11-keto-b-boswellic
acid (2) and their acetates.4 Boswellic acids are known
for their therapeutical attributes, as they are reported
to be non-redox, non-competitive inhibitors of 5-lipoxy-
genase.5–7 The alcoholic extract of the gum is used for
the treatment of adjuvant arthritis.8 It has also shown
synergistic effect with glucosamine as anti-inflammatory
and anti-arthritic agent.9 Besides, its activity against
ulcerative colitis,10 chronic colitis,11 asthma,12 and
anti-complimentary is well documented.13 The extract
has also undergone clinical trials for the treatment of
endotoxin induced hepatitis.14 Recently, b-boswellic
acid as a chemo-preventive and therapeutic agent in can-
cers has also attracted the attention.15 Semi-synthetic
analogues of boswellic acids have also shown promising
anticancer activity.16 Thus, boswellic acids have been
reported to inhibit growth of brain tumors17–19 and in-
duce apoptosis in leukemic cells.20–22 Using pure topoi-
somerase assay it was found that both b-boswellic acid
acetate and 3-O-acetyl-11-keto-b-boswellic acid were
more potent inhibitors of topoisomerase I and IIa in
comparison to camptothecin and amsacrine or etopside,

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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respectively.23 The apoptotic effects of boswellic acids
have also been observed in malignant glioma cells and
colon cancer cells.17,24
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The b-boswellic acid, which belongs to ursane group of
triterpenic acids, is lipophilic in nature and comprises
only one a-hydroxyl and a carboxyl function. Therefore,
to modulate their weakly acidic character and solubility,
it was envisaged to modify their structure through the
replacement of carboxyl by an amino function, making
it weakly basic.


Molecules comprising both amino and alcoholic groups
possessing properties of amines as well as alcohols
are not only biologically active but also have useful
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chemical properties. 1,2-Amino alcohol motif itself is
abundant in nature and the most common naturally
occurring compounds are vicinal amino alcohols that
are biologically active as well as significant members
of the chiral pool.25–27 1,2-Amino alcohol motif is also
a key pharmacophore in aspartyl protease inhibitors,
for example, HIV protease inhibitor,28a in b-amyloid
peptide formation inhibitor for the treatment of Alzhei-
mer’s disease,28b in dopamine D4 antagonist for the
treatment of Parkinson’s disease,28c and in aldose reduc-
tase inhibitor, useful for the management of obesity and
diabetes.28d Some other well-known examples include
bestatin, an aminopeptidase inhibitor that exhibits
immunomodulatory activity29,30 and is used clinically
as an adjuvant in cancer chemotherapy.31 Hapalosin,
an anti-b-hydroxy-c-amino acid containing depsipeptide
recently isolated from bluegreen algae,32 has attracted
considerable interest due to its ability to inhibit multi-
drug resistance (MDR) in drug resistant cancer cells.
The pyrrolidine amino alcohol anisomycin, obtained
from extracts of a Streptomyces sp., is a potent inhibitor
of protein biosynthesis that may be useful as an antican-
cer agent.33–36 Moreover vicinal amino alcohols are also
being used as anti-diabetic drugs,37 in the treatment of
heart failures,38 and as chiral auxiliaries for asymmetric
synthesis.39


It was therefore envisaged that a small library of novel
analogues of boswellic acids (1, 2) thus prepared will
be subjected to in vitro cytotoxicity screening against
various human cancer cell lines to identify new antican-
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Scheme 1. Reagents and conditions: (i) SOCl2, benzene, reflux; (ii) NaN3, a


dioxane, reflux (87%); (v) R2O, DCM, DMAP (95%).

cer lead molecules. In this communication, we describe
the synthesis of 3-a-hydroxy-4-b-amino-24-norurs-12-
ene derivatives, their epimers from b-boswellic acid,
and report their cytotoxic and apoptotic behavior in
comparison to natural acids.


Our synthetic efforts were mainly directed toward the
substitution at C-4 with an amino group.40 Therefore,
acetyl b-boswellic 3/acetyl 11-keto-b-boswellic 4 were
subjected to Curtius reaction that initially involved
treating 3/4 with SOCl2 followed by reaction with
NaN3 to give isocyanates 5 and 6. The isocyanate
was rearranged to corresponding amine by acid or base
treatment. The acid treatment gave 3-a-acetoxy-4-b-
amino-24-norurs-12-ene 7 and 8, but the yields
were unsatisfactory. However, the reaction with a
base produced 3-a-hydroxy-4-b-amino-24-norurs-12-
ene compounds 9 and 10 in good yields, which on
acylation in presence of a base gave analogues 11–16
(Scheme 1).


Next, epimers of boswellic acids were synthesized fol-
lowing the same reaction sequence as depicted in
Scheme 2.41 First, the acetyl derivatives 3 and 4 were
treated with diazomethane (CH2N2) to yield methyl es-
ters 17 and 18, followed by oxidation with PCC to con-
vert to corresponding 3-keto derivatives 19 and 20. The
3-keto derivatives 19 and 20 were quantitatively reduced
by NaBH4 to epimers 21 and 22, having (S) or b-config-
uration at C-3, because of the steric hindrance caused
by the b-substituent groups mainly in the A/B ring of
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triterpenoid (e.g., 25-Me, 24-COOMe). The methyl
esters thus obtained were hydrolyzed using KOH/
MeOH in a high pressure reaction vessel at 98–100 �C
to get b-epimeric boswellic acids 23 and 24 in 88% yield,
which were then converted to 25 and 26, respectively, by
acetylation reaction.
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Scheme 3. Reagents and conditions: (i) SOCl2, benzene, reflux; (ii) NaN3, ac
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The b-epimeric boswellic acids 25 and 26 were used as
starting material to prepare amino alcohols 27–31 as
illustrated in Scheme 3.


All the semi-synthetic molecules were subjected to
in vitro screening for anticancer activity against vari-
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Table 1. In vitro cytotoxicity of natural boswellic acids and novel analogues against human cancer cell lines


Compound Concn % Growth inhibition


Breast Prostate Colon


MCF-7 DU-145 SW-620 502713 HT-29


1 1 · 10�5 M 18 00 02 24 15


2 1 · 10�5 M 00 00 07 00 07


3 1 · 10�5 M 00 00 05 20 36


4 1 · 10�5 M 12 10 02 08 24


5 1 · 10�5 M 30 00 00 00 22


6 1 · 10�5 M 10 00 00 02 00


7 1 · 10�5 M 10 92 80 96 44


8 1 · 10�5 M 01 16 72 55 21


9 1 · 10�5 M 42 82 73 99 79


10 1 · 10�5 M 44 94 87 86 71


11 1 · 10�5 M 57 08 00 07 00


12 1 · 10�5 M 35 08 00 09 00


13 1 · 10�5 M 00 00 00 07 00


14 1 · 10�5 M 62 09 00 20 00


15 1 · 10�5 M 04 00 00 24 00


16 1 · 10�5 M 00 00 00 12 00


17 1 · 10�5 M 01 13 00 23 00


18 1 · 10�5 M 00 12 01 19 00


19 1 · 10�5 M 00 12 03 27 12


20 1 · 10�5 M 03 13 02 20 05


21 1 · 10�5 M 00 00 12 09 00


22 1 · 10�5 M 00 00 11 10 03


23 1 · 10�5 M 18 01 15 18 11


24 1 · 10�5 M 16 03 01 27 00


25 1 · 10�5 M 15 00 20 12 17


26 1 · 10�5 M 21 00 00 23 19


27 1 · 10�5 M 50 18 06 03 02


28 1 · 10�5 M 09 00 20 00 05


29 1 · 10�5 M 00 16 63 23 51


30 1 · 10�5 M 17 00 07 00 00


31 1 · 10�5 M 02 06 43 00 27


32 1 · 10�5 M 00 11 13 00 24


33 1 · 10�5 M 00 00 21 14 00


5-Fu 5 · 10�5 M 20 31 41 25 36


Mito-C 1 · 10�5 M 65 44 67 84 63


Paclitaxel 1 · 10�5 M 46 53 41 26 76


Adriamycin 1 · 10�6 M 12 46 36 05 14
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ous human cancer cell lines as described by Monks
et al.42 In brief, the stock solution (1 · 10�2 M) of the
compounds was prepared in dimethylsulfoxide
(DMSO) and was further diluted with growth medium
(RPMI-1640 with 2 mM glutamine, pH 7.4, 10% fetal
calf serum, 100 lg/ml streptomycin, and 100 U/ml pen-
icillin) to obtain desired concentration. The cells were
grown in tissue culture flasks in growth medium at
37 �C in an atmosphere of 5% CO2 and 95% relative
humidity in a CO2 incubator. The cells at subconfluent
stage were harvested from the flask by treatment with
trypsin (0.05% trypsin in PBS containing 0.02%
EDTA) and suspended in growth medium. Cells with
more than 97% viability (Trypan blue exclusion) were
used for determination of cytotoxicity. An aliquot of
100 ll of cells (105 cells/ml) was transferred to a well
of 96-well tissue culture plate. The cells were allowed
to grow for 24 h. Test materials (100 ll) were then
added to the wells and cells were further allowed to
grow for another 48 h. The cell growth was stopped
by gently layering 50 ll of 50% trichloroacetic acid.
The plates were incubated at 4 �C for an hour to fix

the cells attached to the bottom of the wells. Liquids
of all the wells were gently pipetted out and discarded.
The plates were washed five times with distilled water
and were air-dried. Sulforhodamine B 100 ll (0.4% in
1% acetic acid) was added to each well and the plates
were incubated at room temperature for 30 min. The
unbound SRB was quickly removed by washing the
wells five times with 1% acetic acid. Plates were air-
dried, tris-buffer (100 ll, 0.01 M, pH 10.4) was added
to all the wells, and plates were gently stirred for
5 min on a mechanical stirrer. The optical density was
recorded on ELISA reader at 540 nm. Suitable blanks
and positive controls were also included. Each test
was done in triplicate. The values reported herein are
mean values of three experiments (Table 1). The cyto-
toxicity of all the compounds was also determined
using normal monkey kidney cell line (CV-1) and no
significant cytotoxicity was observed (data not
included).


The initial results showed that in general high degree
of cytotoxic effect was observed at 10 lM with ana-







Table 2. In vitro cytotoxicity of novel analogues 7, 9, and 10 at 1 lM concentration


Compound Concn % Growth inhibition


Breast Prostate Colon


MCF-7 DU-145 SW-620 502713 Colo-205


7 1 · 10�6 M 0 0 18 6 34


9 1 · 10�6 M 0 3 45 35 30


10 1 · 10�6 M 0 16 75 48 48


Mito-C 1 · 10�5 M 78 56 — — 86


Adriamycin 1 · 10�6 M 74 56 — — 62


Figure 1. HL-60 cells (2 · 106/3 ml) were treated with analogues of


boswellic acids (7–10) at 1 lM concentration for 6 h. Camptothecin at


same concentration and time period was used as positive control.


Untreated control cells received the same volume of DMSO as that of


treated samples. DNA was extracted and electrophoresed on 1.8%


agarose gel.
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logues 7–10 except for breast (MCF-7) cell line. Ana-
logues 9 and 10 showed maximum cytotoxicity
(71–99%) against rest of the four cell lines namely pros-
tate (DU-145) and colon (SW-620, 502713, and HT-
29). Analogue 7 was equipotent (80–96%) to analogues
8 and 9 for three cell lines namely prostate (DU-145)
and colon (SW-620 and 502713) except for colon (HT-
29) cell line where it displayed less activity. Compound
8 showed least effect among all the four (analogues 7–
10) where maximum effect (72%) was observed with co-
lon (SW-620) cell line. The natural products 1–4 have
displayed significant cytotoxicity only at 50 lM concen-
trations (data not included). The amino analogue forma-
tion thus resulted in marked improvements in
cytotoxicity. It was also established that b-hydroxy epi-
mers and their acylates 21–26 and 29–33 did not show
any improvement in cytotoxicity.


Out of the four analogues 7–10, three analogues 7, 9,
and 10 were further taken up for cytotoxicity at 1 lM
concentration. The results are shown in Table 2. The re-
sults clearly indicate that of the three 10 is the most
promising which displayed significant activity at 1 lM.
The selected analogues 7–10 were also analyzed for their
apoptotic behavior.


Dysregulation of apoptosis is the hallmark of all cancer
cells, and the compounds that are capable of inducing
apoptosis in cancer cells are considered to be important
in anticancer therapeutics. Apoptosis is a complex phe-
nomenon, which is regulated by genetic mechanisms and
is principally characterized by morphological and bio-
chemical changes in the nucleus, including internucleos-
omal DNA fragmentation. The most active compounds
7–10 were analyzed for their potential to induce DNA
fragmentation in human promyelocytic leukemia HL-
60 cells; the culture was treated with or without 1 lM
of test compounds for 6 h. Camptothecin at 1 lM was
used as positive control. DNA was extracted from
cells and electrophoresed on 1.8% agarose gel. The indi-
cated compounds produced DNA fragments observed in
the form of typical ladder of about 180 bp apart, sug-
gesting that all the indicated compounds are capable
of producing apoptosis in HL-60 cells (see Fig. 1). Thus
the selected molecules are potential leads for the devel-
opment of anticancer therapeutics.


In conclusion, a series of 29 semi-synthetic 3-amino-4-
hydroxy analogues prepared from b-boswellic acid
and 11-keto-b-boswellic were subjected to cytotoxicity
screening and following interesting observations have

been made: (i) 4-a-amino analogues displayed en-
hanced cytotoxicity than the corresponding carboxylic
acid analogues; (ii) protection of free amino group
with acyl group reduced the bioactivity; (iii) 3-b-epi-
meric amino analogues displayed lower activity; (iv)
the selected analogues also displayed apoptotic activ-
ity as indicated via inducing DNA fragmentation.
Further investigations for synthesis and detailed bio-
logical activities including mechanism of action are
in progress.
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Abstract—We report the development of the novel N-substituted benzimidazole 11 as a potent and selective human formyl peptide
receptor-like 1 (hFPRL1) agonist. This compound and its less active enantiomer 12 were identified as useful tools for studying recep-
tor function in vitro.
� 2007 Elsevier Ltd. All rights reserved.

The human formyl-peptide receptor-like 1 (hFPRL1 or
ALXR) belongs to a family of Gi-protein-coupled recep-
tors that is predominantly expressed on neutrophils and
monocytes.1 Recent literature suggests that its role in
inflammation is complex; both pro- and anti-inflamma-
tory functions have been reported. hFPRL1 is modu-
lated by a wide variety of endogenous and exogenous
ligands; for instance, N-formylated peptides such as
the tripeptide N-formyl-Met-Leu-Phe (fMLP) are ago-
nists and chemo-attractants for the receptor.2 Since such
peptide ligands are primary products of bacterial (or
mitochondrial) translation, it has been postulated that
hFPRL1 evolved as part of a defense mechanism against
bacterial infections.3 hFPRL1 has also been reported to
mediate important pro-inflammatory processes in vari-
ous neurodegenerative states. The 42-amino acid form
of amyloid b (Ab42), which is believed to take part in
the pathogenesis of Alzheimer’s disease, can cause neu-
ronal damage via recruitment and activation of mono-
nuclear phagocytes (microglia) in the brain.4 Ab42 is
also a chemotactic agonist for hFPRL1 which suggests
that the receptor plays a role in this disease. Interest-
ingly, a 24-amino acid peptide called humanin blocks
the cytopathic effect of Ab42 in neuroblast cells by inter-
action with hFPRL1.5 In a different case serum amyloid
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A, a precursor to the amyloid fibril deposits of amyloi-
dosis, is also a chemotactic hFPRL1 ligand (tested in
transfected HEK 293 cells).6 Moreover, the neurotoxic
prion protein fragment PrP106–126, which behaves in a
similar manner to the pathologic isoform of prion pro-
tein, chemoattracts and separately induces cytokine
secretion in human monocytes through interaction with
hFPRL1.7


Separate studies suggest an integral role of hFPRL1 in
host response to HIV-1 infection. Several synthetic pep-
tide domains of HIV-1 envelope proteins have been
shown to activate hFPRL1 in vitro, resulting in various
downstream events.8 Among these are the attenuation of
cell response to some chemokines, which likely occurs
via a cross-desensitization and down-regulation mecha-
nism of the receptors CCR5 and CXCR4 (both in hu-
man monocytes).


In contrast to the reported pro-inflammatory effects of
hFPRL1 modulators, Serhan and coworkers have
described anti-inflammatory effects of Lipoxin A4


(LXA4) and analogs, another class of hFPRL1 agonists.
The lipoxins, endogenously produced metabolites of
arachidonic acid, have been shown to promote resolu-
tion of acute inflammation through agonism of
hFPRL1.9 This interaction results in the attenuation of
immune cell chemotactic response towards pro-inflam-
matory mediators.10 There is also a growing body of evi-
dence suggesting that Annexin A1 (or Annexin-derived
metabolites), a glucocorticoid-regulated protein, inhibits
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leukocyte migration/activation through agonism of
hFPRL1.11 In summary, hFPRL1 is clearly involved
in inflammatory and pathogenic processes and therefore
is a target of interest for drug discovery. Further studies
will be required to understand how interference with
hFPRL1 signaling might be of therapeutic benefit. We
believe that small molecules, which selectively interact
with hFPRL1, will provide valuable tools for such
investigations.


Recently, we reported the discovery of pyrazolone 1 as a
potent and selective agonist of hFPRL1 (Fig. 1).12 This
molecule showed dose-dependent inhibition of polymor-
phonuclear human neutrophil (PMN) chemotaxis,
whereas the hFPRL1-inactive isomer 2 did not have
an effect.


Compound 1 also demonstrated promising efficacy in a
murine model of inflammation. Given that structurally
diverse agonists of hFPRL1 induce divergent down-
stream effects (as outlined above), we continued to study
the pyrazolones and started to develop a second series of
agonists. The goal was to generate another pair of active
and inactive molecules, which are structurally related to
each other, but diverse from the pyrazolones.


Our screening campaign using an aequorin-based biolu-
minescence assay (Ca2+ flux) revealed compound 3
(Fig. 1) to be a relatively weak agonist of hFPRL1
(EC50 = 6.39 lM).13 Despite its moderate potency, this
molecule seemed an attractive starting point for further
optimization, since it showed modest selectivity over
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Figure 1.

hFPR (no activity up to 10 lM) and potential for struc-
tural diversification in a modular fashion.


Compounds were prepared according to the synthetic se-
quences outlined in Schemes 1 and 2. The benzimidazole
core was constructed via SNAr-type chemistry. For com-
pounds 4–9, ethyl 4-aminopiperidine-1-carboxylate was
added to 1-fluoro-2-nitrobenzene by heating in the pres-
ence of potassium carbonate, which resulted in the corre-
sponding 2-aminonitrobenzene derivative. This
intermediate was converted to bis-aniline I under modi-
fied Béchamp conditions (Fe�, AcOH). Mono-acylation
of this bis-aniline followed by dehydration of the result-
ing amide under microwave irradiation resulted in the
corresponding benzimidazoles. The carbamate function
was subsequently removed under basic conditions to give
the unprotected piperidines (generic structure II) and
amide coupling under standard conditions led to the final
compounds. Pyrrolidine-containing compounds 10–18
were prepared using an analogous strategy according to
Scheme 2.14 Final compounds were in excess of 95% pur-
ity as measured by HPLC and 1H NMR.15


The effect of structural modifications to the benzimi-
dazolone moiety of compound 3 was investigated first.
Formal replacement of this group by a benzimidazole
resulted in a negligible increase in potency (compound
4, Table 1). However, the transition from benzimidazo-
lone to the benzimidazole core allowed modifications at
C(2), which proved beneficial for potency. As shown in
Table 1, benzimidazoles with small alkyl substituents
such as ethyl at C(2) exhibited submicromolar activity.
Increasing the size of this group from an ethyl group
to iBu, CF3 or Ph did not result in further improve-
ments. The ethyl-substituted benzimidazole fragment
was therefore selected for subsequent efforts.


We then turned our attention to the piperidine linker
element (Table 2) and observed that contraction of the
piperidine ring of 6 to a pyrrolidine 10 (racemic) resulted
in a five fold increase in potency. Application of the syn-
thetic sequence (Scheme 2) utilizing enantiomerically
pure 3-aminopyrrolidines yielded the individual antipo-
des 11 and 12, of which the R-isomer 11 proved signifi-
cantly more potent than S-enantiomer 12.


The effects of compounds with modified indole groups
on hFPRL1-mediated Ca2+ mobilization are summa-

(f)


N


N


N


O HN


R


III


R = H, Me, Ethyl, iButyl, CF3, Ph


OMeH
N


OMeO


O


o, THF/H2O/AcOH (5:5:1), 68%; (c) RCOCl, NEt3, CH2Cl2, 0 �C or


icrowave irradiation, 15 min; (e) H2NNH2, KOH, 2-propanol, 85 �C or







F


NO2
NH2


NH


(a), (b) (c), (d) or (e)


NPH2N NP


N


N
Et


NH


(f)


N


N
Et


X = CH, N
P = Bn for rac
P = Boc for R- and S-enantiomers


N


O


X


H
N


R


R = OMe, F, Cl, Br, OCF3, Et


+ O


X


H
N


RHO
+


Scheme 2. Reagent and conditions: (a) K2CO3, DMF, 60 �C, 46–65%; (b) Pd/C, H2, MeOH, 90–97%; (c) propionyl chloride, NEt3, CH2Cl2, 0 �C to


room temperature, 59% for rac; (d) Pd/C, NH4CO2H, EtOH, reflux, 70% for rac; (e) HCl (2 equiv), dioxane, 80 �C, 80% over 2 steps for ‘R’, 97%


over 2 steps for ‘S’; (f) EDC, DMF or CH2Cl2, 32–86%.


Table 1. Influence of benzimidazoles 4–9 (general structure III,


Scheme 1) on hFPRL1-mediated Ca2+ mobilization


Compound R hFPRL1 EC50
a (lM) hFPR EC50


a (lM)


4 H 5.10 ± 0.73 >10


5 Me 1.02 ± 0.27 >10


6 Et 0.69 ± 0.28 >10


7 iBu 0.83 >10


8 CF3 1.52 >10


9 Ph 2.71 >10


a EC50 values have been determined by Ca2+ flux in CHO recombinant


cells co-expressing hFPRL1, Ga15 protein, and aequorin. Values


lacking standard deviation are the average of two data points.


Table 3. Influence of indole substituents/replacement on hFPRL1-


mediated Ca2+ mobilization


N


N
Et


N


O


X


H
N


R


Compound R X hFPRL1 EC50
a


(lM)


hFPR EC50
a


(lM)


11 OMe CH 0.034 ± 0.010 >10


13 F CH 1.49 >10


14 Cl CH 14.1 >10


15 Br CH 0.81 >10


16 OCF3 CH 12.2 >10


17 Et CH 0.27 >10


18 OMe N 1.87 >10
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rized in Table 3. A brief survey centering around the
nature of the C(5)-substituent revealed that C(5) OMe
is optimal for in vitro potency. The C(5)-bromo and
-ethyl substituted analogs 15 and 17 were the most
potent alternatives, but lost significant activity (EC50 =

Table 2. Influence of amine ring modification on hFPRL1-mediated


Ca2+ mobilization


N


N


N


O HN


OMe


Et


n = 0, 1


Compound Amine ring hFPRL1 EC50
a


(lM)


hFPR EC50
a


(lM)


6 N 0.69 ± 0.28 >10


10 N 0.13 >10


11 N 0.034 ± 0.010 >10


12 N 3.50 >10


a EC50 values have been determined by Ca2+ flux in CHO recombinant


cells co-expressing hFPRL1, Ga15 protein, and aequorin. Values


lacking standard deviation are the average of two data points.


a EC50 values have been determined by Ca2+ flux in CHO recombinant


cells co-expressing hFPRL1, Ga15 protein, and aequorin. Values


lacking standard deviation are the average of two data points.

0.81 and 0.27 lM, respectively) compared to 11.
Similarly, the indole core appeared to be necessary for
efficient downstream signaling; for example, the corre-
sponding benzimidazole analog 18 proved less active
(EC50 = 1.87 lM). Other indole replacements have been
studied in a slightly different series, but no equipotent
replacement of the 5-methoxy-indole unit has been iden-
tified (data not shown). None of the tested compounds
showed significant activity against hFPR below 10 lM
concentrations.16


In conclusion, optimization of the initial benzimidazo-
lone 3 (EC50 = 6.39 lM) for hFPRL1-mediated activity
in a cell-based system yielded benzimidazole 11
(EC50 = 0.034 lM) and its enantiomer 12, which was
roughly 100-fold less active (EC50 = 3.50 lM). Our next
goal was to utilize these two molecules alongside the ini-
tially reported pyrazolones (1 and 2) in order to interro-
gate the functional consequence of hFPRL1 activation.
We first tested the impact of these compounds on poly-
morphonuclear human neutrophil (PMN) chemotaxis.


For this, freshly collected human PMN’s were preincu-
bated for 45 min with compound or vehicle and subse-







Table 4. Comparison of Ca2+ mobilization and inhibition of neutro-


phil (PMN) migration by compounds 1, 2, 11, and 12


Compound Ca2+ flux Migrationa


hFPRL1


EC50
b (lM)


fMLP


IC50 (lM)


IL-8


IC50 (lM)


11 0.034 ± 0.010 0.22 ± 0.22 1.71 ± 2.19


12 3.50 >10 >10


1 0.044 ± 0.005 0.64 ± 0.20 0.24 ± 0.05


2 >10 >10 >10


aMean IC50 (lM) values determined using PMNs from at least three


donors. fMLP or IL-8 were used as chemo-attractants (each 10 nM).


Final [DMSO] = 0.1%.
b hFPRL1 activity for comparison.
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quent migration against a gradient of chemo-attractant
(either IL-8 or fMLP) was followed by fluorescence
measurement according to Martin and coworkers.17


The result of this experiment is summarized in Table
4. For both structural series, it is clear that the hFPRL1
agonist inhibits neutrophil migration, whereas the struc-
turally related isomer/enantiomer, which does not mod-
ulate hFPRL1, had no effect on migration. These results
strongly suggest that the observed inhibition of neutro-
phil migration, which is anti-inflammatory in nature, is
indeed hFPRL1-mediated.


We then tested the effect of the same four molecules on
secretion of IL-6 from human whole blood.18 In this
experiment, 50% human blood was incubated with IL-
1b both in the presence and absence of test compound
for 18 h. The secretion of IL-6 was then detected by fluo-
rescence measurement. As exemplified in Figure 2, we ob-
served that the hFPRL1 agonists 1 and 11 stimulate IL-6
secretion above levels induced by IL-1b alone (defined as
100 POC). The less potent analogs did not cause an effect.
This stimulatory effect is clearly pro-inflammatory in
nature.


In summary, optimization of a weakly potent hFPRL1
agonist 3 resulted in a structurally novel, optically active
hFPRL1 agonist 11 with an in vitro activity well below
micromolar concentrations (EC50 = 34 nM). Its enantio-
mer 12 was about 100-fold less active in the Ca2+ mobili-
zation assay. Subsequently, the pair of enantiomers was
studied in functional cell-based assays of inflammation.
We have found that the hFPRL1-active enantiomer 11
inhibits neutrophil migration in a dose-dependent man-
ner, while its ‘hFPRL1-inactive’ analog 12 did not show
an effect. In contrast, we observed that the active molecule
significantly stimulates IL-6 secretion in human whole
blood; again, the compounds that did not modulate

Figure 2. Stimulation of IL-6 secretion by hFPRL1 agonists in 50%


human whole blood.

hFPRL1 had no effect. The previously reported, structur-
ally diverse pyrazolones (1 and 2) showed the same trend
in the migration and cytokine secretion assays. From
these results, we conclude that the anti-inflammatory
inhibition of neutrophil migration of compounds 1 and
11 as well as their pro-inflammatory stimulation of IL-6
secretion are likely to be hFPRL1-mediated. Clearly,
more studies will be required to understand the complex
role of hFPRL1 in vivo and how it might serve as a ther-
apeutic target. We believe that the two pairs of structur-
ally distinct active and ‘inactive’ hFPRL1 agonists
(benzimidazoles 11 and 12; pyrazolones 1 and 2) will
provide excellent tools to study this receptor in more
detail.
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Abstract—A new series of pyrazole-based factor Xa inhibitors have been identified as part of our ongoing efforts to optimize pre-
viously reported clinical candidate razaxaban. Concern over the possible formation of primary aniline metabolites via amide hydro-
lysis led to the replacement of the primary amide linker between the pyrazole and phenyl moieties with secondary amides. This was
accomplished by replacing the aniline with a variety of heterobicycles, of which indolines were the most potent. The indoline series
demonstrated subnanomolar factor Xa binding Kis, modest to high selectivity versus other serine proteases, and good in vitro clot-
ting activity. A small number of indoline fXa inhibitors were profiled in a dog pharmacokinetic model, one of which demonstrated
pharmacokinetic parameters similar to that of clinical candidate razaxaban.
� 2007 Elsevier Ltd. All rights reserved.
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FXa Ki = 0.19 nM (PT IC2x = 1.3 μM)
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The trypsin-like serine protease fXa is an attractive tar-
get for the development of new anticoagulant drugs.1 As
a key enzyme in the coagulation cascade, fXa combines
with fVa and calcium to form the prothrombinase com-
plex responsible for the conversion of prothrombin to
thrombin. Thrombin plays a critical role in clot forma-
tion by catalyzing the conversion of fibrinogen to fibrin
and by activating platelets.2 Due to the nature of the
coagulation cascade, small quantities of fXa can pro-
duce large amounts of thrombin. Therefore, fXa inhibi-
tion is expected to be more efficient than direct
inhibition of thrombin, and in vivo studies support a
lower risk of bleeding with fXa inhibitors.3,4


We have described several fXa clinical candidates with
excellent potency, selectivity, and oral efficacy in vivo.5,6


Herein we describe a new series of factor Xa inhibitors
developed as part of our overall optimization strategy.
This series evolved from the P1-amino-benzisoxazole pyr-
azole-based scaffold of the previously reported clinical
candidate razaxaban through modification of the carbox-
amido linker that connects the pyrazole and proximal
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phenyl moieties. While the biarylaniline P4 moiety of
razaxaban tested negative in the Ames assay and was
not observed in vivo,6 we considered it advantageous to
eliminate possible formation of a primary aniline alto-
gether. In practice, the carboxamido linker was converted
to a heterobicyclic moiety. Hydrolysis, if it should occur,
would then yield a secondary aniline, which is less likely to
be mutagenic. It was hoped that this modification would
provide anticoagulants with both potency and selectivity
for factor Xa and acceptable pharmacokinetic profiles for
in vivo testing.

Trypsin Ki  >10,000 nM

Initial leads for the heterobicyclic series are disclosed in
Table 1. The most potent heterobicycles were indolines 2
and 3, which were 16- and 30-fold less active, respec-
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Table 1. Factor Xa, thrombin, and trypsin binding affinities for heterobicyclic scaffoldsa


N
N


F3C


N


O


O N


NH2


R


Compound Scaffold R fXa Ki, nM Thrombin Ki, nM Trypsin Ki, nM PT IC2x lM


1
H
N


F


SO2CH3 0.09 6300 >5200 —


2 N SO2CH3 1.5 >21,000 >2500 26


3 N SO2NH2 2.7 >21,000 >2500 28


4 N SO2CH3 2000 >6300 >4200 —


5
N


O


SO2CH3 500 >21,000 >4200 —


6b


N


OH


SO2CH3 1400 >6300 >4200 —


7


O


N SO2CH3 71 >21,000 — —


8 N SO2NH2 3400 >6300 >4200 —


a Kis were obtained from purified human enzymes. Kis and PT values were measured according to Ref. 5a–c.
b Racemic.
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tively, than 1, the P4-phenylmethylsulfone analog of
razaxaban. Both compounds also had relatively weak
in vitro clotting activity in the prothrombin time (PT)
assay. Modest to high selectivity for factor Xa over
thrombin and trypsin was observed for all compounds.
Increases in ring size (4, 8), oxidation (5, 6), or incorpo-
ration of a heteroatom (7) decreased fXa binding affinity
by 50-fold or more compared to 2 and 3.


To improve fXa binding affinity and in vitro clotting
activity of the indoline series, the structure–activity rela-
tionships of the pyrazole substitutent (Table 2) and the
indoline P4 group (Tables 2–4) were explored. Replace-

ment of the 3-trifluoromethyl group of the pyrazole func-
tionality with a C-linked primary amide increased
binding affinity for fXa (Table 2). Compounds that also
contained P4 benzylic amines were very potent in the PT
assay, likely due to decreased protein binding as seen
previously with P4 alkyl amines and 3-amidopyrazole
analogs by our group.5c,7,8 For example, replacing the
3-trifluoro-methylpyrazole of 2 with a 3-amidopyrazole
(9) afforded a modest increase in fXa binding but de-
creased in vitro clotting activity. Making the same
change to N,N-dimethylbenzylamine 10 to give 11 re-
sulted in a 19-fold increase in binding affinity. Compared
to sulfone 9, benzylamine 11 was approximately 14-fold







Table 2. Amide and trifluoromethyl pyrazole substitutentsa


N
N


R1


N


O


O N


NH2


R2


Compound R1 R2 fXa Ki, nM Thrombin Ki, nM Trypsin Ki, nM PT IC2x lM


2 CF3


SO2CH3


1.5 >21,000 >2500 28


9 CONH2


SO2CH3


0.82 >20,000 — 41


10 CF3


N


19 19,200 — —


11 CONH2


N


1.0 — >20,000 3.0


12 CF3


N
4.9 15,000 >40,000 —


13 CONH2


N
0.63 — — 2.1


a Kis were obtained from purified human enzymes. Kis and PT values were measured according to Ref. 5a–c.
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more efficacious in the clotting assay. Similarly, pyrroli-
dine 13 was 8-fold more potent than 12 and showed
activity in the PT assay comparable to that of 11.


Several indolines with P4 substituents at either the R2 or
R3 position are shown in Table 3. Comparing the fXa
binding affinities of 9 and 14 shows a marked preference
(>1700-fold) for the P4 group to be in the R2 position.
While there is also a decrease in binding affinity in going
from glycinamide 15 to 16, the effect is significantly less
pronounced, possibly because the P4 moiety of 16 has a
greater degree of flexibility than that of 14. Comparing
the regioisomers of the moderately rigid e-lactam P4-
analogs (17 and 18) also indicates a preference for R2


substitution by approximately 70-fold. This trend was
found to hold for every pair of R2 and R3 isomers pre-

pared and is thought to be due to a preferred orientation
of the P4 group when bound in the aryl S4 binding
pocket of the fXa enzyme.


The P4 substitutent of the aminobenzisoxazole-3-amido-
pyrazole indoline scaffold was diversified to further im-
prove the efficacy of our anticoagulants (Table 4).
These substituents were selected because they have
historically provided improved in vitro potency, better
protein binding, and favorable pharmacokinetic proper-
ties.5–8 Replacement of the dimethylbenzylamine of 11
with the dimethylamino-methyl imidazole of razaxaban
decreased fXa binding affinity by approximately twofold
(compound 19). This decrease was more pronounced
upon conversion of the dimethylamine to either the
N-methylacetamide (20) or N-methylsulfonamide (21).







Table 3. Effect of indoline substitution on fXa binding affinitya


N
N N


O


O N


NH2


R2


O


H2N


R3


Compound R2 R3 fXa Ki, nM


9


SO2CH3


H 0.82


14 H


SO2CH3


1400


15
N


O


N H 6.8


16 H
N


O


N 350


17 N


O


H 15


18 H N


O


1100


a Kis were obtained from purified human enzymes and were measured


according to Ref. 5a–c.
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Of the P4 N-linked moieties examined, lactam 17 (Table 3)
was the least active, possibly due to the ring size exceed-
ing the capacity of the S4 binding pocket. However,
incorporation of the lactam P4 moiety found in apix-
aban (BMS-562247) afforded lactam 22 with binding
affinity for fXa on par with that of imidazole 19 and a
strong response in the PT assay. The corresponding aro-
matic analog of 22, pyridone 23, gratifyingly afforded an
increase in fXa binding by approximately 10-fold com-
pared to 22 and threefold compared to 13. Pyridone
23 was also very active in the clotting assay, proving
to be the most potent indoline prepared to date with
activity comparable to that of razaxaban in vitro.


Poor Caco-2 permeability was observed for the most ac-
tive compounds of Table 4 (11, 13, 22, and 23). This
raised the question of whether bioavailability would be
problematic upon oral dosing. To determine the phar-
macokinetic parameters of compounds from the indo-
line series and to assess how well the in vivo
permeability correlated with that observed in vitro, four
compounds were profiled in dog pharmacokinetic stud-
ies (Table 5). Pyrrolidines 12 and 13 had high rates of
clearance that were partially offset by high to moderate
volumes of distribution to afford modest intravenous
half-lives (t1/2(iv) = 2.2 and 2.3 h, respectively). Regard-
less, neither 12 or 13 was detectable in plasma when
dosed orally, most likely because of both poor absorp-
tion and significant first-pass metabolism. In contrast,

lactam 22 was marginally bioavailable, which is partially
attributable to a significantly lower rate of clearance
(0.22 L/h/kg) than that of either 12 or 13. Coupled with
a low volume of distribution, tetrahydropyridone 22 was
found to have a half-life of 1.6 h. The earlier lead, sul-
fonamide 3, which was equipotent with 22 in terms of
fXa binding affinity, exhibited a pharmacokinetic profile
similar to that of razaxaban. Unfortunately, the sulfon-
amide had low activity in the clotting assay, suggesting a
low free fraction in plasma, and was not further evalu-
ated in in vivo models.


The general synthetic strategy for preparing compounds
from the indoline series is shown in Scheme 1. Com-
pounds containing 3-trifluoromethylpyrazoles were pre-
pared from acid chloride 245c by treatment with the
sodium salt of the appropriate heterobicycle. Com-
pounds generated from 3-amidopyrazole 25 were simi-
larly prepared upon treatment of indole and acid with
1,3-diisopropylcarbodiimide in 4:1 pyridine/N,N-dimeth-
ylformamide for 24 h. Conversion to the P1-aminoben-
zisoxazole was carried out using acetohydroxamic acid
and potassium carbonate in DMF.5c At this stage, com-
pounds containing P4-thioanisole moieties were oxidized
to the sulfone using m-chloroperoxybenzoic acid in
dichloromethane. Similarly, compounds containing P4-
tert-butyl-sulfonamides were deprotected using trifluoro-
acetic acid in dichloromethane.


Amidopyrazole 25 was prepared as shown in Scheme 2
starting with a lithium hexamethyldisilazide-mediated
addition of commercially available ethanedioic acid
bis(1,1-dimethylethyl) ester (26) to 2-acetylfuran (27).
The resulting lithium salt was then reacted with hydra-
zine 285c in situ to afford furan 29. Ester hydrolysis un-
der acidic conditions, conversion to the acid chloride,
and treatment with 0.5 M ammonia in dioxane afforded
the corresponding 3-amidopyrazole that was then oxi-
dized with KMnO4 to provide acid 25.


The heterobicycles were generated according to Schemes
3–7.5c,b,c,6 Representative chemistry for preparing the
indoline moieties of compounds 2–3, 9–14, 19–21, and
23 is shown in Scheme 3. Reduction and Boc-protection
of commercially available 5-iodoindole (6-iodoindole in
the case of 14) afforded indoline 31, which could then be
reacted with boronic acid 32a–c under Suzuki conditions
to yield biaryls 33a–c. Reductive amination of aldehyde
33c with either pyrrolidine or dimethylamine afforded
benzyl amines 33d and 33e, respectively. In an analo-
gous manner, iodoindoline 31 was reacted under Ullman
conditions with previously reported imidazoles 35a–b5c


to afford indolines 36a–b. Treatment of 36b with acetyl
chloride or methanesulfonyl chloride under basic condi-
tions resulted in amides 36c–d. The indoline moiety of
23 was prepared by substituting 2-hydroxypyridine for
imidazole 35. Removal of the Boc-carbamate for all
compounds of Scheme 3 was accomplished using triflu-
oroacetic acid followed by conversion to the free base
upon workup using sodium bicarbonate.


The indoline moieties of compounds 15–18 and 22 were
prepared according to the chemistry in Scheme 4 start-







Table 4. Data for indoline P4 analogsa


N
N N


O


O N


NH2


R2


H2N


O


Compound R2 fXa Ki, nM PT IC2x lM Caco-2 Papp · 10�6 cm/s


11


N


1.0 3.0 0.3 ± 0.1


13


N
0.63 2.1 0.7 ± 0.1


19


N N


N
2.20 — —


20


N N


N


O
4.80 — —


21


N N


N
S


O


O
6.9 — —


22
N


O


2.4 3.30 0.1


23
N


O


0.20 1.9 0.1


a Kis were obtained from purified human enzymes. Kis, PT, and Caco-2 values were measured according to Ref. 5a–c.


Table 5. Indoline pharmacokinetic profilesa


Compound Caco-2 Papp · 10�6 cm/s Cl L/h/kg Vdss L/Kg t1/2 (po) F% (po)


Razaxaban 5.56 1.1 3.4 5.3 84


3 6.8 ± 2.9 0.63 2.0 4.0 66


12 — 7.4 20 nd bql


13 0.7 ± 0.1 3.57 6.2 nd bql


22 0.1 0.22 0.2 1.6 6


a Compounds were dosed in an N-in-1 format at 0.5 mg/kg iv and 0.2 mg/kg po (n = 1).5a–c
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ing from commercially available 5- or 6-nitroindole (38).
Protection with di-tert-butyl dicarbonate and subse-
quent hydrogenation afforded aniline 39. The aniline
could then be converted to the lactam (41a–b) upon

treatment with either 40a or 40b and two equivalents
of potassium t-butoxide. Deprotection using 4 M hydro-
gen chloride in dioxane followed by basification upon
workup gave indolines 42a–b. Conversion of aniline 39
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to glycinamide 43 was carried out via a pyBOP-medi-
ated coupling with N-methylglycine and subsequent
methylation. Deprotection and basification produced
indoline 44.
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Scheme 2. Reagents and conditions: (a) LiHMDS, Et2O, �78 to 25 �C, 83%;


CH2Cl2 then NH3, dioxane/CH2Cl2, 69%; (e) KMnO4, t-BuOH, 5% NaH2P

The heterobicycles of compounds 4–6 were prepared
from known 6-bromo-2,3-dihydro-4(1H)-quinolinone
(45).9 Suzuki coupling with 2-thioanisole boronic acid
afforded ketone 46a. To prepare the corresponding race-
mic alcohol, 46a was treated with sodium borohydride
in tetrahydrofuran after the coupling described in
Scheme 1 but before aminobenzisoxazole formation.
Alternatively, 45 was reduced with an aluminum trichlo-
ride/lithium aluminum hydride melt prior to coupling
with 2-thioanisole boronic acid to generate 46b.


The heterobicycle of 7 was prepared from commer-
cially available aniline 47, which was converted to
benzoxazinone 48 upon acylation with acetoxyacetyl-
chloride and cyclization under basic conditions. Suzu-
ki coupling with 2-thioanisoleboronic acid followed
by reduction with lithium aluminum hydride afforded
amine 49.
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The heterobicycle of 8 was generated from commer-
cially available aniline 50. Esterification and acylation
followed by base-induced ring closure gave benzaze-
pine-2,5-dione 51. Thermal decarboxylation and deoxy-
genation employing an aluminum trichloride/lithium
aluminum hydride melt provided amine 52. This amine
was coupled as described in Scheme 1 with acid chlo-
ride 24 prior to a Suzuki coupling with boronic acid
32b as described in Scheme 3.

In conclusion, we have prepared a series of potent and
selective indoline fXa inhibitors designed to prevent the
release of a primary aniline upon hydrolysis in vivo.
The more potent compounds of this series demonstrate
subnanomolar binding affinity and in vitro clotting activ-
ity under 5 lM. Conversion from a 3-trifluoromethyl to
a 3-amidopyrazole improved binding affinity by approx-
imately 2- to 19-fold, while substitution at the 5-position
of the indoline was preferred over the 6-position. Incor-
poration of an N-substituted pyridone at the P4 position
gave an indoline fXa inhibitor with potency comparable
to that of razaxaban. Subsequent evaluation of a small
number of indolines in a dog pharmacokinetic model
indicated that phenylsulfonamide 3 (fXa Ki = 2.7 nM)
had a pharmacokinetic profile similar to that of razax-
aban. However, sulfonamide 3 also demonstrated re-
duced in vitro clotting activity. Permeability and oral
bioavailability remain a significant issue for compounds
with improved potency in the clotting assay.
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Abstract—We report herein an efficient synthesis of 4-substituted triazolyl-nucleosides and their in vitro cytostatic activity. The syn-
thesis is based on a straightforward 1,3-dipolar cycloaddition between 1-azido-ribose 2 and terminal alkynes under a cooperative
effect of microwave activation and copper (I) catalysis. All cycloadducts were obtained in nearly quantitative yield after a short reac-
tion time (1 to 2 min). After removal of acetyl protecting groups, the free nucleosides were evaluated against L1210, Molt4/C8, and
CEM tumor cell lines. Structure–activity relationship study shows that the substituent on the triazole ring has a major effect since
nucleosides 4c and 4g, containing, respectively, a long alkyl chain and an aryl donor group are the most active compounds in this
series.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Examples of five-membered antitumor nucleosides, tiazofu-


rin and Eicar.

Nucleosides, which are the genomic building blocks,
interact with major constituents of living cells such as
nucleic acids, enzymes, and proteins. Naturally occur-
ring and synthetic analogues of nucleosides have been
the cornerstone of antiviral therapy over the last dec-
ades. The growing interest in such analogues arises from
their high potential value not only as therapeutic agents
but also as biochemical probes and as building blocks in
oligonucleotide synthesis following the well-known
phosphoramidite chemistry.1


Among antitumor nucleosides, those anchoring a five-
membered heterocyclic ring are of great interest. Thus,
tiazofurin (Fig. 1) is a synthetic C-nucleoside recently
approved as orphan drug for treatment of chronic
myelogenous leukemia in accelerated phase or blast
crisis. It is a potent inhibitor of inosine monophos-
phate dehydrogenase (IMPDH), a rate-limiting
enzyme of the de novo guanylate pool synthesis.2
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Eicar is an other five-membered N-nucleoside with a
potent antiviral and antitumor activity (Fig. 1).3 These
encouraging results prompted us to investigate the
synthesis of new five-membered nucleosides in the
triazolyl series.


We recently found that azido-deoxyribose and terminal
alkynes undergo fast 1,3-dipolar cycloaddition under the
cooperative effect of microwave activation and cooper(I)
catalysis to give high yield of 2 0-deoxy-triazolyl-nucleo-
sides cycloadducts.4 To get further insight into such a
process, we describe herein a straightforward two-step’s
synthesis of 4-substituted triazolyl-nucleosides 4, in ribo
series, and their cytostatic activity on L1210, Molt4/C8,
and CEM cell lines. The role of SiO2 support or
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Scheme 1. Synthesis of azido-tri-O-acetylribose 2.
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Brønsted acid in the activation of the key 1,3-dipolar
cycloaddition step will also be discussed.


First, the protected azido-ribose starting material
(2) was obtained in high yield from commercially
available tetra-O-acetylribose by using TMSN3 and
BF3Et2O as a catalyst (Scheme 1). The reaction was
completely stereoselective since only the b-anomer 2
was obtained.5


The survey of the 1,3-dipolar cycloaddition conditions
was next examined by using azide 2 and ethyl propiol-
ic ester as a model (Table 1). We found that the reac-
tion, when performed under solvent free microwave
activation, Cu(I) catalysis and supported on SiO2, pro-
vided the desired cycloadduct 3a stereo- and regio-
selectively and almost quantitatively (entry 1). In this
cycloaddition, only the b-anomer-4-substituted-triazole
3a was obtained within a very short reaction time
(1 min).6


The reaction proceeded also efficiently in solution since
high yields were obtained in CH2Cl2 or toluene at reflux
(entry 3). However, poor yields were obtained at room
temperature even with increased reaction times (entry 2).


To get more information about the role of silica gel, we
tested Al2O3 and sand,7 a poorly hydroxylated silicate,
as support. When the reaction was performed directly
on Al2O3 or sand and under microwave, 3a was ob-
tained with yields comparable to those obtained with

Table 1. Survey of cycloaddition reaction and SiO2 effect


Entrya Additives Activation


1 SiO2 MW


2 No CH2Cl2 or toluene


3 No CH2Cl2 or toluene


4 Sand MW


5 Al2O3 MW


6 SiO2 CH2Cl2
7 SiO2 Toluene


8 Al2O3 CH2Cl2
9 Sand CH2Cl2
10 AcOH CH2Cl2
11 AcOHd EtOH


12 AcOHd H2O/t-BuOH


a Azide (1 mmol), alkyne (1.2 equiv), CuI (2 equiv), DIEA (5 equiv), suppor
b Yield based on the isolated product.
c The starting material 2 was recovered.
d 1 equiv/mmol of alkyne.

SiO2 as support (entries 4 and 5). By contrast, in solu-
tion, the best results were obtained with SiO2 (entries
6 and 7) instead of Al2O3 (entry 8) or sand (entry 9).
Moreover, the reaction proceeded in solution more
slowly when carried out with Al2O3 or sand (entries 8
and 9, respectively) than with SiO2.


These differences are likely attributable to an acid cata-
lytic role of the SiO2 support for this 1,3-dipolar cyclo-
addition.8 The importance of this acid catalytic property
was unambiguously proven by the use of acetic acid (1
equiv/mmol of alkyne) instead of SiO2, which resulted
in a fast reaction and high cycloaddition yield (20 min,
95%, entry 10). This cycloaddition could also be carried
out efficiently in protic solvents and aqueous media as
shown in entries 11 and 12, respectively. To our knowl-
edge, this is the first report of such acid catalysis in
azide-alkyne 1,3-dipolar cycloaddition. It offers further
new perspectives in the well-known click chemistry field.
However, the mechanism by which Brønsted acid is
involved in the catalytic cycloaddition process is not
very clear and further experiments are required for its
elucidation.


The synthesis of the various protected triazolyl-nucleo-
sides 3 listed in Table 2 was performed applying the
most efficient procedure indicated in entry 1 of Table
1.9 It should be noted that all these nucleosides were ob-
tained with high yields whatever the chemical nature of
the starting alkyne. The different alkynes were chosen in
order to increase the molecular diversity around the tri-
azole nucleobase (long chain, polar, and aromatic
alkynes).


The acetyl groups of the protected nucleosides 3a–i were
then cleaved using NH3/MeOH solution to afford in
high yields the corresponding free analogues 4a–i,
respectively (Table 2).

Time T (�C) Yieldb (%)


1 min 110 96


24 h rt 20c


16 h Reflux 85


1 min 110 95


1 min 110 95


16 h rt 90


236 h rt 65c


16 h rt 37c


16 h rt 35c


20 min rt 95


8 h rt 82


8 h rt 79


t (100 mg/mmol of azide).







Table 2. Two-steps synthesis of free nucleosides 4a–i


Entrya Alkyne Time (min) Products 3a–p (yieldb %) Products 4a–p (yieldb %)


1 1 3a (97) 4a (85) (R = CONH2)


2 2 3b (95) 4b (87)


3 2 3c (95) 4c (90)


4 1 3d (93) 4d (94)


5 1 3e (96) 4e (92)


6 2 3f (93) 4f (90)


7 2 3g (95) 4g (88)


8 2 3h (94) 4h (95)


9 2 3i (93) 4i (92)


a Conditions: azide (1 mmol), alkyne (2 equiv), CuI (2 equiv), and DIEA (5 equiv) were adsorbed on silica gel (1 g/mmol of azide) and irradiated


(95 �C < T < 115 �C, reaction temperature was digitally measured).
b Yields of isolated products.
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The newly synthesized free nucleosides 4a–i were evalu-
ated for their in vitro inhibitory effects on the prolifera-
tion of murine leukemia cells (L1210) and human
T-lymphocyte cells (Molt4/C8 and CEM) as described
elsewhere.10 5-Fluorouracil (5FU) was used as a control.
The results are listed in Table 3.


Among all the nucleosides tested, 4c with a C8 alkyl
chain was the most active one on the three cell lines
though its activity was much lower than that of 5-FU.
It is surprising that its structurally close analogue 4b
with a C6 alkyl chain did not show any cytostatic activ-
ity (at least at a concentration below 200 lM). Further-
more, the aromatic substituted triazoles 4f–i showed
moderate to low activities, the most active one on the

Table 3. Inhibitory effects of triazolyl-nucleosides 4a–i on L1210,


Molt4/C8, and CEM cells


Compound R IC50 (lM)


L1210 Molt4/C8 CEM


4a –CONH2 >200 >200 >200


4b –(CH2)5–CH3 >200 >200 >200


4c –(CH2)7–CH3 56 50 44


4d –CH2OH >200 >200 >200


4e –CH(OH)CH3 >200 >200 >200


4f –2-Pyridine 236 170 245


4g –p-Ph–OMe 152 36 73


4h –p-Ph–F 209 171 217


4i –3-Thiophenyl 182 126 139


5-Fluorouracil 0.28 23 9.0

three cell lines being p-methoxyphenyltriazolyl-nucleo-
side 4g.


In summary, we reported an efficient microwave-assisted
eco-friendly synthesis of 4-substituted triazolyl-nucleo-
sides together with their cytostatic activity on L1210,
Mol4/C8, and CEM tumor cell lines. All cycloadducts
were obtained in high yields by using 1,3-dipolar cyclo-
addition between azido-ribose and a range of terminal
alkynes when proceeded in the presence of a Brønsted
acid such as SiO2 and AcOH. Of the various target
nucleosides tested, we found that nucleosides 4c and
4g bearing a C8 alkyl chain or p-methoxyphenyl on
the triazolyl ring are the most active compounds. They
can be used as lead compounds in the search for more
active and potent nucleosides to be applied in cancer
chemotherapy.
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Patil, A. V. Tetrahedron Lett. 2007, 48, 173; Firouzabadi,
H.; Iranpoor, N.; Jafarpour, M.; Ghaderi, A. J. Mol.
Catalysis 2006, 249, 98.


8. Fontainebleau Sand was purchased from VWR. It was
previously reported for such a comparison with other
silicates: Ben-Alloum, A.; Bakkas, S.; Soufiaoui, M.
Tetrahedron Lett. 1998, 39, 4481; Villemin, D.; Ricard,
M. Tetrahedron Lett. 1984, 25, 1059.


9. Analytical and spectral data for selected active nucleo-
sides. 3a : 1H NMR (CDCl3, 200 MHz) d (ppm) 1.34 (t,
3H, J = 7.1, CH3), 2.05 (s, 3H, Ac), 2.06 (s, 3H, Ac), 2.07
(s, 3H, Ac), 4.19 (dd, 1H, J = 12.6 and 3.5 Hz, H-5 0), 4.37
(q, J = 7.2 Hz, CH2 ester), 4.30–4.50 (m, 2H, H-4 0 and H-
5 0), 5.49 (t, J = 5.5 Hz, H-3 0), 5.74 (dd, J = 5.1 and 3.6 Hz,
H-2 0), 6.16 (d, 1H, J = 3.6, H-1 0), 8.29 (s, 1H, H-5
triazole). 13C NMR (CDCl3, 50 MHz) d (ppm) 14.37,
20.45, 20.53, 20.77, 61.57, 62.51, 70.29, 74.54, 81.14, 90.52,
126.77, 140.65, 160.41, 169.27, 169.51, 170.36. MS (ESI+)
m/z = 423 (MNa)+; 4a 1H NMR (DMSO-d6, 200 MHz) d

(ppm) 3.45–3.70 (m, 2H, 2· H-5 0), 3.98 (m, 1H, H-4 0), 4.12
(dd, 1H, J = 9.6 and 4.8 Hz, H-3 0), 4.37 (dd, 1H, J = 10.3
and 4.9 Hz, H-2 0), 5.07 (t, 1H, J = 5.3 Hz, OH-5 0), 5.27 (d,
1H, J = 5.3 Hz, OH-3 0), 5.65 (d, 1H, J = 5.9 Hz, OH-2 0),
5.98 (d, 1H, J = 4.5 Hz, H-1 0), 7.52 (br s, 1H, NH), 7.92
(br s, 1H, NH), 8.76 (s, 1H, H-5). 13C NMR (DMSO-d6,
50 MHz) d (ppm) 70.56, 79.70, 84.89, 95.53, 101.93,
134.53, 152.72, 170.93. MS (ESI+) m/z = 267 (MNa)+.
Anal. Calcd for C8H12N4O5: C, 39.35; H, 4.95. Found: C,
39.56; H, 4.73; 3c 1H NMR (CDCl3, 200 MHz) d (ppm)
0.80 (t, 3H, J = 7.1 Hz, CH3), 1.10–1.40 (br m, 8H,
(CH2)4), 1.62 (br m, 2H, CH2), 2.00 (s, 3H, Ac), 2.10 (s,
6H, 2· Ac), 2.62 (t, 2H, J = 7.3 Hz, CH2), 4.15 (dd, 1H,
J = 12.2 and 4.4 Hz, H-5 0), 4.35 (dd, 1H, J = 12.7 and
3.2 Hz, H-5 0), 4.40 (m, 1H, H-4 0), 5.55 (t, 1H, J = 5.3 Hz,
H-3 0), 5.74 (dd, 1H, J = 5.2 and 3.8 Hz, H-2 0), 6.05 (d, 1H,
J = 3.8 Hz, H-1 0), 7.37 (s, 1H, H-5); 13C NMR (CDCl3,
50 MHz) d (ppm) 14.15, 20.48, 20.55, 20.73, 22.70, 25.66,
29.24, 29.34, 3.89, 62.97, 70.80, 74.34, 80.87, 119.80,
149.00, 158.15, 169.39, 169.54, 170.44. MS (ESI+) m/z =
440 (MH)+; 4c 1H NMR (CD3OD, 200 MHz) d (ppm)
0.80 (t, 3H, J = 6.6 Hz, CH3), 1.10–1.40 (br m, 8H,
(CH2)4), 1.52 (m, 2H, CH2), 2.59 (t, 2H, J = 7.8 Hz, CH2),
3.58 (dd, 1H, J = 12.2 and 4.2 Hz, H-5 0), 3.72 (dd, 1H,
J = 12.1 and 3.2 Hz, H-5 0), 4.01 (dd, 1H, J = 4.2 and
3.3 Hz, H-4 0), 4.23 (t, 1H, J = 5 Hz, H-3 0), 4.37 (t, 1H, J =
4.2 Hz, H-2 0), 5.90 (d, 1H, J = 4.0 Hz, H-1 0), 7.91 (s, 1H,
H-5).1H NMR (acetone-d6, 50 MHz) d (ppm) 14.01, 22.92,
25.80, 32.20, 62.28, 71.31, 76.44, 86.44, 93.30, 120.63,
148.21, 158.62. MS (ESI+) m/z = 314 (MH)+, 336 (MNa)+,
649 (2M+Na)+. Anal. Calcd for C15H27N3O4: C, 57.49; H,
8.68; 3g 1H NMR (CDCl3, 200 MHz) d (ppm) 1.94 (s, 3H,
Ac), 2.02 (s, 6H, 2· Ac), 3.72 (s, 3H, OMe), 4.14 (dd, 1H,
J = 12.1 and 4.2 Hz, H-5 0), 4.34 (dd, 1H, J = 12.2 and
3.2 Hz, H-5 0), 4.41 (m, 1H, H-4 0), 5.56 (t, 1H, J = 5.3 Hz,
H-3 0), 5.82 (dd, 1H, J = 3.6 and 3.4 Hz, H-2 0), 6.11 (d,
1H, J = 3.3 Hz, H-1 0), 6.85 (d, 2H, J = 8.8 Hz, Ph), 7.65
(d, 2H, J = 8.8 Hz, Ph), 7.83 (s, 1H, H-5). 13C NMR
(CDCl3, 50 MHz) d (ppm) 20.32, 20.37, 20.56, 55.21,
62.77, 70.63, 74.15, 80.74, 89.93, 113.94, 114.23, 118.11,
122.62, 127.02, 128.89, 147.88, 159.72, 169.26, 169.42,
170.31. MS (ESI+) m/z = 456 (MNa)+; 4g 1H NMR
(CD3OD, 200 MHz) d (ppm) 3.75 (dd, 1H, J = 12.2 and
4.2 Hz, H-5 0), 3.84 (s, 3H, OMe), 3.88 (dd, 1H, J = 12.1
and 3.1 Hz, H-5 0), 4.19 (br dd, 1H, J = 4.6 and 4.0 Hz, H-
40), 4.39 (t, 1H, J = 5.0 Hz, H-3 0), 4.58 (t, 1H, J = 4.2 Hz,
H-2 0), 6.10 (d, 1H, J = 4.0 Hz, H-1 0), 7.00 (d, 2H,
J = 8.8 Hz, Ph), 7.75 (d, 2H, J = 8.8 Hz, Ph), 8.49 (s, 1H,
H-5). 13C NMR (CD3OD, 50 MHz) d (ppm) 55.77, 62.82,
71.87, 77.03, 87.14, 94.42, 115.02, 115.34, 119.98, 124.02,
128.05, 130.19, 148.90, 159.70. MS (ESI+) m/z = 30
(MNa)+. Anal. Calcd for C14H17N3O5: C, 54.72; H,
5.58. Found: C, 54.85; H, 5.67.


10. Balzarini, J.; Pannecouque, C.; De Clercq, E.; Pavlov, A.
Y.; Printsevskaya, S. S.; Miroshnikova, O. V.; Reznikova,
M. I.; Preobrazhenskaya, M. N. J. Med. Chem. 2003, 46,
2755.
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Abstract—An atom efficient, green protocol for the synthesis of fifteen 2-amino-6-methyl-4-aryl-8-[(E)-arylmethylidene]-5,6,7,8-tet-
rahydro-4H-pyrano[3,2-c]pyridine-3-carbonitriles in quantitative yields from the reaction of 1-methyl-3,5-bis[(E)-arylmethylidene]-
tetrahydro-4(1H)-pyridinones with malononitrile in presence of solid sodium ethoxide under solvent-free condition is described. The
compounds were tested for their in vitro activity against Mycobacterium tuberculosis H37Rv (MTB), multi-drug resistant tubercu-
losis (MDR-TB), and Mycobacterium smegmatis using agar dilution method. 2-Amino-4-[4-(dimethylamino)phenyl]-8-(E)-[4-
(dimethylamino)phenyl]methylidene-6-methyl-5,6,7,8-tetrahydro-4H-pyrano[3,2-c]-pyridine-3-carbonitrile was found to be the most
potent compound (MIC: 0.43 lM) against MTB and MDR-TB, being 100 times more active than standard, isoniazid against MDR-
TB.
� 2007 Elsevier Ltd. All rights reserved.

Tuberculosis (TB) is a chronic bacterial infection and
most people infected with Mycobacterium tuberculosis
(MTB) harbor the bacterium without symptoms (latent
TB), but some develop into active TB disease. The
World Health Organization (WHO) estimates disclose
that 2 billion people are infected with MTB, among
which 8 million develop active TB and nearly 2 million
die each year.1 Currently, TB is treated with agents that
target mycolic acid biosynthesis including isoniazid,
inhibitors of nucleic acid biosynthesis such as rifampicin
which binds and inhibits mycobacterial DNA-depen-
dent RNA polymerase, and the aminoglycoside antibi-
otic streptomycin which targets protein synthesis.2


With the increasing incidence of TB3 and the emergence
of multi-drug resistant strains (MDR-TB),4 the develop-
ment of new TB therapeutics is imperative and of para-
mount importance.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Random screening of compounds from one of our lab-
oratories identified various antitubercular leads.5,6 In
the course of screening to discover new compounds
that could be useful for the chemotherapy of tubercu-
losis, we identified tetrahydro-4H-pyrano[3,2-c]pyridine
derivatives, which inhibited in vitro M. tuberculosis
H37Rv (MTB) and multi-drug resistant M. tuberculosis
(MDR-TB). We present the preliminary results on the
synthesis and the in vitro antimycobacterial activities
of the first representative series of this family.


The tetrahydro-4H-pyrano[3,2-c]pyridine derivatives
(3a–o) were obtained in quantitative yields, except for
the slight loss during workup, from the reaction of a ser-
ies of 1-methyl-3,5-bis[(E)-arylmethylidene]tetrahydro-
4(1H)-pyridinones (1a–o) and malononitrile (2) in pres-
ence of solid sodium ethoxide at ambient temperature
under solvent-free conditions (Scheme 1). This reaction
affords solely tetrahydro-4H-pyrano[3,2-c]pyridines 3
without any side product and hence neither crystalliza-
tion nor column chromatographic purification is neces-
sary. In a typical experiment, a mixture of 1 mmol of
each: 1, malononitrile, and solid sodium ethoxide was
ground thoroughly at ambient temperature. The reac-
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Scheme 1. Synthesis of 4H-pyrans 3.
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tion progress is indicated by the diminishing color of the
reaction mixture, which became colorless at the end of
the reaction. Then water (50–70 mL) was added to the
reaction mixture and the precipitate filtered to obtain
pure tetrahydro-4H-pyrano[3,2-c]pyridines (3a–o) in
quantitative yield (Table 1). This reaction does not re-
quire monitoring as it is completed within 30 s. The only
solvent employed is the green solvent, water for washing
the product. Scaling up of the reaction does not envisage
any reduction in either the yield or purity of the product,
as the reaction requires only a thorough mixing of the
reactants at ambient temperature, which can be readily
ensured by appropriate mills.


The present investigation assumes importance from the
viewpoints of (i) �100% atom efficiency,7 (ii) solvent-
free and mild (ambient temperature) reaction conditions
further amplifying the greenness of the transformation,
and (iii) biological importance of tetrahydro-4H-pyr-
ano[3,2-c]pyridines (3) described in this work. It is perti-
nent to note that a previous study by El-Subbagh et al.8


reported the formation of three pyrano[3,2-c]pyridines
(3c, 3d, and 3k), respectively, in 72%, 97%, and 65%
yields from the reaction of 1-methyl-3,5-bis[(E)-arylme-
thylidene]tetrahydro-4(1H)-pyridinones (1) and malono-
nitrile (2) in butanol under reflux for 5 h. This literature
procedure suffers from long reaction time, use of sol-
vent, and inconsistent yields for the compounds
reported.


The structure of 3 was thoroughly elucidated using
NMR spectroscopy, as discussed in detail for one
example,9 3f. The 1H NMR spectrum of 3f has sing-
lets for the benzylidene proton (H-9), NH2, and N–
CH3, respectively, at 6.96, 4.81, and 2.24 ppm and a
multiplet for the aromatic protons in the range of
7.13–7.43 ppm. The C,H–COSY correlation of H-9 as-
signs C-9 to 120.3 ppm. The HMBC correlations of
H-9 (Fig. 1) with the carbon at 54.4 ppm and C-8a
at 140.1 ppm assign the former to C-7. The C,H–
COSY spectrum assigns the 7-CH2 protons to the
doublets at 3.39 and 3.27 ppm (J = 13.8 Hz). The 7-
CH2 protons show a HMBC correlation with a car-
bon at 127.9 ppm assigning it to C-8. The 5-CH2 pro-
tons appear as doublets at 3.01 and 2.71 ppm
(J = 16.2 Hz) and show: (i) a C,H–COSY correlation
with the carbon at 54.8 ppm due to C-5 and (ii) a
HMBC correlation with C-8a and the carbon at
37.4 ppm due to C-4. From C,H–COSY spectrum
the singlet at 4.74 ppm is readily assigned to H-4.
From the HMBC correlations of H-4, the carbon
signals at 58.9, 113.0, 119.4, and 159.5 ppm were

assigned to C-3, C-4a, the nitrile carbon, and C-2,
respectively. The structures of all the new compounds
are in accord with their analytical and NMR spectro-
scopic data, while the physical and spectroscopic data
of the known compounds agree well with those
available in the literature.8


The compounds were screened for their in vitro anti-
mycobacterial activity against MTB, MDR-TB, and
Mycobacterium smegmatis ATCC 14468 (MC2) by
agar dilution method for the determination of MIC
in duplicate.10 The MDR-TB clinical isolate was resis-
tant to isoniazid, rifampicin, ethambutol, and ofloxa-
cin. The minimum inhibitory concentration (MIC) is
defined as the minimum concentration of compound
required to completely inhibit bacterial growth and
MICs of the synthesized compounds along with the
standard drug for comparison are reported in Table
1. In the first phase of screening against MTB, all
the compounds showed excellent in vitro activity
against MTB with MIC ranging from 0.43 to
37.31 lM. Six compounds (3b, 3e, 3f, 3i, 3j, and 3n)
inhibited MTB with MIC less than 2 lM and were
more potent than standard fluoroquinolone gatifloxa-
cin (MIC: 2.08 lM). When compared to isoniazid
(MIC: 0.36 lM), one compound 3n was found to be
almost equipotent against MTB. 2-Amino-4-[4-
(dimethylamino)phenyl]-8-(E)-[4-(dimethylamino)phe-
nyl]methylidene-6-methyl-5,6,7,8-tetrahydro-4H-pyr-
ano[3,2-c]-pyridine-3-carbonitrile (3n) was found to be
the most active compound in vitro with MIC of
0.43 lM against MTB and was 4.8 times more potent
than gatifloxacin. Subsequently, some of the com-
pounds were evaluated against MDR-TB, and the
compounds inhibited MDR-TB with MIC ranging
from 0.43 to 3.68 lM and all the six compounds
screened were found to be more active than isoniazid
(MIC: 45.57 lM) and gatifloxacin (MIC: 8.34 lM).
Two compounds (3e and 3n) inhibited MDR-TB with
MIC less than 1 lM. Compound 3n was found to be
the most active in vitro with MIC of 0.43 lM against
MDR-TB, being 19 and 105 times more potent than
gatifloxacin and isoniazid, respectively. All the
compounds inhibited MC2 with MIC ranging from
3.68 to 70.42 lM and nine of them were found to
be more active than isoniazid (MIC: 45.57 lM) (see
Table 1).


With respect to structure–MTB activity relationship,
the results demonstrated that the antimycobacterial
activity is enhanced by the presence of weakly elec-
tron-withdrawing groups like chloro and fluoro in







Table 1. Yields, physical constants, and antimycobacterial activities of 3


NH2


CH3


R


O


R


CN


N


Compound R Yield (%)a Mp (�C) MIC


MTB MDRTB MC2


3a 99 166 35.21 NT 70.42


3b CI 98 181 0.92 1.84 3.68


3c H3C 99 (72)b 212 16.32 NT 65.27


3d H3CO 99 (97)b 200 30.12 NT 60.24


3e F 99 177 0.97 0.97 31.97


3f


CI


99 171 1.84 3.68 58.96


3g


CH3


98 99 16.32 NT 32.64


3h


OCH3
99 159 15.06 NT 30.12


3i


O2N


98 164 1.75 1.75 56.18


3j


F


98 153 0.99 1.99 31.97


3k
S


99 (65)b 193 68.12 NT 34.06


3l
O


99 162 37.31 NT 37.31


3m
CI


CI


98 199 25.36 NT 50.71


(continued on next page)
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Table 1 (continued)


Compound R Yield (%)a Mp (�C) MIC


MTB MDRTB MC2


3n
H3C


H3C
N 99 190 0.43 0.43 28.34


3o 99 152 30.71 NT 30.71


Isoniazid — — — 0.36 45.57 45.57


Gatifloxacin — — — 2.08 8.34 2.08


a Yields are quantitative, except the loss during workup.
b Yields in parentheses from Ref. 8.
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Figure 1. HMBC correlations of 3f.


6462 R. R. Kumar et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6459–6462

the aromatic rings (3b, 3e, 3f, and 3j), whilst the pres-
ence of two chlorines at 2- and 4-positions (3m)
diminished the activity. Strongly electron-withdrawing
group, nitro at the 3-position of the aromatic ring,
is uninfluential leading to the retention of good activ-
ity (3i). Electron-donating groups at the aryl rings re-
duce the activity greatly, except in 3n. Replacement of
phenyl by other heterocyclic rings also reduces the
activity markedly (3k–l).


The present investigation reports an atom efficient,
green protocol for the synthesis of several tetrahy-
dro-4H-pyrano[3,2-c]pyridines, which is significantly
more advantageous than the literature method. The
antimycobacterial potency of these compounds renders
them valid leads for synthesizing new compounds
endowed with enhanced activity. Further, studies on
the synthesis of a wide range of heterocyclic
compounds with similar and different structures, and
examination of structure–activity relationships, with
a view to disclosing new leads and unearthing the
factors lying behind the antimycobacterial activity,
are in progress in our research groups.
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Abstract—A series of benzimidazole compounds containing pendant alcohol and amine moieties was found to be active against
checkpoint kinase Chk2. These compounds were prepared to examine a potential hydrogen bond interaction with an active site res-
idue and to investigate replacement of a biaryl linker with an aliphatic system in an effort to improve solubility.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Lead biaryl benzimidazole compounds.

The checkpoint kinase Chk2 is activated by ATM (atax-
ia-telangiectasia mutated) in response to DNA damage
and controls the downstream p53-dependent apoptosis
machinery.1 Deletion of Chk2 in mice blocks apoptosis
after lethal radiation in several cell types and increases
cell survival.2,3 Since tumor tissue is generally more
apoptosis resistant than normal cells, it is hypothesized
that inhibition of Chk2 would not protect these tissues.
Small molecule inhibitors of Chk2 may therefore have
utility in clinical situations, such as radio- and chemo-
therapy, where p53-dependent apoptosis triggered by
DNA insult leads to tissue toxicity.4–7


Lead compounds from a series of benzimidazoles that
were identified as potent inhibitors of Chk2 are shown
in Figure 1.8,9 Molecular modeling suggested that the
high affinity of compound 1 is potentially due to a
hydrogen bonding interaction between an active site res-
idue (histamine 157) and the hydroxyl group of the ter-
minal phenol (Fig. 2). In an effort to exploit this possible
interaction toward increasing activity and to improve
overall solubility, analogs with pendant hydroxyl and
amine groups were desired.


Previous reports from this laboratory described the syn-
thesis of benzimidazole compounds with ether or thioe-
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ther-linked biaryl moieties (Fig. 1).8,9 The role of the
distal aryl ring in binding was unknown in this system
and was thought to be a strong contributor to the poor

Figure 2. Compound 1 docked into an active site model of Chk2


showing hydrogen-bonding to Hist-157.
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Scheme 1. Synthesis of alkyl-linked pendant alcohols. Reagents and conditions: (a) Bromo alkyl alcohol, K2CO3, DMF, rt; (b) Diol, DIAD, PPh3,


CH2Cl2, rt; (c) 3,4-Diaminobenzoic acid, Na2S2O5, DMF, 90 �C (d) i—HOBt, DICI, DMF; ii–Rink amide resin, CH2Cl2; iii—20% TFA/CH2Cl2.
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solubility of these compounds. To exemplify this issue,
the solubility of 2 in simulated intestinal fluid (SIF,
pH 7) is 0.007 mM and in simulated gastric fluid
(SGF, pH 2) is 0.031 mM.10 It was hoped that incorpo-
ration of more flexible alkyl linkers might increase solu-
bility; such changes would also allow for the placement
of hydrogen bond donors and acceptors in different
areas of the active site. As a result, benzimidazoles con-
taining alkyl-linked alcohols, amines, and amides were
envisioned. The synthesis of such alkyl-linked pendant
alcohol analogs is shown in Scheme 1.11


The necessary aldehyde precursors were obtained
through alkylation of 4-hydroxybenzaldehyde with de-
sired bromoalcohols or coupling of appropriate diols
under Mitsunobu conditions. Subsequent benzimidazole
formation was carried out using the resultant aldehydes
with 3,4-diaminobenzoic acid in the presence of sodium
metabisulfite. These intermediates were coupled onto
Rink amide resin, allowing impurities to be removed
by thorough rinsing before acidic cleavage from the re-
sin to provide the desired amides.


The resulting compounds (Table 1) retained reasonable
activity against Chk2.11 Though these compounds were
less potent than compound 1, the inhibition shown indi-
cated that a biaryl system was not necessary to retain
nanomolar activity against the target. Interestingly, the
100-fold difference in activity between the cis versus
trans configurations of the methyl cyclohexane analogs
(entries 7 and 8) implied that not only the presence
but also the position of the pendant alcohol was impor-

Table 1. Pendant alcohols


H2N


O


N
H


N


Compound Chk2 IC50
a Yb


3 52 ± 4 Ethane


4 73 ± 7 1,3-Propyl


5 72 ± 23 1,3-Cyclopentane (


6 80 ± 8 1,4-Cyclohexane (c


7 35 ± 2 1,4-Methyl-cyclohe


8 400 ± 20 1,4-Methyl-cyclohe


a IC50 values expressed in nM ± SEM, all values are means of at least three
b As described in Scheme 1.
c Compounds with solubility >0.4 mM are soluble above the upper limit of

tant for kinase inhibition. Reducing the molecular
weight of the compounds and incorporating a hydroxyl
group yielded increased solubility for compounds 3 and
5 at neutral pH and increased solubility for compounds
3–5 at low pH, when compared to compound 2.


The synthesis of alkyl-linked pendant amines is shown
in Scheme 2.


Aldehyde intermediates were accessed by combining 4-
hydroxybenzaldehyde and various aminoalcohols under
Mitsunobu conditions. These aldehydes were cyclized to
benzimidazoles as previously described. The resulting
carboxylic acid was readily converted to the primary
amide by reaction with carbonyldiimidazole in DMF
followed by addition of ammonium carbonate.


Though the resulting amine analogs (Table 2) lacked
notable SAR trends with regard to the pendant amine,
all compounds tested for solubility reached the maximum
measured level at both neutral and low pH levels. Second-
ary amines (entries 12, 15, 17, 18) were not significantly
more potent than tertiary amines (entries 9–11, 13, 14,
16). Additionally, changes in linker length between the
ether and amine, from two to four carbons, did not dras-
tically affect activity. Increasing the size and lipophilicity
of the molecule by substituting the amine moiety with
methyl and benzyl groups resulted in an increase in activ-
ity (entries 9 and 10). Changing substitution on the amine
from a dimethyl to a cyclohexyl group (entries 13 and 14
consecutively), which also increased the size of the mole-
cule, yielded no change in potency.

O
Y OH


SIFc (mM) SGFc (mM)


>0.400 >0.400


0.007 0.185


cis/trans) 0.139 >0.400


is/trans) ND ND


xane (cis) ND ND


xane (trans) ND ND


replicated experiments.


the assay.
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Scheme 2. Synthesis of alkyl-linked pendant amines. Reagents and conditions: (a) Aminoalcohol, DIAD, PPh3, CH2Cl2, rt; (b) 3,4-Diaminobenzoic


acid, Na2S2O5, DMF, 90 �C; (c) i—CDI, DMF, rt; ii—(NH4)2CO3.


Table 2. Pendant amines


H2N


O


N
H


N
O Z N


R2


R1


Compound Chk2 IC50
a


-O-Z-NR1R2 Linker lengthb SIFc (mM) SGFc (mM)


9 710 ± 120 NO 2 ND ND


10 109 ± 2 NO 2 ND ND


11 174 ± 7
O


N 2 >0.400 >0.400


12 180 ± 15
NH


O 2 >0.400 >0.400


13 176 ± 16 O N 3 >0.400 >0.400


14 110 ± 3 O N
3 >0.400 >0.400


15 710 ± 340 NHO 3 ND ND


16 233 ± 50 NO 3 >0.400 >0.400


17 158 ± 11
O NH


3 ND ND


18 231 + 15
O


NH 4 >0.400 >0.400


a IC50 values expressed in nM ± SEM, all values are means of at least three replicated experiments.
b Number of carbons present between ether linkage and basic amine.
c Compounds with solubility >0.4 mM are soluble above the upper limit of the assay.
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The promising activity of the benzyl substituted tertiary
amine (entry 10), along with the encouraging solubility
data for related compounds, led to the exploration of
a set of benzyl-substituted piperidine compounds
synthesized by the route shown in Scheme 3. N-Boc-
aminoalcohol intermediates were deprotected with tri-

N
H


NH2N


O


O a


N Boc
n


Scheme 3. Synthesis of benzylated piperidine analogs. Reagents and conditio


DMF.

fluoroacetic acid in methylene chloride, after which they
were submitted to reductive amination conditions to
yield the desired tertiary amine products.


Varying linker length and moving the nitrogen around the
piperidine ring did not reveal a preferred location for the

N
H


NH2N


O


O
N


n


R3


ns: (a) i—20% TFA, CH2Cl2; ii—NaBH(OAc)3, aryl aldehyde, 4 Å MS,







Table 3. Substituted piperidine analogs


N
H


NH2N


O


O
N


n


R3


1 2
3


45
6


Compound Chk2 IC50
a R3b nb N locationb SIF (mM) SGF (mM)


19 37 ± 3 H 1 3 0.267 >0.400


20 57 ± 10 4-CH3 1 3 ND ND


21 55 ± 2 4-OMe 1 3 ND ND


22 14 ± 8 4-Cl 1 3 ND ND


23 180 ± 150 3,4-di-Cl 1 3 ND ND


24 70 ± 3 H 1 4 >0.400 >0.400


25 70 ± 16 4-CH3 1 4 ND ND


26 67 ± 20 4-OMe 1 4 ND ND


27 60 ± 8 4-Cl 1 4 ND ND


28 176 ± 148 3,4-di-Cl 1 4 ND ND


29 45 ± 5 H 2 2 0.155 >0.400


30 61 ± 25 4-CH3 2 2 0.097 >0.400


31 74 ± 47 4-OMe 2 2 0.084 >0.400


32 53 ± 42 4-Cl 2 2 0.115 >0.400


33 114 ± 50 3,4-di-Cl 2 2 0.229 0.039


34 90 ± 40 H 2 4 0.005 0.110


35 90 ± 5 4-CH3 2 4 0.003 0.084


36 95 ± 14 4-OMe 2 4 <0.001 >0.400


37 82 ± 22 4-Cl 2 4 0.002 0.179


38 157 ± 33 3,4-di-Cl 2 4 0.015 0.013


a IC50 values expressed in nM ± SEM, all values are means of at least three replicated experiments.
b As described in Scheme 3.
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nitrogen. The results shown in Table 3 demonstrate that
substitution on the benzyl group was well tolerated: 4-
chloro substitution was generally best, while 3,4-dichloro
substitution yielded the lowest activity. Though almost all
of the compounds tested for solubility in Table 3 exceeded
the solubility of the biaryl series (represented by com-
pound 2 [SIF 0.007 mM, SGF 0.031 mM]), these com-
pounds did not retain the solubility of the smaller, more
simple pendant amines shown in Table 2.


In order to gain further knowledge about the ability of
these benzimidazole analogs to participate in hydrogen
bonding, acetylated and benzoylated analogs were syn-
thesized by the route shown in Scheme 4. Again, N-
Boc-aminoalcohol intermediates were deprotected under
acidic conditions. The resulting secondary amines were
coupled with various anhydrides using DMAP in
DMF to form the desired amide products.


The results shown in Table 4 illustrate that hydrogen
bond donating ability was not necessary to retain activ-
ity, as the benzamide analogs were equipotent to the

N
H


NH2N


O


O a


N Boc
n


Scheme 4. Synthesis of benzoylated piperidine analogs. Reagents and condi

pendant alcohol compounds shown in Table 1. Notably,
the benzamide analogs were more active than their acet-
ylated counterparts. Unfortunately the removal of the
basic amine resulted in reduced solubility, especially evi-
dent in compounds 40 and 41, which have no basic
amine and an additional aryl group.


In summary, efforts to achieve greater solubility for
benzimidazole Chk2 inhibitors were successful. The
addition of pendant alcohols and amines as well as
reduction in compound size seem to play a role in
increasing the overall solubility of these molecules.
Exploration of a potentially beneficial hydrogen bond
interaction through the display of these pendant alco-
hols and amines resulted in relatively flat SAR with
respect to the Chk2 kinase; moreover, complete removal
of hydrogen bonding capability was not detrimental to
activity, as evidenced through the preparation of a series
of amide analogs. Furthermore, compounds with ali-
phatic linkers revealed that the biaryl system in previ-
ously described Chk2 inhibitors is not required to
achieve enzyme inhibition below 100 nM.

N
H


NH2N


O


O
N


n


R4
O


tions: (a) i—20% TFA, CH2Cl2; ii—(R4CO)2O, DMAP, DMF.







Table 4. Amide analogs


N
H


NH2N


O


O
N


n


R4


1 2
3


45
6 O


Compound Chk2 IC50
a R4b nb N locationb SIF (mM) SGF (mM)


39 39 ± 18 Ph 1 4 ND ND


40 52 ± 51 Ph 2 2 0.018 0.028


41 23 ± 3 Ph 2 4 0.003 0.003


42 100 ± 20 CH3 0 3 ND ND


43 140 ± 31 CH3 1 3 ND ND


44 78 ± 16 CH3 1 4 ND ND


45 292 ± 40 CH3 2 2 0.193 >0.400


46 86 ± 10 CH3 2 4 0.002 0.087


a IC50 values expressed in nM ± SEM, all values are means of at least three replicated experiments.
b As described in Scheme 4.
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Abstract—A series of trisubstituted pyrimidines were synthesized to improve aqueous solubility of our first TRPV1 clinical candidate
(1; AMG 517), while maintaining potent TRPV1 inhibitory activity. Structure–activity and structure–solubility studies led to the iden-
tification of compound 26. The aqueous solubility of 26 (P200 lg/mL, 0.01 HCl; 6.7 lg/mL, phosphate buffered saline (PBS); 150 lg/
mL, fasted-state simulated intestinal fluid (SIF)) was significantly improved over 1. In addition, compound 26 was found to be orally
bioavailable (rat Foral = 24%) and had potent TRPV1 antagonist activity (capsaicin IC50 = 1.5 nM) comparable to that of 1.
� 2007 Elsevier Ltd. All rights reserved.

Vanilloid receptor-1 (VR1 or TRPV1)1 is a membrane-
bound, non-selective ion channel with high permeability
for calcium2 and belongs to a super-family of ion chan-
nels known as the transient receptor potential channels
or TRPs.3 TRPV1 is activated or sensitized by several
stimuli including heat (>42 �C), protons (low pH),4


and ligands such as the endocannabinoid anandamide
5 and lipoxygenase metabolites.6 TRPV1 is also acti-
vated by exogenous ligands such as the vanilloid capsa-
icin7 and resiniferatoxin (RTX).8 Recent studies have
demonstrated a reduction in thermal hyperalgesia in
acute- and sub-acute inflammatory pain models in mice
lacking the TRPV1 gene.9,10 These observations provide
evidence for the role of TRPV1 in the perception of pain
resulting from inflammation. Consequently, TRPV1
represents a novel target for the treatment of pain.


In our efforts toward the discovery of new analgesic
agents, we identified a series of 4,6-disubstituted pyrim-
idines as potent and selective TRPV1 antagonists.11,12


These studies culminated in the identification of our first

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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TRPV1 clinical candidate, 1 (AMG 517, Fig. 1), a potent
and orally bioavailable TRPV1 antagonist (in vitro IC50


values <1 nM in both capsaicin- (CAP) and acid (pH 5)-
mediated assays13; rat Foral = 32%). In addition, com-
pound 1 was shown to be effective in a rodent ‘on-target’
biochemical challenge model (capsaicin-induced flinch)
and was anti-hyperalgesic in a model of inflammatory
pain (CFA-induced thermal hyperalgesia).12 However,
compound 1 suffered from low aqueous solubility which
presented challenges in its formulation development.
Therefore, our goal was to identify analogues of 1 that
had increased aqueous solubility while maintaining
TRPV1 potency. Previously we have reported one suc-
cessful approach toward this end that involved the
replacement of the 4-(trifluoromethyl)phenyl group of
compound 1 with various saturated aza-heterocycles.14


As an alternative approach to increasing aqueous solubil-
ity, we studied the effect of adding additional ionizable or
bulky substituents to the 2- or 5-positions of the pyrimi-
dine core (X or Y; compound 2, Fig. 1). In this paper,
we report the design, synthesis, and evaluation of this
series of trisubstituted pyrimidines. The structure–activ-
ity relationship (SAR) studies reported herein led to the
identification of potent TRPV1 antagonists with signifi-
cantly improved aqueous solubilities.


For the evaluation of TRPV1 antagonist activity, we mea-
sured the inhibition of capsaicin (CAP)- and acid (pH 5)-
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rTRPV1 (CAP):  IC50 = 0.9 ± 0.8 nM
rTRPV1 (pH 5): IC50 = 0.5 ± 0.4 nM


Solubility
  0.01 N HCl  < 1.0 μg/mL
PBS   < 1.0 μg/mL
 SIF      6.6 μg/mL


Figure 1. Lead compound 1 and generic substituted pyrimidine targets 2.
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induced influx of 45Ca2+ into CHO cells expressing the rat
TRPV1. Functional activities [IC50 (nM)] are reported in
Tables 1–3. All compounds reported herein behaved as
antagonists.15 Results are reported as the average of at
least two independent experiments with three replicates
at each concentration (±SEM). To determine the aqueous
equilibrium solubility of these compounds, an automated
screening solubility assay in three media [0.01 N HCl,
phosphate-buffered saline (PBS, pH 7.4), and fasted-state
simulated intestinal fluid (SIF, pH 6.8)] was used.16 The
solubility range tested was 1–200 lg/mL.


Our strategy was to introduce ionizable groups to the
pyrimidine core of 1 to reduce the lipophilicity, or bulky
substituents to disrupt packing forces in the solid state.17


To determine the optimum placement for the additional
substituent, we began our SAR studies by first examin-
ing the effect of introducing small substituents at the
2- or 5-positions of the pyrimidine ring (e.g., Me,
NH2, and NMe2; compounds 7a–f, Table 1). The syn-
thetic methods used to prepare these trisubstituted pyr-
imidines are outlined in Scheme 1. Compounds 7a–f
were synthesized by the reaction of N-(4-hydrox-
ybenzo[d]thiazol-2-yl)acetamide 314 with 4-chloride of
pyrimidines 4a–f followed by Suzuki couplings with
commercially available 4-(trifluoromethyl)phenylboronic

Table 1. SAR and aqueous solubility: small substituents on the 2- and 5-po


N


O
X


S
N


NH
O


Y


Compound X Y rTRPV1 I


Capsaicin


1 H H 0.9 ± 0.8


7a Me H 130 ± 30


7b NH2 H 240 ± 70


7c NMe2 H >4000


7d H Me 9.3 ± 2


7e H NH2 12 ± 1


7f H NMe2 11 ± 9

acid 8. The TRPV1 assay results and aqueous solubility
data are reported in Table 1.


From this initial set of compounds we found that the
introduction of substituents at the 5-position of the
pyrimidine ring resulted in a significant decrease in
TRPV1 potency (7a–c; Table 1). In contrast, adding
substituents at the 2-position of pyrimidine was toler-
ated (7d–f; Table 1). Compound 7b showed a 270-fold
decrease in potency in the capsaicin-mediated assay
and 190-fold decrease in the pH-mediated assay. How-
ever, the 2-NH2substituted analogue 7e was only 12-fold
less potent than 1 in the capsaicin-mediated assay and
10-fold less potent in the pH-mediated assay. Further-
more, introduction of the bulkier NMe2 group at posi-
tion 5 of the pyrimidine (7c) resulted in an additional
loss of potency, relative to 7b, while the NMe2 group
at position 2 of the pyrimidine (7f) resulted in compara-
ble potency to 7e. As shown in Table 1, the small loss in
activity of 7d–f relative to1 was offset by some modest
improvements in aqueous solubility. These results sug-
gested that substituents may be tolerated at position 2
of the pyrimidine, but not at position 5.


With the 2-position of the pyrimidine ring identified as
the suitable position for substitution, we expanded our

sitions of the pyrimidine core


N


CF3


C50 (nM) Solubility (lg/mL)


pH 0.01 HCl PBS SIF


0.5 ± 0.4 <1.0 <1.0 6.6


30 ± 4 61.0 1.7 61.0


93 ± 10 8.6 6.1 5.2


660 ± 80 1.2 1.3 61.0


1.4 ± 0.5 14 2.0 61.0


4.8 ± 0.9 4.7 8.8 3.5


4.5 ± 0.6 21 61.0 1.9







Table 2. SAR and aqueous solubility: 2-substituted pyrimidines (directly-attached heterocycles)


NN


O


CF3


S
N


NH
O


Y


Compound Y rTRPV1 IC50 (nM) Solubility (lg/mL)


Capsaicin pH 0.01 HCl PBS SIF


11a


O


N
28 ± 1 1.1 ± 0.3 61.0 61.0 1.4


11b
N


5.1 ± 1.4 1.5 ± 0.1 61.0 61.0 2.8


11c
N


OH


39 ± 3 31 ± 3 61.0 4.6 4.7


11d


N


OH


35 ± 6 90 ± 1 21 2.0 12


11e


N


COOH


410 ± 90 27 ± 1 61.0 6.0 3.4


11f


N


6.2 ± 0.2 1.1 ± 0.3 15 61.0 31


11g


N
Boc


1.8 ± 0.2 0.6 ± 0.1 61.0 5.2 19


12


N
H


910 ± 600 190 ± 20 8.4 1.7 120


13 N 3.2 ± 0.8 0.4 ± 0.1 52 5.5 72


14 N 100 ± 50 100 ± 4 75 8.9 180


11h


N
Boc


N
43 ± 0.2 3.4 ± 0.6 61.0 61.0 67


18 N


N


12 ± 3 4.0 ± 0.4 16 61.0 39
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Table 3. SAR and aqueous solubility: 2-substituted pyrimidines (aminomethyl-linked heterocycles)


NN


O


CF3


S
N


NH
O


HN
R


Compound R rTRPV1 IC50 (nM) Solubility (lg/mL)


Capsaicin pH 0.01 HCl PBS SIF


19
N


6.1 ± 0.7 11 ± 2 P200 9.1 190


20


N
20 ± 6 15 ± 1 P200 15 P200


21
N


51 ± 10 64 ± 10 P200 9.4 P200


22
N


5.9 ± 0.3 2.8 ± 0.3 160 2.3 49


23


N


7.8 ± 1 4.2 ± 2 21 2.9 20


24


N


6.1 ± 1 3.9 ± 0.8 P200 61.0 5.0


25


N


8.7 ± 2 9.3 ± 1 P200 7.2 62


2620


N
1.5 ± 0.2 1.6 ± 0.2 P200 6.7 150
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SAR by exploring larger substituents in this position.
The synthesis of compounds 11a–h and 22–26 is outlined
in Scheme 2. For these derivatives, the 2-position of the
pyrimidine was modified via late stage diversification of
intermediate 10 by either adding a primary or secondary
amine or by a Suzuki reaction with an appropriate boro-
nic acid. The required intermediate (10) was prepared by
a Suzuki coupling of 2,4,6-trichloropyrimidine (8) and 4-
(trifluoromethyl)phenylboronic acid (6) followed by an
aryl ether formation with N-(4-hydroxybenzo[d]thiazol-
2-yl)acetamide (3).18

In some cases additional modifications to the heterocy-
clic substituents were required to prepare the final target
compounds Schemes 3 and 4. For example, the Boc
group of tetrahydropyridine derivative 11g was removed
under acidic conditions to give the corresponding free
amine 12 (Scheme 3). The isobutyl derivative 13 was ob-
tained by reductive amination of compound 12 with iso-
butyraldehyde. Additionally, the double bond of 13 was
reduced by Pd(OH)2-catalyzed hydrogenation to give
the corresponding saturated piperidine analogue 14.
Similarly, the final isobutyl piperazine and piperidine
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Scheme 1. Reagents and conditions: (a) K2CO3, DMF, 50 �C, 90%; (b) Pd(PPh3)2Cl2, Na2CO3, DME, EtOH, H2O, microwave, 120 �C, 10 min, 75–90%.
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derivatives (18 and 19–21, respectively) were prepared
by deprotection of the Boc group followed by reductive
amination with isobutyraldehyde (Scheme 4).


In the second phase of this investigation, we examined
the effect of the direct attachment of various heterocyclic
rings (e.g., morpholino, pyridinyl, and piperidine ana-
logues) to the 2-position of the pyrimidine core. As
shown in Table 2, the morpholino and piperidine ana-
logues 11a and b maintained good potency, but with
no improvement in aqueous solubility. Introduction of
polar substituents on the piperidine ring (11c–e) resulted
in much less potent TRPV1 antagonists, although some
improvements in solubility were observed. For example,
the 4-hydroxypiperidine analogue 11d was 7-fold less
potent than the piperidine derivative 11b in the capsai-
cin-mediated assay and 60-fold less potent in the acid-
mediated assay; however, the solubility of 11d was great-

er than 11b (21 lg/mL vs 61.0 lg/mL in 0.01 HCl). Di-
rect substitution of the pyrimidine core with a 4-
pyridinyl group provided more promising results. As
well as having improved solubility, compound 11f was
approximately equipotent to 11b in the capsaicin-medi-
ated assay and in acid-mediated assay. This result led
us to investigate the introduction of 4-pyridyl, 4-piperid-
inyl, 4-piperazinyl derivatives at the 2-position of the
pyrimidine in attempts to further enhance aqueous
solubility.


Boc-protected tetrahydropyridine analogue 11g, initially
prepared as an intermediate, was quite potent with IC50


values of 1.8 and 0.6 nM in the CAP- and acid-mediated
assays, respectively (Table 2). Deprotection of the Boc
group was detrimental to activity (12); however, the po-
tency was restored with the N-alkylation of 12 with the
bulky isopropyl group. In this case, compound 13 re-
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Table 4. Mean pharmacokinetic parameters following intravenous


dose in Sprague–Dawley ratsa


Compound AUC0�1
(ng h/mL)


CL


(mL/h/kg)


Vss


(mL/kg)


t1/2


(h)


13 258 4040 6380 2.0


19 351 2860 8290 2.6


26 743 1350 6440 5.5


aDosed at 1 mg/kg as a solution in DMSO. n = 2 animals per study.


Interanimal variability was less than or equal to 30%.
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tained good TRPV1 potency and the solubility was sub-
stantially improved over compound 1. Unfortunately, a
significant decrease in potency was observed in both the
CAP- and acid-mediated assays with the reduction of
the double bond of compound 13 indicating that an
sp3 center attached to pyrimidine C2 was not well toler-
ated for this set of compounds (i.e., N-isobutyl piperi-
dine derivative 14).


Based on these results, we investigated piperazine deriv-
atives that had a similar geometry at the pyrimidine C2


as 11g and 13. The trends in potencies observed for
piperazine derivatives 11h and 18 were similar to their
tetrahydropyridine counterparts, 11g and 13. For exam-
ple, compound 18 maintained good TRPV1 potency
(IC50 = 12.0 nM in CAP-mediated assay and
IC50 = 4.0 nM in pH-mediated assay), but the solubility
of this compound was <50 lg/mL (16 lg/mL, 0.01 N
HCl; 61.0 7 lg/mL, PBS; 39 lg/mL SIF, Table 2).


In the final phase of this investigation we examined the ef-
fect of projecting the pyrimidine 2 substituent out of the
plane of the central core with the use of an aminomethyl
linking group. The objective was to further destabilize
the solid state packing forces and to explore deeper into
the receptor pocket. We also incorporated basic amine
functionality to the aminomethyl-piperidine derivatives
(19–21) to improve solubility. All of these analogues
had improved aqueous solubility, suggesting the benefit
of the 2-aminomethyl linking group with respect to
solubility. Additionally, with the appropriate position
of isopropyl substituent, TRPV1 activity could be

maintained. Although the piperidine analogues with the
N-isopropyl at 3- or 4-positions showed reduced potency
(20 and 21), the derivative having N-isopropyl at 2-posi-
tion was more potent (19; IC50 = 6.1 nM in CAP-medi-
ated assay and IC50 = 11 nM in pH-mediated assay).


Given the success of aminomethyl-linked piperidine 19,
we prepared a series of aminomethyl-linked pyridine ana-
logues (i.e., 22–26). These derivatives were synthesized
according to the methods described in Scheme 2, starting
with commercially available aminomethyl pyridines. All
of these compounds had TRPV1 potencies of <10 nM.
In addition, the introduction of an a-methyl substituent
as additional bulk improved the aqueous solubility (Table
3). For example, compound 26 also showed better solubil-
ity than 22 in automated solubility assay.


Based on their excellent potencies and enhanced solubil-
ities, compounds 13, 19, and 26 were selected for in vivo
pharmacokinetic (PK) studies with intravenous (iv) dos-
ing in Sprague–Dawley rats (Table 4). Unfortunately,
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following iv administration of 1 mg/kg, both 13 and 19
showed high rates of clearance (CL = 4040 mL/h/kg and
CL = 2860 mL/h/kg, respectively). However, compound
26 demonstrated a modest rate of clearance
(CL = 1350 mL/h/kg), a high volume of distribution
((Vss) 6440 mL/kg), and an elimination half-life (t1/2) of
5.5 h.21 In addition, compound 26 was relatively well ab-
sorbed following oral administration of 5 mg/kg
(Cmax = 280 ng/mL, AUC0�1 = 899 ng h/mL) with a
Foral = 24%.


In summary, a series of trisubstituted pyrimidines were
designed, synthesized, and evaluated for TRPV1 antago-
nist activities to block the capsaicin- and acid (pH 5)-in-
duced uptake of 45Ca2+ in CHO cell expressing rat
TRPV1. An automated solubility screening assay was
used as a valuable tool for the optimization of physical
properties of this series. Structure–activity and struc-
ture–solubility studies led to the identification of com-
pound 26, which was among the most potent analogues
(rTRPV1 CAP IC50 = 1.5 nM) in this series. This com-
pound exhibited 24% oral bioavailability. Importantly,
aqueous solubility of 26(P200 lg/mL, 0.01 HCl; 6.7 lg/
mL, PBS; 150 lg/mL SIF) was substantially improved
over compound 1.
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Abstract—Eight DD-ribo-phytosphingosine derivatives were synthesized from DD-ribo-phytosphingosine and diverse acyl chlorides with
N,N-diisopropylethylamine in tetrahydrofuran for 1 h at room temperature. Effect of these compounds on IR-induced cell death was
evaluated on blood cancer cells (Jurkat). Among these, 3d showed the highest enhancement of radiosensitizing effect.
� 2007 Elsevier Ltd. All rights reserved.

Anticancer therapy is largely classified into surgery,
radiation, and chemotherapy. Alkylating agents, antibi-
otics, antimetabolites, plant derivatives, and steroids are
used in anticancer chemotherapy, for example, Cis-
platin, Doxorubicin, Pentostatin, Taxol, and Dexameth-
asone. It is known that these anticancer drugs, however,
have a limited activity against the common solid tumors
due to side effects that can damage normal cells. In addi-
tion, chemoresistance or recurrence of solid tumors
brings about serious problems in cancer therapy.1


Therefore, radiation therapy is widely utilized for cancer
treatment.2,3 Radiation therapy, however, leads to some
problems such as radioresistance of cancer cells and
damage to normal cells, which result in decreasing radi-
ation therapy efficiency. In this regard, considerable
efforts have been made to develop radiosensitizers for
increasing the radiation therapy efficiency and
attempted to increase radiosensitivity in several solid
tumors such as breast cancer, uterine cervical cancer,

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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lung cancer, gastric cancer, and large intestine cancer
using Taxol, 5-FU, and Cisplatin that are presently
known as radiosensitizing agents.4 These radiosensitiz-
ing agents, however, have a serious side effect and/or
can be applied only to specific cancer cells.


Phytosphingosine (1, (2S,3S,4R)-2-aminooctadecan-
1,3,4-triol) consists of a long-chain base with a 2-ami-
no-1,3,4-triol and was found to be widely distributed
in fungal, plants, and mammalian tissues such as brain,
kidney, skin, liver, uterus, etc.5,6 In addition to its struc-
tural feature of the long-chain base of sphingolipids in
membranes, phytosphingosine (1) is associated with
the heat stress response of yeast cells and induction of
apoptosis in some cancer cells, and some of its deriva-
tives exhibit important physiological activities such as
high tumor inhibitory potency.7


Phytosphingosine is a plant-derived, cell membrane lipid
metabolite. The precise physiological metabolism and
the function of phytosphingosine or phytoceramide as
an anticancer agent have not been known until recently.
We previously reported the anticancer and radiosensitiz-
ing effects of phytosphingosine and a phytoceramide
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Figure 1. Structure of phytosphingosine and phytoceramide.
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(Fig. 1) containing butanoyl (C4PS, 2a), hexanoyl
(C6PS, 2b), octanoyl (C8PS, 2c), and dodecanoyl
(C12PS, 2d) group on various cancer cells.8 According
to these results, phytosphingosine and its derivatives in-
duced the apoptosis of uterine cervical cancer, breast
cancer, blood cancer, and lung cancer cells without side
effects, and exhibited a concentration- and post-treat-
ment time-dependent increase. Moreover, as phyto-
sphingosine and their derivatives were administered to
various cancer cells in combination with ionizing radia-
tion, the apoptotic rate of cancer cells was significantly
enhanced compared to radiation or 1 and 2a–d alone.
Therefore, it seems that the administration of 1 and
2a–d causes to improve the radiation therapy efficiency.
In the current study, we describe the synthesis of novel
eight phytosphingosine derivatives and their preliminary
biological evaluation for enhancing radiation therapy.
The biological properties of these new derivatives were
evaluated in blood cancer cells (Jurkat).


Eight novel phytosphingosine derivatives 3a–h were pre-
pared in one step from DD-ribo-phytosphingosine as
shown in Scheme 1. The phytosphingosine derivatives
were obtained by acylation of an amino group of phyto-
sphingosine with acid scavanger, N,N-diisopropylethyl-
amine (DIEA), at 0 �C to room temperature for 1 h in
35–78%9 (structure analysis of 3a, 3c and 3d: see Ref.
10). Acyl chlorides are commercially available (for 3a–
d) or obtained from diverse acid using thionyl chloride
(for 3e–h).9,10


The prepared phytosphingosine derivatives were evalu-
ated in blood cancer cells for radiation enhancement

n-C14H29 OH
OH NH2


OH
a


1


Scheme 1. Reagents and conditions: (a) diverse acyl chlorides, DIEA, 0 �C


DIEA, 0 �C to rt, 1 h for 3e–h.

effect with irradiation. Jurkat human T-cell lymphoma
(Type II) was obtained from the American Type Culture
Collection (Manassas, VA). Cells were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum
(FBS; Invitrogen, Carlsbad, CA), penicillin, and strepto-
mycin at 37 �C in a humidified incubator with 5% CO2.
After cells were plated onto 60 mm dishes at a density
of 2 · 106 cells/dish and exposed to 10 lM of phytosphin-
gosine derivatives (1 and 3a–h) for 30 min, cells were
exposed to c-rays from a 137Cs c-ray source (Atomic
Energy of Canada, Canada, located in Korea Institute
of Radiological and Medical Sciences, Seoul, Korea) at
a dose rate of 3.81 Gy/min. Cells were fixed with 4%
para-formaldehyde for 30 min at room temperature and
then washed once with phosphate-buffered saline (PBS).
Hoechst 33258 (50 ng/mL) was added to the fixed cells,
incubated for 30 min at room temperature, and then
washed with PBS. Cells were mounted and examined by
fluorescence microscopy. Apoptotic cells were identified
by the condensation and fragmentation calculated from
the ratio of apoptotic cells to total cells counted. At min-
imum, 500 cells were counted for each treatment. The
radiation sensitizing enhancement ratio is defined as [va-
lue of combination with drug and ionizing radiation-in-
duced cell death (%) � value of drug-induced cell death
(%)/value of ionizing radiation-induced cell death (%)].


We examined whether the treatment of phytosphingo-
sine derivatives in combination with ionizing radiation
had a sensitizing effect on cell death in Jurkat human
T-cell lymphoma or not. As shown in Figure 2, phyto-
sphingosine (1) did not show synergistic effect on cell
death when simultaneously treated with ionizing radia-
tion. Instead, phytosphingosine treatment alone showed
a significant cytotoxic effect. In addition, 3h did not
show ionizing radiation sensitizing effect. the treatment
of 3h also showed a significant cytotoxic effect. In the
treatments of 3a, 3c, and 3d in combination with ioniz-
ing radiation (IR), however, these phytosphingosine
derivatives had synergistic effects on cell death. In com-
parison with control, the treatment of 3a (11%), 3c
(12%), and 3d (19%) have a synergistic effect on cell
death in combination with ionizing radiation more than
cell death ratio of IR plus cell death ratio of phytosphin-
gosine derivatives. At this point, natural ceramide con-

n-C14H29 OH
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3b, R1 = -CH2COOCH2CH3
3c, R1 = -(CH2)2COOCH2CH3
3d, R1 = -(CH2)3COOCH3
3e, R1 = -(CH2)4COOCH2CH3
3f, R1 = -(CH2)6COOCH3
3g, R1 = -(CH2)7COOCH3
3h, R1 = -(CH2)8COOCH3


to rt, 1 h for 3a–d and diverse acyl chlorides from acid using SOCl2,







Figure 2. Effect of 1 and 3a–h on IR induced cell death (IR: 10 Gy, treated concentration of 1 and 3a–h: 10 lM, time: 48 h).
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sists of a long chain sphingoid base activated at the
nitrogen atom with an acyl chain. As this highly
lipophilic chain is usually responsible for the low cell
permeability of ceramide, shorter acyl chains are better
(typically, two to eight carbon atoms).6 The lipophilic-
ity, therefore, is one of the most important factor for
radiosensitizing effect in the modification base on phyto-
sphingosine. To inclease cell permeability, it is impor-
tant to decrease the lipophilicity of phytoceramide
derivatives by introduction of ester group in terminal
of diverse acyl chains. As the modification results, 3a,
3c, and 3d with 6–8 atom chain will be lower lipophilic-
ities than 2a–d. Also compounds 3a, 3c, and 3d showed
higher enhancement of radiosensitizing effect than 2a–
d8a in Jurkat cell. All amide modification derivatives,
moreover, could be decreased toxicity of themselves
compared to 1 (Fig. 2) and comparison between 3c–d
and 2b–c with 6–8 atom needs further study because
2b–c showed diverse biological effect varying tumor
cells.


The radiation sensitizing enhancement ratios of 1 and
3a–h are summarized in Figure 3. Enhancement ratios
(Y axis) were calculated by the equation as follows:


¼ % of ðIRþ compdÞ �% of compd


% of IR

As shown in Figure 3, IR sensitizing enhancement ratio
of 1 is <1. The radiation sensitizing enhancement ratios
for 10 lM treatment of 3a, 3c, and 3d were approxi-
mately 1.24, 1.28, or 1.45 times, respectively. But other
derivatives did not show remarkable results in the
enhancement of cell death with ionizing radiation.

Figure 3. Enhancement ratios of phytosphingosine derivatives in


radiation response in Jurkat cells.

In conclusion, eight novel phytosphingosine derivatives
were synthesized from DD-ribo-phytosphingosine with
diverse acyl chlorides and evaluated in blood cancer
cells. Our results demonstrate that the treatment of 3a,
3c, and 3d in combination with ionizing radiation
enhances the cell death of human cancer cells. More-
over, our results suggest that the combination treatment
of novel phytosphingosine derivatives and ionizing radi-
ation is potentially an effective way of treating cancers
refractive to conventional radiation therapy.
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3.52 (m, 2H), 1.71–1.69 (m, 1H), 1.56–1.53 (m, 1H),
1.43–1.23 (m, 24H), 0.91 (t, J = 6.6 Hz, 3H); 13C NMR d
170.6, 137.2, 128.1, 127.69, 127.74, 74.8, 73.1, 72.0, 68.8,
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1H), 2.62–2.53 (m, 4H), 1.68–1.64 (m, 1H), 1.61–1.55 (m,
1H), 1.32–1.23 (m, 27H), 0.91 (t, J = 6.6 Hz, 3H); 13C
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Abstract—A hit generation and exploration approach led to the discovery of 31 (2-(4-(6-chloro-2-(4-(dimethylamino)phenyl)-3H-
imidazo[4,5-b]pyridin-7-yl)piperazin-1-yl)-N-(thiazol-2-yl)acetamide), a potent, novel inhibitor of Aurora-A, Aurora-B and Aur-
ora-C kinases with IC50 values of 0.042, 0.198 and 0.227 lM, respectively. Compound 31 inhibits cell proliferation and has good
microsomal stability.
� 2007 Elsevier Ltd. All rights reserved.

The Aurora proteins A, B and C are serine/threonine ki-
nases that play a key role in the regulation of mitosis,
and are implicated in cancer initiation and progres-
sion.1,2 Aurora-A and Aurora-B are overexpressed in a
broad range of tumours1,2 including breast,3 colorectal,4


testis,5 ovarian6 and glioma.7 In addition, Aurora-A can
transform cells when ectopically expressed in vitro.4 The
Aurora proteins have therefore emerged as attractive
anticancer targets for the development of small molecule
inhibitors as cancer therapeutic agents.


Several structurally diverse inhibitors of Aurora kinases
with anti-tumour activity have been reported including
quinazoline ZM447439,8 VX-6809 and the tetrahydro-
pyrrolo[3,4-c]pyrazole PHA-680632.10,11 More recently
inhibitors selective for Aurora-A kinase (MLN805412),
and for Aurora-B (pyrazoloquinazoline AZD115213),
have been reported but it is not yet clear what is the ideal
profile for therapeutic use. In this paper, we describe a
novel class of imidazo[4,5-b]pyridines with activity
against Aurora kinases.


Our main approach was based on high-throughput
screening (HTS) of our in-house compound library
against recombinant human Aurora-A kinase.14 In par-
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allel, we initiated a hit generation programme by pro-
ducing a small, kinase-focused piperazinylquinazoline
library via SNAr substitution reactions on 4-chloro-
6,7-dimethoxyquinazoline (Scheme 1 and Table 1).
Members of this library (Table 1) displayed Aurora-A
inhibitory activity, with compound 2f being the most
potent inhibitor (IC50 = 5.9 lM, Table 1). Despite the
modest levels of inhibition observed, we were encour-
aged by the identification of the (piperazin-1-yl)-N-(thia-
zol-2-yl)acetamide substituent as a novel Aurora kinase
inhibitor motif, which might be utilised in hit
exploration.


From the HTS campaign the imidazo[4,5-b]pyridine 3
was identified (Fig. 1) as a hit. Compound 3 inhibited
Aurora-A with an IC50 value of 0.57 lM, whilst its 6-
H counterpart 4 (Fig. 1) was considerably less potent
with an IC50 value of 4.3 lM, highlighting the 6-halo
substituent as an important contributor to potency
and an area of focus for further SAR work.

Scheme 1. Reagent and condition: (a) isopropyl alcohol, 105 �C, 7 h.
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Table 2. Effect of N4 and N3–H on Aurora-A inhibition


Compound Structure Aurora-A IC50 (lM)


4 4.3 (±0.29)


7 12.5, 35% at 10 lM


8 8% at 100 lM


9 26% at 100 lM


Results shown are mean values for samples run in triplicate. The IC50


value for 4 is the mean of three independent IC50 determinations.


Table 3. Effect of substitution in aryl substituent


Compound X Aurora-A, IC50 (lM)


4 p-NMe2 4.3 (±0.29)a


10 m-NMe2 10.0a


11 o-NMe2 20% at 10 lMb


12 p-OMe 6.6 (±3.18)a


13 m-OMe 16.0a


14 o-OMe 29b


15 p-Pyrrolidin-1-yl 4.6a


16 p-Pyrid-2-yl 4.4a


17 p-CN 38% at 10 lMb


a Mean of two independent IC50 determinations or mean (±SD) for


n > 2.
b Results are mean values for samples run in triplicate.


Table 1. Piperazinylquinazoline library: inhibition of Aurora-A


Compound R Aurora-A IC50 (lM)


2a 76


2b na


2c na


2d 98


2e 16.5


2f 5.9


2g na


2h 40


2i 35


2k na


2l 25


2m 9.6


Results shown are mean values for samples run in triplicate. The value


for 2f is the mean of two independent IC50 determinations. na, no


activity at 100 lM.


Figure 1. Inhibition of Aurora-A by compounds 3 and 4.
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Access to 3, 4 and compounds presented in Tables 2–5
was gained mainly by the oxidative condensation of
2,3-diaminopyridines with aldehydes in nitrobenzene

(Scheme 2).15 Alternatively, compounds of this type
(examples 10, 11, and 18) could be produced by the cyc-
lisation of 2,3-diaminopyridines with benzoic acids in
POCl3 (Scheme 2).16 The N3-ethyl derivative 9 (Table
2) was obtained by reacting 3-amino-2-ethylaminopyri-
dine with 4-(dimethylamino)benzaldehyde in nitroben-
zene. Compound 31 (Table 5) was prepared from the
corresponding 2-amino-3-nitropyridine precursor and
4-(dimethylamino)benzaldehyde via a reductive cyclisa-
tion,17 following a procedure reported by Yang et al.18


This reductive cyclisation methodology was also applied
to prepare compound 19 (Table 4) from 2-amino-3-
nitro-5-trifluoromethylpyridine.19


Having confirmed the activity of 3 and 4, we embarked
on a hit-to-lead exploration programme focusing firstly
on the importance of N4 and N3–H for inhibiting the en-
zyme, and then in turn the 2-aryl moiety, 6-substituent,
7-substituent and 6,7-combinations. Our aim was to ex-
plore SAR trends and identify lead series for further
optimisation.


The importance of the pyridine N and the imidazole NH
was investigated by preparing the imidazo[4,5-c]pyridine
7, the benzimidazole analogue 8 and the N-ethyl deriva-







Table 4. Effect of substituent at 6-position


Compound X (6-substituent) Aurora-A IC50 (lM)


3 Cl 0.57 (±0.03)a


4 H 4.3 (±0.29)a


18 Br 0.49 (± 0.24)a


19 CF3 0.74a


20 Me 6.9a


21 20b


22 33% at 100 lMb


23 18,b 31% at 10 lMb


24 9.0a


25 28% at 10 lMb


26 34% at 10 lMb


a Mean of two independent IC50 determinations or mean (±SD) for


n > 2.
b Results are mean values for samples run in triplicate.


Table 5. Effect of substituent at 7-position, and 6,7-combinations


Compound X Y Aurora-A IC50 (lM)


3 Cl H 0.57 (±0.03)


4 H H 4.3 (±0.29)


27 Cl Cl 0.25


28 H Me 7.0


29 H Cl 2.4


30 H 0.87


31 Cl 0.042 (±0.022)


Values are mean of two independent IC50 determinations or mean


(±SD) for n > 2.24


Scheme 2. Reagents and conditions: (a) aryl aldehyde, nitrobenzene,


150 �C, overnight; (b) POCl3, aryl carboxylic acid, 120 �C, 6 h.
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tive 9 (Table 2). The imidazo[4,5-c]pyridine derivative 7
was a slightly less potent inhibitor of Aurora-A than 4,
but compounds 8 and 9 were significantly less potent
(Table 2) indicating that N4 and N3–H play an impor-

tant role in binding to Aurora-A. A requirement for a
hydrogen bonding interaction with the hinge region of
the kinase is a plausible explanation, as this is commonly
observed with ATP competitive inhibitors of kinases.20


Docking studies based on the crystal structure of Aur-
ora-A in complex with adenosine21,22 confirmed that 3
can be accommodated at the ATP-binding site with
bidentate H-bonds to Ala 213 in the hinge region of
Aurora-A.


Investigation of the positional effect of the NMe2 substi-
tuent revealed that the para-isomer (compound 4) was a
slightly more potent inhibitor of the enzyme than the
meta-isomer 10, and both are significantly more potent
than the ortho-isomer 11. A similar trend was observed
with the OMe substituent (Table 3, compounds 12–
14). In addition to OMe, pyrrolidin-1-yl and pyrid-2-yl
substituents were well tolerated (Table 3, compounds
12, 15, 16).


The Aurora-A inhibitory effect of the 6-substituent was
explored in more detail. The 6-Cl in 3 was replaced first
by Br and CF3 with retention of Aurora-A inhibitory
activity (Table 4, compounds 18, 19). In contrast, the
replacement of the 6-Cl in 3 by a Me group led to a loss
of potency, and compound 20 inhibited Aurora-A with
an IC50 value similar to that of the 6-unsubstituted ana-
logue 4 (Table 4, compounds 4, 20). A 6-aryl substituent
also had a detrimental effect on enzyme inhibition, with
compounds 21–26 all being less potent than 3, suggest-
ing that any interaction at this position is size limited.


Access to the 6-aryl derivatives 21–26 was gained via a
Suzuki cross-coupling reaction that worked well either
under thermal conditions (ArB(OH)2, PdCl2(dppf),
DME, 1 M aq Na2CO3, 80 �C, 2.5–7 h) or microwave
irradiation (ArB(OH)2, PdCl2(dppf), DME, 1 M aq
Na2CO3, 150 �C, 6 min) provided the N3–H in 18 is pro-
tected. The MEM protecting group was used since it
could be readily removed under acidic conditions
(HCl, H2O/THF).


The final part of this SAR exploration was focused on
substitutions at the 7-position, and 6,7-combinations.
The 7-Me derivative 28 had similar potency to the par-
ent compound 4 (Table 5, compounds 4, 28). A marginal
improvement in potency was seen with the 7-Cl substi-
tuted analogue 29 (Table 5, compounds 4, 29). Introduc-
tion of a 6-Cl substituent in 29 gave the 6,7-dichloro
analogue 27 (Table 5)23 that was approximately 10-fold
more potent as an inhibitor of Aurora-A than 29, a sim-
ilar trend to that observed with compounds 3 and 4.


Comparison of structure 4 and structure 2f (a member
of the piperazinylquinazoline library, Table 1) prompted







Scheme 3. Reagents and conditions: (a) 2-(piperazin-1-yl)-N-(thiazol-


2-y)acetamide, isopropanol, 90 �C, 5 h; (b) EtOH/EtOAc, 10% Pd/C,


1 h; (c) 4-(dimethylamino)benzaldehyde, nitrobenzene, 140 �C,


overnight.
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the synthesis of the novel piperazinyl imidazo[4,5-b]pyr-
idine derivative 30 (Table 5 and Scheme 3),25 aiming at
gaining potency from the additional interactions of the
(piperazin-1-yl)-N-(thiazol-2-yl)acetamide moiety. In-
deed, the incorporation of this fragment into 4 led to a
�5-fold potency improvement, compound 30 having
an IC50 value of 0.87 lM (Table 5). Subsequent intro-
duction of a 6-Cl substituent in 30 led to an additional
15-fold improvement in potency, and compound 31
had an IC50 = 0.042 lM. This gain in potency is similar
to that observed earlier, when a 6-Cl substituent was
introduced into structures 4 and 29 (see compounds 3,
4 and 27, 29; Table 5).


In vitro kinase assays using purified recombinant
proteins, showed that 31 inhibited Aurora-B and
Aurora-C with IC50 values of 0.198 ± 0.050 and
0.227 ± 0.064 lM, respectively. Compound 31 was
shown to inhibit HCT116 cell growth with a GI50 of
0.350 lM, and HeLa cell growth with a GI50 of
0.200 lM. It also displayed good metabolic stability
with 75% of 31 remaining after a 30-min incubation with
mouse liver microsomes. Regarding inhibition of cyto-
chrome P450 isoforms, 31 showed IC50 > 10 lM for
CYP1A2, CYP2A6, CYP2C19, CYP2D6 and �10 lM
for CYP3A4 and CYP2C9.26,27


In summary, two distinct chemical series of Aurora-A
inhibitors were discovered; namely the imidazo[4,5-
b]pyridines via HTS and quinazolines carrying N-substi-
tuted piperazines. SAR studies were undertaken and led
to the hybrid structure 31 which is a potent, novel inhib-
itor of Aurora-A, Aurora-B and Aurora-C kinases with
IC50 values of 0.042, 0.198 and 0.227 lM, respectively.
In addition, 31 blocks proliferation of HCT116 colon
cancer cells, (GI50 = 0.350 lM), has good microsomal
stability and comparatively weak inhibitory activity ver-
sus cytochrome P450 isoforms in vitro, a balance of
properties that led to the adoption of 31 as a lead com-
pound for further optimisation studies.
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required for the synthesis of 29, was prepared from 2-
amino-4-chloro-3-nitropyridine by applying the same
methodology.


24. IC50 values were determined using either the Flashplate
assay as described in Ref. 14, or the Filterplate assay as
described in Ref. 17. ATP concentration in the assay is
20 lM.


25. 2-Amino-4-chloro-3-nitropyridine was prepared from 2-
amino-4-chloropyridine by nitration (concd H2SO4, 70%
HNO3).


26. Inhibition of human liver CYP isozymes was assessed in
human liver microsomes (pool of 50 individuals) as
described in Ref. 27 with the following modifications:
microsomal protein concentration 0.5 mg/ml, incubation
time 10 min, mephenytoin as the CYP2C19 substrate and
metabolite detection by LC–MS–MS ESI+ on a Shimadzu
LC system connected to a QTRAP 4000 (Applied
Biosystems).


27. Moreno-Farre, J.; Workman, P.; Raynoud, F. I. Austral-
Asian J. Cancer 2007, 6, 55.
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Abstract—Attachment of carbohydrates to oligonucleotides has proven to induce receptor-mediated endocytosis. A facile method for
the formation of covalent linkages between glycans and oligonucleotides is herein described. Thus, use of 3,4-diethoxy-3-cyclobutene-
1,2-dione as a linking reagent provides easy conjugation between carbohydrates bearing an amino group at the reducing end and
oligonucleotides bearing an aminoalkyl modification.
� 2007 Elsevier Ltd. All rights reserved.

In recent years, nucleic acids have been investigated as
potential therapeutic agents in various forms, such as
gene therapy, antisense oligonucleotides, antigene oligo-
nucleotides, aptamers, and most recently RNA interfer-
ence.1 However, the effectiveness of these nucleic acids
as therapeutic agents has been hampered by a number
of limitations. Because nucleic acids are relatively large
molecules bearing multiple negative charges, their cellu-
lar uptake is not efficient, which results in poor bioavail-
ability. In addition, their cell targeting is not specific. A
variety of structural modifications on nucleic acids have
been developed which confer novel properties, such as
enhanced resistance to nucleases, increased ability to
hybridize with complementary sequences, and higher
internalization efficiency through cell membranes. Addi-
tionally, use of delivery vehicles, such as lipids, lipo-
some, peptide, virus and viral vectors, and antibodies,1


have also shown promise in addressing the bioavailabil-
ity of therapeutic nucleic acids.


One useful method that has received a lot of attention is
to utilize the carbohydrate-binding proteins—lectins—
that reside on cell membranes of certain cell types.2


These lectins show specific binding affinity toward car-
bohydrate of defined structures. Upon binding, carbo-
hydrates are internalized through receptor-mediated
endocytosis. When the carbohydrate is attached to a
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drug molecule, the drug–carbohydrate conjugate can
be transported into the cell with increased efficiency.
This approach, which is called glycotargeting,3 has been
shown to improve both the internalization efficiency and
specificity of cell targeting. A number of conjugation
chemistry have been reported in the literature,4,5 how-
ever, in our efforts to address the drug delivery issue
of small interference RNAs (siRNA), we requested a
method that allows for easy incorporation of carbohy-
drate moieties into the RNA molecules under mild
conditions. 3,4-Diethoxy-3-cyclobutene-1,2-dione 1 (or
diethyl squarate) has been shown to be an efficient link-
ing reagent in the formation of glycopeptides and
glycoproteins.6 By using 3,4-diethoxy-3-cyclobutene-
1,2-dione 1 as a linking reagent, a glycan moiety 2 can
be readily attached first to the squarate to form the acti-
vated glycan 3, which can further react with a protein or
peptide to form a glycoconjugate 4 (Scheme 1). Because
it is relatively straightforward to introduce an amino
group into oligonucleotide using either the phospho-

Scheme 1. Squarate linker in glycoprotein synthesis.
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ramidite or H-phosphonate chemistry, we decided to
explore the use of squarate as linker in the preparation
of glycosylated oligonucleotides. Once the glycan is suc-
cessfully linked to oligonucleotides through the squarate
spacer, further elaboration of the conjugate can be
effected by glycosyltransferases.7 This approach will
provide easy access to oligonucleotides with complex
glycan structures that are required in glycotargeting.


For method development purpose, we chose to use b-(2-
aminoethyl)glucoside 8a and b-(2-aminoethyl)lactoside
8b as glycans because these two glycosides can be readily
obtained by catalytic hydrogenation of corresponding
b-(2-azidoethyl)glycosides 7 (Scheme 2),8–10 which in
turn were conveniently prepared in good overall yields
from glucose 5a (or lactose 5b) using the trichloroace-
timidate chemistry.11


The reactions between the b-(2-aminoethyl)glycosides 8
and 3,4-diethoxy-3-cyclobutene-1,2-dione 1 were carried
out in aqueous methanol solution in the presence of
trace amount of triethylamine (Scheme 3).12,13 The reac-
tions were found to be complete within 5–10 min as indi-
cated by TLC (CHCl3–MeOH–H2O, 65:35:5 v/v). The
products were readily purified by size exclusion chroma-
tography on Bio-Gel P2 fine gel (Bio-Rad), eluted with
ammonium bicarbonate buffer. Lyophilization of the
fractions that contain the products typically gives the
products in good yield. The squarate-activated glyco-
sides 9 appear to be colorless hygroscopic froth, and

Scheme 2. Preparation of 2 0-aminoethylglucoside 8a and lactoside 8b.


Reagents and conditions: (i) (Ac)2O, C5H5N, rt; (ii) NH2NH2ÆH2O,


AcOH, DMF, rt, 45 min; (iii) CCl3CN, DBU, CH2Cl2; (iv) BF3ÆEt2O,


HOCH2CH2Cl, CH2Cl2; (v) NaN3, DMF, 55 �C, 3d; (vi) NaOMe,


MeOH; (vii) Pd/C, H2, H2O.


Scheme 3. Activation of glycan 8 by diethyl squarate 1. Reagents and


conditions: (i) H2O, MeOH, NEt3, rt, 5 min.

were fully characterized by reverse phase HPLC, 1H
and 13C NMR, and mass spectroscopy.


As can be seen in the COSY–NMR spectrum of lacto-
side 9b in Figure 1, single b-anomer was obtained, which
is indicated by a doublet at 4.35 ppm, representing the b-
anomeric proton of lactoside.


We then carried out the conjugation reaction between
squarate-activated glycan 9 and 5 0-deoxy-5 0-aminot-
hymidine 1014 and dinucleotide 12 bearing an amino
modification at the 5 0-terminus (Scheme 4).15 The ami-
no-modified dinucleotide 12 was prepared by the modi-
fied H-phosphonate chemistry in solution.16,17 The
conjugation was carried out in a mixture of sodium
hydrogen carbonate (20 mM) and sodium tetraborate
buffer (20 mM) (Scheme 4). The reactions were followed
by reverse phase HPLC on a 4.6 · 150 mm Acclaim PA
C18 3l column, eluted with a mixture of triethylammo-
nium acetate (TEAA) buffer (0.1 M, pH 7.0)—acetoni-
trile under a linear gradient of TEAA–acetonitrile
(100:0 to 85:15 v/v over 15 min and then isocratic

Figure 1. COSY–NMR spectrum of squarate-activated lactoside 9b.


Scheme 4. Conjugation reaction (a,b). Reagents and conditions: (i)


NaHCO3, Na2B4O7, pH 8.5.







Table 1. Glycosylated oligonucleotides


Entry Mass (ESI�) Yield (%)


Observed Calculated


11a 541.191 541.178 86


11b 703.249 703.231 84


13a 968.233 968.232 91


13b 1130.266 1130.286 95
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elution). After incubation at room temperature for 24 h,
the reactions were found to be complete.


The conjugation products 11 and 13 were readily iso-
lated in good yields (Table 1) by size exclusion chroma-
tography on Bio-Gel P2 fine gel, eluted with ammonium
bicarbonate buffer (5 mM). These products were charac-
terized, where appropriate, by 1H, and 31P NMR,
COSY, reverse phase HPLC, and mass spectrometry.
As expected, the lactoside conjugate 13b showed two
peaks at 0.28 and �1.05 ppm, respectively, in 31P
NMR, and each peak integrated one phosphorus
(Fig. 2).


In C18 reverse phase HPLC, the squarate-activated gly-
can 9, 5 0-deoxy-5 0-aminothymidine 10 (or dinucleotide
12), and the conjugation products 11 and 13 were very
well resolved. Figure 3 shows the HPLC profiles of the
5 0-amino-modified dinucleotide 12 (bottom profile),

Figure 2. 1H (left) and 31P (right) NMR spectra of conjugate 13b.


0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0


1 C3-d(CpT)
2 Lac-Squa
3 Lac-Squa-C3-d(CpT)


min


Retention Time [min]


3


2


1


WVL:260 nm


Figure 3. Stack of HPLC profiles of amino-modified d(CpT) dimer 12


(bottom), squarate-activated lactoside 9b (middle), and conjugation


product 13b (top).

squarate-activated lactoside 9b (middle profile), and
the isolated conjugate 13b (top profile).


The exact mass of the conjugates was determined by
electrospray mass spectroscopy to detect negative ions.
All the observed masses are in close agreement with their
theoretical values (Table 1).


In conclusion, we have demonstrated a facile method for
the preparation of glycan–oligonucleotide conjugates
that utilizes diethyl squarate as the linking reagent. Fur-
ther elaboration of these conjugates by glycosyltransfe-
rases will open an avenue for the incorporation of
complex glycans into oligonucleotides. It is conceivable
that modification of therapeutic oligonucleotides by
these complex glycans may serve to improve the bio-
availability of nucleic acids as therapeutic agents.
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Abstract—We have continued to explore spirobenzazepines as vasopressin receptor antagonists to follow up on RWJ-339489 (2),
which had advanced into preclinical development. Further structural modifications were pursued to find a suitable backup com-
pound for human clinical studies. Thus, we identified carboxylic acid derivative 3 (RWJ-676070; JNJ-17158063) as a potent, bal-
anced vasopressin V1a/V2 receptor antagonist with favorable properties for clinical development. Compound 3 is currently
undergoing human clinical investigation.
� 2007 Elsevier Ltd. All rights reserved.

For several years, we have prospected for nonpeptide
vasopressin receptor antagonists to advance compounds
into human clinical trials.1 We managed to identify dif-
ferent series of potent V2-selective antagonists,2a–f from
which three compounds were selected for preclinical
development. One of these, RWJ-351647 (1), was inves-
tigated in humans and found to be well tolerated and
efficacious as an aquaretic agent.1,3 Potent V1a receptor
antagonism proved to be more elusive, until we discov-
ered a chemical series based on spirocyclic benzaze-
pines.4 This novel series also enabled us to surface
dual vasopressin V1a/V2 receptor antagonists, which
have potential for wider clinical utility, especially for
treating congestive heart failure and renal disorders.5


Our initial reports on spirobenzazepines4a,b disclosed
RWJ-339489 (2; R-enantiomer),4b which is notable for

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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its excellent V1a and V2 affinity, good potency, and bal-
anced ratio in V1a and V2 functional assays. In rats, 2
had useful oral bioavailability (F = 22%; t1/2 = 6.5 h)
and produced dose-dependent aquaresis (at 10 mg/kg,
p.o., urine output was elevated by 1100% and urine
osmolality was reduced by 75%),1 the latter being a
gauge of V2 receptor antagonism in vivo. On the basis
of the many drugworthy properties of 2, we advanced
it into preclinical development as a dual vasopressin
V1a/V2 antagonist. However, because of unexpected tox-
icology findings at suprapharmacological doses, 2 was
abandoned as a clinical candidate. In this paper, we de-
scribe our effort to identify a suitable, next-generation
backup compound, which was realized in the form of
RWJ-676070 (3; JNJ-17158063).4c


In seeking a backup compound for 2, we were interested
in reducing its relatively high molecular weight
(MW = 612.8 Da), which would increase the probability
of success.6 One approach was to decrease the size of the
substituent on the 5-membered ring. However, it was
also important to retain some polar character at that
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Table 1. Vasopressin binding and functional data for spirobenzazepine derivativesa


N


N
H


O O


X


R3


4a-j, l, m R4


R2
R1


N


N
H


O O


X


R3


2; 3; 4k, n-r R4


R2
R1


Compound X R1 R2 R3 R4 V1a bndgb


IC50, nM


V2 bndgb


IC50, nM


V1a funct.c


IC50, nM


V2 funct.c


IC50, nM


4a CO2H H H Ph H 37 14 20 360


4b CH2OH H H Ph H 9 18 9 190


4cd CH2NHMe H H Ph H 18 44 630 1800


4d CO2H H H F H �100 15% ND ND


4e CO2Me H H F H 15 23% 130 >10,000


4f CO2H Cl H Me F 10% 67% ND ND


4g CH2OH Cl H Me F �100 66% ND ND


4hd CH2NHMe Cl H Me F 0% 17% ND ND


4i CO2H MeO H Me F 15% 110 11,600 140


4j CO2H H H Cl F 32 76 780 410


4ke CO2H H H Cl F 13 53 380 100


4l CO2Me H H Cl F 40 >200 190 >10,000


4m CO2H H MeO Cl F 19 92 89 120


3f CO2H H MeO Cl F 5 34 38 52


4ne CO2H H EtO Cl F 8 71 50 150


4og,h Tetrazol-5-yl H MeO Cl F ND ND 63 40


4pg,i C(O)NHSO2NH2 H MeO Cl F ND ND 27 11


4qg,j Imidazol-2-yl H MeO Cl F ND ND 95 730


4rg,k Imidazolin-2-yl H MeO Cl F ND ND 320 1050


2l C(O)NHRm H H Ph H 2 8 45 36


VPA-985n 150 5 >5000 91


a Target compounds were purified by silica gel flash-column chromatography. All compounds were characterized by ESI-MS and 300-MHz 1H


NMR. Compounds are racemates unless noted otherwise. ND, not determined.
b Inhibition of [3H]-Arg-vasopressin binding to recombinant human vasopressin V1a or V2 receptors (N = 2–6). IC50 values are given unless noted


otherwise as % inhibition at 100 nM.
c Inhibition of Arg-vasopressin-induced effects on cells expressing either human V1a or V2 receptors. IC50 values represent the concentration of compound that


antagonizes50%ofthecellularcalciummobilizationforV1areceptorsorcellularcAMPaccumulationforV2receptorscausedby1 nMArg-vasopressin(N = 1–4).
d Isolated as a free base.
e Prepared from (R)-(+)-I (>99% ee).
f (R)-(+) enantiomer; ½a�25


D þ 19:5� (c 0.14, CHCl3); >99% enantiomeric purity by chiral HPLC (ChiralPak AD-H column).
g (R) enantiomer; prepared from 3.
h ½a�25


D þ 193� (c 0.84, CHCl3).
i ½a�25


D þ 103:9� (c 1.32, CHCl3).
j ½a�25


D þ 71:2� (c 1.23, CHCl3).
k ½a�25


D þ 13:1� (c 1.23, CHCl3).
l (R)-(+) enantiomer; >99% enantiomeric purity by chiral HPLC. The biodata reported here for 2 are taken from Ref. 4b.
m R = CH2CH2NMe2.
n Reference standard lixivaptan (Ref. 7a).
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site, such as a carboxylic acid or amine, to confer
reasonable aqueous solubility to the target molecules.
Thus, analogues of general structure 4 were considered
(Table 1). Our prior, intensive studies on vasopressin
receptor antagonists,2,4 and the published results of oth-
ers,7 have provided a good foundation for appreciating
the structure–activity relationships (SARs) associated
with aromatic ring substitution. Therefore, we did not
revisit this particular facet. Rather, we decided to begin
with certain most-favored arrangements for the 4-(benz-
amido)benzoyl subunit, especially those that would
enhance V1a receptor antagonist action.2,4,7 In general,
these subunits are: 4-(2-phenylbenzamido)benzoyl,
4-(2-methyl-5-fluorobenzamido)-2-chlorobenzoyl, and
4-(2-chloro-5-fluorobenzamido)benzoyl.


The synthesis of 3 and its analogues departs from the
synthesis described earlier for 2 and its analogues,4b


in that we now employed spirobenzazepine I as a key
intermediate.8 Compound 3 was separated into its indi-
vidual enantiomers, and a single-crystal X-ray determi-
nation on the (�)-10-camphorsulfonate salt of (R)-I
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established the absolute stereochemistry (vide infra),
which was conveyed into the relevant target com-
pounds (Table 1). The chemistry starting with I is
shown in Scheme 1. For the second step, the 4-(benz-
amido)benzoyl subunits were generated in a standard
manner, except for the 3-alkoxy versions. Illustrating
for the 3-methoxy case, we synthesized (2-chloro-5-flu-
orobenzamido)-3-methoxybenzoyl chloride (IX) to
assemble 3, 4m, and 4o–r (Scheme 2). The alcohol
(4b, 4g) and amine (4c, 4h) target compounds were pre-
pared starting with known spirobenzazepine X,4b


according to the chemistry outlined in Scheme 3. The
tetrazole analogue 4o of carboxylic acid 3 was prepared
by forming the primary carboxamide, dehydrating it to
the nitrile with cyanuric chloride (DMF, 3 h), and
reacting the nitrile with sodium azide (DMF, 125 �C,
15 h). Acylsulfamide 4p was obtained by reacting the
acid chloride of 3 with sulfamide (100 �C, 1 h). Imidazo-
line 4r was prepared by converting the primary carbox-
amide to a methyl imidate ðMe3OþBF4


�;CH2Cl2Þ, fol-
lowed by reaction with ethylene diamine (CH2Cl2,
24 h). Imidazole 4q was obtained by oxidizing 4r with
MnO2 (CH2Cl2, 72 h).


Intermediate I formed a crystalline salt with (�)-10-cam-
phorsulfonic acid, as one diastereomer. A single crystal of
the salt (from MeOH) was subjected to X-ray diffraction
to furnish the structure and absolute stereochemistry of
the spirobenzazepine unit, which turned out to be R.9


The structure of the salt is depicted in Figure 1.


Since our goal was a potent, next-generation, dual
V1a/V2 antagonist, we directed our sights on obtaining
candidate compounds expeditiously by capitalizing on
already-published structure–activity correlations.2,4,7


Use of the 4-(benzamido)benzoyl subunits mentioned
above would increase the chances of obtaining the more
elusive V1a receptor antagonist activity. At first, the ana-
logues were evaluated for affinity to V1a and V2 recep-
tors in a binding assay;10 then, compounds of interest
were further evaluated for cellular V1a and V2 functional
activity (Table 1).11 It was not sufficient just to have high
potency in receptor binding, since high functional antag-
onism is crucial. Suitably potent dual antagonists in the
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Figure 1. An ORTEP plot of the molecular structure of (R)-(+)-I,


(4R)-1,2,3,5-tetrahydrospiro[4H-1-benzazepine-4,10-[2]cyclopentene]-30-


carboxylic acid, as a salt with (1R)-(�)10-camphorsulfonic acid, showing


the atom-numbering scheme for the heteroatoms.
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functional assays were assessed for oral bioavailability
in rats, metabolic stability in vitro, and inhibition of
cytochrome P450 isozymes in vitro.


The carboxylic acid parent of 2, 4a, exhibited activity of
interest, as did the carbinol (4b) and amine (4c) congen-

ers, although 4c was less potent in the functional assays.
Replacement of the phenyl group of the acid with a
fluoro (4d) or a methyl (4f–i) was not auspicious.
2-Chloro-5-fluoro substitution (4j) led to positive results
in binding affinity, but not in functional activity. How-
ever, in exploring some new SAR territory, we found
that addition of a 3-methoxy (4m, 3) or 3-ethoxy (4n)
group to this chloro/fluoro motif can yield a desirable
profile (cf. 2). The methoxy derivative as the R-enantio-
mer, 3, was potent in the functional V1a and V2 assays
with a favorable V1a/V2 ratio of nearly 1. Compound 3
is a white crystalline solid with an acceptable molecular
weight (Mw = 549.0 Da) for a nonpeptide vasopressin
antagonist2,4,7 and good aqueous solubility at pH 7.4
(>1 mg/mL). Given the favorable attributes of 3, we
sought some close-in derivatives with acidic or basic
replacements for the CO2H group, represented by
4o–r. The functional V1a and V2 potencies, and V1a/V2


ratios, for 4o and 4p (IC50 values of 63/40 and 27/11,
respectively; cf. 2 and 3) are particularly noteworthy.
Clearly, it is possible to obtain potent V1a and V2 recep-
tor antagonist activity with either a basic or acidic moi-
ety attached to the spirocyclopentene ring.


Additional studies were conducted with 3. With rat V1a


and V2 vasopressin receptors, its functional IC50 values
were 640 and 30 nM.12 The pharmacokinetics of 3 were
assessed in rats, dogs, and cynomolgus monkeys. Thus,
3 was found to have excellent oral bioavailability
(F = 68%, 45%, and 23%, respectively) with good oral
plasma half-lives (t1/2 = 8.7, 5.1, and 10.9 h).


Oral administration of 3 to hydrated conscious rats pro-
duced a dose-dependent aquaretic effect (Table 2). For
example, at an oral dose of 30 mg/kg, it caused a







Table 2. Effect of 3 on urine volume and osmolality in ratsa


Dose, p.o.


(mg/kg)


Urine


volume


(mL)


Urine


volume


% vehicle


Urine


osmolality


(mOsm/kg)


Urine


osmolality


% vehicle


Vehicle 2.3 ± 0.4 1070 ± 150


1 3.0 ± 0.2 130 920 ± 89 87


3 3.8 ± 0.5b 165 510 ± 110b 48


10 7.2 ± 1.5b 310 560 ± 110b 52


30 15.9 ± 2.5b 690 180 ± 26b 17


a Compound 3 was administered orally to conscious hydrated male rats


at the specified dose level. Each value represents the mean ± SE


(N = 6–10).
b P < 0.05 versus the vehicle values (Dunnett’s multiple comparison


test).
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690% increase of urine output over untreated controls,
with an 83% reduction of urine osmolality. By way of
comparison, a 10 mg/kg oral dose of lixivaptan (VPA-
985) is reported to alter urine output/osmolality by
+450%/�70%.7a Compound 3 was also an efficacious
aquaretic agent in female beagle dogs (at 30 mg/kg,
p.o., urine output and osmolality were altered by
+1130% and �78%) and cynomolgus monkeys.13


To assess the V1a activity of 3 in vivo, we evaluated its
ability to reverse hypertension in rats induced by Arg-
vasopressin. We infused a saline solution of Arg-vaso-
pressin intravenously (30 ng/kg/min) to male Long–
Evans rats to produce a stable increase in mean arterial
pressure of 40–60 mm Hg. The test compound was
administered i.v. in cumulative doses and the reduction
in blood pressure was monitored. The ED50 for 3 (from
a linear section of the dose–response curve) was
644 ± 123 lg/kg (N = 6).14


In conclusion, we manipulated the structure of dual
vasopressin V1a/V2 receptor antagonist 2 to devise a
suitable backup compound for clinical development.
The amide group was changed to a carboxylic acid;
the pendant phenyl group was changed to a chloro;
and fluoro and methoxy substituents were added. The
resultant analogue, 3, is a potent, dual V1a/V2 antagonist
with functional activity in vitro and in vivo. In addition,
3 possesses favorable attributes for advancement as a
clinical candidate.15 Consequently, 3 (RWJ-676070;
JNJ-17158063)1a,4c is now undergoing clinical studies
in humans.16
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Abstract—A new fluorescent peptide probe for the detection of Zn2+ was synthesized on the basis of zinc binding ligands in zinc
enzymes. The peptide that has a unique amino acid sequence displayed a great selectivity for Zn2+ in the presence of several tran-
sition metal ions in aqueous solution. The reversibility, binding stoichiometry, binding affinity, and pH sensitivity of the sensor were
studied. Further, on-bead application of the peptide as chemosensors was demonstrated.
� 2007 Elsevier Ltd. All rights reserved.

The monitoring of transition metal ions with a selective
chemical probe is important in environmental and bio-
logical fields. Zn2+ is the second most abundant transi-
tion metal in the human body, and is essential for
biological functions, such as gene expression, apoptosis,
enzyme regulation, and neurotransmission.1 For exam-
ple, Zn2+ is also known to be responsible for the forma-
tion of amyloid plaques during the beginning of
Alzheimer’s disease.2 The total concentration of Zn2+


in different cells varies from the nanomolar range up
to about 0.3 mM.3 Thus, optimized chemical probes
are required to monitor zinc concentration ranging from
nanomolar to micromolar. Although several fluores-
cence-based chemical and peptide probes for Zn2+ have
been developed, most of them suffered limitations due to
tight binding affinity (subnanomolar affinity), interfer-
ence of other metal ions, susceptibility to pH, difficult
synthesis, and poor solubility in physiological buffer
solution.4 It is therefore necessary to develop new
probes that have micromolar affinity for Zn2+ with a
high selectivity.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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In the present study, we focused on the development of
short fluorescence peptide sensors for Zn2+ for the fol-
lowing reasons. Peptide probes consisting of natural
amino acid can be easily synthesized in solid phase syn-
thesis and can be facilely conjugated to solid support in
the device. The sensitivity and selectivity of peptide
probes can be optimized by further tuning of the amino
acid sequences. As it is difficult for peptide sensors to
penetrate into cells due to their hydrophilic property,
they are used for monitoring extracellular or environ-
mental metal ions. However, as incorporation of addi-
tional functionality is also feasible via amide bond
formation, a cellular internalization sequence can be ap-
pended to transport the probes into cells in future
applications.5


Several fluorescence-based peptide sensors have been
developed for Zn2+. Zinc peptide sensors were synthe-
sized based on zinc finger domains.4i These peptides,
consisting of 24 amino acids, suffered limitations with
subnanomolar affinity, difficult synthesis due to their
size, and the susceptibility of the Cys residues to air oxi-
dation. Peptide sensors containing an unnatural amino
acid and b turn sequence have been synthesized.4j These
peptides form 1:1 or 1:2 complexations with Zn2+ and
their affinities ranged from nanomolar to 1 lM.
However, the peptide probes with micromolar binding
affinity for Zn2+ bind tightly with Mg2+ and Cd2+ and
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Figure 1. Fluorescence emission spectra of (a) CP1 and (b) P1 in the


presence of Zn2+ (0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 lM). The emission


spectra (kex = 330 nm) of peptide probes (10 lM) were measured at


22 �C in 10 mM HEPES buffer (pH 7.4).
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require the difficult synthesis. Thus, the design and syn-
thesis of selective peptide probes with micromolar bind-
ing affinity for Zn2+ remains a significant challenge.


Considering the drawbacks of the previous peptide sen-
sors, we synthesized a new type of peptide probe for zinc
ion. One strategy employed in the design of peptide
probes for zinc is to link a fluorophore unit with a zinc
binding motif. The two units are linked to each other in
such a way that the binding of zinc ion to the binding
motif causes considerable changes in the fluorescence.
For easy synthesis, we designed a small peptide probe
(5 mer) consisting of natural amino acids (Scheme 1).
We chose a dansyl group as a fluorophore because the
fluorescence emission of dansyl is sensitive to the micro-
environment.6 In addition, dansyl group has been used
as a fluorophore in the previously synthesized peptide
probes for monitoring Cu2+ and Pb2+.7 As dansyl fluo-
rophore directly participated in the metal binding in
these peptide probes, the metal binding event was effec-
tively detected by fluorescence change. We designed
zinc-binding motif of the peptide probes for the follow-
ing reasons. As His, Glu, and Cys residues are fre-
quently found as the ligands of zinc enzymes,8 we
designed peptide probes containing Cys, His, and Glu
residues as a zinc binding amino acid. As a preorganiza-
tion of the peptide ligand site may result in the increase
of binding of metal ions4j we designed the peptides con-
taining Pro-Gly amino acids to have a turn structure.9


We developed CP1 (dansyl-Cys-Pro-Gly-His-Glu) by
synthesizing peptides containing His, Cys, and Glu res-
idues in combination with Pro-Gly sequence. We also
synthesized a control peptide (P1, dansyl-Gly-Gly-Gly-
Gly-Gly).


Peptide probes were synthesized by the Fmoc-chemistry
in solid phase peptide synthesis according to the litera-
ture procedure.10 As CP1 has good solubility, we inves-
tigated the fluorescence change in physiological buffer
solution without cosolvent. We measured the fluores-
cence emission spectra of CP1 in the presence of Zn2+.
Fluorescence spectra ranging from 350 to 650 nm
were obtained by excitation with 330 nm. Upon Zn2+


addition, the emission intensity at 510 nm increased
(Fig. 1a). The maximum emission wavelength was
slightly shifted from 525 to 513 nm. This blue shift prob-
ably resulted from the dansyl fluorophore moving to a
less polar environment upon metal binding.6 In the titra-
tion curve, about 8 lM of Zn2+ was required for the sat-
uration of CP1’s emission intensity. However, addition
of Zn2+ to the control peptide P1, which is incapable

Dansyl-Cys-Pro-Gly-His-Glu C O
O


(CH2CH2O)70


Dansyl-Cys-Pro-Gly-His-Glu C NH2


O Me2N


S OO


Dansyl =


CP1


CP1-resin conjugate


Scheme 1. Chemical structures of peptide probe and peptide–resin


conjugate.

of binding metal, resulted in no fluorescence change
(Fig. 1b).


To test the reversibility of CP1, 10 lM of EDTA was
added to the peptide–Zn complex that exhibited a strong
emission intensity. This addition to the peptide–Zn2+


complex instantly resulted in the return of the original,
zinc-free spectrum, which demonstrates the readily
reversibility of the signaling mechanism of the peptide
(Fig. 2). Job plot analysis was carried out to determine
the binding stoichiometry of the probe (data not
shown). The 0.5 mole fraction at the maximum point
indicated that CP1 may form a 1:1 complex in micromo-
lar range of peptide concentration. Kd value was calcu-
lated by using the ENZFITTER program based on the
titration curve with Zn2+.11 The dissociation constant
(Kd = 1.4 · 10�6 M) indicated that the probe can be a
potential candidate to detect Zn2+ in the micromolar
range.


We investigated the pH influence on the fluorescence
intensity of the peptide in the absence and presence of
Zn2+ (Fig. 3). At pH lower than 5.5, the peptide exhib-
ited very weak fluorescence intensity, regardless of the
presence or absence of Zn2+. Previously synthesized
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Figure 3. Fluorescence intensity of CP1 at different pH values. The
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wavelength of 330 nm (slit size 2.5 and 4.5 nm).


B. P. Joshi et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6425–6429 6427

probes containing dansyl moiety also showed a very
weak emission intensity in acidic pH, which was ex-
plained by protonation of the dimethylamino group
(pKa � 4) of the dansyl fluorophore.6a,12 At pH > 6.5,
the intensity difference between CP1 and CP1–Zn2+


complex increased with increasing pH, however the
emission intensity of the peptide probe in the absence
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Figure 4. Fluorescence response of CP1 (10 lM) in the presence of Zn2+ (10


metal ions were evaluated at one equivalent to zinc ion except Na+, K+, Ca

of Zn2+ was not considerably changed. Considering
pKa values of His and Cys residues, the negative charge
of side groups of His and Cys residues must increase
with increasing pH, which might enhance the interac-
tions between the peptide and Zn2+, resulting in the fluo-
rescence increase of the probe in the presence of Zn2+ in
this condition. At pH > 9.5, the intensity of free CP1
slightly increased with increasing pH. This might be
due to the deprotonation of the nitrogen atom of the
sulfonamide group (pKa � 10), which increased the elec-
tron density on the naphthyl ring. In addition, the in-
crease of negative charge of the nitrogen atom might
promote complexation of CP1–Zn2+ complex, resulting
in the slight increase of intensity at pH > 9.5.


The fluorescence response of the peptide sensor in the
presence of each metal ion (Ca2+, Cd2+, Co2+, Pb2+,
Cu2+, Ag+, Mg2+, Mn2+, Ni2+, Zn2+ as perchlorate an-
ion and Na+, Al3+, K+, as chloride anion) was investi-
gated. Figure 4 shows the fluorescence emission
change of the probe upon the addition of each metal
ion at pH 7.4. The probe did not exhibit a fluorescence
response with almost any of the metal ions except Cd2+


and Cu2+. Specially, the zinc-dependent fluorescence
was not affected by the presence of a 5 mM concentra-
tion of biologically important metal ions such as Na+,
K+, Ca2+, and Mg2+. Generally, chemical or peptide
probes are rarely able to differentiate between Zn2+


and Cd2+.4g,i As the concentration of Cd2+ in biological
systems is generally low compared to Zn2+ and the
probe had a more potent binding affinity for Zn2+


(Kd = 1.4 · 10�6 M) than Cd2+ (Kd = 2.3 · 10�6 M), CP1
can be applied for monitoring Zn2+ in biological system.
Interestingly, the fluorescence intensity of CP1 vanished
in the presence of Cu2+. Generally, other chemical and
peptide probes containing dansyl moiety have strong
binding affinities for Cu2+, resulting in the decrease of
emission intensity.6,12a Our control peptide, P1, also
showed the considerable decrease of emission intensity
in the presence of 2–10 lM concentration of Cu2+ (data
not shown).


To test the utility of the peptides in further application,
CP1 was immobilized on the solid support and the bind-
ing affinities for various metal ions were investigated.
For this, we synthesized a CP1–resin conjugate by syn-
thesizing the peptide probe on PEG–PS–resin in consid-
eration of the water swelling characteristics of PEG–PS–
resin13 (Scheme 1). The fluorescence emission of the con-
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Figure 5. Fluorescence response of CP1–resin conjugate (300 lg/ml) in


the presence of various metal ions at pH 8.4 (10 mM HEPES buffer).


All metal ion concentration was 100 lM except for Na+, K+, Ca2+, and


Mg2+, which were used at 5 mM. The concentration of EDTA was


100 lM. Fluorescence excitation was provided with a handheld UV


lamp (ENF 260) set on long wavelength (365 nm). The image was


acquired after 30 min of incubation.
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jugate with various metal ions was measured in 10 mM
HEPES buffer (pH 8.4). Figure 5 indicates that CP1–re-
sin conjugate showed a considerable emission intensity
increase only in the presence of Zn2+, whereas the con-
jugate lost its original emission intensity in the presence
of Cu2+. The addition of EDTA to the resin–Zn com-
plex that exhibited strong emission intensity resulted in
the return of the original zinc-free intensity. This result
confirmed that immobilized peptide similar to CP1 dis-
played a great selectivity for Zn2+ and Cu2+ in the pres-
ence of several transition metal ions and this conjugate
was easily regenerated through simple washing proce-
dures with or without EDTA solution. In the present
study, we successfully synthesized a novel peptide sensor
for monitoring Zn2+. As Zn2+ plays important role in
many biological processes, various fluorescent peptide
and chemical probes for monitoring Zn2+ have been
developed.4,14,15 Among them, commercially available
6-methoxy-8-p-toluenesulfonamido-quinoline (TSQ) is
the most common and first applied for the measurement
of cellular Zn2+.14 However, TSQ suffered limitations
such as poor solubility in buffer system and tight binding
affinity (subnanomolar affinity), while CP1 has several
advantages like good solubility in buffer system, micro-
molar affinity, and easy conjugation with solid support.
However, CP1 was too hydrophilic to penetrate into
cells and it is useful for monitoring extracellular or envi-
ronmental Zn2+. In comparison to the previously re-
ported fluorescence peptides,4j CP1 showed similar pH
sensitivity, selectivity, and binding affinity, which indi-
cated that CP1 was suitable for monitoring micromolar
concentration of Zn2+. CP1 has some advantages over
the previously reported peptide probes such as easy syn-
thesis and tunable nature for controlling binding affinity
because CP1 consisted of natural amino acids.


In conclusion, we designed and synthesized a short fluo-
rescence peptide probe consisting of natural amino acids
with fluorophore and investigated its sensing ability for
Zn2+. The peptide probe that has a unique amino acid
sequence, selectively and reversibly monitored Zn2+ in
the presence of several other transition metal ions in
aqueous solution. The peptide probe with micromolar
affinity had a high selectivity for Zn2+ and formed a
1:1 complexation with Zn2+. The peptide probe devel-
oped in this study can be a promising chemical sensor

as diagnostic devices and for monitoring extracellular
and environmental Zn2+ concentration.
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Abstract—A series of trans-4-phenylpyrrolidine-3-carboxamides were synthesized and characterized as potent ligands of the human
melanocortin-4 receptor. Interestingly, a pair of diastereoisomers 20f-1 and 20f-2 displayed potent functional agonist and antagonist
activity, respectively. Thus, the 3S,4R-compound 20f-1 possessed a Ki of 11 nM and an EC50 of 24 nM, while its 3R,4S-isomer 20f-2
exhibited a Ki of 8.6 and an IC50 of 65 nM. Both compounds were highly selective over other melanocortin receptor subtypes. The
MC4R agonist 20f-1 also demonstrated efficacy in diet-induced obese rats.
� 2007 Elsevier Ltd. All rights reserved.

The melanocortin-4 receptor (MC4R) is a member of
the G-protein-coupled receptor (GPCR) superfamily,
and plays an important role in regulating feeding
behavior and other biological functions.1 Therefore,
MC4R agonists have been extensively studied in efforts
to discover small molecules for the treatment of obes-
ity.2 Several MC4R agonists from different chemical
classes have been reported.3 Recently, a series of pyrr-
olidines exemplified by 1 (Fig. 1) has been characterized
as potent and selective MC4R agonists.4 In our efforts
to find orally active small molecule MC4R antagonists,
we have discovered a series of piperazinebenzylamines
attaching a 3-phenylpropionyl group (2) as potent and
selective MC4R antagonists.5 Introducing a small group
next to the carbonyl moiety increases the binding affin-
ity of 2a (Ki = 74 nM). Thus the R-methyl derivative 2b
displayed a Ki of 26 nM, while the pyrrolidinone 2c
(Ki = 4.5 nM) had over 15-fold improvement over 2a,
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demonstrating a role of a small group at this site. To
further reduce flexibility of the molecule, we synthesized
a trans-pyrrolidine 3 (Ki = 610 nM), which exhibited
only moderate binding affinity. We then embarked upon
an SAR study around this core structure, and here we
report the characterization of this series of compounds
as potent agonists and antagonists of the human MC4
receptor.


A set of close analogs of 3 were synthesized as shown in
Scheme 1. Coupling reactions of the trans-N-benzylpyrr-
olidinecarboxylic acids 5 with the benzylamine 46 affor-
ded the amides 6. Selective deprotection of 6b using HCl
in methanol gave the Boc-derivative 8. Treatment of 6
with trifluoroacetic acid selectively removed the Boc-
group to afford the key intermediates 7. Acylation of
7b provided, after a HCl/MeOH treatment, the amides
9a–c, while treatment of 7b with methanesulfonyl chlo-
ride in the presence of triethylamine gave the sulfon-
amide 10. Reductive alkylations of 7 with carbonyl
compounds afforded the tertiary amines 3, 11a–c, and
12, after removing the sulfinyl protecting group. The
aniline 11d was obtained by the reaction of 7b with
bromobenzene under palladium-catalyzed conditions,7


followed by HCl in methanol at room temperature for
1 h. For the compounds with a Boc-protected amine
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such as 9c and 11c, a TFA treatment was required
before purification using an HPLC instrument.8


To obtain the two single stereoisomers of pyrrolidine 5b,
we first coupled (4R)-benzyl-2-oxazolidinone (R-13)
with 4-chlorocinnamic acid to give the oxazoline
14, which was cyclized with N-(methoxymethyl)-N-
(trimethylsilylmethyl)benzylamine to provide the

pyrrolidinecarboxamides 15, which were separated by
chromatography into the two diastereoisomers 15-1
and 15-2 (Scheme 2).9 The absolute stereochemistry of
15–2 was resolved by X-ray crystal structure determina-
tion (Fig. 2a). The crystal structure of S-benzyloxazoli-
none 16-1 was also obtained using a similar process
from (4S)-benzyl-2-oxazolidinone to confirm the stereo-
chemistry of 15-1 (Fig. 2b).10 Debenzylation of 15-1 or
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15-2 was achieved with ACE-Cl, and the resultant amine
was protected with a Boc-group, which was hydrolyzed
using H2O2/LiOH to give the single isomer 5b-1 or 5b-2.


Coupling reactions of 5b with a-isopropylbenzylamines
174 gave the amides 18. Acylations of 18a and 18b with
various carboxylic acids provided the amides 19 and 21,
respectively, after a HCl/MeOH treatment. Reductive
alkylations of 18a and 18b with a variety of aldehydes
and ketones provided the tertiary amines 20 and 22,
respectively, after deprotections. Compounds 20f-1 and
20f-2 were synthesized using a similar procedure from
5b-1 and 5b-2, respectively. The piperidine intermediate
23 was selectively deprotected with trifluoroacetic acid,
followed by reductive alkylations to give 22i–k after an
HCl/MeOH treatment at room temperature (Scheme 3).


All of the final compounds were tested in a binding as-
say using membranes from HEK293 cells expressing
human MC4 receptor and [125I]-NDP-MSH as the

radiolabeled ligand. Compounds with good binding
affinity were also tested in a whole cell functional ago-
nist assay measuring accumulation of cAMP with com-
petitive ELISA as previously reported.11


In the binding assay, the secondary amine 7
(Ki = 82 nM) was more potent than its N-Boc analog 8
(Ki = 390 nM). In comparison, the acetamide 9a had
better binding affinity than 8, while the benzoyl analog
9b slightly improved potency, and the glycine derivative
9c and the methanesulfonamide 10 had similar Ki values
to 7. Therefore, except for 8, there was no clear SAR at
this site of the molecule. In the functional assay, only the
acetamide 9a (EC50 = 1,900 nM, IA = 72%) had compa-
rable intrinsic activity (IA) to a-MSH, which was used
as a standard, but with much lower potency. The other
amides, as well as the parent amine 7, had low intrinsic
activity (IA < 35%). Introducing an N-isopropyl group
to 7 not only improved its binding affinity but also
significantly increased its intrinsic activity (11a, Ki =
26 nM, EC50 = 1,100 nM, IA = 94%). The N-benzyl
compound 11b was less potent in both binding and func-
tional assays than 11a, while the N-phenyl analog 11d
had very low intrinsic activity, suggesting that the basic
nitrogen of the pyrrolidine plays a role in receptor
activation. However, an additional amine in 11c did
not increase efficacy. Finally, the 4-methoxy compound
12 (Ki = 67 nM) was less potent than its 4-chloro analog
11a, which was the most efficacious among the com-
pounds in Table 1.


These initial results prompted us to expand the SAR
study, which is summarized in Table 2. The acetamides
19a and 21a had moderate binding affinity which was
slightly less potent than 9a, although 19a had lower effi-
cacy than 9a. Other amides 19b–g and 21c–g did not
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Table 1. SAR of pyrrolidine derivatives 7–12 at MC4Ra


N


NH2
N


F3C


O


N


7-12


R


X


Compound X R Ki (nM) EC50 (nM)b


7 Cl H 82 (34%)


8 Cl Boc 390 (32%)


9a Cl MeCO 66 1900 (72%)


9b Cl PhCO 30 (3%)


9c Cl COCH2NH2 96 (12%)


10 Cl MeSO2 95 (34%)


11a Cl i-Pr 26 1100 (94%)


11b Cl Bn 120 7300 (52%)


11c Cl CH2CH2NH2 180 (37%)


11d Cl Ph 260 (24%)


12 MeO i-Pr 67 450 (67%)


a Average of two or more independent measurements.
b Intrinsic activity (100% of the endogenous ligand a-MSH) is indi-


cated in parentheses.
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have significant improvement on binding affinity except
the cyclopropylcarboxamide 21b (Ki = 31 nM) which
was about 7-fold better than 21a. The N-isopropyl
amines 20a (Ki = 12 nM, EC50 = 105 nM, IA = 99%)
and 22a (Ki = 21 nM, EC50 = 270 nM, IA = 86%) pos-
sessed good binding affinity and moderate agonist po-
tency with full efficacy. Similar to 11b, the N-benzyl
analogs 20g and 22i had low intrinsic activity. Among
the tertiary amines 20b–g and 22b–i, the N-cyclohexyl

compounds 20d (Ki = 6.6 nM) and 22h (Ki = 9.3 nM)
exhibited good binding affinity, however, their intrinsic
activity was low (21% and 49%, respectively). An
N-cyclopentyl analog 22g (Ki = 26 nM, EC50 = 400 nM,
IA = 80%) had high efficacy but moderate potency in the
cAMP assay. A series of N-piperidin-4-yl derivatives
20h–k possessed high binding affinities (Ki 6 20 nM),
especially 20k (Ki = 5.4 nM) with an N-isobutylpiperidi-
nyl group, but these compounds exhibited negligible
intrinsic activity.


While the N-tetrahydropyran-4-yl derivative 20f
(Ki = 12 nM) as a mixture of trans-isomers exhibited
high binding affinity and moderate intrinsic activity
(IA = 36%), the two single stereoisomers 20f-1 and
20f-2 (Fig. 3), prepared separately from the pyrrolidin-
ecarboxylic acids 5b-1 and 5b-2, displayed quite inter-
esting results. While these two stereoisomers
possessed similar binding affinity (Ki of 11 and
8.6 nM, respectively, for 20f-1 and 20f-2), 20f-1 was a
potent and full agonist with an EC50 of 24 nM, and
20f-2 had very low intrinsic activity (18% cAMP stim-
ulation up to 10 lM concentrations). Instead, in a
functional antagonist assay, 20f-2 dose-dependently
inhibited a-MSH-stimulation of cAMP production
with an IC50 value of 65 nM (Fig. 3), demonstrating
that 20f-2 was a functional antagonist.12 In compari-
son, both single isomers (22i-1 and 22i-2) of the
trans-N-benzylpyrrolidine 22i had moderate binding
affinity and low intrinsic activity, suggesting the N-sub-
stituent of the pyrrolidine plays an important role in
receptor binding as well as activation.


Compounds 20f-1 and 20f-2 were also found to be
highly selective at the MC4 receptor over the other
receptor subtypes (Table 3). This potent and selective







Table 2. SAR of 1-substituent of pyrrolidines 19–22 at hMC4Ra


N


O


N


Cl


N


NH2


R'


19,20: Y = 4-Me
21,22: Y = 6-F


Y


1


4


6


Compound Y R 0 Ki (nM) EC50 (nM)b


19a 4-Me MeCO 110 (35%)


19b 4-Me EtCO 59 (31%)


19c 4-Me n-PrCO 68 (14%)


19d 4-Me cBuCO 78 (22%)


19e 4-Me Ph(CH2)2CO 75 (0)


19f 4-Me Ph(CH2)3CO 100 (0)


19g 4-Me Ph(CH2)4CO 65 (0)


21a 6-F MeCO 220


21b 6-F cPrCO 31


21c 6-F n-PrCO 260


21d 6-F i-PrCO 250


21e 6-F t-BuCO 540


21f 6-F cHxCO 350


21g 6-F PhCO 160


20a 4-Me i-Pr 12 105 (99%)


20b 4-Me MeOCH2CH(Me) 64 (36%)


20c 4-Me (MeOCH2)2CH 200 (27%)


20d 4-Me cHx 6.6 (21%)


20f 4-Me 4-THP 12 (36%)


20f-1 4-Me S,S,R 11 24 (105%)


20f-2 4-Me S,R,S 8.6 (18%)c


20g 4-Me Bn 36 (52%)


20h 4-Me t-Boc 15 (0)


20i 4-Me 1-Ethyl-4-piperidinyl 18 (3%)


20j 4-Me 1-Isopropyl-4-piperidinyl 18 (1%)


20k 4-Me 1-Isobutyl-4-piperidinyl 5.4 (1%)d


22a 6-F i-Pr 21 270 (86%)


22b 6-F Me 81


22c 6-F HOCH2CH2 580


22d 6-F CF3CH2CH2 205


22e 6-F i-Bu 43 1400 (52%)


22f 6-F cBu 32


22g 6-F cPn 26 400 (80%)


22h 6-F cHx 9.3 (49%)


22i 6-F Bn 94 (19%)


22i-1 6-F S,S,R 340 (22%)


22i-2 6-F S,R,S 98 (3%)


a Data are average of two or more independent measurements.
b Intrinsic activity is indicated in parentheses.
c Dose-dependent inhibition of a-MSH-stimulated cAMP release with an IC50 of 65 nM (Fig. 3, right).
d IC50 = 1800 nM.
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MC4R agonist 20f-1 was further characterized for its
pharmacokinetic properties in rats. After an intravenous
injection at 2.5 mg/kg, 20f-1 displayed a very high plas-
ma clearance of 118 mL/min kg, which was associated
with its extremely high tissue distribution (Vd = 270 L/
kg), resulting in a long half life of 27 h in this species.
The high volume of distribution could be the result of
its dibasic structure. However, the brain distribution
of this compound was low. Thus the whole brain con-
centrations were only 5 and 32 ng/g at 1 and 4 h post-
dosing, respectively, resulting in a brain to plasma
ratio of 0.7–1.3 during this time frame. 20f-1 had a logD

value of 1.8 measured by a shake–flake method, and the
low brain penetration most likely is associated with its
transporter activity. In an in vitro Caco-2 assay, 20f-1
displayed a Papp of 0.8 · 10�6cm/s from apical (a) to
basolateral (b) direction, which resulted in a (b to a/a
to b) ratio of 25, demonstrating strong P-glycoprotein
activity.


After oral administration of 20f-1 at a 10 mg/kg dose,
the Cmax was only 16 ng/mL, which appeared at about
the 3 h time point, and the AUC was 154 ng/mL h.
The oral bioavailability of 20f-1 was moderate (22%).
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Figure 3. Chemical structures of 20f-1 and 20f-2 with absolute stereochemistry and functional agonist activity of 20f-1 and 20f-2 (left) and functional


antagonist activity of 20f-2 (right).


Table 3. Binding affinity (Ki, nM) of 20f-1 and 20f-2 at the human


melanocortin receptorsa


Compound MC1 MC3 MC4 MC5


20f-1 3350 1600 11 240


20f-2 (33%)b 1400 8.6 380


a Data are average of two and more independent measurements.
b Percentage inhibition at 10 lM concentration.
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The low oral plasma exposure is due to its high tissue
distribution coupled with its low oral bioavailability.


This MC4R agonist 20f-1 was further characterized
in vivo to examine the effects on deprivation-induced
food intake in diet-induced obese (DIO) rats (n = 8 per
group). Both the 30 mg/kg dose (ip) of 20f-1 and the
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means ± SEM.

positive control fenfluramine significantly decreased
cumulative food intake at all time points tested. By the
24 h time point all doses of 20f-1 significantly and
dose-dependently reduced feeding (p < 0.05; Fig. 4).13


In conclusion, a series of 3-phenylpyrrolidine-3-carbox-
amides were synthesized and studied as MC4 receptor
ligands. While the initial 2,4-dichlorophenylpyrrolidine
3 displayed lower binding affinity than the correspond-
ing phenylpropionyl analogs 2, potent functional
antagonists such as 20f-2 were identified. More inter-
estingly, its diastereoisomer 20f-1 possessed potent ago-
nist activity. Thus, 20f-1 had an EC50 of 24 nM in a
cAMP assay and was highly selective over other mela-
nocortin receptor subtypes in binding affinity. This
compound also demonstrated efficacy in an acute
DIO model.
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Abstract—A new small molecule inhibitor of bacterial cell division has been discovered using a high-throughput screen in Esche-
richia coli. Although the lead screening hit (534F6) exhibited modest inhibition of the GTPase activity of FtsZ (20 ± 5% at
100 lM of compound), a primary target for bacterial cell division inhibitors, several analogs caused potent bacterial growth inhi-
bition with negligible antagonism of FtsZ GTPase activity. A library of analogs has been prepared and several alkyne-tagged photo-
affinity probes have been synthesized for use in experiments to elucidate the primary target of this compound.
� 2007 Elsevier Ltd. All rights reserved.

The emergence of antibiotic-resistant strains of bacteria
has prompted a worldwide effort to seek new avenues
for fighting infectious disease.1 Most antibiotics discov-
ered to date target a narrow range of biochemical pro-
cesses in bacteria.2 FtsZ, the prokaryotic analog of
tubulin,3 has been examined as a potential new target
for antimicrobial chemotherapy. Although FtsZ has
been the primary target for small molecules that inhibit
bacterial cell division,4 it is likely that other proteins
essential for bacterial cytokinesis can also be targeted.5


A high-throughput screen has recently been developed
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to identify compounds that cause lethal cell filamenta-
tion in E. coli.6,7 This screen revealed new inhibitors of
FtsZ and at the same time yielded several compounds
that caused cell filamentation without inducing the
SOS response or without significantly inhibiting the
GTPase activity of FtsZ. Herein we describe our preli-
minary SAR studies of 534F6, an N-benzyl-3-sulfonam-
idopyrrolidine (Fig. 1), and our initial preparation of
photoaffinity reagents for the identification of this com-
pound’s protein target(s).


534F6 displayed weak inhibition of FtsZ GTPase
(20 ± 5% at 100 lM compound, 4 lM protein), did not
affect steady-state FtsZ polymerization as assayed by
high-speed sedimentation, and induced SOS-indepen-
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Figure 1. Lead compound (534F6) from phenotypic HTS for


compounds that induce lethal filamentation in E. coli.
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Table 1. GTPase Inhibition and antimicrobial activities of 5a–i
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Entry Aldehyde Product


(% yield)


FtsZ GTPase inhibition


at 100 lMa (%)


MICb


(lM)


1 9 5a (87) 13.7 <10


2 10 5b (90) 9.4 <10


3 11 5c (93) 12.3 20


4 8 5d (86) 14.6 >80


5 7 5e (83) 24.9 >80


6 12 5f (72) 26.9 >80


7 6 5g (83) 29.9 >80


8 13 5h (94) 31.5 >80


9 — 5i 31.9 >80


a Four micromolar of FtsZ was used in the GTPase assays (see Ref.


4d). Values shown are % of the GTPase activity in DMSO-containing


control reactions.
b AcrAB efflux pump-deficient E. coli DRC 39 was used (see Ref. 4d).
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dent E. coli cell filamentation (data not shown). Despite
a certain degree of similarity to sulfonamide antibiotics,
such as sulfamethoxazole, compound 534F6 exhibited
markedly different effects on E. coli. Sulfamethoxazole
showed modest lethality (MIC > 80 lM) and did not
cause E. coli (AcrAB efflux pump knockout strain
DRC 39)4d to filament. Based on these observations,
we set out to develop a library synthesis of 534F6 in
an effort to optimize potency and eventually determine
the protein target of this compound.


We began by investigating the SAR of 534F6. Since the
configuration of this compound was unknown, we pre-
pared each of the two enantiomers as a test for the influ-
ence of stereochemistry on activity. Although no
synthesis of 534F6 had previously been reported, we
were able to convert commercially available (S)-1 and
(R)-1 into (S)- and (R)-534F6, respectively, in three steps
(Scheme 1). We were delighted to find that the (R)-enan-
tiomer caused lethal E. coli filamentation with an MIC
of 10 lM, whereas the (S)-enantiomer neither induced
cell filamentation nor killed E. coli up to 80 lM. This re-
sult suggests that 534F6 is reasonably selective in its
interaction with its target or targets.


Using our synthetic route to 534F6, we were able to pre-
pare an initial series of analogs to establish the influence
of the N-benzyl substituent. Intermediate 3 was con-
densed with a series of aromatic aldehydes to produce
a series of analogs featuring different ortho-, meta-,
and para substituents (eq 1). As Table 1 shows, intro-
duction of fused rings or polar para substituents was
deleterious to the activity of these compounds. Replace-
ment of the isopropoxy group with either the isosteric
isobutyl group, a phenyl ring, or a phenoxy group re-
tained activity. Replacement of the benzyl amine with
a benzoyl amide greatly diminished the antimicrobial
activity of this compound (eq 2).


Based on these preliminary results, we developed a solid
phase synthesis of 210 analogs of 534F6, mindful of the
importance of the N-benzyl substituent. Since the substi-
tuent at the para position had proven to be crucial for
activity, we elected to keep this structural feature invari-
ant. We replaced the isopropoxy group of 534F6 with a
hydroxyethyl group as a point of attachment to solid
phase synthesis resin.8 Approximately 35 mg of resin
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Scheme 1. Synthesis of the enantiomers of 534F6.

was employed in Iroritm kans and the synthesis was
tracked using 2D-barcoding.9 The first step of the syn-
thesis was a reductive amination with a protected amine
that would later be functionalized. We initially explored
phthaloyl (phth) and tetrachlorophthaloyl (tcph) pro-
tecting groups for the primary amine, but found the for-
mer to be preferable once the conditions were adjusted
to account for the precipitated phthalyl hydrazide. In
order to explore the structural elements that might con-
tribute to activity, we prepared protected amine cores
A1–A7. These were condensed onto the aldehyde start-
ing material in six different reaction batches, then pooled
for deprotection, and split for attachment of the sulfonyl
groups. A series of sulfonyl chlorides were employed in
the last step to yield a total of 210 compounds after
cleavage. The compounds were tested for growth inhibi-
tion and cell filamentation in E. coli. None showed im-
proved activity and the majority appeared to be less
potent than 534F6. Although we expected diminished
activity from the hydroxyethoxy substituent, we had
hoped that an optimized core and sulfonyl substituent
would compensate.


We next focused on a narrower selection of core
structures with a single benzyl substituent. Amine core
structures A2, A4, and A6 were selected and each was
N-benzylated using p-isobutylbenzyaldehyde and
NaBH(OAc)3. These three amines were converted in
parallel to the corresponding sulfonamides using excess
quantities of sulfonyl chlorides B1–B15 and a scavenger
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resin for removal of the excess reagent.10 These 45
compounds were tested and compound 14 was found
to be the most potent, with an MIC of 10 lM. Examina-
tion of the E. coli culture treated with 5 lM 14 showed

Figure 2. Escherichia coli DRC39 treated for 15 h with (A) 5 lM 14,


(B) 10 lM 15.


Scheme 3. Synthesis of 19, a benzophenone derivative of 534F6.

extensive filamentation (Fig. 2A). Compound 15,
featuring the same sulfonamide and benzyl groups on
a different core, exhibited an MIC of 20 lM, but little
filamentation was observed at 10 lM (Fig. 2B)
(Scheme 2).


In a parallel effort, we have prepared several derivatives
of 534F6 for use in target identification. We designed
several compounds that would serve as photoaffinity re-
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Scheme 5. Synthesis of 29, an alkyne-tagged and azide-appended derivative of 534F6.
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agents to modify their protein targets.11 In addition, we
incorporated terminal alkyne substituents as chemical
tags that would allow us to separate the modified target
from the cellular lysate (Scheme 3).12


We initially explored the possibility of incorporating a
benzophenone group in the para position of the N-ben-
zyl substituent. The requisite 4-formyl benzophenone
(18) was prepared using the palladium coupling reported
by Goossen.13 Reductive amination of 18 yielded 19.
This compound’s weak activity (MIC > 80 lM)
prompted us to explore other options for installing a
photoreactive group (Scheme 4).


Our next compound was designed to use an aryl azide as
the photoreactive group. 21a was prepared by reductive
amination of 20. This compound was converted to sul-
fonamide 22a, which was carried on to alkyne 23a. Sul-
fonamidopyrrolidine 23a exhibited an MIC of <12 lM,
indicating that the presence of the alkyne did not affect
the activity. Encouraged by this result, we proceeded
with the synthesis of 23b by a parallel synthetic route.
This synthesis was enabled by the ligand- and copper-
free Sonagashira reaction reported by Verkade,14 which
avoids reduction and cycloaddition of the aryl azide.
Compound 23b exhibited an MIC of >40 lM, confirm-
ing the necessity of a lipophilic group at this site for
activity. The activity of 23a established the viability of
an alkyne on sulfonamide portion of the molecule
(Scheme 5).


The activities of 23a and 23b encouraged us to explore
the possibility of a hybrid of these two compounds
with 534F6. Sulfonamide 25 was prepared in two steps
from N-Boc-(R)-3-aminopyrrolidine (20). The Boc
group was removed and the 3-nitro-4-isopropoxy ben-
zyl group was installed by reductive amination.15 The
nitro group was reduced to the corresponding aniline,
which was then diazotized and displaced with azide.
After deprotection with TBAF, compound 29 was
examined for antimicrobial activity and found to have
an MIC of >64 lM. Although installation of the al-
kyne on the sulfonamide only slightly lowered the
activity of 23a relative to 5a, it is apparent that the
combined effect of the ortho azide and the alkyne
greatly diminishes the activity of 29. We are currently
preparing an affinity matrix with 23a using ‘clickable’

agarose in hopes of pulling down the protein target
from a cell lysate of E. coli.


In summary, we have discovered a new compound
(534F6) that appears to inhibit bacterial cell division
without inhibiting FtsZ as the primary target. Initial at-
tempts to prepare alkyne tagged photoaffinity reagents
have revealed regions of the molecule that are not suit-
able for structural variation. We are currently examining
a variety of alternative approaches for identifying the
target of this compound.
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Abstract—A series of new 1,8-naphthyridine and quinoline derivatives were synthesized and evaluated for their cannabinoid recep-
tor affinity. In particular, compounds 2, 5, 11, and 13 showed a high CB2 affinity and CB2 versus CB1 selectivity, in agreement with
molecular modeling studies. Furthermore, compound 2 also exhibited in vivo antinociceptive effects.
� 2007 Elsevier Ltd. All rights reserved.

Recent data indicate that CB2 cannabinoid receptors par-
ticipate in the control of peripheral pain,1 inflammation,2


osteoporosis,3 growth of malignant gliomas,4 tumors of
immune origin,5 and immunological disorders such as
multiple sclerosis.6 Furthermore, CB2 agents could be
exploited for prevention of Alzheimer’s disease pathol-
ogy, given the presence of the CB2 receptor in brain
microglial cells,7 and CB2 receptor agonists might provide
neuroprotection by blockade of microglial activation.8


CB2 receptor selective agonists may be the basis for devel-
oping new drugs for the treatment of amyotrophic lateral
sclerosis.9 Finally, it is becoming increasingly clear that
selective agonism of CB2 receptors may also constitute a
novel strategy for treating chronic pain.10 For example,
the CB2-selective compound, AM1241, has been shown
to be anti-inflammatory, analgesic, and efficacious
against inflammatory and neuropathic pain when admin-
istered either locally or systemically.11


We have previously reported the CB1 and CB2 receptor
affinities of a series of 1,8-naphthyridin- and quinolin-
4(1H)-on-3-carboxamide derivatives.12,13

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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These compounds generally exhibit a remarkable CB2


affinity, with a Ki <20 nM, which was also accompanied
by high selectivity for the CB2 receptor. Moreover,
[35S]GTPc binding assays and functional studies on
human basophils indicated that the 1,8-naphthyridin-
4(1H)-on-3-carboxamide derivatives behaved as CB1


and CB2 receptor agonists.13 Our work has also sug-
gested that arylalkyl and carboxycycloalkylamide sub-
stituents in positions 1 and 3 are necessary for a
selective affinity for the CB2 receptor.14


In the present study, following these suggestions, new
1,8-naphthyridine, quinoline, and tricyclic analogs were
synthesized and tested on membranes prepared from
HEK-293 cells expressing the human CB1 and CB2


receptors, to determine their affinities towards both
CB subtypes. Furthermore, in order to obtain informa-
tion about SAR of these compounds, we docked them
into the three-dimensional model of CB receptors that
were recently constructed.14 Furthermore one of the
1,8-naphthyridine derivatives, which showed high CB2


affinity with a good CB2 versus CB1 selectivity, was
tested in vivo using the hot-plate test for antinociceptive
activity.


The synthetic routes of target compounds are depicted
in Schemes 1–4.15 As reported in Scheme 1, the treat-
ment of N-cyclohexyl-1-benzyl-7-chloro-1,8-naphthyri-
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din-4(1H)-on-3-carboxamide (1)13 with sodium methox-
ide in methanol under reflux for 6 h gave the 7-methoxy-
1,8-naphthyridine 2 (Scheme 1) in 63% yield.

The 7-chloro-1,8-naphthyridine 3,12 by reaction with an
excess of dimethylamine in a sealed tube at 120 �C for
24 h, gave N-cyclohexyl-7-(N,N-dimethylamine)-1,8-
naphthyridin-4(1H)-on-3-carboxamide (4) (47% yield)
which, in anhydrous DMF and NaH for 1 h at room
temperature and then with 4-(2-chloroethyl)morpholine
hydrochloride at 50 �C for 24 h, afforded the 1,8-naph-
thyridine derivative 5 (Scheme 2) in approximately
42% yield.


As reported in Scheme 3, the reaction of quinolin-4(1H)-
on-3-carboxylic acid ethyl ester 6 or 716 in a sealed tube
with cyclohexylamine at 120 �C afforded the corre-
sponding 3-carboxamide derivatives 8 (52% yield) or 9
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(77% yield), respectively, which by treatment with NaH
and then with benzylchloride or 4-(2-chloroethyl)mor-
pholine hydrochloride gave the desired compounds 10–
13 in 50–66% yields. In the same manner, treatment
of N-cyclohexyl-7-chloroquinolin-4(1H)-on-3-carbox-
amide (14)13 with NaH and then with benzylchloride
afforded the quinolin-4(1H)-on-3-carboxamide deriva-
tive 15 (Scheme 3) in 60% yield.


The 7-acetamido-1,8-naphthyridin-4(1H)-on-2-carbox-
ylic acid methyl ester 1617 was heated at 120 �C in a
sealed tube with cyclohexylamine for 24 h (Scheme 4).
Under these conditions, the hydrolysis of the acetamido
group also takes place, affording the 7-amino-2-carbox-
amide derivative 17 (30% yield). This compound, by
reaction with benzylchloride under the same conditions
described above, gave the 1,8-naphthyridine derivative
18 (Scheme 4) in very low yield (13%).


The synthesis of 3H-pyrazol-[4,3-c]-quinolines 19–23 is
reported in Scheme 5. When the quinolin-4(1H)-on-3-
carboxylic acid ethyl esters 6 and 2417 were heated with
phosphoryl trichloride at 120 �C for 15 min the corre-
sponding ethyl 4-chloro-3-quinolinecarboxylates 2518


(63% yield) and 26 (65% yield) were formed. These inter-
mediates were subsequently converted into compounds
27–29 by reaction with appropriate hydrazines in xylene

Table 1. Radioligand binding data of compounds 2, 5, 10–13, 15, 18–23a
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at 150 �C for 13 h (73–80% yields). The reaction of these
with benzylchlorides or 4-(2-chloroethyl)-morpholine
hydrochlorides under the same conditions described
above gave the desired compounds 19–23 (30–60%
yields).


The CB1 and CB2 receptor binding assay results for the
new compounds are summarized in Table 1.19,20 The Ki


values of WIN-55,212-2, HU-210, AM630, JWH-133,
ACEA, SR141716A and SR144528 are also included
in the table as reference compounds for the CB1 and
CB2 cannabinoid receptors.


The results indicate that the 1,8-naphthyridine and quin-
oline derivatives 2, 5, and 10–13 generally exhibit higher
affinity for the CB2 versus the CB1 receptor. These data
are in agreement with those previously reported for sim-
ilar series of 1,8-naphthyridin- and quinolin-4(1H)-on-3-
carboxamide derivatives12,13 determined by measuring
their ability to displace [3H]CP-55,940 from its binding
site in a membrane preparation from mouse brain
(minus cerebellum) and mouse spleen homogenate,
respectively. In particular, compounds 2 and 12 showed
high CB2 affinity with a Ki value of 11 and 6.4 nM,
respectively. Moreover, the naphthyridine derivative 2
also possesses remarkable CB2 receptor selectivity, with
Ki(CB1)/Ki(CB2) = 51. Basing on our previous studies on
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Figure 1. Compound 2 docked into CB1 (up) and CB2 (down)


receptors, the non-conserved residues V/F5.46 and D/S6.58 and are


colored green.
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1,8-naphthyridin- and quinolin-4(1H)-on-3-carboxam-
ide derivatives, we hypothesize that these compounds
(2, 5, and 10–13) behave as CB2 agonists.13


The shifting of the carboxamide group from position 3
to position 2 of the heterocyclic nucleus together with
the substitution of the methoxy group in position 7 with
the amino group causes a drastic decrease of affinity to-
ward both cannabinoid receptors, as confirmed by a
comparison of compound 18 with 2.


Finally, the tricyclic analogs 19–22, characterized by the
2H-pyrazolo[4,3-c]quinolin-3(5H)-one central scaffold,
showed a very low affinity toward both CB receptor
subtypes.


The synthesized ligands were docked using AUTO-
DOCK 3.0,21 in the CB1 and CB2 receptor models
prepared by molecular modeling.14 Figure 1 shows the
docking of compound 2 into both receptors; in the
CB1 receptor model, the naphthyridine and
the cyclohexyl ring predominantly interact in the lipo-
philic pocket delimited by W5.43(279), T5.47(283),
W6.48(356), L6.52(360), and V6.56(364), while the ben-
zyl group is positioned in a secondary lipophilic pocket
formed by L3.26(190), P4.60(251), and L4.61(252).


In the CB2 receptor model, the benzyl ring of the ligand
interacted similarly to the CB1 receptor in the lipophilic
pocket delimited by L3.27(108), P4.60(168) and
L4.61(169) whereas the naphthyridine ring was rotated
about 130� (counterclockwise sense from the extracellu-
lar point of view) and mainly interacted with
W5.43(194), M6.55(265), and L6.60(269). Furthermore
the methoxy substituent formed an H bond with the
non-conserved S6.58(268) (substituted by D366 in the
CB1 receptor) and the cyclohexyl group, beyond the
lipophilic interactions with T3.37(118), W5.43(194),
and W6.48(258), feels the effect of a strong interaction
with F5.46(197), which is a non-conserved residue
(V282 in the CB1). The interactions with S6.58(268)
and F5.46(197), together with the different disposition
of the naphthyridine ring, could be the reason for the
CB2 versus CB1 selectivity of this ligand. Site-directed
mutagenesis partially confirms our hypothesis, as muta-
tions in the CB2 subtype of F5.46(197) cause a substan-
tial decrease of WIN-55,212-2 affinity.22


Compound 20 is the only one that highlights a CB1 ver-
sus CB2 selectivity profile. As shown in Figure A re-
ported in the Supporting Information, compound 20
shows a disposition in the CB1 binding site very similar
to the one observed for compound 2, with the same lipo-
philic interactions, in agreement with the very similar
CB1 affinity value. On the other hand, in the CB2 bind-
ing site, the benzyl group was directed toward
S6.58(268) and lost lipophilic interactions inside the
pocket delimited by L3.27(108), P4.60(168) and
L4.61(169), which explains its low CB2 affinity.


Compound 2 which showed a high CB2 affinity and
selectivity (Ki = 11 nM, Ki(CB1)/Ki(CB2) = 51) was
tested to determine antinociceptive effects in the mouse

hot-plate test.23,24 Furthermore, mouse motor coordina-
tion was evaluated in the rotarod test.25,26 All experi-
mental results are given as means ± SEM. An analysis
of variance, ANOVA, followed by Fisher’s protected
least significant difference procedure for post hoc com-
parison, was used to verify statistically significant differ-
ences between two means of behavioral results. Data
were analyzed with StatView software for the Macintosh
(1992). P values less than 0.05 were considered statisti-
cally significant.


Compound 2 exhibited an antinociceptive effect at the
dose of 50 mg kg�1 po in the mouse hot-plate test 15
and 30 min after administration (see Table 2). Under
the same experimental conditions the doses of 10 and
30 mg kg�1 po of 2 were unable to increase pain thresh-
old in a statistically significant manner. Treatment with
AM630, a selective CB2 antagonist,27 at the dose of
0.6 mg kg�1 po partially reverted the antinociceptive ef-
fect of 2 in correspondence of its peak of efficacy. The
dose of AM630 employed (0.6 mg kg�1 po) did not
modify by itself mouse pain threshold in the presence
of a thermal stimulus and represents the minimal dose
able to reduce the antinociception induced by com-
pound 2. Moreover, this dose did not alter analgesia in-







Table 3. Effect of 2 on motor coordination in the mouse rotarod test


Treatment


po


No. of


mice


No. of falls


Before


treatment


After treatment


15 min 30 min 45 min


CMC 12 3.3 ± 0.2 0.8 ± 0.2 0.3 ± 0.2 0.2 ± 0.2


2 50 mg kg�1 13 4.0 ± 0.7 0.7 ± 0.2 0.2 ± 0.2 0.2 ± 0.2


Table 2. Effect of AM630 on antinociception induced by derivative 2 in the mouse hot-plate test


Treatment 1 po Treatment 2 po No. of mice Licking latency (s)


Before pre treatment After treatment


15 min 30 min 45 min


CMC CMC 12 14.8 ± 0.6 15.5 ± 0.7 16.8 ± 0.6 14.7 ± 0.5


CMC AM630 0.6 mg kg�1 14 15.2 ± 0.4 16.6 ± 0.6 18.0 ± 0.4 16.3 ± 0.4


CMC 2 10 mg kg�1 10 14.5 ± 0.8 17.1 ± 0.9 18.5 ± 1.0 16.7 ± 0.6


CMC 2 30 mg kg�1 10 14.4 ± 0.6 16.6 ± 0.8 19.5 ± 1.0 17.4 ± 0.6


CMC 2 50 mg kg�1 13 15.1 ± 0.5 19.2 ± 0.6 * 22.5 ± 0.9* 18.2 ± 0.7


2 50 mg kg�1 AM630 0.6 mg kg�1 10 16.2 ± 0.7 18.1 ± 0.7 19.2 ± 0.4^ 17.6 ± 0.6


* P < 0.05 versus CMC-treated mice.
^P < 0.05 versus 2-treated mice. AM-630 and 2 were administered simultaneously.
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duced by the activation of opioid and GABAergic acti-
vation (data not shown) suggesting that dose is selective
for CB neurotransmission.


However, AM630, at doses higher than the one men-
tioned above, could not be used since it caused an
impairment of behavioral parameters (data not shown).


It is interesting to note that 2 at the antinociceptive dose
did not modify mouse motor coordination evaluated in
the rotarod test (see Table 3).


The lack of any impairment in the motor coordination of
animals was demonstrated by the reduction of number of
falls from the rotating rod before and 15, 30, 45, and
60 min after the beginning of the rotarod session.


In conclusion, the new 1,8-naphthyridine and quinoline
derivatives synthesized and characterized confirmed the
main suggested structural requisites for the CB2 interac-
tion. Moreover, compound 2 showed a high CB2 affinity
and CB2 versus CB1 selectivity and possessed antinoci-
ceptive effects, thus encouraging deeper studies on these
classes of CB2 agonists.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.09.089.
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Abstract—The synthesis of novel dipeptidyl a-fluorovinyl sulfones using a Horner–Wadsworth–Emmons approach on N-Boc-LL-
phenylalaninal is described. Inhibitory assays against a Leishmania mexicana cysteine protease (CPB2.8DCTE) revealed low biolog-
ical activity. Relative rates of Michael additions of 2 0-(phenethyl)thiol with vinyl sulfone and a-fluorovinyl sulfone were determined,
and ab initio calculations on several Michael acceptor model structures were performed; both were in agreement with the biological
testing results.
� 2007 Elsevier Ltd. All rights reserved.

Cysteine proteases are peptide bond-cleaving enzymes.
They make use of a nucleophilic thiol group that attacks
the peptide carbonyl group, giving rise to the free amine
and a peptidyl thioester—which after hydrolysis affords
the carboxylic acid part. They have been divided into
several clans, which are subdivided into several families
(http://merops.sanger.ac.uk/). Cysteine proteases are
very widespread in nature and hold cornerstone posi-
tions in the metabolism of both eukaryotic and prokary-
otic organisms. Several inhibitors are involved in drug
development programmes targeting human proteases
for diseases such as osteoporosis, arterial thrombosis,
rheumatoid arthritis, tumour invasion and metastasis
and Alzheimer’s disease.1,2 Cysteine proteases are also
considered as vital for protozoa such as Plasmodium,
Trypanosome and Leishmania and inhibitors of falcipain
and cruzain, two major parasitic cysteine proteases, are
under investigation as possible treatment of malaria and
Chagas’ disease.3

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.


doi:10.1016/j.bmcl.2007.09.075


Keywords: Cysteine proteases; a-Fluorovinyl Michael acceptors;


Inhibitors.
* Corresponding author. Tel.: +32 38202717; fax: +32 38202739;


e-mail: achiel.haemers@ua.ac.be

Most of these inhibitors are derived from the corre-
sponding peptide substrate of the target enzyme. They
are modified at the P1 position where the amide group
is substituted for a so-called warhead: an electrophilic
group with high affinity for the active site thiol group.
Frequently used warheads include ketones and nitriles
affording reversible tight binding inhibitors or epoxides
and Michael acceptors capable of reacting covalently
with the thiolate affording irreversible inhibitors.1


One of the most interesting Michael acceptor groups are
peptide vinyl sulfones and their analogues such as vinyl
sulfonamides and vinyl sulfonate esters.4 Vinyl sulfones
selectively inhibit several cysteine proteases in a low nM
range. Compounds such as 1 inhibit falcipains and cruz-
ain and are important tools in antiprotozoal drug design
and development (Fig. 1).5–7


Very few Michael acceptor inhibitors with substitutions
on the a-vinyl carbon have been reported. An a-acet-
oxymethyl group (Fig. 2) affords compounds showing
activity in an in vitro malaria model (IC50 = 10 nM). A
double addition–elimination mechanism of action is
claimed but detailed kinetic analysis of enzyme inhibi-
tion to verify this claim is not reported.8



http://merops.sanger.ac.uk/
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Figure 1. Fluorinated and non-fluorinated vinyl sulfones cysteine


protease inhibitors.


Figure 2. Different substitutions on the a-carbon of Michael acceptors.
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Vinyl sultams (Fig. 2) as conformationally restricted
analogues of vinyl sulfonamides were not active as
inhibitors of papain and demonstrated weak activity
against recombinant falcipain-2.9 Our interest in flu-
oro-olefins10 prompted us to evaluate the influence of
an a-fluorine in a Michael acceptor type cysteine prote-
ase inhibitor. In the thermodynamically favoured conju-
gate addition, the proposed mechanism involves the
rate-limiting reaction of a Michael acceptor olefin with
a rapidly formed complex between thiol and tertiary
base.11 The reactivity of the addition might indeed be
enhanced if the electrophilicity of the b-carbon of the
Michael acceptor is increased. The introduction of an
inductively electron withdrawing group on the a-carbon
such as fluorine will increase the electron deficiency at
Ca, but no prognosis can be made on how strong will
be the effect on Cb. On the other hand, the lone pairs
of fluorine might participate and show overlap with
the existing conjugate p-system, in this way contributing
as a mesomeric donor.


We used the vinyl phenylsulfone acceptor system and
prepared reference compound 2 and its a-fluoro deriva-
tive 3. We found compound 2 to be a potent inhibitor of
the Leishmania cysteine protease CPB.12


Inhibitor 2 was synthesized (Scheme 1) using a Horner–
Wadsworth–Emmons (HWE) reaction. Oxidation of

Scheme 1. Synthesis of vinyl phenylsulfone 2 and phenyl a-fluorovinyl ph


(if R2 = F) or NaH, THF, 0 �C (if R2 = H); (b) TFA, CH2Cl2 (1:1); (c) TBT

the commercially available diethyl [(phenylthio)-
methyl]phosphonate to the corresponding sulfone 5
afforded the HWE reagent. Reaction with N-tert-butox-
ycarbonyl-phenylalaninal13 4 yielded vinyl sulfone inter-
mediate 7.14,15 It has to be noted that only the E-isomer
of 7 was isolated (yield 52%) as revealed by 1H NMR
analysis (3JH = 15.2 Hz). After coupling the deprotected
vinyl sulfone 9 to carboxylic acid 11,16 reference target
compound 2 was obtained in an overall yield of 48%.
The fluorophenyl vinyl sulfone 3 was prepared (Scheme
1) by a WHE reaction of N-tert-butoxycarbonyl-phe-
nylalaninal 4 with the anion of diethyl 1-fluoro-1-(phen-
ylsulfonyl)methanephosphonate 6. The latter was
generated from fluoromethyl phenyl sulfone17 and
diethyl chlorophosphate using LiHMDS. This resulted
in both (E)- and (Z)-isomers 8.1 and 8.2, which were
separated on a small scale. Olefin geometries were as-
signed using coupling constant (3JHF = 32 Hz and
20.2 Hz) and the isomeric ratio was found to be approx-
imately 1:1. Racemisation was minimized by using reac-
tion times of 2 h and isolating the diethyl 1-fluoro-1-
(phenylsulfonyl)methanephosphonate 6 instead of the
literature-described in situ generation, thus avoiding
the use of two equivalents of strong base in the reaction
mixture.18 Coupling of carboxylic acid 11 with the
deprotected fluorovinyl sulfone 10 provided the (E)-
and (Z)-isomers 3.1 and 3.2 of our target compound.


We used three approaches in order to obtain informa-
tion on the influence of a-fluorine substitution in a Mi-
chael addition substrate cysteine protease inhibitor: (i)
an in vitro chemical approach with a simplified amino
acid-derived fluoro-olefin 8; (ii) a theoretical approach
calculating the atomic charge distribution; and (iii) an
enzymatic evaluation of the peptide-derived fluoro-ole-
fin inhibitor 3 as a CPB inhibitor.


Inspired by the work of Reddick et al.,15 relative rates of
Michael additions of 2 0-(phenethyl)thiol with vinyl sul-
fone 7 and a-fluorovinyl sulfones 8 were determined
(Scheme 2).


The reactivity of these Michael acceptors towards nucle-
ophiles such as thiolates, serving as a model for the

enylsulfone 3. Reagents and conditions: (a) LiHMDS, THF, �78 �C


U, NEt3, DMF.







Scheme 2. Conjugate addition of thiolates to vinyl phenylsulfones.


Table 1. The atomic charges (in a.u.) of the backbones of the studied


compounds
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active site cysteine residue, allows the evaluation of the
electronic modifications due to the presence of a fluorine
atom. Compared to the unsubstituted olefin geometry,
the steric differences due to the presence of the fluorine
atom will be limited because of its very small van der
Waals radius (1.35 Å).


Relative reaction rates of base-promoted Michael addi-
tions of 2 0-(phenethyl)thiol to acceptors 7 and 8 were
measured using 1H NMR spectroscopy. The integration
of the vinylic proton signal indicates the presence of
starting product, as a function of time several 1H
NMR spectra were taken in order to see the amount
of vinyl sulfone consumed.


Fluorovinyl sulfone compounds 8.1 and 8.2 underwent
no reaction in the given time. The vinylic protons
of 8 (d(E) = 6.1 ppm and d(Z) = 5.8 ppm) remained un-
changed during 1 h at room temperature. No difference
in reactivity was observed in the (E)- and (Z)-isomers.
The reference vinyl sulfone 7 however reacted to com-
pletion within 45 min; the identity of the addition prod-
uct was confirmed by MS. The addition reactions were
repeated afterwards and followed by TLC, starting
product fluorovinyl sulfone 8 could still be detected after
48 h.


In conclusion, a lower reactivity of the Michael acceptor
moiety towards thiolate nucleophiles is observed when
an a-fluorine is introduced. The problem urges a theo-
retical chemistry approach using ab initio calculations
to obtain charge densities on different atoms.


The effect of the a-fluorination of Michael substrates
was studied by ab initio methods. As model systems,
four different Michael acceptor groups were chosen:
vinyl aldehyde, vinyl acid, vinyl ester and vinyl sulfone
and their a-fluorinated derivatives (Fig. 3). The struc-
tures were optimized using the Gaussian03 program19

Figure 3. Michael acceptor model systems.

at the B3LYP/6-311++G** level of theory. Subse-
quently, the atomic charges of the atoms in the mole-
cules were calculated using the Hirshfeld method,20 as
implemented in the program STOCK.21 The atomic
charges of the backbones of the different molecules are
presented in Table 1.


A general trend in the atomic charge distribution of
the backbone is present. In the non-fluorinated com-
pounds, an alternating pattern of the atomic charges
is established, indicating the presence of a mesomeric
system in those a, b-unsaturated molecules. The car-
bonyl carbon in the aldehyde, acid and ester mole-
cules, as well as the sulfur atom in the sulfone
molecule, are positively charged, causing a further
polarization of the double bond between the a- and
the b-carbon. This mesomeric effect creates a slightly
positive charge on the b-carbon, making it suitable
for a nucleophilic attack. Although the values for
the charges on the b-carbon, presented in Table 1,
may seem rather small (0.01 a.u.), one must consider
the fact that the calculations are performed in the
gas phase, as solvation effects are difficult to take
explicitly into account. The effect of the mesomeric
system is expected to be larger in solution and a basic
environment, where the charge separation is further
stabilized by the solute molecules and the mesomeric
effect is strengthened by the presence of ionic mole-
cules (e.g. acid and base).


Introducing a fluorine atom at the a-carbon results in a
surprising effect: the positive charge at the a-carbon im-
plies that the fluorine atom influences the charge density
by means of a field effect, rather than a mesomeric
donating effect. However, this field effect does not
extend further to the b-carbon. The bond between the
a-carbon and the b-carbon is further polarized, creating
a partial negative charge on the latter. As a result, the b-
carbon is no longer a suitable place for a nucleophilic at-
tack. This additional negative charge on the b-carbon
does not have an effect on the charge of the c-carbon.
Instead, the hydrogen atom on the b-carbon becomes
more positive.


The negative charge on the b-carbon could also be ex-
plained by a mesomeric effect.22 In one of the possible
mesomeric forms, a double bond is formed between the







Table 2. Inhibition of L. mexicana cysteine protease CPB2.8DCTE


with non-fluorinated (2) and fluorinated (3) Michael acceptor


inhibitors


Compound % Inhibition at 20 lg/mL % Inhibition at 2 lg/mL


2 97 ± 1.9 71.3 ± 22.0


3.1 15.1 ± 15.9 0


3.2 38.7 ± 22.7 1.1 ± 1.9


*Mean ± standard deviation from three reactions.
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fluorine and the a-carbon, resulting in a negative
charge on the b-carbon. However, when bond lengths
between the a- and b-carbons are examined, no signif-
icant changes are observed on the substitution of a
hydrogen atom by a fluorine atom, the changes being
smaller than 0.01 a.u., whereas a mesomeric effect
would lead to the lengthening of this bond. Also, the
average bond length between the fluorine atom and
the a-carbon in the examined compounds is 1.35 a.u.,
which is a typical bond length for a single carbon–fluo-
rine bond.


The presence of a mesomeric effect can be further
excluded by examining the overall change in the charge
density of the backbone as a result of the introduction of
a fluorine atom at the a-carbon.23 The total charge of
the backbone becomes more positive by an average of
0.08 a.u., indicating a strong inductive effect, whereas a
mesomeric effect would increase the electron density at
the backbone. This extra positive charge is further com-
pensated by an additional negative charge on the hydro-
gen atoms and the fluorine atom.


Finally, the influence of an a-fluorine on the activity of
Michael acceptor cysteine protease inhibitors was deter-
mined using Leishmania CPB cysteine protease. Com-
pounds were tested as inhibitors of L. mexicana
cysteine protease CPB2.8DCTE, prepared and assayed
as described.24


Table 2 shows % inhibition of enzymatic activity at 20
and 2 lg/ml. Assays were carried out in 0.4 ml of
0.1 M sodium acetate, 2 mM EDTA, 1 mM DTT, pH
5.0. Enzyme (5 lg/ml) and inhibitor were added and
the mixture was incubated for 10 min at 30 �C. The reac-
tion was started by addition of Z-FR-pNA (300 lM)
and the absorbance was monitored at 410 nm for
2 min at 30 �C. The control reaction (no inhibitor) was
linear for > 2 min and the rate (change in absorbance
at 410 nm) was 1.29 · 10�3/s. Both isomers 3 were very
weak inhibitors. These results confirm the in vitro obser-
vations and the theoretical approach, where the intro-
duction of an a-fluorine in a Michael acceptor enzyme
inhibitor does not afford biologically interesting
compounds.
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Abstract—The design, synthesis, and antimalarial activity of chimeras of thiosemicarbazones (TSC) and ferroquine (FQ) is reported.
Key structural elements derived from FQ were coupled to fragments capable of coordinating metal ions. Biological evaluation was
conducted against four strains of the malaria parasite Plasmodium falciparum and against the parasitic cysteine protease falcipain-2.
To establish the role of the ferrocenyl moiety in the antiplasmodial activity of this series, purely organic parent compounds were also
synthesized and tested. The presence of the aminoquinoline structure, allowing transport of the compounds to the food vacuole of
the parasite, seems to be the major contributor to antimalarial activity.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Development of structural chimeras based on ferroquine


(FQ) and thiosemicarbazones (TSC). The dashed circles indicate the


merged groups.

Following the discovery of the antimalarial drug candi-
date ferroquine (FQ, SR97193, Fig. 1),1,2 there has been
an intense interest in the synthesis and evaluation of its
analogues and/or derivatives.3–5 For the last several
years, we have been working in this bioorganometallic
area with the aim of developing ‘‘back-up’’ 4-
aminoquinolines.6


On the other hand, derivatives of thiosemicarbazones
(TSC, Fig. 1) have shown potent antimalarial activi-
ties.7,8 Due to their intrinsic metal (e.g. iron) chelating
properties, the mechanism of action of TSCs is believed
to result from the generation of reactive oxygen radi-
cals.9 Nevertheless, the toxicity of the TSCs in Plasmo-
dium berghei infected mice precluded their
development as antimalarial therapeutics.10 Renewed
interest in TSCs has arisen following the discovery of
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new leads that kill species of protozoan parasites
through the inhibition of cysteine proteases as well as
other novel targets.11,12
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In this study, a chimeric ligand approach (Fig. 1) was
used to combine the properties of FQ (accumulation
in the food vacuole of the parasite via the 4-aminoquin-
oline nucleus and high antimalarial activity due to the
metallocenic fragment) and of the selected TSC.


In principle this strategy is aimed at either preventing or
slowing down the emergence of drug resistance and is
based on covalent binding between two active frag-
ments. Potent antimalarial activities have been reported
for hybrid molecules based on trioxanes and chloro-
quine,13,14 amodiaquine and naphthoquinone,15,16 triflu-
oromethylartemisinin and mefloquine,17 as well as
artemisinin and quinine.18


In order to compare the contribution of each fragment,
the corresponding ferrocenic derivatives 4a, 4b and 5a,
5b (without the 4-aminoquinoline moiety) and the
purely organic compounds 4d–e and 5d–e were also
synthesized.


The target molecules were synthesized according to the
general synthetic procedure as shown in Scheme 1.19


The methyl hydrazinecarbodithioate 1 was synthesized
from commercially available hydrated hydrazine, car-
bon disulfide, and methyl iodide.7 Condensation of 1
with the appropriate acetophenone in methanol afforded
the thiosemicarbazone thioesters 2 and 3. The choice of
the acetophenone was based on a previous study.20


Finally, nucleophilic substitution with the primary
amines R-NH2 under conditions previously reported21


provided the thiosemicarbazones 4a–e and 5a–e (Table 1).


The new compounds were evaluated in vitro against
four different Plasmodium falciparum strains (Table 2)
from different geographical and antimalarial resistance
backgrounds (3D7 originates from Africa, W2 from
Indochina, FCR3 from Gambia, and Bre1 from
Brazil).22


In order to determine potential targets for this class of
compounds in P. falciparum, selected compounds were
also tested against the parasitic cysteine protease falci-
pain-2 (Table 3).23 As described previously, potent
inhibitors of falcipain-2 block hemoglobin hydrolysis,







Table 2. In vitro susceptibilities of P. falciparum strains in nM (gray) and a lM (white)


aSD, standard deviation.


Table 3. Effects on the activity of falcipain-2 and FV of P. falciparum


W2 strain


Compound falcipain-2


IC50 (nM)


SDa Food vacuole


abnormality


4a 8130 1307 ND


4b 14,250 877 ND


4c 2415 212 —


4d 4416 1870 741


4e >20,000 —


5a >20,000 —


5b 4250 1628 —


5c 1072 95 —


5d 12,932 5697 —


5e >20,000 —


a SD, standard deviation.
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leading to swollen, dark staining parasite food
vacuoles.24


Compounds 4b–e and 5b–e were much more active than
the first ferrocenyl TSC hits,20 4a and 5a, with activity in
the low micromolar range. Introduction of the amino
side chain, in compounds 4b and 5b compared to com-
pounds 4a and 5a, slightly increased the antimalarial
activity. These data suggest that the basic amino group
may add potency, probably by assisting transport to the
acidic food vacuole of the parasite. The low inhibitory

potency against falcipain-2 (see Table 3), which did
not correlate with the antimalarial activity, suggests that
other mechanisms of inhibition are involved, as previ-
ously suggested.25


As expected, chimeras of TSC and FQ analogues (4c
and 5c) were the most active derivatives of this series
against the different strains of P. falciparum. Never-
theless, the corresponding purely organic derivatives
(4d, 4e, 5d, and 5e) showed comparable potency.
Contrary to previous results,1–6,26 introduction of
the ferrocene moiety did not increase antimalarial
activity.


Interestingly, the rigid metallocenic compounds (4c and
5c) derived from FQ showed better inhibition of falci-
pain-2 compared to the corresponding flexible alkyl ana-
logues (4d, 4e, 5d, and 5e).


It is intriguing that the typical food vacuole abnormality
associated with inhibitors of falcipain-2 was observed
with only compound 4d. These results suggest that the
inhibitors may have two different modes of action, one
hitting falcipain-2 and another acting independently.
At this point, we can speculate that these compounds
preferentially concentrate in the food vacuole, explain-
ing better parasite than enzyme IC50s.
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Previously, it has been demonstrated that FQ has re-
duced affinity for mutant forms of the P. falciparum
chloroquine resistance transporter (PfCRT), a protein
located in the parasite digestive vacuole and involved
in drug transport and chloroquine resistance.27–29 Spe-
cific mutations in PfCRT mediate resistance to chloro-
quine.30 However, once again, there was no significant
difference in the activity of ferrocenyl compounds be-
tween chloroquine susceptible and chloroquine-resistant
parasites.
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Abstract—A high throughput screening campaign revealed compound 1 as a potent antagonist of the human CCK1 receptor. Here,
we report the syntheses and SAR studies of 1,5-diarylpyrazole analogs with various structural modifications of the alkane side chain
of the molecule. The difference in affinity between the two enantiomers for the CCK1 receptor and the flexible nature of the linker led
to the design of constrained analogs with increased potency.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Lead CCK1 antagonist identified from HTS.

Cholecystokinin (CCK) was originally identified in the
gastrointestinal tract where it was shown to mediate
contraction of the gallbladder.1 Subsequent purification
and peptide sequencing of a cholecystokinin containing
extract from the hog intestinal mucosa2 revealed that
CCK is a 33 amino-acid peptide identical to the hor-
mone implicated in pancreatic enzyme secretion.3 The
physiological effects of CCK are mediated by two
G-protein coupled receptors, the CCK1 (formerly,
CCK-A) and CCK2 (formerly, gastrin/CCK-B) recep-
tors, for which it expresses similar affinity and potency.
CCK has several activities in addition to the two that led
to its discovery. It is reported to cause satiety, inhibit
gastric emptying and acid secretion by indirect mecha-
nisms, and appears to play a major role in peristalsis.
Various selective CCK1 receptor antagonists have been
examined in the clinic for potential application in irrita-
ble bowel syndrome (IBS), non-ulcer dyspepsia, biliary
colic, chronic constipation, and pancreatic cancer.4


Recently, we reported the results of a high throughput
screening campaign leading to the identification of com-
pound 1 as a novel pyrazole-based CCK1 receptor
antagonist (Fig. 1).5 Previous communications from
our laboratories disclosed the concomitant influence of
the substitution around three aromatic rings on activity
at the CCK1 receptor.5 In this paper, we describe the
syntheses and SAR studies that were undertaken to eval-
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uate various structural modifications of the linker por-
tion of the molecule.


Initial investigations were aimed at studying the influ-
ence of the substitution around the C-ring on activity
at the CCK1 receptor. It is important to note that we
had previously quantitatively determined additive rela-
tionships between both the A- and C-ring and B- and
C-ring. Therefore, a one-dimensional optimization of
the C-ring substitution was undertaken knowing that
the results could be applied to a combinatorial array
of A- and B-rings. A solution-phase synthesis was
adopted using the procedure described by Murray
et al. (Scheme 1).6 This approach has the advantage of
introducing diversity at the last stage of the synthesis
allowing for rapid access to various analogs. Condensa-
tion of substituted acetophenone 2 with diethyl oxalate
under basic conditions afforded the desired b-ketoester
as the lithium salt 3 in quantitative yield. The pyrazole
ring formation was accomplished using 4-meth-
oxyphenylhydrazine to yield the 1,5-diarylpyrazole in
good yield as a 10:1 mixture of regioisomers in favor
of compound 4. The resulting ester was then reduced
in the presence of DIBAL-H to afford the desired
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alcohol in quantitative yield. A subsequent bromination
of the primary alcohol using CBr4/PPh3 yielded the key
intermediate 5 in excellent yield. The final steps of the
sequence were run in parallel and consisted in alkylating
compound 5 using NaH and various phenyl acetic acid
esters followed by hydrolysis of the resulting esters.
The final compounds were purified by automated
reverse-phase preparative HPLC.


The binding data (pKi) of a subset of compounds are
shown in graphical form in Figure 2. Analysis of this
data set shows similar trends across the two series sug-
gesting an additive relationship between both the
B- and C-rings. This investigation shows that meta-
substituted phenyl rings consistently display high affinity
for the CCK1 receptor. Altering the positioning of the
substituent around the ring to an ortho or para position
leads to a 10-fold decrease in activity. This result was
further supported by the low affinity observed with the
naphthyl substitution.
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Figure 2. CCK1 binding data from C-ring substitutions.

After studying the effect of C-ring substitutions, efforts
were made toward evaluating the role of the pendant
carboxylic acid. A series of hydrogen-bond donors and
acceptors were investigated. The synthetic route used
to access analogs represented by 8 involved activation
of the carboxylic acid followed by amide-bond forma-
tion (Scheme 2). Alternatively, compounds 10 and 11
were synthesized by alkylation of the pyrazole bromide
9 with the desired nucleophiles (Scheme 3). A subse-
quent reduction of compound 10 using DIBAL-H affor-
ded the corresponding primary alcohol 13 in good yield.
Bromination of compound 13 followed by cyanation
using sodium cyanide gave the desired product in 65%
yield. Hydrolysis of the corresponding nitrile under
acidic conditions afforded compound 14 in 82% yield.
The binding data (pKi) are plotted in Figure 3.


Analysis of the data suggests that highly ionized groups,
such as carboxylic acids or tetrazoles, are well tolerated
and lead to compounds with pKi values ranging from 7.6
to 8.1. However, incorporation of less acidic functional-
ities such as primary alcohols results in analogs with
reduced affinity. Primary, secondary or bulky tertiary
amides are not tolerated. Interestingly, a small tertiary
amide (hydrogen-bond acceptor only) displayed similar
activity as the carboxylic acid. However, the presence
of the carboxylic acid functionality greatly improved
the solubility properties of the resulting analogs and
was therefore selected for further studies.


The binding data reported thus far have been for the
racemic mixture. It became important to evaluate the
sensitivity of the CCK1 receptor to the absolute stereo-
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chemistry at the chiral center. To accomplish this inves-
tigation, an initial enantioselective synthesis of pyrazole
was developed using the Evans asymmetric alkylation
procedure as shown in Scheme 4.7 Iodination of com-
pound 16 was accomplished in two steps, which
involved activation of the primary alcohol using MsCl
followed by a Finkelstein reaction to provide the pyra-
zole iodide in 97% overall yield. The final bond connec-
tion of the sequence involved alkylation of 15 with the
pyrazole iodide using NaHMDS as a base which affor-
ded compound 18 in 83% yield. The optimal conditions
for the release of the chiral auxiliary required the use of
hydrogen peroxide under basic conditions. Under these
conditions, the desired S-enantiomer 19 was isolated in
82% yield (99% ee) with modest recovery of the chiral
auxiliary (66%, unoptimized). The preparation of
compound 15 involved alkylation of S-(3a-cis)-(-)-
3,3a,8,8a-Tetrahydro-2H-indeno[1,2-d]-oxazol-2-one with
m-tolyl-acetic acid using Mukaiyama’s reagent under
basic conditions to afford the desired product 15 in
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Scheme 4. Reagents and conditions: (a) CH3SO2Cl, TEA, THF, rt; (b)


NaI, acetone, reflux; (c) 15, NaHMDS, THF, �78 �C to rt; (d) 30%


H2O2, LiOH, H2O, 0 �C to rt.

74% yield (Scheme 5). Alternatively, the R-enantiomer
could be obtained using a similar route starting from
R-(3a-cis)-(+)-3,3a,8,8a-Tetrahydro-2H-indeno[1,2-d]-
oxazol-2-one.


Alternatively, the pure enantiomers could be isolated by
chiral chromatography using a racemic synthesis as
shown in Scheme 6. Alkylation of phenyl acetates with
propargyl bromide under basic conditions followed by
a Sonogashira coupling reaction under standard condi-
tions afforded the desired ynones, 20, in 40–60% overall
yields. A subsequent pyrazole ring formation was
accomplished using substituted phenyl hydrazines. It
was found that optimal dehydration of the cyclized
intermediate required the addition of p-TsOH to afford
the desired 1,5-substituted pyrazoles 21 in 75–80% yield
along with a small amount of the 1,3-substituted regio-
isomer (10–15%, not shown). Hydrolysis of the ester fol-
lowed by chiral separation using supercritical-fluid
chromatography (SFC) gave pure enantiomers 22 and
23 in 80% yield. It should be noted that the absolute
configuration of the products was assigned by compar-
ing the analytical data with products isolated from the
enantioselective synthesis discussed previously.


The binding data of selected compounds are summa-
rized in Figure 4. The data suggest a strong preference
for the S-enantiomer which consistently displays about
1.5 log unit increase in binding affinity at the CCK1


receptor over the R-isomer.


Devazepide (pKi = 8.74)8 and Lintitript (pIC50 = 9.25)
are two well-known CCK1 antagonists. There are visual
similarities between these two antagonists, in particular,
the indole amide moiety and pendant phenyl ring. There
are also similarities between our compounds and these
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antagonists, especially with Devazepide, which appears
to array its aromatic rings in a similar way. A three-
dimensional molecular alignment of Devazepide, Linti-
tript, and one of our antagonists is shown in Figure 5.9


The figure shows good overlap between the three lipo-
philic aromatic rings as well as the carbonyl groups of
Devazepide and Lintitript and the acid moiety of our
pyrazole alkane, suggesting a similar binding mode for
all three classes of compounds. More importantly, it
appears that the flexible linker of the pyrazole overlays
with the more rigid amide functionality of both litera-
ture CCK1 antagonists. These observations led us to
propose another question regarding the geometry of
the linker: can we incorporate the rigidity found in
Devazepide and Lintitript into our side chain and per-
haps lock it into an active conformation, thereby
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Figure 5. Molecular alignment of a pyrazole alkane (yellow) with


known CCK1 antagonists Devazepide (blue) and Lintitript (magenta).

increasing the potency of our CCK1 receptor antago-
nists? An alignment of such a constrained analog with
Devazepide and Lintitript is shown in Figure 6. It can
be seen that the constrained linker does not visually
disrupt the alignment between the molecules. The syn-
thetic route to access this series is shown in Scheme 7.


Oxidation of 1,5-diarylpyrazole alcohols using Dess–
Martin periodinane followed by a Perkin condensation
of the resulting aldehydes with phenyl acetic acids affor-
ded the desired alkenes 29 as a single E-isomer in 85–
90% yields. It was found that upon exposure to intense
focused light in a quartz tube, this material equilibrated
to a thermodynamic mixture of E- and Z-isomers in 1:1
ratio after 12 h. Both isomers were easily separated by
column chromatography to afford 29 and 30 in 70%
combined yields. The geometry of the olefin was as-
signed using 2D NMR spectroscopy and nOe studies.
Also, it should be noted that photochemical stability
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studies were conducted on both the E- and Z-isomers. It
was found that the compounds were extremely stable
when stored as dry powder and subjected to intense fo-
cused light for several days. However, when stored in
solution (0.01 and 1 mg/mL at pH 11) the compounds
were moderately stable with approximately 80% recov-
ery after 3 days. A subsequent reduction of the alkene
functionality could be performed using p-tosyl hydra-
zine under basic conditions to obtain the corresponding
alkane 31 in 75% yield.


A direct comparison of the binding affinity for both the
E- and Z-isomers clearly indicates that the relative ori-
entation of the carboxylic acid and the aromatic group
with respect to the pyrazole ring is crucial for good
interaction with key residues in the active site, consistent
with the alignment illustrated in Figure 6. Regardless of
substitutions, analogs bearing the Z-configured double
bond consistently display greater activity than their
E-isomer counterparts (Fig. 7).10 More importantly,
when compared to the fully saturated linker (racemic al-
kane), constrained side-chain analogs with Z-configura-
tion display greater activity as shown in Figure 8. Even
considering the small difference in activity between the
racemate and the pure S-enantiomer (which does not ex-
ceed 0.3 log unit), the improved activity is significant
and consistent across a set of five compounds. The
amplitude of the gain in activity (0.3–0.6 log unit) sug-
gests that reducing the overall entropy of the ligands
by constraining the flexible linker did have the expected
effect. These results are consistent with calculations
conducted on the reduction of entropy of a single
carbon–carbon bond. The gain was estimated to be
about 0.4 kcal/mol, which corresponds to approximately
0.3 log unit of activity at 298 K.11 It appears that the
increase in activity is mainly a reflection of the gain in
entropy, which suggests that both the alkane and alkene
analogs adopt a similar binding mode.


In conclusion, investigations presented in this article
show a clear sensitivity to the chiral center present on
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the molecule with a strong preference for S-enantiomers.
Further studies showed that the flexible linker could suc-
cessfully be replaced by a more rigid alkene which
resulted in an increase affinity for the CCK1 receptor.
The chemistry developed to access both E- and Z-iso-
mers involved equilibration of E-isomers using intense
focused light. This process allowed us to rapidly access
a large numbers of analogs. In addition, rat pharmaco-
kinetic studies conducted on compound 19 show excel-
lent oral bioavailability (2 lmol/kg; %F = 100) and
good half-life (t1/2 = 5.6 ± 0.7 h). These potent pyra-
zole-based CCK1 receptor antagonists,12 with good
pharmacokinetic properties and a good selectivity pro-
file over other targets,13 represent a novel class of com-
pounds for the potential treatment of IBS, pancreatitis
and other GI disorders.
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Abstract—Fourteen natural products, known to inhibit other proteins of the Zincin-like fold class, were screened for inhibition of
the Zincin-like fold metalloprotease thermolysin using mass spectrometry. Fourier Transform Mass Spectrometry was successful in
identifying actinonin, a known inhibitor of astacin and stromelysin, to be an inhibitor of thermolysin. Molecular modelling studies
have shown that specificity within the Zincin-like fold is determined by Protein Fold Topology.
� 2007 Elsevier Ltd. All rights reserved.

Classification of proteins by different properties including
function, fold and sequence has provided a tool to guide
efforts towards drug discovery. A correlation between
the biosynthetic enzyme synthesising a particular natural
product and the therapeutic target of the compound has
recently been discovered. Three biosynthetic enzymes in
the flavonoid biosynthetic pathway and protein kinases
were found to share a similar topological arrangement
of different secondary structures around the active site,
a phenomenon called Protein Fold Topology (PFT).1


The biosynthetic enzymes and target had different fold
classifications according to the Structural Classification
of Proteins (SCOP) database.2 PFT is a fundamental
descriptor unrelated to sequence, sequence family or fold.
An examination of natural product inhibitors of Zincin-
like fold proteins has demonstrated the conservation of
this correlation between different fold targets of the same
natural product.3


The investigation of natural product inhibitors of Zincin-
like fold proteins highlighted specificity within the fold
type.3 To investigate the reason for specificity within the
Zincin-like fold, we focused on thermolysin, selected as
a typical Zincin-like fold protein. A selection of 14 known
natural product inhibitors of the Zincin-like fold metallo-
proteases (Table 1)4,5 were tested as inhibitors of thermol-
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ysin using affinity mass spectrometry techniques to
observe protein–ligand complexes.6


Chemicals were purchased from Sigma Aldrich (Castle
Hill, NSW, Australia), except thermolysin which came
from CalBiochem (San Diego, CA, USA). Mass spec-
trometry measurements were carried out on a Bruker
Apex III, 4.7 T FT-ICR Mass Spectrometer,21,22 fitted
with an Apollo electrospray source. Thermolysin solu-
tions were made at a concentration of 40 lM in ammo-
nium acetate buffer (pH 6.9) by passing through a
Sephadex gel filtration column (Amersham Biosciences)
to remove non-volatile salts, resulting in a concentration
of about 20 lM protein, with 100 lM Ca2+, remaining
for stability. Natural product stock solutions were pre-
pared at a concentration of 300 lM, and small aliquots
of these were added to the thermolysin, resulting in a
measured concentration of between 5 and 20 lM pro-
tein, and from 5 to 120 lM natural product.


Two of the natural products, actinonin and phosphora-
midon, were found from analysis by electrospray Fou-
rier Transform Mass Spectrometry (FTMS) to bind to
thermolysin (Fig. 1). Phosphoramidon was detected at
10 lM while actinonin was detected at 120 lM. At high-
er levels of inhibitor there was no indication of any non-
specific binding.


The results were confirmed by biochemical assays. The
EnzCheck� Protease assay from Invitrogen (Mount
Waverley, Vic., Australia) was used to assay for prote-
ase inhibition. The assay was performed at room tem-
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Table 1. The natural products tested as inhibitors of thermolysin, and


the Zincin-like metalloproteases they were known to inhibit


Natural product Metalloprotease inhibits


Phosphoramidon Thermolysin,7 neprilysin,8 elastase9


Bestatin LTA-4H10


Actinonin Astacin11 stromelysin12–14


Aloins MMP-815


(�)-Epigallocatechin gallate Gelatinases16


(�)-Epigallocatechin Gelatinases16


(�)-Epicatechin gallate Gelatinases16


(�)-Epicatechin Gelatinases16


Glycyrrhetinic acid Collagenase17


Betulinic acid Stromelysin18


Bombesin Neurolysin19


Kinetensin Neurolysin20


Somatostatin Neurolysin19


Leupeptin Neurolysin19
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perature in black 384-well microtitre plates with a total
assay volume of 50 ll. The assay was run with concen-
trations of 100 lg ml�1 thermolysin (2.6 lM),
10 lg ml�1 fluorescent casein and with natural products
at a concentration ranging from 10 to 0.01 mM in
10 mM Tris–HCl buffer, pH 7.8. For some assays 2%
DMSO was also present, depending on the natural
product. The reaction progress was monitored using a
Wallac Victor 1420 multilable counter, the fluorescence
excitation was 485 nm, emission 530 nm. The assay was
incubated for 90 min.


The EnzCheck� Protease assay uses a casein modified to
fluoresce as substrate, and on lysis of peptide bonds in

Figure 1. Mass spectra of: (a) 10 lM thermolysin; (b) 10 lM therm-


olysin with 120 lM actinonin present and (c) 10 lM thermolysin with


10 lM phosphoramidon present in solution. All measurements are


taken in a 30 mM ammonium acetate buffer (pH 6.9), with 100 lM


CaCl2 present to enhance protein stability.

the casein an increase in fluorescence signal is detected.
Only the two natural products identified by mass spec-
trometry were found to inhibit thermolysin; however,
low levels of thermolysin inhibition were detected for
kinetensin.


Thermolysin was present in the assay at a concentration
of 11.7 lM giving IC50 values of 13.8 lM for phospho-
ramidon, and 18.3 lM for actinonin. An IC50 value
could not be obtained for kinetensin. Ki was measured
using the method outlined by Kitagishi23 with N-(3-[2-
furyl]acryloyl)-Gly-Leu amide (FAGLA) as substrate
at 340 nm. The assay to measure Ki values was run with
concentrations of 10 lM thermolysin, 230 lM–5.85 mM
N-(3-[2-furyl]acryloyl)-Gly-Leu amide substrate23 and
with either phosphoramidon or actinonin at a concen-
tration ranging from 5 nM to 10 mM in 30 mM NH4A-
cO, 1 mM CaCl2 buffer, pH 6.9. The assay was carried
out in 384-well plates, with a reaction volume of 50 ll.
The reaction progress was monitored using a Tecan Ul-
tra, measuring the absorbance at the UV wavelength of
340 nm. The assay was incubated for 160 min at room
temperature.


The Ki values for thermolysin inhibition by phosphora-
midon and actinonin were measured as 6.98 and
4.88 lM, respectively. The Ki values measured for these
natural products are of similar magnitude, indicating
similar efficacy of inhibition by both natural products.


The affinity mass spectrometry results show a much
stronger binding for phosphoramidon to thermolysin,
than for actinonin. It has been shown that for some sys-
tems, Ki values measured by affinity mass spectrometry
will correlate to those measured by other techniques.24


The Ki values measured by the UV assay, however,
showed that the Ki values for these two natural products
binding to thermolysin were of similar magnitude. It has
been shown that the degree of the retention of non-cova-
lent complexes in electrospray mass spectrometry during
the transfer from solution phase to gas phase is not
equivalent for all complexes.6 Complexes that are stabi-
lised by ionic bonds are much more likely to be retained
in the electrospray process than those stabilised by
hydrophobic/hydrophilic and van de Waals interac-
tions.25 This observation suggests that in the gas phase
the ionic force between the peptide bond in the phos-
phoramidon, and the binding cavity of the thermolysin,
is critical to the stabilisation of the thermolysin/phos-
phoramidon complex. This missing polar interaction in
the thermolysin/actinonin complex may be enough to
de-stabilise the thermolysin/actinonin interactions in
the gas phase. It follows that, in solution phase, actinon-
in is stabilised in the binding site of thermolysin by non-
ionic interactions, which are not retained when the com-
plex is transferred to the gas phase.


Peptide bonds were present in the structures of some of
the natural products examined as potential inhibitors of
thermolysin. Since the function of thermolysin is to
hydrolyse a peptide bond next to a hydrophobic amino
acid residue,26 the natural products were tested to deter-
mine if they were thermolysin substrates. If this was
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occurring, the natural product would still be binding to
the enzyme, demonstrating the consistency of the theory
linking ligand binding to protein fold type. However,
natural products that are substrates of thermolysin
would not be detected by either affinity mass spectrom-
etry or fluorescence assays, since they did not remain
bound to the thermolysin, or inhibit thermolysin
activity.


Bestatin, bombesin, kinetensin, leupeptin and somato-
statin were assayed for cleavage by thermolysin over a
180 min time period. Substrate testing was performed
using solutions of 10 lM thermolysin, in 30 mM ammo-
nium acetate (pH 6.9), and 100 lM calcium chloride. To
these were added small aliquots of natural product solu-
tions, resulting in a concentration of 60 lM natural
product. Fifteen microlitre fractions were removed from
the stock at a time period of 0, 60, 120 and 180 min, and
the reaction in these was quenched by adding 15 ll of
methanol, which served to denature the thermolysin.
Each fraction was then analysed by FTMS, in order to
monitor the amount of natural product remaining in
the sample, and look for any new masses that may cor-
respond to products of natural product hydrolysis.


No breakdown of bestatin, bombesin, leupeptin or
somatostatin was detected. Kinetensin was found to be
a substrate of thermolysin, and the level of the natural
product present in the sample was completely broken
down after 30 min. This finding explains the low levels
of kinetensin inhibition detected in the biochemical
assays.


This work has shown that actinonin is an inhibitor of
thermolysin, a finding which was not previously known.
Actinonin had been known to be an inhibitor of metal-
loproteases astacin11 and stromelysin.12–14 Thermolysin
is a protease found in bacteria, which functions intracel-
lularly for bacterial nutrition purposes.4 Although asta-
cin, stromelysin and thermolysin are all Zincin-like fold
proteins, they are unrelated by function and share no
significant sequence homology. In addition to these Zin-
cin-like fold proteins, actinonin is also an inhibitor of
peptide deformlyase27 (PDF) of the Peptide Deformy-
lase Fold.


Actinonin is available in a crystal structure complex
with PDF (1g2a)12 but not in any Zincin-like fold pro-
teins. Docking of actinonin in thermolysin, astacin and
stromelysin was undertaken to compare modes of bind-
ing within the same and different fold types. Docking
was done using the program GOLD28–31 (Genetic Opti-
misation of Ligand Docking) version 3.1 and standard
default settings to produce 50 solutions for each experi-
ment. Protein structures (astacin 1qji,32 stromelysin
1hy733 and thermolysin 1thl34) were prepared by extract-
ing the ligand, removing all waters, lone pairs and
dummy atoms, and adding hydrogens. The natural
product was prepared by checking atom types and bond
types followed by a minimisation using the MMFF94s
force field, MMFF94 charges, conjugate gradient
optimisation method, and termination at a gradient
of 0.05 kcal/(mol*A) without any initial optimisation.

Solutions for hydrogen bonding analysis were selected
on the basis of GoldScore fitness function28,29 and Con-
sensus Scoring.35 Hydrogen bond interactions were ana-
lysed using a previously reported method.1


The docking and X-ray data are shown in Figure 2.
Each of the proteins is overlaid by fold and in the case
of PDF, by PFT. Figure 2 shows the spatially equivalent
residues in each of the proteins (coloured equivalently)
involved in hydrogen bonding with actinonin, the coor-
dination of the ligand to the zinc and the fold around
the active site.


Actinonin binding in stromelysin (Fig. 2A) and PDF
(Fig. 2B) is in the same orientation with conserved
hydrogen bonding and the same part of the ligand coor-
dinated to the metal. As stromelysin and PDF belong to
different folds, the recognition is at the level of PFT.
Although stromelysin, astacin and thermolysin are of
the same fold type, the binding of actinonin in both ast-
acin (Fig. 2C) and thermolysin (Fig. 2D) is substantially
different. This difference reflects differences in PFT
namely the additional Segment II which reduces the size
of the cavity. An even greater shift in the position of
actinonin relative to the fold is evident in thermolysin
(Fig. 2D). This is due to the reduction in size of the
Loop region evident upon comparison with the other
Zincin-like fold proteins and PDF.


FTMS identified actinonin as a new binding partner for
thermolysin. This allowed comparison of actinonin
binding in three different Zincin-like fold proteins and
one Peptide Deformylase Fold protein. Docking showed
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that within the Zincin-like fold, binding of actinonin is
differentiated, interpretable as due to PFT recognition.
The similarity in binding mode of actinonin in stromely-
sin and PDF reflects the shared PFT between these pro-
teins of different fold type classifications.

Acknowledgment


The research was supported under Australian Research
Council’s Discovery Projects funding scheme (DP
0343419).

Supplementary data


Different and larger versions of Figure 2 are available.
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.09.084.

References and notes


1. McArdle, B. M.; Campitelli, M. R.; Quinn, R. J. J. Nat.
Prod. 2006, 69, 14.


2. Murzin, A. G.; Brenner, S. E.; Hubbard, T.; Chothia, C.
J. Mol. Biol. 1995, 247, 536.


3. McArdle, B.; Quinn, R. Chembiochem 2007, 8, 788.
4. Ohta, Y.; Ogura, Y.; Wada, A. J. Biol. Chem. 1966, 241,


5919.
5. Hase, C. C.; Finkelstein, R. A. Microbiol. Res. 1993, 57, 823.
6. Loo, J. A. Mass Spectrom. Rev. 1997, 16, 1.
7. Tronrud, D. E.; Monzingo, A. F. B. W. M. Eur. J.


Biochem. 1986, 157, 261.
8. Spillantini, M. G.; Sicuteri, F.; Salmon, S.; Malfroy, B.


Biochem. Pharmacol. 1990, 39, 1353.
9. Nishino, N.; Powers, J. C. J. Biol. Chem. 1980, 255, 3482.


10. Orning, L.; Krivi, G.; Fitzpatrick, F. A. J. Biol. Chem.
1991, 266, 1357.


11. Wolz, R. L. Arch. Biochem. Biophys. 1994, 310, 144.
12. Clements, J. M.; Beckett, R. P.; Brown, A.; Catlin, G.;


Lobell, M.; Palan, S.; Thomas, W.; Whittaker, M.; Wood,
S.; Salama, S.; Baker, P. J.; Rodgers, H. F.; Barynin, V.;
Rice, D. W.; Hunter, M. G. Antimicrob. Agents Chemo-
ther. 2001, 45, 563.


13. Lelievre, Y.; Bouboutou, R.; Boiziau, J.; Cartwright, T.
Pathol. Biol. 1989, 37, 43.

14. Sun, H. H.; Kaplita, P. V.; Houck, D.; Stawicki, M. B.;
McGarry, R.; Wahl, R. C.; Gillum, A. M.; Cooper, R.
Phytother. Res. 1996, 10, 194.


15. Barrantes, E.; Guinea, M. Life Sci. 2003, 72, 843.
16. Saito, M.; Saito, K.; Kunisaki, N.; Kimura, S. J. Agric.


Food Chem. 2002, 50, 7169.
17. Parellada, J.; Guinea, M. Phytother. Res. 1996, 10, S59.
18. Sun, H. H.; Kaplita, P. V.; Houck, D. R.; Stawicki, M. B.;


McGarry, R.; Wahl, R. C.; Gillum, A. M.; Cooper, R.
Phytother. Res. 1996, 10, 194.


19. Checler, F.; Vincent, J.-P.; Kitabgi, P. J. Biol. Chem. 1986,
261, 11274.


20. Vincent, B.; Dauch, P.; Vincent, J. P.; Checler, F.
J. Neurochem. 1997, 68, 837.


21. Marshall, A. G.; Hendrickson, C. L.; Jackson, G. S. Mass
Spectrom. Rev. 1998, 17, 1.


22. Amster, I. J. J. Mass Spectrom. 1996, 31, 1325.
23. Kitagishi, K.; Hiromi, K. J. Biochem. 1984, 95, 529.
24. Lim, H. K.; Hsieh, Y. L.; Ganem, B.; Henion, J. J. Mass


Spectrom. 1995, 30, 708.
25. Robinson, C. V.; Chung, E. W.; Kragelund, B. B.;


Knudsen, J.; Aplin, R. T.; Poulsen, F. M.; Dobson, C.
M. J. Am. Chem. Soc. 1996, 118, 8646.


26. Ligne, T.; Pauthe, E.; Monti, J. P.; Gacel, G.; Larreta-
Garde, V. Biochim. Biophys. Acta 1997, 1337, 143.


27. Chen, D. Z.; Patel, D. V.; Hackbarth, C. J.; Wang, W.;
Dreyer, G.; Young, D. C.; Margolis, P. S.; Wu, C.; Ni, Z.
J.; Trias, J.; White, R. J.; Yuan, Z. Biochemistry 2000, 39,
1256.


28. Jones, G.; Willett, P.; Glen, R. C. J. Mol. Biol. 1995, 245,
43.


29. Jones, G.; Willett, P.; Glen, R. C.; Leach, A. R.; Taylor,
R. J. Mol. Biol. 1997, 267, 727.


30. Nissink, J. W.; Murray, C.; Hartshorn, M.; Verdonk, M.
L.; Cole, J. C.; Taylor, R. Proteins: Structure, Function,
and Genetics 2002, 49, 457.


31. Verdonk, M. L.; Cole, J. C.; Hartshorn, M. J.; Murray, C.
W.; Taylor, R. D. Proteins 2003, 52, 609.


32. Grams, F.; Dive, V.; Yiotakis, A.; Yiallouros, I.; Vassi-
liou, S.; Zwilling, R.; Bode, W.; Stocker, W. Nat. Struct.
Biol. 1996, 3, 671.


33. Natchus, M. G.; Bookland, R. G.; Laufersweiler, M. J.;
Pikul, S.; Almstead, N. G.; De, B.; Janusz, M. J.; Hsieh, L.
C.; Gu, F.; Pokross, M. E.; Patel, V. S.; Garver, S. M.;
Peng, S. X.; Branch, T. M.; King, S. L.; Baker, T. R.;
Foltz, D. J.; Mieling, G. E. J. Med. Chem. 2001, 44, 1060.


34. Holland, D. R.; Barclay, P. L.; Danilewicz, J. C.;
Matthews, B. W.; James, K. Biochemistry 1994, 33, 51.


35. Clark, R. D.; Strizhev, A.; Leonard, J. M.; Blake, J. F.;
Matthew, J. B. J. Mol. Graph. Model 2002, 20, 281.



http://dx.doi.org/10.1016/j.bmcl.2007.09.084

http://dx.doi.org/10.1016/j.bmcl.2007.09.084



		Identifying common metalloprotease inhibitors by protein fold types using Fourier Transform Mass Spectrometry

		Acknowledgment

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters


Summary of Instructions to Authors


Bioorganic & Medicinal Chemistry Letters publishes research results of


outstanding significance and timeliness in the fields of medicinal


chemistry, chemical biology, bioorganic chemistry, bioinorganic


chemistry, and related disciplines. Articles are in the form of com-


munications reporting experimental or theoretical results of special


interest. These notes are a summary of the full-length Guide for


Authors available at http://elsevier.com/locate/bmcl.


Submission of manuscripts


Authors should submit their manuscript to the appropriate regional


editor via the online submission page of this journal at http://


ees.elsevier.com/bmcl. The following items should be supplied:


• Manuscript. It is not necessary to embed graphics in the text, but if


you do so please note that separate graphic files will always be


required for proof production when a manuscript is accepted for


publication. Graphics should be submitted as separate, high-resolu-


tion artwork files. These will be automatically incorporated into


the single PDF that the system creates for review.


• Graphical abstract for the contents list (submitted as a separate


document).


• Cover letter highlighting the novelty, significance and urgency of the


submitted work that merits rapid publication and providing details


of other relevant information, e.g., submitted or in press manu-


scripts.


• List of potential referees (separate document).


The submission site automatically converts manuscript source files to a


single Adobe Acrobat PDF version of the article, which will be used in


the review process. A printed copy of the manuscript is not required.


All correspondence takes place by e-mail and via the Author’s


Homepage.


Manuscript preparation


Manuscripts must be written in English and should be compiled as


follows:


• Article length (including graphics) should not exceed four journal


pages (~700 words per page).


• Graphical Abstract (maximum 5 · 17 cm) should summarise the con-


tents of the paper in a concise, pictorial form and may include a


short text (maximum 30 words).


• Title and author names and affiliations


• Abstract should briefly state the purpose of the research, the princi-


pal results, and major conclusions.


• Main body of article. No section headings should be used, except for


‘Acknowledgments’ and ‘References and notes’.


• Acknowledgments


• References and notes. Authors should consult The ACS Style Guide;


2nd ed.; American Chemical Society: Washington, DC, 1997, for a


detailed listing of citation formats for journal papers, books, and


other publications. Journal titles should be abbreviated according


to the Chemical Abstracts Service Source Index (CASSI) 1907–


1999 Cumulative and its supplement. A list of abbreviations can also


be found at: http://elsevier.com/locate/bmcl (click on ‘Guide for


Authors’).


• Artwork. Figures and schemes must be provided in electronic format


and at the actual size that they are to appear (single-column width is


8.4 cm, double-column width is 17.7 cm). Tagged Image File Format


(TIFF) or Encapsulated PostScript (EPS) files are preferred. Colour


figures may be printed in the journal at no charge to the author if the


editor considers colour is necessary to convey scientific information.


Colour figures should be supplied in electronic format as JPEG files


(minimum 300 dots per inch).


• Supplementary information. Authors can submit supplementary data


to support and enhance their Communication. These should be sup-


plied as separate electronic files and will be published online along-


side the electronic version of the article on ScienceDirect. Authors


may alternatively choose to submit supplementary information as


an aid to the referees only.


Journal conventions


X-ray crystallographic data. Prior to manuscript submission the author


should deposit crystallographic data structures with the Cambridge


Crystallographic Data Centre (http://www.ccdc.cam.ac.uk/).


Structural data. Atomic coordinates for structures of biological mac-


romolecules determined by X-ray, NMR, or other methods must be


deposited with the RCSB Protein Data Bank (PDB) prior to


publication. Deposition and release information is available at http://


deposit.pdb.org/depoinfo/depofaq.html.


GenBank/DNA sequence linking. In the final version of the electronic


copy, accession numbers in the text can be linked to the appropriate


source in the NCBI databases. Please refer to the full-length Guide for


Authors for details.


Funding body agreements and policies


Elsevier has established agreements and developed policies to allow


authors who publish in Elsevier journals to comply with potential


manuscript archiving requirements as specified as conditions of their


grant awards. To learn more about existing agreements and policies


please visit http://www.elsevier.com/fundingbodies.


I








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 17 (2007) 6593–6601

Macrocyclic ureas as potent and selective Chk1 inhibitors:
An improved synthesis, kinome profiling, structure–activity


relationships, and preliminary pharmacokinetics
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Abstract—A new series of potent macrocyclic urea-based Chk1 inhibitors are described. A detailed SAR study on the 4-position of
the phenyl ring of the 14-member macrocyclic ureas 1a and d led to the identification of the potent Chk1 inhibitors 2, 5–7, 10, 13, 14,
19–21, 25, 27, and 31–34. These compounds significantly sensitize tumor cells to the DNA-damaging antitumor agent doxorubicin in
a cell-based assay and efficiently abrogate the doxorubicin-induced G2/M and camptothecin-induced S checkpoints, indicating that
the potent biological activities of these compounds are mechanism-based through Chk1 inhibition. Kinome profiling analysis of a
representative macrocyclic urea 25 against a panel of 120 kinases indicates that these novel macrocyclic ureas are highly selective
Chk1 inhibitors. Preliminary PK studies of 1a and b suggest that the 14-member macrocyclic inhibitors may possess better PK prop-
erties than their 15-member counterparts. An improved synthesis of 2 and 20 by using 2-(trimethylsilyl)ethoxycarbonyl (Teoc) to
protect the amino group not only readily provided the desired compounds in pure form but also facilitated the scale up of potent
compounds for various biological studies.
� 2007 Elsevier Ltd. All rights reserved.

Since nitrogen mustards were developed for cancer che-
motherapy more than six decades ago,1 DNA-damaging
agents have been a mainstay of cancer treatment. How-
ever, their clinical use is increasingly limited by their
severe toxicity to normal cells and resistance by tumor
cells.2 To overcome this limitation, the development of
adjuvant therapeutics that improve the efficacy and
selectivity of DNA-damaging agents in the clinic has re-
cently attracted much attention.3,4 Such treatments may
either sensitize tumor tissue or protect normal tissue
from DNA damage.


Checkpoint kinase 1 (Chk1) is a serine/threonine protein
kinase which plays a critical role in DNA damage-in-
duced checkpoints, and Chk1 has emerged as an attrac-
tive chemosensitization target.5,6 In response to DNA
damage, ATM and ATR kinases activate Chk1 through
phosphorylation in the SQ/TQ domain to arrest cells at
various DNA-damaging checkpoints (G1, S, G2) to ini-
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tiate the DNA repair process.7,8 Since p53-deficent
tumor cells lack the G1 checkpoint, they are selectively
arrested at the S or G2 checkpoint after DNA damage.
The inhibition of Chk1 abrogates the S and G2 check-
points and disrupts the DNA repair process, resulting
in premature chromosome condensation, leading to cell
death. Tumor cells, especially p53-null cells, are thereby
preferentially sensitized to various DNA-damaging
agents by inhibition of Chk 1.9,10 In contrast, normal
cells can still arrest in the G1 phase and are less affected
by S and G2 checkpoint abrogation, suggesting that a
favorable therapeutic window may be achieved for G2
and/or S abrogators.11


Several classes of Chk1 inhibitors have been reported.6


However, it still remains a great challenge to identify
ideal Chk1 inhibitors that significantly potentiate
DNA-damaging antitumor agents without showing sin-
gle agent activity. Based on the crystallographic analysis
of a urea–Chk1 complex and molecular modeling, we
have recently discovered a class of macrocyclic Chk1
inhibitors (1).12–14 SAR studies based on 1b, a 15-mem-
ber macrocycle, have led to the identification of several
compounds that not only potently inhibit Chk1 in an
enzymatic assay, but also significantly potentiate the
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cytotoxicity of DNA-damaging agents to tumor cells.12


Preliminary SAR on the ring size revealed that the enzy-
matic potency of 1a–c decreased in the order of 1a
(IC50 = 6 nM, 14-member) P1b (IC50 = 7 nM, 15-mem-
ber) > 1c (IC50 = 28 nM, 16-member). This indicates
that the additional conformational flexibility resulting
from the presence of more rotatable bonds in the carbon
chain linker is detrimental. This is consistent with other
literature examples that show that the restriction of con-
formation produces more potent inhibitors.15 We there-
fore further elaborated the more constrained macrocycle
1a. Described herein are: (1) SAR based on the 14-mem-
ber macrocycle 1a and its olefin counterpart 1d; (2) the
kinome profiling of a representative compound; (3) pre-
liminary pharmacokinetics (PK); (4) an improved syn-
thesis of macrocyclic ureas.
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Examination of an X-ray co-crystal structure of a mac-
rocyclic urea–Chk1 complex12 reveals that the 4-posi-
tion of the phenyl ring is very open to a solvent
accessible region, which should be able to accommo-
date a variety of groups for further optimization. Thus,
an extensive SAR on the 4-position of the phenyl ring
was performed. The substituents at the 4-position were
selected based on our previous SAR results of the mac-
rocyclic urea-based Chk1 inhibitors.12 These groups
may improve the cellular activity or physical proper-
ties. Table 1 shows the analogues (2–18) derived from
1d. As predicted, all the analogues exhibited potent
activity for Chk1 inhibition.16 Compounds 2–12 are
macrocyclic ureas in which a substituent is linked to
the phenyl ring by a nitrogen linker. The amino ana-
logue 2 exhibits a subnanomolar IC50 against Chk1
(Table 1). The dimethylamino (3) and mono-methyla-
mino analogues (4) are equally potent to one another.
Analogues 5 and 6, with extended alkyl tails, not only
fully retain low single digit nanomolar potency but also
potentially have better solubility due to the presence of
the terminal polar hydroxyl groups. The introduction
of an aromatic group such as a thiazolyl group (7) to
the terminal position of the substituent gave Chk1 inhi-
bition activity comparable to 4. Amides (8–10) and car-
bamates (11 and 12) are also very potent but are
slightly weaker than the alkyl amino analogues. Com-
pounds 13–18 are macrocyclic ureas in which a substi-
tuent is linked to the phenyl ring by an oxygen atom.
All these compounds have polar moieties on the termi-
nus of the substituent that are intended to point into
the solvent exposed area. The polar moieties may be
solvated and therefore may boost the potency as previ-
ously observed.12 Indeed, compounds 13–18 are very
potent Chk1 inhibitors with IC50 values ranging from
subnanomolar to low single digital nanomolar.

Table 2 summarizes the SAR results at the 4-position of
the phenyl ring based on macrocyclic urea 1a. These
compounds (19–36) were also found to be potent
Chk1 inhibitors, and the SAR based on 1a is very simi-
lar to that based on 1d (Table 1); for the same substitu-
ent at the 4-position of the phenyl ring, analogues
derived from the saturated core 1a exhibit the same or
very comparable potency as those derived from the ole-
fin core 1d (3 vs 21, 4 vs 22, 7 vs 25, 18 vs 36, etc.). Nota-
bly, the diethylamino analogue 23 is 11-fold less potent
than the dimethylamino analogue 21, indicating that the
larger ethyl groups may clash with the Chk1 protein.
Compound 31 is a phosphate derivative of 30. Although
the enzymatic activity of 31 is weaker than that of its
parent compound 30, the cellular potency of 31 shows
dramatic improvement. Furthermore, the phosphate
group of 31 should improve the aqueous solubility.


All the potent Chk1 inhibitors identified in the enzy-
matic assay were further evaluated in an MTS assay
using HeLa cells, a p53-null human cervical cancer cell
line. The EC50 values for the compounds were deter-
mined either alone or in the presence of 150 nM of
doxorubicin (Dox), a clinical topoisomerase II inhibitor
known to arrest the G2/M checkpoint at this concentra-
tion in HeLa cells. The EC50 values for Chk1 inhibitors
in combination with Dox were calculated from the per-
centage of inhibition by Chk1 inhibitors at various con-
centrations above the background inhibition by 150 nM
Dox. The ability of Chk1 inhibitors to potentiate Dox is
represented by the ratio of the EC50 value of the inhib-
itor with Dox to that of the inhibitor alone. As shown in
Tables 1 and 2, these compounds fit into three catego-
ries: the first class of compounds show no cellular activ-
ity at all (4, 8, 11, 12, 15, 22–24, and 28–30) or show
little or no potentiation of the cytotoxicity of Dox (9,
16–18, 26, 35, and 36); the second class of compounds
show significant potentiation but also have single agent
activity (20); the third class of compounds show little or
no antiproliferative activity alone but significantly
potentiate Dox (2, 5–7, 10, 13, 14, 19, 21, 25, 27, and
31–34). This latter class of compounds fit the definition
of ideal Chk1 inhibitors. The lack of a good correlation
between Chk1 enzymatic inhibition potency and cellular
antiproliferative activity may be due to variation in
physicochemical properties such as cellular permeability
and potential off-target activity.


To confirm the cellular activity obtained in the above-
described MTS assay, and to make sure the biological
activity of the Chk1 inhibitors is truly expressed through
the abrogation of DNA damage-induced checkpoints,
fluorescence-activated cell sorting (FACS) analysis of
cell cycle profiles was performed. H1299 cells were trea-
ted with Chk1 inhibitors in the presence and absence of
Dox and their detailed cell cycle kinetics were assessed
by FACS analysis. As predicted, Dox itself induced a
remarkable G2/M-phase arrest at a concentration of
500 nM. The EC50 values for abrogation of the G2/M
checkpoint caused by Dox in the presence of various
concentrations of Chk1 inhibitors are shown in Tables
1 and 2. FACS analysis charts of H1299 cells treated
with Dox in the presence or absence of Chk1 inhibitor







Table 1. SAR and cellular activities of unsaturated macrocyclic Chk1 inhibitors


N
H N


N
O


N


Cl
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R
CNO


H


Compound R= Chk1 inhibition


(IC50, nM)


MTS EC50 (lM) compound


+ Dox/ (compound alone)


Potentiation


ratio


FACS EC50 (lM) compound


+ Dox/ (compound alone)


2 NH2 0.3 1.2/>59.3 >49 <0.03/>10


3 N 2 1.9/18.7 10 1.7/>10


4 HN 2 >5.9/>59.3 NA >10/>10


5 N
HO


HO
1 1.5/34.1 22 NA


6 N
HHO 2 2.3/>59.3 >26 1.3/>10


7 N S


NH
4 0.59/13.6 25 0.2/>10


8 NH


N


O


6 >5.9/>59.3 NA >10/>10


9 NH


N


O


Cl 6 2.9/5.4 2 >10/>10


10


O


N
H


H2N
3 1.9/>59.3 >31 0.09/>10


11


O


O


N
H


N


O


3 >5.9/>59.3 NA >10/>10


12
O N


O
10 >5.9/>59.3 NA NA


13 OH 0.3 0.93/45.7 49 0.7/>10


14 OHO 1 2.3/>59.3 >26 1.9/>10


15
O


HO
2 >5.9/>59.3 NA NA


16
O


NO
1 4.2/14.1 3 >10/>10


17


O


N


O


0.3 1.1/1.9 2 >10/>10


18 N


O


O
N


1 0.7/1.2 2 >10/>10
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Table 2. SAR and cellular activities of saturated macrocyclic Chk1 inhibitors
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R
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Compound R= Chk1 inhibition


(IC50, nM)


MTS EC50 (lM) compound


+ Dox/ (compound alone)


Potentiation


ratio


FACS EC50 (lM) compound


+ Dox/ (compound alone)


19 H 6 3.08/57.6 19 1.3/>10


20 NH2 1 0.2/3.4 28 <0.03/2.6


21 N 2 1.8/54.5 30 0.54/>10


22 HN 2 >5.9/>59.3 NA >10/>10


23 N 23 >5.9/>59.3 NA >10/>10


24 N
H


3 >5.9/>59.3 NA NA


25 N S


NH
4 1.0/59.3 >59 NA


26 NH


N


O


4 5.1/24.3 5 NA


27 NH


N


O


Cl 4 2.6/>59.3 23 NA
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O


O


N
H


N


O


3 >5.9/>59.3 NA >10/>10


29
O N


O
6 >5.9/>59.3 NA NA


30 OH 0.3 >5.9/>59.3 NA NA


31


HO
PHO
O


8 0.23/17.4 78 NA


32 OHO 8 2.0/>59.3 >30 3.2/>10


33
O


HO
1 1.5/>59.3 >40 2.5/>10


34
O


H3CO
3 0.9/13.9 18 NA


35


O


N


O


1 2.1/5.0 2 >10/>10


36 N


O


O
N


1 1.2/2.8 2 >10/>10
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2 are shown in Figure 1a. Ideal Chk1 inhibitors (2, 6, 7,
10, 13, 14, 19, 21, 32, and 33) did not affect the regular
cell cycle profile even at high concentrations (up to
10 lM), but efficiently abrogated the Dox-induced-G2/M
checkpoint with subnanomolar to low single digital

Figure 1. FACS profiles of cancer cells treated with DNA-damaging agents


with propidium iodide for DNA contents. G0/G1 cells contain 2N DNA whi


between 2N and 4N. Apoptotic cells contain less than 2N DNA. (a) H1299


Table 3. Kinase selectivity of macrocyclic Chk1 inhibitor 25


Kinase Ki
a (lM) Kinase Ki


a (lM)


CHK1 0.004 CDK7 >1.525


GSK3a 0.911 CDK9 >1.644


PLK3 1.085 CHK2 >5.578


SRPK1 2.307 CLK2 >8.753


AUR1 2.025 CLK4 >8.951


CDK2 3.088 CTAK-1 >6.667


IRAK1 3.011 CAMK1 >1.677


AKT1 3.698 CAMK4 >8.571


MK2 3.886 CK2 >5.833


DYRK1A 3.401 CK1a 1 >6.916


MSK2 0.949 CK1d >7.826


EMK 4.266 CK1c2 >7.166


AKT2 4.800 DCAMKL2 >9.570


AMPK 1.539 DYRK3 >5.804


PBK 5.195 EGFR >1.803


AUR2 1.911 EPHA2 >8.000


PLK1 6.560 ERBB2 >1.438


AKT3 7.157 ERBB4 >3.750


SGK 8.176 ERK2 >8.750


PDK1 3.482 FGFR3 >1.863


CKIT 1.119 FGFR >4.737


FLT4 6.846 FLT1 >0.440


P38d 6.812 FLT3 >2.481


PIM1 9.182 FYN >0.809


ARK5 >1.503 GSK3b >7.059


ABL >0.706 HIPK2 >3.338


BLK >1.453 HIPK4 >7.664


CDC42BPA >9.524 IGF1R >0.991


CDK5 >9.275 IRAK4 >9.921


CDK6 >1.549 ITK >1.525


a The inhibition constant (Ki) values are calculated from the Cheng-Prusoff

micromolar EC50 values. Notably, compounds that do
not show cellular activity at all (4, 8, 11, 22, 23, and
28) or only show little or no potentiation of the cytotox-
icity of Dox (9, 16–18, 35, and 36) do not abrogate the
Dox-induced-G2/M checkpoint even at 10 lM concentration.

in the presence or absence of Chk1 inhibitor 2. The cells were stained


le cells in G2/M phase have 4N DNA. S phase cells have DNA content


cells treated with Dox. (b) SW620 cells treated with CPT.


Kinase Ki
a (lM) Kinase Ki


a (lM)


IKKa >3.75 PKCc >8.750


IKKb >2.338 PKCf >8.333


INSR >5.238 PKG1A >1.777


JAK2 >1.453 PKG1B >1.683


JAK3 >1.722 PKN2 >8.195


JNK1a1 >3.056 PRAK >1.525


JNK2a2 >4.118 PRKX >1.488


KDR >8.876 PIM2 >1.424


LCK >2.701 PKD2 >8.980


LIMK1 >9.546 PRKCN >9.217


LYN >1.667 ROCK1 >9.105


MINK1 >8.493 ROCK2 >7.500


MK3 >9.234 RSK2 >7.368


MLK1 >1.667 STK31 >1.442


MNK2 >9.350 STK33 >1.638


MSK1 >1.892 SRC >1.936


MSSK1 >1.736 TAK1-TAB1 >1.606


MUSK >1.650 TAOK2 >9.334


MAP4K2 >6.516 TBK1 >1.525


NLK >1.611 TSSK1 >1.596


NEK11 >1.549 TSSK2 >1.526


NEK2 >9.242 TYK2 >1.936


NEK3 >1.667 TRKA >2.481


NEK4 >6.711 TRKB >4.536


P70S6K >6.668 WNK2 >1.518


PAK1 >9.727 ZAK >8.573


PAK4 >5.454 ZIPk >1.391


PHKk2 >4.902 CMET >2.857


PKA >7.500 CDC2 >8.913


PKCd >8.889 p38c >7.500


equation, Ki = IC50/1 + ([ATP]/Km).
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The results obtained from the MTS assays are very con-
sistent with those derived from FACS analysis. In addi-
tion, we found that the Chk1 inhibitors efficiently
abrogate camptothecin (CPT)-induced S arrest. CPT
damages DNA through the inhibition of topoisomerase
I and is known to cause S phase arrest. As shown in Figure
1b, compound 2 alone did not alter the regular cell cycle
profile, but it efficiently abrogated CPT-induced S arrest
and forced the cells further into the G2/M phase. The
subG0/G1 population indicates the resulting apoptosis.


The macrocyclic urea Chk1 inhibitor 25 was tested
against a panel of 120 kinases to obtain a selectivity pro-
file, and excellent selectivity was observed. As shown in
Table 3, the compound exhibited no inhibitory activity
toward a majority of kinases in this panel even at the
highest concentration tested. Moreover, compound 25
does not inhibit Chk2, an important DNA damage-
involving checkpoint kinase, or Cdk7, a cyclin-depen-
dent kinase that is critical in the regulation of cell cycle
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Figure 2. Plasma levels of compounds 1a and b with intraperitoneal


(IP) dosing in CD-1 mice.
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transition. Recently it has been reported that selectivity
for Chk1 over Cdk7 is essential for the abrogation of
DNA damage-induced checkpoint arrests.17


To investigate how the ring size affects PK, compounds 1a
and b were intraperitoneally administered to mice with a
dosage of 10 mg/kg. As shown in Figure 2, both com-
pounds show moderate plasma exposure with AUC val-
ues of 3.8 lmol h/L for 1a and 1.5 lmol h/L for 1b. It is
very interesting to note that the 14-member macrocycle
1a exhibits over 2-fold more exposure than the 15-mem-
ber 1b.


Scheme 1 outlines the syntheses of 2 and 20, which are
the key intermediates toward macrocyclic ureas in which
a nitrogen atom links the substituent to the phenyl ring.
Compound 39 was prepared in high yield by the cou-
pling of 37 and 38, both of which were prepared as pre-
viously described,18 followed by reduction of the nitro
group. The macrocyclization of 39 was first attempted
with Grubbs catalysts (1st and 2nd generation) in
DCM under reflux. LCMS indicated a 40–60% conver-
sion of 39 to 2. Hoveyda-Grubbs catalyst (2nd) was then
tried and gave better conversion (70–90%). However, it
was very difficult to obtain 2 in pure form due to con-
taminants of dark green color originating from the cat-
alysts. Attempts to remove the color by using reported
methods19–21 were not successful. In addition, the con-
version of 2 to 20 by hydrogenation also proved to be
problematic. We therefore decided to protect the amino
group of 39. After screening several protecting groups,
2-(trimethylsilyl)ethoxycarbonyl (Teoc)22 stood out as
the best. Thus, 39 was coupled with Teoc-Cl in the pres-
ence of pyridine to give 40 in quantitative yield. Cycliza-
tion of 40 in the presence of Hoveyda-Grubbs catalyst
(2nd) provides 41 in 90% isolated yield. Deprotection
of 41 in TFA at 0 �C quantitatively produced 2. Satura-
tion of olefin 41 in the presence of Wilkinson’s catalyst
smoothly gave 42. Compound 20 was obtained by the
deprotection of 42 in quantitative yield. This improved
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synthetic sequence not only readily provided 2 and 20 in
pure form, but also facilitated the scale up of potent
compounds for various biological studies.


Scheme 2 depicts the synthesis of compounds 3–12. Com-
pounds 3–7 were prepared by the reductive amination of 2
in moderate to good yield. The coupling of 2 with the cor-
responding acyl chlorides gave amides 8 and 9. Com-
pound 43, obtained through the coupling of 2 with
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bipiperidine-1 0-carbonyl chloride, pyridine, DMF–THF.

bromoethyl chloroformate, was treated with morpholine
to provide 11 and 12 concurrently. Amidation of 39 gave
44, which was readily cyclized to provide 45. Removal of
the Fmoc group in piperidine produced 10. Compounds
21–29 were prepared using routes similar to those in
Scheme 2.


Scheme 3 shows the synthetic routes to macrocyclic ureas
in which an oxygen atom links the substituent to the
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4-position of the phenyl ring. Compound 46 was prepared
according to a literature procedure.18 Macrocyclic pre-
cursor 48 was synthesized by the olefin metathesis of 47
in the presence of Hoveyda-Grubbs catalyst (2nd).
Deprotection of 48 under acidic conditions gave 13 in
excellent yield. Hydrogenation of 48 smoothly produced
49, which was deprotected to provide 30. Alkylation of
13 with organic bromides gave ethers 50, which were trea-
ted with acetic acid to provide alcohols 14 and 15. Alter-
natively, alkylation of 13 by alcohols under
Mitsunobu’s conditions gave 16 and 17 in good yield.
Compound 18 was obtained by the pyridine-catalyzed
coupling of 13 with 1,4 0-bipiperidine-1 0-carbonyl chlo-
ride. Compounds 32–36 were prepared using routes simi-
lar to those in Scheme 3.


The synthesis of 31 is shown in Scheme 4. Compound
51, obtained by the deprotection of 47, was phosphory-
lated with dibenzyl phosphate using a recently reported
procedure23 to give 52 in excellent yield. The ring-clo-
sure olefin metathesis of 52 was effected by Hoveyda-
Grubbs catalyst to provide 53. The debenzylation and
olefin saturation of 53 were effected simultaneously in
the presence of Wilkinson’s catalyst under a hydrogen
atmosphere to give the final product 31.


In summary, a new series of potent macrocyclic urea-
based Chk1 inhibitors are described. A detailed SAR
study on the 4-position of the phenyl ring of 1a and d
led to the identification of the potent Chk1 inhibitors 2,
5–7, 10, 13, 14, 19, 21, 25, 27, and 31–34. These com-
pounds significantly sensitize tumor cells to the DNA-
damaging antitumor agent Dox in a cell-based assay
and efficiently abrogate the Dox-induced G2/M and
CPT-induced S checkpoints, indicating that their potent
biological activities are mechanism-based through Chk1
inhibition. Kinome profiling analysis of a representative
macrocyclic urea 25 against a panel of 120 kinases indi-
cates that these novel macrocyclic ureas are highly selec-
tive Chk1 inhibitors. The preliminary PK (IP) studies of
1a and b suggest that the 14-member macrocyclic inhibi-
tors may possess better PK properties than their 15-mem-

ber counterparts. The improved synthesis of 2 and 20 by
using Teoc as an amine protecting group not only readily
provided the desired compounds in pure form but also
facilitated the scale up of potent compounds for various
biological studies.
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Abstract—N-Alkyl and N,N-dialkyl derivatives of 2-amino-2-deoxy-DD-glucitol-6P (ADGP) were synthesized and found to inhibit
growth of human pathogenic fungi (MICs in the 0.08–0.625 mg mL�1 range for the most active compounds). It was thus shown
that N-alkylation of ADGP provides novel inhibitors of a fungal enzyme, glucosamine-6P synthase, exhibiting higher antifungal
activity than the parent compound, due to the increased lipophilicity and better uptake by fungal cells.
� 2007 Elsevier Ltd. All rights reserved.

Emerging challenge of systemic fungal infections, espe-
cially in immunocompromised patients, and a limited
repertoire of effective antifungals stimulate a quest for
novel targets and drug candidates. Enzymes involved
in biosynthesis of the fungal cell wall components are
of a special interest in this respect. Glucosamine-6P
(GlcN-6P) synthase catalyzes the first committed step
in the biosynthetic pathway leading to the formation
of UDP-GlcNAc, a sugar nucleotide precursor provid-
ing DD-glucosamine for the formation of chitin and man-
noproteins.1 The enzyme was proposed as a target for
antifungal chemotherapy2 and a search for its selective
inhibitors as potential antifungals has been continued.
So far, two main groups of such compounds were iden-
tified: LL-glutamine analogs and mimics of a putative cis-
enolamine transition state intermediate but none of
them demonstrated high antifungal activity, due to the
inefficient uptake by the fungal cells. On the other hand,
some of the LL-glutamine analogs, namely N-acyl deriva-
tives of LL-2,3-diaminopropanoic acid, gave rise to oligo-
peptides exhibiting high antifungal in vitro and in vivo
activity3 but poor serum stability and unfavorable phar-
macokinetic properties.4
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2-Amino-2-deoxy-DD-glucitol-6P (ADGP) and 2-amino-
2-deoxy-DD-mannitol-6P (ADMP) are known as the
strongest inhibitors of fungal GlcN-6P synthase, belong-
ing to the second group, with inhibitory constants at
micromolar level.5,6 Our previous studies showed that
N-acylation of the 2-amino group and/or esterification
of the phosphate increased lipophilicity of the ADGP
molecule and facilitated uptake of the inhibitor into fun-
gal cells.7 Unfortunately, N-acylation of ADGP
strongly decreased GlcN-6P synthase-inhibitory poten-
tial of this molecule, thus suggesting that presence of
the 2-amino group, positively charged at physiological
conditions, may be of crucial importance for high en-
zyme-inhibitory activity.6 On the other hand, dimethyl
and diethyl esters of ADGP demonstrated improved
antifungal in vitro activity,7 but were unstable in human
serum, one may therefore predict their poor in vivo
efficiency.


Taking into account the above-mentioned results we
reasoned that N-alkylation of ADGP should afford
derivatives demonstrating substantially higher anti-
fungal in vitro activity than the parent molecule and
high stability in serum, provided their GlcN-6P syn-
thase-inhibitory potential is not diminished, relative to
ADGP. In the first stage of our project we performed
in silico docking simulations. Structures of N-mono-
alkyl- (C2–C6) and N,N-dialkyl- (C2–C6) derivatives of
ADGP were docked into an active site of the hexose-
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Scheme 1. Synthesis of N,N-dialkyl derivatives of ADGP.
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phosphate isomerase domain (ISOM) of Candida albi-
cans GlcN-6P synthase.8 Inspection of the structures
of resulting enzyme: ligand complexes clearly showed
that the ligands can easily accommodate at the active
site, and all favorable ligand: active site residues interac-
tions—noted in the known crystal structure of the bac-
terial GlcN-6P synthase:ADGP complex9—can be
preserved. Figure 1 shows that presence of alkyl substit-
uents does not disturb ligand binding, as the alkyl
chain(s) can either fit near the hydrophobic entrance
to the ISOM binding pocket—shielded by Val709 and
Val501 residues—or even protrude out of the pocket.
Unfortunately, a three-dimensional structure of the
whole fungal GlcN-6P synthase is not known, so that
one cannot predict how the N-alkyl chains may interact
with the remaining part of the enzyme, namely the glu-
tamine amide hydrolyzing domain (GAH) and the puta-
tive interdomain linker. However, taking into account
the known structure of bacterial GlcN-6P synthase10


and some sequence homology between the prokaryotic
and eukaryotic version of the enzyme monomer sub-
units, it seems possible that the N-alkyl substituents
may also participate in the favorable interactions with
residues constituting the hydrophobic intramolecular
channel connecting active centers of ISOM and GAH.
Evidence supporting presence of such channel in C. albi-
cans enzyme has been shown recently.11


Results of the docking simulations suggested that N-al-
kyl derivatives of ADGP should at least preserve the en-
zyme-inhibitory potential of ADGP and encouraged us
to elaborate synthetic procedures for unequivocal syn-
thesis of N-alkyl and N,N-dialkyl derivatives of ADGP.
N,N-Dialkyl derivatives of ADGP were synthesized by
reductive alkylation involving the reaction of ADGP 2
with a suitable aldehyde in the presence of NaCNBH3


in the mixture of CH3CN–H2O � 3:1 (Scheme 1).12 In

Figure 1. N,N-Dipropyl- (top) and N-hexyl-ADGP (bottom) docked


into an active site of the ISOM domain of C. albicans GlcN-6P


synthase. Red wire model represents a reference ADGP conformation,


based on the geometry of its complex with a bacterial enzyme (1 mos).

our previous studies we showed that reductive alkyl-
ation of DD-glucosamine under such conditions leads to
the formation of N-alkyl and N,N-dialkyl derivatives
of DD-glucosamine.13 Now we found that the reductive
alkylation of ADGP 2, obtained from GlcN-6P 1 by
the method of Bearne,14 afforded unequivocally the
respective N,N-dialkyl derivatives, provided at least a
threefold molar excess of aldehyde with respect to 2
was used. Thus, the procedure shown in Scheme 1 was
applied for the preparation of N,N-dialkyl ADGP deriv-
atives 3–5.


N-Monoalkyl derivatives of ADGP were synthesized by
the two-step procedure15 shown in Scheme 2, starting
from 1, N-acylated in the first step with a respective car-
boxylic acid anhydride. Subsequently, the resulting N-
acyl-GlcN-6P was treated with LiBH4 in THF. Under
these conditions both an amide and an aldehyde groups
were reduced, thus affording N-monoalkyl ADGP deriv-
atives 6–8. Identity of compounds 3–8 was confirmed by
IR, 1H NMR, and MS.16


ADGP 2 and its N-alkyl and N,N-dialkyl derivatives 3–8
were tested for physicochemical and biological proper-
ties, including apparent lipophilicity, enzyme-inhibitory
potential, uptake by fungal cells, and antifungal
in vitro activity. Affinity of the examined compounds
to the artificial biological membrane immobilized on
the bed of the IAM PC DD2 column, especially de-
signed for investigation of low and moderately lipophilic
compounds, was quantified and retention parameters
k0


IAM were determined as a measure of apparent lipophil-
icity.17 Benzene and GlcN-6P, taken as reference com-
pounds, demonstrated the k0


IAM values 0.8893 and
�0.7583, respectively. Data shown in Table 1 indicate
that ADGP exhibited the k0


IAM value close to 0.0 and
all the mono and dialkyl derivatives of ADGP demon-
strated higher k0


IAM values than the parent compound.
As expected, the affinity to the immobilized artificial
membrane depended on length and number of N-alkyl

Scheme 2. Synthesis of N-monoalkyl derivatives of ADGP.







Table 1. Data characterizing lipophilicity, uptake by C. albicans cells,


and inhibition of C. albicans GlcN-6P synthase by ADGP and its N-


alkyl derivatives


Compound Lipophilicity


log k0
IAM


Initial


uptake ratea


(nmol/min/mg


dry weight)


Inhibition of


GlcN-6P synthasea


IC50 (lM) Ki (lM)


2 �0.0437 1.1 (±0.2) 230 (±15) 35 (±4)


3 0.3895 3.9 (±0.6) 40 (±8) 8 (±1)


4 0.4625 4.7 (±0.5) 52 (±6) 10 (±2)


5 0.5190 5.0 (±0.8) 82 (±8) 12 (±3)


6 0.2283 2.9 (±0.4) 180 (±9) 26 (±5)


7 0.3567 3.4 (±0.2) 115 (±7) 20 (±3)


8 0.4222 4.8 (±0.6) 290 (±21) 49 (±6)


a Values are means of three experiments, standard deviation is given in


parentheses.
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substituents. However, all the compounds 3–8 could be
considered as moderately lipophilic and thus potentially
able to cross the real cell membrane by free diffusion.
This assumption was confirmed by the results of deter-
mination of initial uptake rates of compounds 2–8 by
C. albicans cells, shown in Table 1. The rates, deter-
mined under conditions described previously,7 were
much higher for N-alkyl ADGP derivatives, in compar-
ison to that of ADGP. Kinetic studies on the uptake of
N-alkyl derivatives of ADGP provided evidence for its
passive character, including a linear dependence of up-
take rates on initial compound concentration and lack
of any effect of metabolic inhibitors, such as NaN3 (de-
tailed results not shown). It is worth mentioning there-
fore that N-acyl ADGP derivatives were effectively
taken up by C. albicans cells by a passive transport
mechanism, while the ADGP molecule was slowly accu-
mulated by the way of an unidentified active transport
system.7 The novel N-alkyl ADGP derivatives 3–8 thus
closely resemble their N-acyl counterparts in terms of
lipophilicity and uptake properties.


Compounds 2–8 were tested for their GlcN-6P synthase-
and phosphoglucose isomerase-inhibitory activities.18


Both these enzymes utilize DD-fructose-6-phosphate as a
substrate and catalyze ketose–aldose isomerization,
according to the very similar mechanisms involving,
respectively, cis-enolamine or cis-endiol intermediate.
N-alkyl ADGP derivatives 3–8 appeared relatively
strong inhibitors of C. albicans GlcN-6P synthase, as
under in vitro conditions, 50% inhibition of enzyme
activity (IC50) was observed in the 40–290 lM range.
Data shown in Table 1 reveal that the inhibitory poten-
tial in terms of the IC50 values of nearly all the N-alkyl
derivatives, except the N-hexyl-ADGP 8, was even high-
er than that of ADGP. Especially low IC50 values were
found for N,N-dialkyl compounds 3–5. This is in con-
trast to the inhibitory potential of N-acyl ADGP deriv-
atives, for which we previously found the IC50 values in
the 6–19 mM range.6 Good inhibitory potential of com-
pounds 3–8 thus confirmed the suggestion resulting
from the docking simulations described above. Inhibi-
tion of C. albicans GlcN-6P synthase by ADGP and
its N-alkyl derivatives was competitive in respect to DD-
Fru-6P and non-competitive in respect to LL-Gln. The or-

der of inhibitory potential reflected by Ki values deter-
mined from kinetic data was similar to that found for
the IC50 data. Interestingly, Floquet et al. reported re-
cently that Ki values of ADGP, N-acetyl-ADGP and
N-ethyl-ADGP toward Escherichia coli GlcN-6P syn-
thase were 25, 28, and 500 lM, respectively, so that in
the case of the bacterial enzyme, N-acetyl-ADGP was
as effective as ADGP, while N-ethyl-ADGP was much
poorer.19 It seems therefore possible that despite the
close sequence homology between E. coli and C. albicans
ISOM domains and conservation of all residues impor-
tant for catalytic activity, there could be a difference in
spatial arrangements of catalytic residues of bacterial
and fungal enzyme versions, especially in the region con-
taining residues interacting with the 2-amino group of
ADGP and its derivatives. None of the studied com-
pounds at concentrations up to 20 mM inhibited activity
of yeast phosphoglucose isomerase, thus confirming the
previously suggested structural requirements for effec-
tive transition state analog inhibitors of this enzyme.6


Compounds 2–8 were tested for their antifungal in vitro
activity against 3 strains of human pathogenic yeast
from the genus Candida and 2 recombinant strains of
Saccharomyces cerevisiae: AD and ADCDR1. The AD
cells are sensitive to antifungals, due to the deletion of
the seven genes encoding main drug exporting mem-
brane proteins of S. cerevisiae,20 while the ADCDR1
cells were constructed by transformation of AD with a
plasmid containing a gene encoding Cdr1p, the main
drug exporter of C. albicans.21 Minimum inhibitory con-
centration (MIC) values determined by a serial dilution
microplate method22 for compounds 2–8 and a well-
known antifungal drug fluconazole as a reference are
summarized in Table 2.


Antifungal activity of ADGP (2) is very poor, since a
growth inhibitory effect was observed at concentrations
as high as 5–10 mg mL�1. MIC values determined for N-
alkyl ADGP derivatives 3–8 were generally an order or
even nearly two orders of magnitude lower and the
lowest values 0.08–0.625 mg mL�1 were observed for
N,N-dialkyl compounds 3 and 4. Presence of 10 mM
N-acetyl-DD-glucosamine in the growth medium com-
pletely abolished the antifungal activity of investigated
compounds, thus indicating that GlcN-6P synthase is
their primary target in fungal cells. Comparison of the
MIC values determined against the recombinant S. cere-
visiae cells AD and ADCDR1 clearly indicates that
presence of the Cdr1p, mediating multidrug resistance,
does not affect antifungal activity of both ADGP and
its N-alkyl derivatives, while strongly decreases that of
fluconazole. This result suggests that ADGP and its
derivatives are probably not extruded from yeast cells
by the Cdr1p drug transporter.


Compounds 2–8 were stable in human serum, as no
products of their possible degradation were detected
by HPLC23 upon their incubation for 72 h at 37 �C in
5% human serum (details not shown).


According to our best knowledge, N-alkyl derivatives of
ADGP constitute the first reported example of N-alkyl-







Table 2. Antifungal in vitro activity of ADGP and its N-alkyl derivatives


Compound MIC (mg mL�1)


Candida albicans Candida glabrata Candida tropicalis Saccharomyces cerevisiae AD Saccharomyces cerevisiae ADCDR1


2 5 10 10 5 5


3 0.31 0.625 0.625 0.31 0.31


4 0.16 0.625 0.625 0.08 0.16


5 0.312 1.25 2.5 1.25 1.25


6 1.25 2.5 2.5 2.5 2.5


7 0.625 1.25 1.25 1.25 1.25


8 0.625 0.625 0.31 0.31 0.31


FLUCa 0.008 0.016 0.016 0.004 0.032


a FLUC, fluconazole.
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ated aminohexitol phosphates demonstrating antimicro-
bial activity. In the literature, there are also very few
examples of structurally related N-alkylated amino sug-
ars exhibiting any type of biological activity.24,25 Struc-
tures of our novel compounds have been rationally
designed, taking into account results of in silico docking
simulations and predictions concerning expected
improvement of the uptake parameters upon introduc-
tion of alkyl substituents at the 2-amino group of
ADGP. This approach has appeared successful,
although the antifungal activity of the obtained com-
pounds is not high enough to consider them true drug
candidates.
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from Tabebuia avellanedae


pp 6417–6420


Mitsuaki Yamashita, Masafumi Kaneko, Akira Iida,* Harukuni Tokuda and Katsumi Nishimura
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1


EC50 =0 .14 μM
against human tumor cells (PC-3)


S


The stercoselective synthesis of naphthoquinone 1 and its biological evaluation are reported.


Xanthones from Cudrania Tricuspidata displaying potent a-glucosidase inhibition pp 6421–6424


Eun Jin Seo, Marcus J. Curtis-Long, Byong Won Lee, Hoi Young Kim,
Young Bae Ryu, Tae-Sook Jeong, Woo Song Lee* and Ki Hun Park*
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Eight a-glucosidase inhibitory xanthones were isolated from Cudrania Tricuspidata. Compound 1 was identified as the


new isoprenylated tetrahydroxy xanthone. The IC50 value of the most effective xanthone 7 was 16.2 lM.
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Design, synthesis, and evaluation of peptidyl fluorescent probe for Zn2+ in aqueous solution pp 6425–6429


Bishnu Prasad Joshi, Won-Mi Cho, Jongseung Kim, Juyoung Yoon and Keun-Hyeung Lee*


Synthesis, in vitro inhibitory activity towards COX-2 and haemolytic activity of derivatives
of Esculentoside A


pp 6430–6433


Fei Wu, Yanghua Yi,* Peng Sun and Dazhi Zhang*


Twenty-one derivatives of Esculentoside A were synthesized. The conversion of the carboxylic acid into amides can


highly enhance their inhibitory activity towards COX-2, and also increased the haemolytic activity.


Design, synthesis, and antimalarial activity of structural chimeras of thiosemicarbazone
and ferroquine analogues


pp 6434–6438


Christophe Biot,* Bruno Pradines, Marie-Hélène Sergeant, Jiri Gut, Philip J. Rosenthal and Kelly Chibale
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Synthesis and anti-inflammatory/antioxidant activities of some new ring substituted
3-phenyl-1-(1,4-di-N-oxide quinoxalin-2-yl)-2-propen-1-one derivatives
and of their 4,5-dihydro-(1H)-pyrazole analogues


pp 6439–6443


Asunción Burguete, Eleni Pontiki, Dimitra Hadjipavlou-Litina,* Raquel Villar, Esther Vicente,
Beatriz Solano, Saioa Ancizu, Silvia Pérez-Silanes, Ignacio Aldana and Antonio Monge
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Anti-inflammatory and antioxidant activities of some novel ring substituted 3-phenyl-1-(1,4-di-N-oxide quinoxalin-2-yl)-2-propen-


1-one derivatives and of their 4,5-dihydro-(1H)-pyrazole analogues are reported.
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Enantioselective synthesis and vanilloid activity evaluation of 1-b-(p-methoxycinnamoyl)polygodial,
an antinociceptive compound from Drymis winteri barks


pp 6444–6447


Carmela Della Monica, Luciano De Petrocellis, Vincenzo Di Marzo, Raffaella Landi,
Irene Izzo and Aldo Spinella*
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Synthesis and structure–activity relationships of thieno[2,3-b]pyrroles as antagonists
of the GnRH receptor


pp 6448–6454


Jean Claude Arnould,* Bénédicte Delouvrié, Pascal Boutron, Al G. Dossetter, Kevin M. Foote, Annie Hamon,
Urs Hancox, Craig S. Harris, Mike Hutton, Maryannick Lamorlette and Zbigniew Matusiak
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The synthesis and structure–activity relationships (SAR) of GnRH


receptor antagonists based on thieno[2,3-b]pyrrole scaffold are de-


scribed. Introduction of a piperidine moiety at C4 position led to


compounds combining good in vitro potency and improved pharmaco-


kinetics.


Aminocarbonylation route to tolvaptan pp 6455–6458


Yasuhiro Torisawa,* Takuya Furuta, Takao Nishi, Shinji Aki and Jun-ichi Minamikawa*
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An atom efficient, solvent-free, green synthesis and antimycobacterial evaluation of 2-amino-6-
methyl-4-aryl-8-[(E)-arylmethylidene]-5,6,7,8-tetrahydro-4H-pyrano[3,2-c]pyridine-3-carbonitriles


pp 6459–6462


Raju Ranjith Kumar, Subbu Perumal,* Palaniappan Senthilkumar, Perumal Yogeeswari and Dharmarajan Sriram
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Fifteen tetrahydro-4H-pyrano[3,2-c]pyridines were prepared and tested for their in


vitro activity against three mycobacterial species using the agar dilution method.


2-Amino-4-[4-(dimethylamino)phenyl]-8-(E)-[4-(dimethylamino)phenyl]-methyli-


dene-6-methyl-5,6,7,8-tetrahydro-4H-pyrano[3,2-c]-pyridine-3-carbonitrile, was found


to be the most potent compound (MIC: 0.43 lM) against MTB and MDR-TB.
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Synthesis and structure–activity relationships of second-generation hydroxamate
botulinum neurotoxin A protease inhibitors


pp 6463–6466


Kateřina Čapková, Yoshiyuki Yoneda, Tobin J. Dickerson* and Kim D. Janda*
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The synthesis and SAR of a series of novel hydroxamate BoNT/A inhibitors is reported.


2-Aryl benzimidazoles featuring alkyl-linked pendant alcohols and amines as inhibitors
of checkpoint kinase Chk2


pp 6467–6471


Danielle K. Neff,* Alice Lee-Dutra, Jonathan M. Blevitt, Frank U. Axe, Michael D. Hack, Johnathan C. Buma,
Raymond Rynberg, Anders Brunmark, Lars Karlsson and J. Guy Breitenbucher
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n = alkyl, cyclic alkyl


X = OH, NH, NR1R2


Discovery of novel non-cytotoxic salicylhydrazide containing HIV-1 integrase inhibitors pp 6472–6475


Laith Q. Al-Mawsawi, Raveendra Dayam, Laleh Taheri, Myriam Witvrouw, Zeger Debyser and Nouri Neamati*
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CC50 = 0.1 µM CC 50 > 20 µM 


Potent non-nitrile dipeptidic dipeptidyl peptidase IV inhibitors pp 6476–6480


Ligaya M. Simpkins, Scott Bolton, Zulan Pi, James C. Sutton, Chet Kwon, Guohua Zhao, David R. Magnin,
David J. Augeri, Timur Gungor, David P. Rotella, Zhong Sun, Yajun Liu, William S. Slusarchyk,
Jovita Marcinkeviciene, James G. Robertson, Aiying Wang, Jeffrey A. Robl, Karnail S. Atwal,
Robert L. Zahler, Rex A. Parker, Mark S. Kirby and Lawrence G. Hamann*
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Enzyme inhibitory activity of a series of non-nitrile dipeptides help to discern the nature of individual SAR contributions from P1


and P2 of dipeptide derived DPP4 inhibitors.
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Design, structure–activity relationship, and pharmacokinetic profile of pyrazole-based indoline
factor Xa inhibitors


pp 6481–6488


Jeffrey G. Varnes, Dean A. Wacker,* Irina C. Jacobson, Mimi L. Quan, Christopher D. Ellis, Karen A. Rossi,
Ming Y. He, Joseph M. Luettgen, Robert M. Knabb, Steven Bai, Kan He, Patrick Y. S. Lam and Ruth R. Wexler
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Efforts to optimize clinical candidate razaxaban have led to the discovery of pyrazole-based indoline fXa inhibitors.


Phenylpiperidine-benzoxazinones as urotensin-II receptor antagonists: Synthesis, SAR,
and in vivo assessment


pp 6489–6492


Diane K. Luci, Shyamali Ghosh, Charles E. Smith, Jenson Qi, Yuanping Wang,
Barbara Haertlein, Tom J. Parry, Jian Li, Harold R. Almond, Jr., Lisa K. Minor,
Bruce P. Damiano, William A. Kinney, Bruce E. Maryanoff and Edward C. Lawson*
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Various 4-phenylpiperidine-benzoxazin-3-ones were synthesized and biologically


evaluated as urotensin-II (U-II) receptor antagonists. Compound 12i was identified


from in vitro evaluation as a low nanomolar antagonist against both rat and human U-


II receptors. This compound showed in vivo efficacy in reversing the ear-flush response


induced by U-II in rats.


SAR studies of 1,5-diarylpyrazole-based CCK1 receptor antagonists pp 6493–6498


Laurent Gomez,* Michael D. Hack, Kelly McClure, Clark Sehon, Liming Huang,
Magda Morton, Lina Li, Terrance D. Barrett, Nigel Shankley and J. Guy Breitenbucher


Synthesis and in-vitro biological activity of macrocyclic urea Chk1 inhibitors pp 6499–6504


Gaoquan Li,* Zhi-Fu Tao, Yunsong Tong, Magdalena K. Przytulinska, Peter Kovar, Philip Merta,
Zehan Chen, Haiying Zhang, Thomas Sowin, Saul H. Rosenberg and Nan-Horng Lin
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New 1,8-naphthyridine and quinoline derivatives as CB2 selective agonists pp 6505–6510


Clementina Manera,* Maria Grazia Cascio, Veronica Benetti, Marco Allarà,
Tiziano Tuccinardi,* Adriano Martinelli, Giuseppe Saccomanni, Elisa Vivoli,
Carla Ghelardini, Vincenzo Di Marzo and Pier Luigi Ferrarini
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8-Hydroxy-3,4-dihydropyrrolo[1,2-a]pyrazine-1(2H)-one HIV-1 integrase inhibitors pp 6511–6515


Thorsten E. Fisher,* Boyoung Kim, Donnette D. Staas, Terry A. Lyle, Steven D. Young,
Joseph P. Vacca, Matthew M. Zrada, Daria J. Hazuda, Peter J. Felock, William A. Schleif,
Lori J. Gabryelski, M. Reza Anari, Christopher J. Kochansky and John S. Wai
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A series of potent novel 8-hydroxy-3,4-dihydropyrro-


lo[1,2-a]pyrazine-1(2H)-one HIV-1 integrase inhibitors


was identified. These compounds inhibited the strand


transfer process of HIV-1 integrase and viral replication in


cells. Compound 12 is active against replication of HIV-1


in cell culture with a CIC95 of 0.31 lM. Further SAR


exploration led to the preparation of pseudosymmetrical


tricyclic pyrrolopyrazine inhibitors 22–24 with further


improvement in antiviral activity.


Redefining the structure–activity relationships of 2,6-methano-3-benzazocines. 5. Opioid
receptor binding properties of N-((40-phenyl)-phenethyl) analogues of 8-CAC


pp 6516–6520


Melissa A. VanAlstine, Mark P. Wentland,* Dana J. Cohen and Jean M. Bidlack
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Novel analogues of 8-carboxamidocyclazocine have very high affinity for opioid receptors.


Identifying common metalloprotease inhibitors by protein fold types using
Fourier Transform Mass Spectrometry


pp 6521–6524


Jennifer K. Mitchell, Desley Pitcher, Bernadette M. McArdle, Terese Alnefelt,
Sandra Duffy, Vicky Avery and Ronald J. Quinn*
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OFourier Transform Mass Spectrometry has identified


actinonin as an inhibitor of thermolysin. Molecular model-


ling studies revealed differences in PFT within the Zincin-


like fold which account for specificity within the fold.
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Synthesis and SAR comparison of regioisomeric aryl naphthyridines as potent
mGlu5 receptor antagonists


pp 6525–6528


Paul Galatsis, Koji Yamagata, John A. Wendt,* Cleo J. Connolly, John W. Mickelson, Jared B. J. Milbank,
Susan E. Bove, Christopher S. Knauer, Rachel M. Brooker, Corinne E. Augelli-Szafran, Roy D. Schwarz,
Jack J. Kinsora and Kenneth S. Kilgore
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4 5 6


We describe three novel regioisomeric series of aryl naphthyridine analogs, which are potent antagonists of the Class III GPCR


mGlu5 receptor. The synthesis and in vitro and in vivo pharmacological activities of these analogs are discussed.


Potent, selective spiropyrrolidine pyrimidinetrione inhibitors of MMP-13 pp 6529–6534


Kevin D. Freeman-Cook,* Lawrence A. Reiter, Mark C. Noe, Amy S. Antipas,
Dennis E. Danley, Kaushik Datta, James T. Downs, Shane Eisenbeis,
James D. Eskra, David J. Garmene, Elaine M. Greer, Richard J. Griffiths,
Roberto Guzman, Joel R. Hardink, Fouad Janat, Christopher S. Jones,
Gary J. Martinelli, Peter G. Mitchell, Ellen R. Laird, Jennifer L. Liras,
Lori L. Lopresti-Morrow, Jayvardhan Pandit, Usa D. Reilly, Donald Robertson,
Marcie L. Vaughn-Bowser, Lilli A. Wolf-Gouviea and Sue A. Yocum


The discovery of novel, selective spirocyclic inhibitors of MMP-13 is reported.


Preparation of carbohydrate–oligonucleotide conjugates using the squarate spacer pp 6535–6538


Hongbin Yan,* Aimé López Aguilar and Yuyan Zhao


The use of squarate as spacer in the preparation of carbohydrate–oligonucleotide conjugates is reported.


Trisubstituted pyrimidines as transient receptor potential vanilloid 1 (TRPV1)
antagonists with improved solubility


pp 6539–6545


Xianghong Wang,* Partha P. Chakrabarti, Vassil I. Ognyanov,
Liping H. Pettus, Rami Tamir, Helming Tan, Phi Tang,
James J. S. Treanor, Narender R. Gavva and Mark H. Norman
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A series of trisubstituted pyrimidines were


synthesized to improve aqueous solubility of our


first TRPV1 clinical candidate 1. The structure–


activity and structure–solubility studies led to the


discovery of 26.
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Synthesis and characterization of pyrrolidine derivatives as potent agonists
of the human melanocortin-4 receptor


pp 6546–6552


Wanlong Jiang, Joe A. Tran, Fabio C. Tucci, Beth A. Fleck, Sam R. Hoare, Stacy Markison, Jenny Wen,
Caroline W. Chen, Dragan Marinkovic, Melissa Arellano, Alan C. Foster and Chen Chen*
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Anti-AIDS agents 73: Structure–activity relationship study and asymmetric synthesis
of 3-O-monomethylsuccinyl-betulinic acid derivatives


pp 6553–6557


Keduo Qian, Kyoko Nakagawa-Goto, Donglei Yu, Susan L. Morris-Natschke,
Theodore J. Nitz, Nicole Kilgore, Graham P. Allaway and Kuo-Hsiung Lee*


Bactericidal activity of extended 9-glycyl-amido-minocyclines pp 6558–6562


Chang-po Chen, Allen R. Zeiger and Eric Wickstrom*
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9-Hydrazino-acetyl-amido-MIN, and simpler glycylcycline derivatives, retained minimum inhibitory concentration (MIC) against


Staphylococcus aureus comparable to minocycline. However, PEG-glycyl-amido-minocyclines showed very low activity.


Dipeptidyl a-fluorovinyl Michael acceptors: Synthesis and activity against cysteine proteases pp 6563–6566


Koen Steert, Ibrahim El-Sayed, Pieter Van der Veken, Alisa Krishtal, Christian Van Alsenoy,
Gareth D. Westrop, Jeremy C. Mottram, Graham H. Coombs, Koen Augustyns and Achiel Haemers*


The synthesis of dipeptidyl a-fluorovinyl sulfones is described. Inhibitory assays against a Leishmania mexicana cysteine protease


revealed low biological activity. Relative rates of Michael additions on vinyl sulfone and a-fluorovinyl sulfone were determined and


ab initio calculations on Michael acceptor model structures were performed.
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Hit generation and exploration: Imidazo[4,5-b]pyridine derivatives as inhibitors of Aurora kinases pp 6567–6571


Vassilios Bavetsias,* Chongbo Sun, Nathalie Bouloc, Jóhannes Reynisson, Paul Workman,
Spiros Linardopoulos and Edward McDonald*


Synthesis and evaluation of novel pyrazolidinone analogs of PGE2 as EP2 and EP4 receptors agonists pp 6572–6575


Zhong Zhao,* Gian Luca Araldi, Yufang Xiao,* Adulla P. Reddy, Yihua Liao,
Srinivasa Karra, Nadia Brugger, David Fischer and Elizabeth Palmer
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Replacement of the hydroxyl cyclopentanone ring in PGE2 with chemically more stable heterocyclic rings and substitution of the


unsaturated a-alkenyl chain with a metabolically more stable phenethyl chain led to the development of potent and selective analogs


of PGE2. Compound 10f showed the highest potency and selectivity for the EP4 receptor.


Synthesis of phosphorothioate oligonucleotide–peptide conjugates by solid phase
fragment condensation


pp 6576–6578


Irmina Diala, Akira Osada, Shinji Maruoka, Takashi Imanisi, Satoshi Murao,
Taishi Ato, Hideki Ohba and Masayuki Fujii*


oligo-S-DNA Linker Peptide


The synthesis of phosphorothioate oligonucleotide–peptide conjugate is reported.


2-Aryl-3,3,3-trifluoro-2-hydroxypropionic acids: A new class of protein tyrosine
phosphatase 1B inhibitors


pp 6579–6583


David R. Adams,* Achamma Abraham, Jun Asano, Catherine Breslin, Colin A. J. Dick, Ulrich Ixkes,
Blair F. Johnston, Derek Johnston, Justin Kewnay, Simon P. Mackay, Simon J. MacKenzie,
Morag McFarlane, Lee Mitchell, Daniel Spinks and Yasuo Takano


A new series of protein tyrosine phosphatase 1B inhibitors with a 2-aryl-3,3,3-trifluoro-2-hydroxypropionic acid core unit targeted at


the enzyme�s primary site and a hydrophobic chlorophenylthiazole extension in the 2� site exhibit low-lM inhibitory activity in cell-


based assays.
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Potent achiral agonists of the ghrelin (growth hormone secretagogue) receptor.
Part I: Lead identification


pp 6584–6587


Tom D. Heightman,* Jackie S. Scott, Mark Longley, Vincent Bordas, David K. Dean, Richard Elliott,
Gail Hutley, Jason Witherington, Lee Abberley, Barry Passingham, Manuela Berlanga, Maite de los Frailes,
Alan Wise, Ben Powney, Alison Muir, Fiona McKay, Sharon Butler, Kim Winborn, Christopher Gardner,
Jill Darton, Colin Campbell and Gareth Sanger
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pEC50 = 9.8


A series of indolines showing potent in vitro ghrelin receptor agonism and


acceleration of gastric emptying in rats is described.


Structure–activity relationship study on the 6-membered heteroaromatic ring system
of diphenylpyrazine-type prostacyclin receptor agonists


pp 6588–6592


Tetsuo Asaki,* Taisuke Hamamoto, Yukiteru Sugiyama, Keiichi Kuwano, Kenji Kuwabara and Tomoko Niwa
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The structure–activity relationships associated with prostacyclin receptor agonists were investigated, with emphasis on the pyrazine


ring of lead compound 2. Molecular modeling revealed the structural elements of the 6-membered heteroaromatic ring system


required for potent biological activity.


Macrocyclic ureas as potent and selective Chk1 inhibitors: An improved synthesis, kinome profiling,
structure–activity relationships, and preliminary pharmacokinetics


pp 6593–6601


Zhi-Fu Tao,* Zehan Chen, Mai-Ha Bui, Peter Kovar, Eric Johnson, Jennifer Bouska,
Haiying Zhang, Saul Rosenberg, Thomas Sowin and Nan-Horng Lin
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Rational design of N-alkyl derivatives of 2-amino-2-deoxy-DD-glucitol-6P as antifungal agents pp 6602–6606


Anna Melcer, Izabela Łącka, Iwona Gabriel, Marek Wojciechowski,
Beata Liberek, Andrzej Wiśniewski and Sławomir Milewski* HO
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4  MIC = 0.16 mg mL-1


N-Alkylation of DD-glucosaminitol-6P affords compounds that inhibit Candida albicans


glucosamine-6P synthase and exhibit antifungal activity (MIC =


0.08 ) 0.625 mg mL)1).
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A simple method for the preparation of PEG-6-mercaptopurine for oral administration pp 6607–6609


Marina Zacchigna,* Francesca Cateni, Gabriella Di Luca and Sara Drioli
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The simple synthesis of a new PEG 6 MP prodrug and its in vivo and in vitro evaluations are described.


Synthesis and antimicrobial evaluation of guanylsulfonamides pp 6610–6614


Pratik R. Patel, Chennan Ramalingan and Yong-Tae Park*
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A phosphorylated prodrug for the inhibition of Pin1 pp 6615–6618


Song Zhao and Felicia A. Etzkorn*
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1: Pin1 enzyme IC50 = 24.8 μM
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2: A2780 cell IC50 = 26.9 μM


Fmoc-pSer-W[(Z)CHC]-Pro-(2)-N-(3)-ethylaminoindole 1 showed mod-


erate inhibition towards the mitotic regulator, Pin1 (IC50 = 28.3 lM).


To improve the cell permeability, the charged phosphate was masked as


the bis-pivaloyloxymethyl (POM) phosphate in Fmoc-(bisPOM)-pSer-


W[(Z)CHC]-Pro-(2)-N-(3)-ethylaminoindole 2. Antiproliferative activity


towards A2780 ovarian cancer cells of 1 (IC50 = 46.2 lM) was improved


significantly in 2 (IC50 = 26.9 lM), comparable to the IC50 of 1 towards


Pin1 enzymatic activity.


3-Nitro-4-amino benzoic acids and 6-amino nicotinic acids are highly selective agonists of GPR109b pp 6619–6622


Philip J. Skinner,* Martin C. Cherrier, Peter J. Webb, Carleton R. Sage, Huong T. Dang, Cameron C. Pride,
Ruoping Chen, Susan Y. Tamura, Jeremy G. Richman, Daniel T. Connolly and Graeme Semple


A series of novel functionalized 3-nitro-4-amino benzoic acids and 6-amino nicotinic acids and their agonist activity at


GPR109b are reported.
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Next-generation spirobenzazepines: Identification of RWJ-676070 as a balanced vasopressin
V1a/V2 receptor antagonist for human clinical studies


pp 6623–6628


Min Amy Xiang, Philip J. Rybczynski, Mona Patel, Robert H. Chen,
David F. McComsey, Han-Cheng Zhang, Joseph W. Gunnet,
Richard Look, Yuanping Wang, Lisa K. Minor,
H. Marlon Zhong, Frank J. Villani, Keith T. Demarest,
Bruce P. Damiano and Bruce E. Maryanoff*
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Preparation, characterization and in vivo conversion of new water-soluble
sulfenamide prodrugs of carbamazepine


pp 6629–6632


Jeffrey N. Hemenway, Kwame Nti-Addae, Victor R. Guarino and Valentino J. Stella*
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The objective of this report is to introduce the novel application of sulfenamides as water-soluble prodrugs of the urea compound,


carbamazaepine.


New �chemical probes� to examine the role of the hFPRL1 (or ALXR) receptor in inflammation pp 6633–6637


Mike Frohn,* Han Xu, Xiaoming Zou, Catherine Chang, Michele McElvaine, Matthew H. Plant,
Min Wong, Philip Tagari, Randall Hungate and Roland W. Bürli
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We report the development of the novel N-substituted benzimidazole 11 as a potent and selective human formyl peptide receptor-


like 1 (hFPRL1) agonist. This compound and its less active enantiomer 12 were identified as useful tools for studying receptor


function in vitro.


Discovery of novel isoxazolines as anti-tuberculosis agents pp 6638–6642
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12 MIC90 = 1.56 µg/mL


Discovery of isoxazoline compound 12 as novel anti-tuberculosis agent (MIC90 = 1.56 lg/mL) is reported.
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Synthesis of novel phytosphingosine derivatives and their preliminary biological
evaluation for enhancing radiation therapy
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Compound 3d showed the highest 
enhancement of radiosensitizing effect.


Synthesis and cytotoxic activity of various 5-[alkoxy-(4-nitro-phenyl)-methyl]-uracils
in their racemic form
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OHN


N
H


O


O


NO2


R


7


a) R = CH3
b) R = CH2CH3
c) R = (CH2)2CH3
d) R = (CH2)3CH3
e) R = (CH2)4CH3
f) R = (CH2)5CH3
g)  R = (CH2)6CH3


h) R = (CH2)7CH3
i) R = (CH2)8CH3
j)  R = (CH2)9CH3
k)  R = (CH2)10CH3
l) R = (CH2)11CH3
m) R = i-Pr
n) R = s-But
o) R = t-But


N-Benzyl-3-sulfonamidopyrrolidines as novel inhibitors of cell division in E. coli pp 6651–6655


Shubhasish Mukherjee, Carolyn A. Robinson, Andrew G. Howe, Tali Mazor, Peter A. Wood,
Sameer Urgaonkar, Alan M. Hebert, Debabrata RayChaudhuri* and Jared T. Shaw*


The discovery and preliminary development of a new class of compounds that target bacterial cell division is reported.
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Anticancer and anti-inflammatory activities of 1,8-naphthyridine-3-carboxamide derivatives pp 6660–6664
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Compounds 12 exhibited high cytotoxicity on HBL-100 (breast) cell line while compounds 17 and 22 have shown high cytotoxicity


on KB (oral) and SW-620 (colon) cell lines, respectively.
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Abstract—A new series of non-peptidic, mono-acid protein tyrosine phosphatase 1B (PTP1B) inhibitors has been identified by struc-
ture-based design. Compounds with 2-(indol-3-yl)- and 2-phenyl-3,3,3-trifluoro-2-hydroxypropionic acid core units targeted at the
enzyme’s primary site and a hydrophobic chlorophenylthiazole extension in its 2� site exhibit 3–60 lM IC50s for PTP1B inhibition in
an Sf9 cell-based assay.
� 2007 Elsevier Ltd. All rights reserved.

The binding of insulin to the insulin receptor (IR), a
member of the receptor tyrosine kinase family, enables
ATP binding and autophosphorylation of tyrosine resi-
dues in its intracellular domain. This autophosphoryla-
tion promotes the receptor’s kinase activity and
facilitates interaction with its intracellular substrates.1


Protein tyrosine phosphatase 1B (PTP1B) has been
shown to dephosphorylate the insulin receptor and
downregulate insulin signaling.2–5 Consequently inhibi-
tors for PTP1B are of therapeutic interest because of
their potential for suppressing dephosphorylation of
the IR, thereby maintaining the receptor in an activated
state and potentiating insulin signaling. Such com-
pounds may have therapeutic utility for treating type 2
diabetes, which is characterized by insulin resistance.6


Several series of PTP1B inhibitors have been disclosed.
The majority of these act competitively and contain

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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one or other of a variety of phosphotyrosyl (pTyr)
mimetic subunits: mainly phosphonic and carboxylic
acids, including a-keto, malonic, cinnamic, salicylic,
and oxalylaminobenzoic acids.6 Here, we present the
design and synthesis of a new inhibitor class possessing
a 2-aryl-3,3,3-trifluoro-2-hydroxypropionic acid core
unit targeted at the PTP1B active site.


One of the challenges in developing PTP1B inhibitors is
that minimal pTyr mimetics exhibit only modest affinity
for the enzyme compared to its phosphorylated protein
substrates. Indeed the enzyme makes extensive contact
with its substrate proteins over the surface beyond the
immediate enclosed pTyr-binding catalytic pocket. This
is clearly seen in the PTP1B X-ray co-crystal structure
with a peptide fragment, RDI(pY)ETD(pY)(pY)RK,
taken from the IR (Fig. 1).7 The enzyme’s catalytic site
is formed by a ‘P-loop’ motif, 213VHCSAGIGRSG223,
which is conserved across all PTPs as a characteristic
(I/V)HCXAGXXR(S/T)G signature sequence.8 During
dephosphorylation the substrate pTyr residue is engaged
by the PTP1B P-loop through a salt bridge to R221 and
by additional hydrogen bonds to donors in the main
chain. This engagement induces the closure of a flexible
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Figure 1. PTP1B inhibitors and ligand binding modes. The PTP1B co-crystal structure (PDB: 1Q1M) with Abbott inhibitor 1 (red stick) is shown.


The IR fragment RDI(pY)ETD(pY)(pY)RK (thin stick) is superimposed from its co-crystal structure with PTP1B (PDB: 1G1F) and hydrogen bonds


D48 in the alternative conformation marked (yellow stick). Indole 4 (black stick) is shown docked in the 1� site.
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loop—the ‘WPD loop’—over the top of the pTyr resi-
due, gripping its benzene ring in a clamp between hydro-
phobic residues (F182 and Y46). From the primary pTyr
binding site (Fig. 1, 1� site) the peptide ligand branches
in two directions. On the C-terminal side a second pTyr
side chain is engaged by R24 and R254 in a depression
in the PTP1B surface that forms a secondary binding
site (2� site). On the N-terminal side the ligand runs over
Y46 and engages PTP1B with a salt bridge to R47 (3�
site). The main chain of the peptide ligand is addition-
ally engaged in hydrogen bonds from the D48 side chain
(Fig. 1, yellow stick) where the ligand passes the mouth
of the 1� site.


Zhang and coworkers first proposed exploitation of the
2� site as a paradigm for achieving enhanced ligand
binding affinity with bisphosphonate structures that
bridge to the 1� site.9 Compounds that span these two
sites have since been developed by other groups, notably
by Abbott10 (e.g., 1) and by Merck Frosst 11 (e.g., 2 and
3), where ligand binding modes are supported by X-ray
co-crystal structures. Exploitation of the 2� site also use-
fully confers selectivity for inhibition of PTP1B over
other PTPs, as this site and the channel communicating
to the 1� site appear only to be conserved in one other
phosphatase (TCPTP).12


The potential pharmacokinetic problems associated
with peptidic, phosphonate, and multiply ionized com-
pounds led us to consider development of a new PTP1B
inhibitor series, preferably with a single acid functional-
ity. Inspection of X-ray co-crystal structures suggested
that the 3D space in the 1� site may be sub-optimally
used by many pTyr mimetics. In particular we were
struck by the potential of a CF3 group in an (S)-con-
figured 2-aryl-3,3,3-trifluoro-2-hydroxypropionate to
occupy a frequently under-exploited cavity beneath
F182. The hydroxy and acid functions in such a mole-
cule could maintain interactions with the enzyme’s
P-loop. As a starting point we selected 3-indolyl as the
aryl group of the core structure (4, Fig. 1, black stick)

because computational docking studies suggested that
its benzo ring should superimpose onto the fluoroben-
zene ring of Abbott’s phenylisoxazole 1 (Fig. 1, red
stick), thus allowing us to predict that extensions from
the indole 5-position could be directed into the 2� site.
Compound 1, as the first published example of a PTP1B
inhibitor with activity in a cell-based assay,10a was a log-
ical template choice for developing an extension into the
2� site in a new cell-permeable inhibitor series.


We commenced by preparing a range of simple substi-
tuted indoles (8–11), as summarized in Scheme 1. Com-
pounds were prepared in racemic form and, as cell-based
activity was a key objective, directly assessed in a
PTP1B-specific assay in Sf9 cells.13 Activity data are
summarized in Table 1. No inhibition was observed with
concentrations up to 400 lM for indole 8. This result is
understandable given the flexibility of the enzyme and
the small enclosed volume of the 1� site in its WPD
loop-closed state. Activity was observed, however, with
the introduction of a benzyloxy side chain at the indole
6- and 7-positions, as in 10 and 11 (IC50 382 and
176 lM, respectively). Clearly the activity observed for
these compounds may be sensitive to differences in cell
permeability, but this result was consistent with the
potential for extended surface contact over the edge of
Y46 and/or F182 in these compounds. The 5-benzyloxy
substituted isomer (9), with the side chain targeted at the
gateway leading to the 2� site, did not exhibit observable
activity at 400 lM. Our binding model for core indole 4
suggested that an extended side chain at the 5-position
should allow more effective exploitation of the enzyme’s
2� site however. We therefore prepared indole 12 with a
salicylate-containing side chain similar to that in the
Abbott compound (1). The activity of this racemic com-
pound (IC50 123 lM) was comparable to that of 1 (IC50


110 lM) in our Sf9 cell assay. For reference purposes the
activity of phosphonic acid 2 was also determined (IC50


1.2 lM) and found to be very similar to the value previ-
ously reported by Merck Frosst using the same assay.11a


We next investigated whether the side chain in indole 12







Scheme 1. Reagents and conditions: (a) MOMCl, NaH, DMF, rt (74%-quant.); (b) BnBr, NaH, DMF, rt (71%); (c) SEMCl, NaH, DMF, rt (98%);


(d) F3CC(O)CO2Et, PhMe, D (59%-quant.) (e) KOH (aq), EtOH, D or 1 M TBAF, THF, 40 �C (48–69%); (f) H2, Pd-C, EtOH, rt (quant.);


(g) ICH2CO2Et, K2CO3, DMF, rt (82%); (h) LiAlH4, THF, 0 �C (78%); (i) methyl 2,6-dihydroxybenzoate, diisopropyl azodicarboxylate, PPh3, THF,


rt (70%); (j) H2, Pd-C, EtOH/EtOAc, rt (67%-quant.); (k) 13 (Ref. 16), diisopropyl azodicarboxylate, PPh3, THF, rt (25–39%).


Table 1. PTP1B inhibitory activity for compounds determined in the


Sf9 cell-based assay13


Compound IC50/lM


1 110


2 1.2


8 NIa


9 NIa


10 382


11 176


12 123


14 59


15 32


16 27


17 37


18 105


19 3.2


20 12


21 23


22 36


23 10


24 12


25 500


a No inhibition was observed for compounds 8 and 9 with concen-


trations up to 400 lM.
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could be altered to make more effective use of hydro-
phobic contact over the surface of M258 (Fig. 1, green
surface). The extended aromatic quinoline nucleus ful-
fills this role in the case of compound 3 for example.
We wished to redesign the side chain without introduc-
tion of an additional acid functionality, however, and
chose to test the chlorophenylthiazole unit in com-
pounds 14–16. Our modeling studies suggested that the

thiazole nitrogen and methyl group should replace the
salicylate ester of 12, with the chlorophenyl group
extending more fully over the surface of M258. Pleas-
ingly the activity for these compounds was found to lie
in the 27–59 lM range in our cell-based assay.


A need to avoid acidic N-deprotection conditions for the
rather sensitive indole core motivated the replacement of
the N(1)-MOM group in indoles 8–11 by SEM in 12 and
15. In practice, cleavage of the SEM group was also
found to require harsh conditions (1 M TBAF/THF at
reflux) to which the indole was rather unstable. A desire
to find a more robust core structure as well as to simplify
the target series led us to prepare the phenyl analogue
(17) of indoles 14–16, Scheme 2. The activity of 17
(IC50 37 lM) was found to be comparable to the indoles.
Our earlier finding that the 6- and 7-benzyloxy groups in
compounds 10 and 11 promoted activity of the parent
indole (8) suggested that an additional benzyloxy group
attached to the core of 17 might enhance activity. We
envisaged that such a group would extend the surface
contact between the compound and the protein through
interaction with Y46 or F182. For synthetic convenience
we chose to introduce the additional substituent at the
position ortho to the long side chain targeted at the 2�
site. We therefore prepared the trisubstituted phenyl ser-
ies 18–25 for comparison, Scheme 2. Phenol 18 (IC50


105 lM) was rather less active than parent 17. However,
the introduction of a hydrophobic group (compounds
19–24) maintained or improved the activity of the par-
ent. The benzyloxy substituted analogue (19) was most
active in this series (IC50 3.2 lM) and found to possess
comparable activity (IC50 3.0 lM) in a cell-free PTP1B







Figure 2. Docked model of (S)-19 (black stick/mesh surface) in the


PTP1B catalytic site; PTP1B solvent accessible surface is shown (solid;


color coding as Fig. 1).


Scheme 2. Reagents and conditions: (a) n-BuLi THF, �78 �C then F3CC(O)CO2Et (50%); (b) 10% CF3CO2H/CH2Cl2 (quant.); (c) 13 (Ref. 16),


diisopropyl azodicarboxylate, PBu3, THF, rt (25%); (d) KOH, EtOH aq, 60 �C (34%-quant.); (e) Ac2O, Et3N, CH2Cl2 (quant.); (f) H2, Pd-C, EtOAc,


rt (quant.); (g) 13 (Ref. 16), diisopropyl azodicarboxylate, PPh3, THF, rt (79%); (h) KOH, EtOH, PhMe, 0 �C (quant.); (i) F3CC(O)CO2Et, Et3N,


PhMe, rt (30%); (j) RBr, K2CO3, DMF, rt [yields for nn-ester precursors: 19 (64%), 20 (75%), 21 (quant.), 22 (84%), 23 (40%), 24 (88%), 25 (89%)].
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assay with para-nitrophenyl phosphate at pH 7.0.14


Computational docking15 of compound 19 (Fig. 2) sup-
ported the proposed binding model in which the chlor-
ophenylthiazole unit occupies the enzyme’s 2� site and
the benzyloxy group folds over Tyr46. Interestingly,
the introduction of a polar oxyacetic acid side chain
(25) was substantially detrimental to activity. This is
consistent with the requirement for a hydrophobic
extension from the core structure envisaged in our bind-
ing model, but it is also possible that the additional acid
functionality compromises cell permeability.


In summary, conformational mobility, a small enclosed
catalytic pocket, and extensive substrate contacts out-
with the active site present challenges for the design of
PTP1B inhibitors. Here, we have used a structure-based
approach to design novel 2-aryl-3,3,3-trifluoro-2-
hydroxypropionic acid ligands for the PTP1B 1� site.
These compounds exhibit PTP1B inhibitory activity in
a cell-based assay and provide a starting point for a
new series of non-peptidic, mono-acid PTP1B inhibitors.

References and notes


1. For reviews of insulin signaling, see: (a) Ferreira, I. A.;
Akkerman, J. W. N. Vitam. Horm. 2005, 70, 25; (b) Gual,
P.; Le Marchand-Brustel, Y.; Tanti, J. F. Biochimie 2005,
87, 99; (c) Kido, Y.; Nakae, J.; Accili, D. J. Clin.
Endocrinol. Metab. 2001, 86, 972.


2. Goldstein, B. J.; Li, P.-M.; Ding, W.; Ahmad, F.; Zhang,
W.-R. Vitam. Horm. 1998, 54, 67.


3. Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.;
Collins, S.; Loy, A. L.; Normandin, D.; Cheng, A.;
Himms-Hagen, J.; Chan, C.-C.; Ramachandran, C.;
Gresser, M. J.; Tremblay, M. L.; Kennedy, B. P. Science
1999, 283, 1544.


4. Klaman, L. D.; Boss, O.; Peroni, O. D.; Kim, J. K.;
Martino, J. L.; Zabolotny, J. M.; Moghal, N.; Lubkin, M.;
Kim, Y.-B.; Sharpe, A. H.; Stricker-Krongrad, A.; Shul-
man, G. I.; Neel, B. G.; Kahn, B. B. Mol. Cell. Biol. 2000,
20, 5479.


5. Iversen, L. F.; Andersen, H. S.; Branner, S.; Mortensen, S.
B.; Peters, G. H.; Norris, K.; Olsen, O. H.; Jeppesen, C.
B.; Lundt, B. F.; Ripka, W.; Møller, K. B.; Møller, N. P.
H. J. Biol. Chem. 2000, 275, 10300.


6. For reviews of PTP1B inhibitors, see: (a) Zhang, S.; Zhang,
Z.-Y. Drug Discovery Today 2007, 12, 373;
(b) Lee, S.; Wang, Q. Med. Res. Rev. 2007, 27, 553;
(c) Bialy, L.; Waldmann, H. Angew. Chem. Int. Ed. 2005,
44, 3814; (d) Liu, G. Drugs Future 2004, 29, 1245;
(e) Taylor, S. D.; Hill, B. Exp. Opin. Invest. Drug. 2004,
13, 199; (f) Taylor, S. D. Curr. Top. Med. Chem. 2003, 3,
759; (g) Zhang, Z.-Y.; Lee, S. Y. Exp. Opin. Invest. Drug.
2003, 12, 223; (h) Zhang, Z.-Y. Annu. Rev. Pharmacol.
Toxicol. 2002, 42, 209.


7. Salmeen, A.; Andersen, J. N.; Myers, M. D.; Tonks, N.
K.; Barford, D. Mol. Cell 2000, 6, 1401.


8. Pannifer, A. D. B.; Flint, A. J.; Tonks, N. K.; Barford, D.
J. Biol. Chem. 1998, 273, 10454.


9. Puius, Y. A.; Zhao, Y.; Sullivan, M.; Lawrence, D. S.;
Almo, S. C.; Zhang, Z.-Y. Proc. Natl. Acad. Sci. U.S.A.
1997, 94, 13420.


10. (a) Liu, G.; Xin, Z. L.; Pei, Z. G.; Hajduk, P. J.; Abad-
Zapatero, C.; Hutchins, C. W.; Zhao, H. Y.; Lubben, T.
H.; Ballaron, S. J.; Haasch, D. L.; Kaszubska, W.;
Rondinone, C. M.; Trevillyan, J. M.; Jirousek, M. R.
J. Med. Chem. 2003, 46, 4232; (b) Zhao, H. Y.; Liu, G.;
Xin, Z. L.; Serby, M. D.; Pei, Z. H.; Szczepankiewicz, B.
G.; Hajduk, P. J.; Abad-Zapatero, C.; Hutchins, C. W.;
Lubben, T. H.; Ballaron, S. J.; Haasch, D. L.; Kaszubska,







D. R. Adams et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6579–6583 6583

W.; Rondinone, C. M.; Trevillyan, J. M.; Jirousek, M. R.
Bioorg. Med. Chem. Lett. 2004, 14, 5543; (c) Xin, Z. L.;
Liu, G.; Abad-Zapatero, C.; Pei, Z. H.; Hajduk, P. J.;
Ballaron, S. J.; Stashko, M. A.; Lubben, T. H.; Trevillyan,
J. M.; Jirousek, M. R. Bioorg. Med. Chem. Lett. 2003, 13,
3947.


11. (a) Dufresne, C.; Roy, P.; Wang, Z.; Asante-Appiah, E.;
Cromlish, W.; Boie, Y.; Forghani, F.; Desmarais, S.;
Wang, Q.; Skorey, K.; Xu, L.; Gordon, R.; Chan, C. C.;
Waddleton, D.; Ramachandran, C.; Kennedy, B. P.;
Leblanc, Y. Bioorg. Med. Chem. Lett. 2004, 14, 1039; (b)
Lau, C. K.; Bayly, C. I.; Gauthier, J. Y.; Li, C. S.; Therien,
M.; Asante-Appiah, E.; Cromlish, W.; Boie, Y.; Forghani,
F.; Desmarais, S.; Wang, Q.; Skorey, K.; Waddleton, D.;

Payette, P.; Ramachandran, C.; Kennedy, B. P.; Scapin,
G. Bioorg. Med. Chem. Lett. 2004, 14, 1043.


12. (a) Romsicki, Y.; Kennedy, B. P.; Asante-Appiah, E.
Arch. Biochem. Biophys. 2003, 414, 40; (b) Iversen, L. F.;
Moller, K. B.; Pedersen, A. K.; Peters, G. H.; Petersen, A.
S.; Andersen, H. S.; Branner, S.; Mortensen, S. B.; Moller,
N. P. J. Biol. Chem. 2002, 277, 19982.


13. Cromlish, W. A.; Payette, P.; Kennedy, B. P. Biochem.
Pharmacol. 1999, 58, 1539.


14. Bergmeyer, H. U. Methods Enzymatic Anal. 1974, 1, 496.
15. Computational docking was performed within the Insight-


II modeling and simulations suite from Accelrys.
16. Binggeli, A.; Grether, U.; Hilpert, H.; Hirth, G.; Maerki,


H.-P.; Meyer, M.; Mohr, P. WO2004020420, 2004.





		2-Aryl-3,3,3-trifluoro-2-hydroxypropionic acids: A new class of protein tyrosine phosphatase 1B inhibitors

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 17 (2007) 6647–6650

Synthesis and cytotoxic activity of various
5-[alkoxy-(4-nitro-phenyl)-methyl]-uracils in their racemic form
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bLaboratory of Experimental Medicine, Departments of Pediatrics and Oncology, Faculty of Medicine,
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Abstract—The preparation of various 5-[alkoxy-(4-nitro-phenyl)-methyl]-uracils with alkyl chain lengths C1–C12 is described. The
synthesis is based on the preparation of 5-[chloro-(4-nitro-phenyl)-methyl]-uracil and subsequent substitution of chlorine with
appropriate alcohols. The resulting ethers were tested for their cytotoxic activity in vitro against five cancer cell lines. The com-
pounds were less active in lung resistance protein expressing cell lines, suggesting the involvement of this multidrug resistant protein
in control of the biological activity. Cytotoxic substances induced rapid inhibition of DNA and modulation of RNA synthesis
followed by induction of apoptosis. The data indicate that the biological activity of 5-[alkoxy-(4-nitro-phenyl)-methyl]-uracils
depends on the alkyl chain length.
� 2007 Elsevier Ltd. All rights reserved.

Compounds derived from 5-alkyluracil are well known
for their biological activity. Some of them, for exam-
ple, have been described as suitable agents for treating
various diseases caused by excessive cell proliferation,
such as in the treatment of various cancers1 or treat-
ment of proliferative diseases mediated by second mes-
sengers.2 The most potent 5-alkyluracils inhibited the
proliferation of leukemia, lymphoma, and solid tu-
mor-derived cell lines at micromolar concentrations.3


Our research is focused on derivatives of 5-alkoxyura-
cils with anticancer activity. In this paper we describe
the synthesis and cytotoxic activity of 5-[alkoxy-(4-ni-
tro-phenyl)-methyl]-uracils having various alkyl chain
lengths.


The reaction of uracil with benzaldehyde is reported to
afford the appropriate derivative 2.4 If 4-nitrobenzalde-
hyde is used instead, 5-[hydroxy-(4-nitro-phenyl)-
methyl]-uracil 6 results as is described in the same pub-
lication (Scheme 1).
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In our hands the reaction does not lead to compound 6,
but rather to a mixture of 5-[chloro-(4-nitro-phenyl)-
methyl]-uracil 3 and 5,5 0-(4-nitrophenyl)-methyl-bis-
1H-pyrimidine-2,4-dione 4 instead. We successfully tried
to find reaction conditions for selective preparation of
each derivative (Scheme 2).


Derivative 4 has been prepared recently by nitration of
5,5 0-phenylmethylene-bis-uracil and patented in the
class of anti-ictogenic or anti-epileptogenic agents.5

Scheme 1. Reaction of uracil with benzaldehyde and p-nitrobenzalde-


hyde according to Ref. 4.
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Scheme 2. Reaction of uracil with p-nitrobenzaldehyde.


Figure 1. Cytotoxic activity of compounds 7a–7j and control agent


(carboplatin) as a function of chain length in LRP negative CEM and


K562-Tax leukemia cell lines.


Figure 2. Cytotoxic activity of compounds 7a–7j and control agent


(carboplatin) related to chain length in LRP positive A549, CEM-


DNRB, and K562 cell lines.
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The chlorine atom of derivative 3 is very reactive. When
treated with sodium azide the appropriate azide 5
results, with DMF/water the alcohol 6 is obtained and
with alcohols the desired ethers 7 are formed (Scheme 3).


The prepared compounds 4–7 were tested for their cyto-
toxic activity against five tumor cell lines under in vitro
conditions. Compounds 4, 5 were found to be quite
inactive with IC50 above 100 lM. However, the activity
of first prepared ethers differed. For this reason, we
decided to prepare a series of alkoxyderivatives 7 with
various alkyl chain lengths. Compounds with longer al-
kyl chains (heptyl 7g to dodecyl 7l) exhibited relatively
higher cytotoxic activity in CEM and K562-Tax leuke-
mia cells. In these lines, the only exception in the activity
trend is derivative 7f (Fig. 1).


In cell lines A549, CEM-DNR-B, and K-562, the cyto-
toxic activity also increases with increasing chain length
(7-9 carbons) and then decreases. Again, derivative 7f
exhibits exceptions in the activity trend (Fig. 2).


Branching of alkyls reduces the activity, because
compounds 7m, n, and o are quite inactive.

Scheme 3. Preparation of 5-[(alkoxy-(4-nitrophenyl)-methyl]-uracil 7


and other derivatives.

For better understanding of the biological uniqueness of
compound 7f we have studied its activity in more detailed
analysis of the cell cycle, apoptosis, DNA and RNA syn-
thesis using CEM T-lymphoblastic leukemia cells.6,7 The
potency of compound 7f was compared to those of the
two most potent substances 7g and 7h, whose alkyl chain
lengths differ only by one or two carbon lengths, respec-
tively. Analyses were performed at equiactive concentra-
tions corresponding to 1· IC50 and 5· IC50.


Interestingly, the cytotoxic activity of the alkoxyderiva-
tives 7f–h was accompanied by rapid inhibition of DNA
synthesis at concentration 5· IC50 (Fig. 3).


However, at concentration 1· IC50 inhibition of DNA
synthesis is significant only for derivative 7f. Moreover,
there was an apparent increase of RNA synthesis in
compounds 7g and 7h but inhibition in 7f at 1· IC50,
while in 5· IC50 the total RNA synthesis was inhibited
in cells treated with any of the compounds. Based on
these data we hypothesize that the transient increase of







Figure 3. Summary of RNA/DNA analysis for CEM cancer cell line


treated with compounds 7f–h. Data are expressed as a percentage of


positive cells in the total cellular population. 6,7


Figure 4. Summary of conventional cell cycle and apoptosis analysis


for CEM cancer cell line treated with compounds 7f–h. Data are


expressed as a percentage of cells with corresponding DNA content in


the total cellular population. 6,7


L. Spáčilová et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6647–6650 6649

RNA synthesis at 1· IC50 in cells treated with 7g and 7h
is due to compensatory mechanisms, for example, trea-
ted cells are compensating insufficiency of macromole-
cules via increased RNA biosynthesis.


All three compounds 7f–h induced apoptosis at 5· IC50


concentrations, but did not cause any significant cell cy-
cle alterations in treated CEM cells (Fig. 4). Interest-
ingly, at concentration 1· IC50 only 7f caused
significant apoptosis within 24 h. This finding rather
contrasts with the lower cytotoxic potency of compound
7f in 3-day cytotoxic MTT assay compared to structures
7g, 7h and suggests that chemical or metabolic stability
of 7f could explain the incoherent biological behavior of
the compound.


Cell lines A549, CEM-DNR-B, and K-562 were gener-
ally more resistant to this class of compounds. Indeed,
cell lines A549, CEM-DNR-B, and K-562, express con-
sistently significant concentrations of lung resistance
protein (LRP) but not other multidrug resistance associ-
ated proteins compared to CEM and K562-Tax cells.8


Thus, we hypothesize that the cytotoxic activity of 5-

[alkoxy-(4-nitro-phenyl)-methyl]-uracils is controlled
by the multidrug resistance associated protein LRP.
Interestingly, the cytotoxic activity of substances 7g
and 7h in contrast to derivative 7f is active in LRP neg-
ative, but p-glycoprotein (PgP) positive K562-Tax cells.
This means that they were not influenced by expression
of multidrug resistance associated protein PgP, suggest-
ing activity of compounds in PgP overexpressing
tumors.8 However, the cytotoxic potency of all com-
pounds was reduced in CEM-DNR-bulk cells, which
are, in addition to LRP positivity, characterized by
overexpression of the multidrug resistance protein 1
(MRP) and decreased expression of topoisomerase IIa
gene.8 These data suggest that compounds 7f–h are
transported via LRP and may, directly or indirectly, tar-
get topoisomerase IIa. The involvement of MRP1
dependent transportation is not clear, since derivatives
were relatively potent in another MRP1 positive cell line
A549.8


In conclusion, the synthesized derivatives of 5-[(azido-
(4-nitrophenyl)-methyl]-uracil (5), 5-[hydroxy-(4-nitro-
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phenyl)-methyl]-1H-pyrimidine-2,4-dione (6), 5,5 0-(4-
nitrophenyl)-methyl-bis-1H-pyrimidine-2,4-dione (4) as
well as the 5-[(alkoxy-(4-nitrophenyl)-methyl]-uracil (7)
substituted with low alkyl chain did not exhibit any sig-
nificant cytotoxic activity against cancer lines. Activity
increases with chain lengths continuously in lines
CEM and K562-Tax. In ethers 7 with longer chains
(from nonyl to undecyl), the activity decreases in LRP
positive cell lines A549, K562, and CEM-DNR-B. Com-
pounds 7f–h, which were studied in the DNA/RNA syn-
thesis inhibition test, exhibited similar activity in
concentration 5· IC50, where the synthesis of both nu-
cleic acids was inhibited. Inhibition of de novo DNA
and RNA synthesis is the most probable reason for ra-
pid induction of apoptosis in treated cells.


At the concentration 1· IC50, only compound 7f effec-
tively inhibited both synthesis of DNA and RNA and
induced apoptosis. However, the structure was rela-
tively inactive in a 3-day cytotoxic assay. The excep-
tional behavior of the hexylderivative 7f may be
caused by chemical or metabolic stability or differen-
tial affinity to the multidrug resistance associated pro-
teins. Compounds 7g, 7h left the DNA synthesis
uninfluenced, but caused an increase in RNA synthe-
sis. This may be caused by promotion of compensa-
tory mechanisms. Therefore, the apoptosis at this
concentration was not apparent within the first 24 h
of treatment.


The bulky alcohols used to form ethers 7m–o did not en-
hance the activity to any noticeable extent.


The activity of individual enantiomers and nucleosides
derived from derivatives 7 is now under intensive exam-
ination and will be published separately.
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Abstract—A series of prostacyclin receptor agonists was prepared by modifying the central heteroaromatic ring of lead compound 2,
and a docking study was performed to investigate their structure–activity relationships by using a homology-modeled structure of
the prostacyclin receptor. Compound 2 and its derivatives could be docked to the prostacyclin receptor in two ways depending on
the position of the nitrogen atom within the heteroaromatic ring. Furthermore, hydrogen bonding between the nitrogen atom in the
heteroaromatic ring and the hydroxyl group of Ser20 or Tyr75 of the receptor appears to be important for the potent expression of
biological activity.
� 2007 Published by Elsevier Ltd.
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N


Prostacyclin (PGI2) (1; Fig. 1) is an endogenous media-
tor that contributes to the maintenance of homeostasis
in the circulatory system, where it plays an important
role in the regulation of blood flow as an inhibitor of
platelet aggregation and as a vasodilator.1,2 However,
therapeutic application of PGI2 has been limited by its
inherent chemical lability and complicated administra-
tion schedule.3 Prostacyclin receptor (IP receptor) ago-
nists with extended duration of action are expected to
be desirable therapeutic agents in the treatment of vari-
ous circulatory diseases, such as pulmonary arterial
hypertension and arteriosclerosis obliterans. Much ef-
fort has therefore been expended in the search for chem-
ically stable and orally available IP receptor agonists,
including PGI2 analogues4–6 and nonprostanoid PGI2


mimetics.7–10


In a recent previous study,11 we described structure–
activity relationships (SAR) associated with diphenyl-
pyrazine derivatives as a novel class of IP receptor ago-
nists. The SAR investigation demonstrated that the
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length of the linker and the presence of the concatenat-
ing nitrogen atom adjacent to the pyrazine ring are crit-
ical for antiaggregatory activity. That investigation led
to the identification of several potent nonprostanoid-
type IP receptor agonists with superior biological activ-
ity. The representative compound 2 (Fig. 1) inhibits
ADP-induced platelet aggregation in human platelet-
rich plasma with an IC50 of 0.2 lM. Having optimized
the structural features of the carboxylic acid side chain,
we turned our attention to the pyrazine moiety of 2. In
the present study, we describe the chemical modification
of the pyrazine ring of 2 and a molecular modeling study
to investigate the importance of this region for the
expression of potent agonist activity.

OH
HO


 1: Prostacyclin (PGI2) 2


N N
O


Me


CO2H


Figure 1. Chemical structures of prostacyclin (PGI2; 1) and 2.
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Scheme 1. Reagents and conditions for synthesis of 5a–d: (a) 4-(methylamino)-1-butanol (10 equiv for 3a,b, and c, 1.5 equiv for 3d), 3a, neat, 100 �C;


3b, neat, 190 �C; 3c, neat, 170 �C; 3d, K2CO3, DMF, rt; (b) BrCH2CO2t-Bu, n-Bu4NHSO4, aq KOH, benzene, 0 �C to rt; (c) 1 N NaOH, MeOH,


reflux.
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The strategy for the synthesis of diphenylated heterocy-
cles 5a–d, which is similar to that described for the cor-
responding pyrazine derivatives,11 is summarized in
Scheme 1. Coupling of 3a–d with 4-(methylamino)-1-
butanol afforded the corresponding alcohols 4a–d.
O-Alkylation of the alcohols 4a–d with tert-butyl bro-
moacetate under phase-transfer conditions12 followed
by saponification afforded the desired compounds 5a–
d. The starting material 3a was synthesized by N-oxida-
tion of 2,3-diphenylpyridine 613 and subsequent reaction
of the resulting N-oxide 7 with phosphorus oxychloride
as shown in Scheme 2. Other starting materials 3b,14 c15,
and d16 were prepared according to literature
procedures.


The synthetic route to the diphenylpyridine 10 is shown
in Scheme 3. The requisite pyridine 9 was prepared by
catalytic hydrogenation of 817 followed by N-methyla-
tion of the resulting amine by reductive alkylation.18


N-Alkylation of 9 with tert-butyl (4-bromobutyl-
oxy)acetate11 in the presence of K2CO3 and NaI gave
the corresponding ester, which was converted to the tar-
get compound 10 by alkaline hydrolysis.


The pyrimidine 13 was synthesized as shown in Scheme
4. Cyclization of 1-methylguanidine and the enamine

NPh


Ph NO2


NPh


Ph NH


Me


a, b


8 9


Scheme 3. Reagents and conditions for synthesis of 10: (a) HCO2NH4, 10% P


Br(CH2)4OCH2CO2t-Bu, K2CO3, NaI, DMF, 90 �C; (d) 1 N NaOH, MeOH
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N
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Scheme 4. Reagents and conditions for synthesis of 13: (a) 1-methylguanidin


Br(CH2)4OCH2CO2t-Bu, 0 �C to rt; (c) 1 N NaOH, MeOH, reflux.
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Scheme 2. Reagents and conditions for synthesis of 3a: (a) mCPBA,


CHCl3, rt; (b) POCl3, 100 �C.

1119 gave the 2-(methylamino)pyrimidine 12, which
was N-alkylated with tert-butyl (4-bromobutyloxy)ace-
tate in the presence of sodium hydride as a base, fol-
lowed by saponification to give the target compound 13.


The test compounds prepared were evaluated for their
potency to inhibit ADP-induced platelet aggregation in
human platelet-rich plasma. The concentration of test
compound giving 50% inhibition of aggregation (IC50)
was determined from dose–response curves. In this as-
say, iloprost, beraprost sodium, and BMY42393 exhib-
ited IC50 values of 5 nM, 17 nM, and 1.5 lM,
respectively. The biological activity of the compounds
synthesized is summarized in Table 1.


Using compound 2 as a template, we investigated the ef-
fect on biological potency of replacing the diphenylpyr-
azine ring by various diphenylated 6-membered
heteroaromatic rings. Platelet inhibitory activity was
considerably affected by modification of the pyrazine
ring (Table 1). To gain an understanding of the struc-
tural elements required for potency, three pyridine ana-
logues 5a,b and 10 were prepared. Replacement of the
2-amino-5,6-diphenylpyrazine ring in 2 with a 2-ami-
no-5,6-diphenylpyridine ring gave 5a, which retained
the potency of 2. The regioisomeric pyridines 5b and
10 showed severalfold-reduced potency compared to 2
and 5a. This result indicates that the nitrogen atom at
the 1-position (numbering according to the structure
shown in Table 1) has some impact on biological activ-
ity. We next synthesized the pyrimidine 13, the pyrida-
zine 5c, and the triazine 5d, which have two or three
nitrogen atoms in the 6-membered heteroaromatic ring.
The pyrimidine 13 showed a fourfold loss of potency
compared with 2, much the same as 5b and 10. A similar
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Table 1. Effect of alteration of the pyrazine ring of 2 on inhibition of


ADP-induced human platelet aggregation


Het
N
Me


O CO2H


1
2


3


4


Compound Het Inhibition of human platelet


aggregation IC50 (lM)a


2


N


N
0.2


5ab


N
0.2


5b
N


1.1


5c N
N


8.6


5d


N


N
N


1.3


10a
N


0.8


13
N


N
0.8


a Inhibition of platelet aggregation induced by ADP (10 lM) in human


platelet rich-plasma.
b The biological activity of the sodium salt was evaluated.
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result was obtained for the triazine 5d. The pyridazine 5c
was substantially less potent than the other analogues, a
result that provides evidence for the importance of the
nitrogen atom at the 1-position.


To further elucidate their SAR, we performed docking
studies for the representative agonists shown in Table
1. Stitham et al.20 have constructed a 3D model of
the IP receptor with the Internet-based protein struc-
ture homology-modeling server Swiss Model (http://
swissmodel.expasy.org/) by using the X-ray crystallo-
graphic structure of the bovine rhodopsin receptor
(Protein Data Bank code 1HZX) as a template. They
have also proposed a docking model for prostacyclin
bound to the IP receptor. Our 3D model of the IP
receptor was prepared according to their method by
using MOE version 2003.01 (Chemical Computing
Group, Inc.). The sequences of the IP receptor
(Swiss-Prot accession number P43119) and the bovine
rhodopsin receptor were aligned as described by Sti-
tham et al.20 A set of 10 intermediate homology models
was generated with the Homology module, and each
intermediate was minimized to an energy gradient of
0.01 kcal mol�1 Å�1. The quality of the models gener-
ated was validated with the Protein Report module,
and the model with the lowest energy was selected
for further study.

Stitham et al.20 showed that mutation of Tyr75, Phe95,
Phe278, or Arg279 of the IP receptor to Ala significantly
reduces the binding affinity for iloprost, providing evi-
dence that these amino acids are important for binding.
Taking this result into account, we manually docked 5a,
which is as active as 2, into the binding site of the IP
receptor by rotating around the single bonds of 5a and
the side chains of the ligand-contacting amino acids in
the binding site. We then performed energy minimiza-
tion with the MMFF94x force field21 implemented in
MOE. Compound 5a and the amino acids within 7 Å
of 5a were energy-minimized until the root-mean-square
gradient of the potential energy was less than 0.1 kcal
mol�1 Å�1. An automatic docking study with GLIDE
version 3.0 (Schrödinger, Inc.) produced similar binding
models. The entire docked model, in which the IP recep-
tor is shown as seven transmembrane (TM) helices, is
shown in Figure 2a. Compound 5a interacts mainly with
helices TM1, TM2, TM3, and TM7. Figure 2b shows a
close-up view of the binding site of the complex. The
carboxyl group of 5a is located close to the guanidino
group of Arg279, so that it is well placed for electrostatic
interaction with this amino acid. The nitrogen atom at
the 1-position of the pyridine ring is well placed to form
a hydrogen bond with the hydroxyl group of Tyr75. The
hydroxyl group of Ser20 is likely to form a hydrogen
bond with the hydroxyl group of Tyr75, thereby stabiliz-
ing the interaction between the 1-position nitrogen atom
of 5a and the hydroxyl group of Tyr75. The amino acids
Met23, Leu67, Val71, Phe95, Met99, Phe102, Phe278,
Ala282, and Pro285 form a large hydrophobic pocket
which accommodates well the two phenyl groups of
5a, and van der Waals interactions between the hydro-
phobic side chains of the amino acids and the phenyl
groups of 5a are facilitated. Similar modes of interaction
were observed in the docking model for prostacyclin
bound to the IP receptor20: the carboxyl group of pros-
tacyclin interacts with the guanidino group of Arg279
and the hydroxyl group at C11 interacts with the hydro-
xyl group of Tyr75, while the hydrophobic methylene
chain is located close to the hydrophobic amino acids
mentioned above.


The pyridine derivatives 5b and 10 do not have nitrogen
atoms at the 1-position, yet they were fairly active. To
investigate the reason for this, we docked 5b into the
binding site of the IP receptor and found that it bound
well when it was flipped so that the nitrogen atom at
the 3-position could interact with the hydroxyl group
of Tyr75 (Fig. 2c). When compound 10 was similarly
docked (Fig. 2d), the nitrogen atom at the 4-position
could interact with the hydroxyl group of Ser20 instead
of that of Tyr75, and the hydroxyl group of Tyr75
apparently forms a hydrogen bond with the hydroxyl
group of Ser20. This flipping of 5b and 10 does not
greatly affect the mode of interaction of the substituents
at the 2-, 5-, and 6-positions with the IP receptor. In 5a,
the carboxyl group is located close to the guanidino
group of Arg279, and the two phenyl groups at the 5-
and 6-positions interact with the hydrophobic pocket
formed by Met23, Leu67, Val71, Phe95, Met99,
Phe102, Phe278, Ala282, and Pro285. The flexible meth-
ylene chain of the substituent at the 2-position can easily
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Figure 2. Docking models of the homology-modeled IP receptor in complex with 5a, 5b, or 10. Hydrophobic amino acids are shown in white, and


hydrogen-bonding interactions are shown as broken lines. The figure was prepared with PyMOL version 0.99 (DeLano Scientific).
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rings of test compounds calculated with a 6-31G(*) basis set.
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adapt its conformation so that the terminal carboxyl
group can interact with the guanidino group of
Arg279. Because the substituents at the 5- and 6-posi-
tions are the same, the flipping of 5b or 10 does not sig-
nificantly affect the interactions of these substituents
with the IP receptor.


Lead compound 2 can be docked into the IP receptor in
the same manner as 5a or 10 (Fig. 2b and d). Though it
is difficult to determine which nitrogen atom of the pyr-
azine ring interacts with the hydroxyl group of Tyr75 or
Ser20, it is reasonable to assume that a 5a-type interac-
tion (Fig. 2b) is more probable than a 10-type interac-
tion (Fig. 2d) because 5a is more potent than 10.


Similarly, 13 can be docked into the receptor in the same
manner as 5a or 5b (Fig. 2b and c). In 13, a 5a-type
interaction is more plausible than a 5b-type interaction,
because 5a is more potent than 5b.


The result for 5c is less clear, because this compound has
lower activity than 5b or 10. Electrostatic-potential
maps are widely used in drug design to evaluate elec-
tronic properties.22 We therefore calculated electro-
static-potential maps of the 6-membered
heteroaromatic rings by using a Hartree–Fock quantum
mechanical model with a 6-31G(*) basis set with Trident
software (Wavefunction, Inc.). To avoid excessively long

computation times, we replaced the phenyl groups and
the carboxylate side chain with simple methyl groups,
which are unlikely to greatly influence the electronic
environment of the heteroaromatic rings. In the electro-
static-potential maps (Fig. 3), the colors range from red
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(high electronegativity) through green to blue (high elec-
tropositivity). The electrostatic-potential map of 5c
clearly differs from those of 2, 5a, 5b, 10, and 13, in that
the adjacent location of the two nitrogen atoms greatly
increases the red area around the nitrogen atoms. In
the IP receptor, the hydroxyl groups of Ser20 and
Tyr75 are close together and form an electronegative
environment. The electronegativity of the two adjacent
nitrogen atoms in 5c may lead to unfavorable electronic
interactions between the nitrogen atoms and the electro-
negative hydroxyl groups of Ser20 and Tyr75, thereby
weakening the hydrogen-bonding interaction between
them. Even though 5d also has two adjacent nitrogen
atoms, it is more active than 5c. This is reasonable be-
cause 5d also has a nitrogen atom at the 1-position, so
that a 5a-type interaction is possible.


Our results can be summarized as follows. (1) The
important interactions with the IP are the same for pros-
tacyclin and the diphenylpyrazine derivatives: electro-
static interactions between the terminal carboxyl group
and the guanidino group of Arg279, hydrogen-bonding
interactions between a nitrogen atom of the heteroaro-
matic ring and the hydroxyl group of Ser20 or Tyr75,
and van der Waals interactions with the hydrophobic
side chains of Met23, Leu67, Val71, Phe95, Met99,
Phe102, Phe278, Ala282, and Pro285. (2) The flexibility
of the substituent at the 2-position and the presence of
the same group at the 5- and 6-positions allow two
modes of binding depending on the position of the nitro-
gen atom in the heteroaromatic ring. (3) A favorable
hydrogen-bonding interaction between a nitrogen atom
of the heteroaromatic ring and Ser20 or Tyr75 greatly
contributes to the agonistic activity.


In conclusion, we have described the synthesis and the
SAR associated with novel nonprostanoid IP receptor
agonists, with emphasis on the pyrazine ring of lead
compound 2. The results of a molecular-modeling study
provide a rationale for the observed SAR, and identify
the interactions important for agonistic activity. To
our knowledge, the present docking models are the first
ones constructed for nonprostanoid IP receptor ago-
nists. This type of study is expected to open new per-
spectives for the rational design of nonprostanoid-type
IP receptor agonists.
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Abstract—Various 4-phenylpiperidine-benzoxazin-3-ones were synthesized and biologically evaluated as urotensin-II (U-II) recep-
tor antagonists. Compound 12i was identified from in vitro evaluation as a low nanomolar antagonist against both rat and human
U-II receptors. This compound showed in vivo efficacy in reversing the ear-flush response induced by U-II in rats.
� 2007 Elsevier Ltd. All rights reserved.

Urotensin-II (U-II) is a cysteine-linked cyclic peptide
that activates the G-protein coupled receptor (GPCR)
known as the urotensin-II receptor (UT receptor;
GPR14), which is expressed in a variety of tissues,
including blood vessels, heart, liver, kidney, skeletal
muscle, and lung.1 U-II was originally isolated from
the urophysis of the goby fish, but it has subsequently
been found in all classes of vertebrates.1a,b The compo-
sition of the peptide ranges from 11 amino acids in
humans to 14 amino acids in mice, with a highly con-
served region of six residues, CFWKYC, in the ring, of
which WKY was shown to be essential for bioactivity.2


Although U-II exhibits potent vasoactive properties, its
role and the role of the UT receptor, in mammalian
physiology and pathophysiology, are not completely
understood.1c,3 Nonetheless, U-II and the UT receptor
have been implicated in a number disease states includ-
ing hypertension, congestive heart failure, and chronic
renal failure.4 Therefore, a U-II receptor antagonist
may afford potential therapeutic agents against these
diseases, and some antagonists have been reported.5


Our objective was to identify a compound with low
nanomolar potency against both rat and human UTs
to provide a research tool for evaluating the role of
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U-II and its receptor in disease models. Our peptide
structure–function study, combined with construction
of a U-II receptor homology model, yielded the ligand
Ac-CFWK(2-Nal)C–NH2 (1) as a potent U-II agonist.2b


Utilizing this ligand as a structural probe, a FLIPR-
based high-throughput screen (HTS)6 was undertaken
on a 40,000 member diversity library to generate a lead
antagonist. Thus, we identified a moderately potent
compound, 3a (Table 1, IC50 = 7.1 lM), which con-
tained a 4-(4-chlorophenyl)piperidine subunit, a dimeth-
ylcarboxamide group, a two-carbon linker, and a
benzoxazin-3-one heterocycle. Compound 3a and its
close derivatives (3b–e) were synthesized according to
the chemistry in Scheme 1. Coupling of carboxylic acid
27 with the corresponding primary or secondary amine
using HBTU gave the intermediate amides. The BOC-
protecting group was removed with HCl in dioxane,
followed by reductive amination with (3-oxo-2,3-
dihydrobenzo[1,4]oxazin-4-yl)acetaldehyde to give target
compounds 3a–e.


Compound 3a contains a chlorine atom in the 4-position
of the phenyl ring attached to the piperidine. Removing
this chlorine, as in 3b, resulted in a threefold loss in
potency at the rat UT receptor. Our reported ligand–
receptor model was used to optimize 3b.2b The WKY
ligand pharmacophore and tyrosine-binding pocket were
identified as prominent features of this computational
model. A qualitative comparison of the WKY pharmaco-
phore to 3a suggested that adding an aryl group at the
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Table 1. In vitro biological data for compounds 3
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Compound R R 0 R00 Rat U-II IC50 (lM)a


3a Cl Me Me 7.1


3b H Me Me 24


3c H H CH2Ph 43


3d H H CH2CH2Ph 12


3e H H CH2CH2CH2Ph 9.1


a Functional inhibition of the rat UT receptor transfected in CHOK1


cells (N = 2). See Ref. 6.
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Scheme 2. Reagents and conditions: (a) 1.1 mol equiv of NaH, 1.1 mol


equiv of allyl bromide, DMF, 4 �C—rt, 20 h, 82%; (b) 2.9 mol equiv of


K3Fe(CN)6, 0.05 mol equiv of K2OsO4ÆH2O, 2.9 mol equiv of K2CO3,
tBuOH/H2O (1:1), 4 �C—rt, 24 h, 96%; (c) 3.0 mol equiv of NaIO4,


MeOH/H2O (5:1), 2 h, 83%; (d) 7 mol% PdCl2 dppf, 3.0 mol equiv of


K2CO3, DMF, 90 �C, 5 h, 57–65%; (e) 0.1 mol equiv of PtO2, H2,


15 psig, EtOH/AcOH (1:1), 10 h, 90–95%; (f) 4 M HCl, 1,4-dioxane,


2 h, 93%; (g) 1.0 mol equiv of (3-oxo-2,3-dihydrobenzo[1,4]oxazin-4-


yl)acetaldehyde (6), 1.1 mol equiv of Me4NBH(OAc)3, (ClCH2)2,


1.1 mol equiv of Et3N, 4 h, 70–80%; (h) 3 N NaOH, MeOH, 4 h, 61–


66%; (i) 1.0 mol equiv of 9, 1.5 mol equiv of HBTU, cat. HOBt,


3.0 mol equiv of NMM, DMF, 0 �C, 3 h, 30–70%. Abbreviations: see


Scheme 1; dppf, 1,1 0-bis(diphenylphosphino)ferrocene.
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Scheme 1. Reagents and conditions: (a) 1.0 mol equiv of R 0R00NH,


1.5 mol equiv of HBTU, cat. HOBt, 3.0 mol equiv of NMM, DMF,


0 �C, 3 h, 21–42%; (b) 4 M HCl, 1,4-dioxane, 1 h, 95%; (c) 1.0 equiv of


(3-oxo-2,3-dihydrobenzo[1,4]oxazin-4-yl)acetaldehyde (6, Scheme 2),


1.1 mol equiv of Me4NBH(OAc)3, 1.1 mol equiv of Et3N, (ClCH2)2,


4 h, 70–80%. Abbreviations: HBTU, O-benzotriazol-1-yl-N,N,N 0,N 0-


tetramethyluronium hexafluorophosphate; HOBt, 1-hydroxybenzo-


triazole; NMM, N-methylmorpholine.
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amide position might be advantageous for reaching the
putative tyrosine-binding pocket. The initial compound,
benzyl amide 3c, did not show an increase in potency, but
the related phenylethyl (3d) and phenylpropyl (2e) ana-
logues did, although the potency was still at the single-
digit micromolar level. This interaction compensated
for the loss in potency on removing the chlorine atom
from the phenyl group on the piperidine ring.


An interesting result was obtained by transposing the
amide group from the piperidine ring (3e) to the phenyl
ring (4) (Fig. 1). Since 4 gave a slight increase in potency,
further SAR development was directed to the series in
which 4 is the prototype.


Aryl substituted piperidines 12a–i were constructed
(Scheme 2) by allylation of 4H-benzo[1,4]oxazin-3-one
followed by dihydroxylation and oxidative cleavage
to provide intermediate acetaldehyde 6. The phenylpi-

OHN
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PhRat U-II IC50 = 9.1 µM Rat U-II IC50 = 4.2 µM
(N = 2)
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Figure 1. Change in connectivity leading to 4.

peridine core was synthesized by a palladium-catalyzed
coupling of boronic ester 7 with aryl bromide 8,8 fol-
lowed by hydrogenation of the double bond using
platinum oxide and removal of the BOC-protecting
group with HCl in dioxane provided intermediate 9
in good overall yield. Reductive amination of interme-
diate 9 with acetaldehyde 6, followed by hydrolysis of
the methyl ester provided acids 10a and 10b, which
could be used to explore a variety of amide substitu-
ents. HBTU-mediated coupling of 10 with the appropri-
ate amines 11 provided derivatives 12a–i. Compound
12j was obtained by acid cleavage of the BOC-group
within 12i.


Replacing the phenylpropyl group in 4 with an N-BOC-
piperidinylmethyl group, as in 12a, retained the potency
(Table 2). Reintroduction of a chlorine atom into the
4-position of the aryl ring gave a robust increase in
potency, as exemplified by 12b. Other hydrophobic
carbonyl-containing amine-substituents were also
tolerated, such as CBZ (12c), amides (12d and e), and
a benzyl urea (12f). These derivatives were also very
potent against human UT with a Ki value in a binding







Table 2. In vitro biological data for compounds 12a–j
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Compound n X R R0 Rat UT IC50 (lM)a Hu UT Ki (lM)b


12a 1 CH2 H BOC 2.5 0.43


12b 1 CH2 Cl BOC 0.60 0.14


12c 1 CH2 Cl CBZ 0.40 0.054


12d 1 CH2 Cl C(O)Ph 0.52 0.16


12e 1 CH2 Cl C(O)CH2CMe3 0.33 0.027


12f 1 CH2 Cl C(O)NCH2Ph 0.21 0.030c


12g 1 CH2 Cl SO2CH2Ph 0.053 0.030c


12h 2 CH2 Cl BOC 0.10 0.077


12i11 2 N Cl BOC 0.010 0.065


12j 2 N Cl H 1.9 NT


a Inhibition of rat UT receptor transfected into CHOK1 cells (N = 2, Ref. 6).
b Inhibition of human UT receptor in whole-cell binding (N = 2, Refs. 9,10).
c N = 1, NT = not tested.


Figure 2. (a) Overlay of 12i (orange) and goby U-II (blue) in a rat UT


homology model. (b) Key residues in the UT receptor-binding pocket.
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assay of 30–54 nM.9,10 Interestingly, benzylsulfonamide
derivative 12g provided a 4- to 10-fold increase in
potency against rat UT as compared to the carboxamide
derivatives 12b–e, although there was no increase in
affinity against human U-II. Increasing the chain
length between the amide nitrogen and the piperidine
ring from one carbon (12b) to two carbons (12h) led
to a sixfold improvement in potency against rat UT. A
threefold increase in affinity was also noted against
human UT. Replacing the piperidine ring of 12h with
a piperazine ring, as in 12i, yielded the most dramatic
effect with a 10-fold increase in potency against rat
UT. Removal of the BOC-group in 12j led to a dramatic
decrease in potency, with an IC50 of 1.9 lM. These
results support the original hypothesis that the amide
substituent may be occupying a hydrophobic tyrosine-
binding pocket.


When 12i was docked into a rat U-II receptor homology
model12 using the piperidine ring as the restriction point
(to Asp130), the BOC-piperazine group moved into the
tyrosine-binding pocket (Fig. 2) without bias.


Compound 12i was selected for in vivo evaluation be-
cause it met the criteria of excellent potency at both
rat and human UT receptors, while the rat iv pk
(2 mg/kg) showed t1/2 = 127 min and Cmax = 553 ng/ml.
This compound was examined in the U-II-induced ear-
flush model in rats to demonstrate that it could block
a U-II-mediated effect (Fig. 3).13 Subcutaneous adminis-
tration of U-II showed an increase in ear pinna temper-
ature with a maximum effect at 30 min. Compound 12i
showed no effect on ear pinna temperature when admin-
istered alone; however, it did diminish the increase in ear
pinna temperature when administered 15 min prior to
the administration of U-II.


In summary, a novel series of phenylpiperidine-benzox-
azinone U-II receptor antagonists are described. The

original HTS hit was successfully optimized to provide
a low-nanomolar inhibitor against both rat and human
UT. A Suzuki–Miyaura coupling allowed for the change
in connectivity, which led to the discovery of 12i. In vivo
efficacy of 12i was shown in the U-II-induced ear-flush
model in rats. This model offers a convenient means
to measure a pharmacodynamic response of a UT
antagonist and thereby guage a compound’s efficacy
prior to advancement into time-consuming chronic dis-
ease models.
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Figure 3. Effects of 12i on ear pinna temperature changes. Compound


12i was administered intravenously 15 min prior to the administration


of U-II at a dose of 300 lg/kg. Data are mean temperature changes


from baseline ± SEM (n = 5 per group).
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