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Novel sulfamide-type indolizidine glycomimetics with a selective a-mannosidase inhibition.
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A new series of 1,5-and 2,5-disubstituted tetrazoles have been synthesized and evaluated as inhibitors of anandamide cellular uptake.


Some of them inhibit the uptake process with a relatively high potency (IC50 = 2.3–5.1 lM) and selectively over other proteins


involved in the endocannabinoids activity and metabolism.
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11, Ki (B-RAF) = 66 nM


Diarylimidazole motifs were designed to interact with both the ATP binding site and the adjacent allosteric region.
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A series of novel sulfamoyl benzamide


cannabinoid ligands was synthesized and


their biological activity determined.
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The new fungal metabolite, trichodermamide C 1 was shown by high content screening to display cytotoxicity towards the


human colorectal carcinoma HCT116 and human lung carcinoma A549 with IC50 values of 0.68 and 4.28 lg/ml, respectively.
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A series of small molecule inhibitors of the lymphoid specific tyrosine phosphatase


were described.
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Synthesis and PKCh inhibitory activity of a series of 4-(indol-5-
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Of a series of 4-(indol-5-ylamino)thieno[2,3-b]pyridine-5-carbonitriles, the most potent PKCh inhibitory activity was observed with


compound 29.
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QSAR modeling has been applied to 20 mosquito repellents from
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A series of 2-aminomethyl piperidines has been discovered as novel urotensin-II


receptor antagonists. The synthesis, initial structure-activity relationships, and


optimization of the initial hit that resulted in the identification of potent, cross-species


active, and functional urotensin-II receptor antagonists such as 1a are described.
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Farnesyl pyrophosphate synthase enantiospecificity with a chiral risedronate analog,
[6,7-dihydro-5H-cyclopenta[c]pyridin-7-yl(hydroxy)methylene]bis(phosphonic acid) (NE-10501):
Synthetic, structural, and modeling studies
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Racemic 8, synthesized by an


improved method, is preferentially


bound to its inhibitor target,


FPPS, as the (R) enantiomer (X-


ray structure), confirming a stereo-


specific interaction predicted by a


docking simulation.
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Further optimization of the potent antifungal activity of side chain


analogs of the natural product FR901379 led to the discovery of


compound 8 (micafungin) with an excellent, well-balanced profile.
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The development of a new three-dimensional pharmacophore model for HIV-1


integrase inhibitors and the synthesis of some 4-[1-(4-fluorobenzyl)-1H-indol-3-


yl]-2-hydroxy-4-oxobut-2-enoic acids is reported.
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Promiscuous off-target pharmacology


A novel series of pyridyl-phenyl ethers are disclosed, which possess potent dual 5-HT and NA reuptake pharmacology with good


selectivity over dopamine reuptake inhibition. The series was found to possess significant polypharmacology issues, we concluded


that this off-target promiscuity was related to high lipophilicity.
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Compound 26 showed excellent inhibitory activity against BACE-1, good selectivity over Cathepsin D.
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Design and synthesis of tacrine–ferulic acid hybrids as multi-potent anti-Alzheimer drug candidates pp 2905–2909
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Novel ChE inhibitory (IC50: AChE 4.4–38.6 nM; BChE 5.9–34.1 nM) and antioxidant (0.4–2.0 equiv to Trolox)tacrine–


ferulic acid hybrids are reported.


E-ring-modified 7-oxyiminomethyl camptothecins: Synthesis and preliminary in vitro
and in vivo biological evaluation


pp 2910–2915


Giuseppe Giannini,* Mauro Marzi, Walter Cabri, Elena Marastoni,
Gianfranco Battistuzzi, Loredana Vesci, Claudio Pisano,
Giovanni Luca Beretta, Michelandrea De Cesare and Franco Zunino*


N


N
O


O


( )n OOH


R


1a.  n = 1,  R = H 


2a.  n = 1,  R = CH=NOtBu


3a.  n = 1,  R = CH=NOCH2Ph
0 2 4 6 8 10


0


20


40


60


80


SN38
2a
3a
1a


♦ ♦
♦


♦


Time (min)


100 ♦ ♦
♦


♦


Using a panel of human tumor cells, 7-oxyiminomethyl


derivatives of homocamptothecins showed a potent


antiproliferative activity correlating to persistence of the


cleavable complex.


Antagonists of the human adenosine A2A receptor. Part 1: Discovery and
synthesis of thieno[3,2-d]pyrimidine-4-methanone derivatives
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OThe ())-enantiomer of the antimalarial drug mefloquine is a potent and moderately selective


antagonist of the adenosine A2A receptor. Further investigation of this compound has revealed


a series of potent and selective keto-aryl thieno[3,2-d]pyrimidine derivatives which show


promising activity in a commonly used model of Parkinson�s disease.
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The design and synthesis of a series of biaryl thieno[3,2-d]pyrimidines is described. These novel compounds are potent adenosine


A2A receptor antagonists and show high degrees of selectivity against human A1, A2B and A3 receptors. Moreover, a number of


these compounds show promising activity in in vivo models of Parkinson�s disease.
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A series of pyrazolo[3,4-d]pyrimidine, pyrrolo[2,3-d]pyrimidine and 6-arylpurine adenosine A2A antagonists is described. Many


examples were highly selective against the human A1 receptor sub-type and were active in an in vivo model of Parkinson�s disease.


Novel 2-imidazoles as potent and selective a1A adrenoceptor partial agonists pp 2930–2934
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α1A EC50 78nM
α1A Emax 52%
α1B EC50 >10000nM
α1D EC50 >10000nM
α2A EC50 >10000nM


α1A EC50 43nM
α1A Emax 61%
α1B EC50 >10000nM
α1D EC50 >10000nM
α2A EC50 >10000nM


A series of novel 2-imidazoles is described, which combine potent and selective


a1A partial agonist pharmacology with good drug-like properties.
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The discovery and SAR of a new series of amino-acetonitrile derivatives (AAD) potent against parasitic nematode species are


reported.


Conformation–activity relationship on novel 4-pyridylmethylthio derivatives
with antiangiogenic activity


pp 2939–2943


Takahiro Honda,* Hisashi Tajima, Yasushi Kaneko, Masakazu Ban,
Takaaki Inaba, Yuriko Takeno, Kazuyoshi Okamoto and Hiroyuki Aono


Conformation–activity relationship on novel 4-pyridylmethylthio derivative 1 with


antiangiogenic activity and the related compounds is reported.


N S


O


NH


Cl


N


1 (KDR, IC50 = 26 nM)


nonbonded S-O
interaction


Contents / Bioorg. Med. Chem. Lett. 18 (2008) 2751–2764 2759







N-Acetylhexosaminidase inhibitory properties of C-1 homologated GlcNAc- and GalNAc-thiazolines pp 2944–2947


Benjamin Amorelli, Chunhua Yang, Brian Rempel, Stephen G. Withers and Spencer Knapp*


OHO


OH


N


HO
S


CH3


H


CH3O


OH


N


HO


S


CH3


H


H
HO


O


N S
HO


CH3


OH
HO NH2


1 O


N


S
CH3


HO


OH


HO


Several C-l homologated pyranose-fused thiazolines and a GalNAc-thiazole were evaluated as inhibitors of the bacterial


N-acetylhexosaminidase SpHex; kinetic analysis suggests active site steric restrictions around the anomeric carbon.


Design, synthesis and evaluation of 2-phenyl-1H-benzo[d]imidazole-4,7-diones as vascular
smooth muscle cell proliferation inhibitors


pp 2948–2951


Chung-Kyu Ryu,* Ra-Young Lee, Seung-Yon Lee, Hwa-Jin Chung, Sang Kook Lee and Kwang-Hoe Chung
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2-Phenyl-1H-benzo[d]imidazole-4,7-diones were synthesized and tested for their inhibitory activity on the PDGF-stimulated


proliferation of rat aortic vascular smooth muscle cells. Among them, 6-arylthio-5-chloro-2-phenyl-1H-benzo[d]imidazole-4,7-


diones exhibited an potent antiproliferative activity.


New targeting system for antimycotic drugs: b-Glucosidase sensitive Amphotericin B–star
poly(ethylene glycol) conjugate


pp 2952–2956


Miloš Sedlák,* Pavel Drabina, Eliška Bı́lková, Petr Šimnek and Vladimı́r Buchta
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Amphotericin B (AMB)


Star-poly(ethylene glycol)-amphotericin B  conjugate


The prepared conjugate of Amphotericin


B with star poly(ethylene glycol) represent


a new targeting system which is sensitive


to b-glucosidases (E.C.3.2.1.21).


Synthesis of gemcitabine triphosphate (dFdCTP) as a tris(triethylammonium) salt pp 2957–2958
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First synthesis of gemcitabine triphosphate (dFdCTP) as a tris(triethylammonium) salt is reported.
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The design and synthesis of diaryl ether second generation HIV-1 non-nucleoside reverse
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The design and synthesis of novel diaryl ether NNRTIs with high levels of antiviral potency is reported.
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Abstract—To prepare thiol-reactive ifenprodil derivatives designed as potential probes for cysteine-substituted NR2B containing
NMDA receptors, electrophilic centers were introduced in different areas of the ifenprodil structure. Intermediates and final com-
pounds were evaluated by binding studies and by electrophysiology to determine the structural requirements for their selectivity.
The reactive compounds were further tested for their stability and for their reactivity in model reactions; some were found suitable
as structural probes to investigate the binding site and the docking mode of ifenprodil in the NR2B subunit.
� 2008 Elsevier Ltd. All rights reserved.

NMDA receptors (NMDARs) are a subtype of ionotro-
pic glutamate receptors widely distributed in the verte-
brate central nervous system. NMDARs play major
roles in both physiological and pathological states of
the CNS, including ischemic stroke, seizures, head trau-
ma and pain. NMDARs occur as hetero-oligomers com-
posed of NR1, NR2 (of which there are four: NR2A–
NR2D), and more rarely NR3 subunits.1,2 Because
non-selective NMDAR antagonists have impeding ad-
verse side effects, attention has focused toward drugs
capable of modulating selectively certain subtypes of
NMDARs. The NR2B-selective type of non-competitive
antagonists has a strong potential in this regard, show-
ing both neuroprotective and analgesic properties to-
gether with little side effects.3–5 It has been recently
shown that the N-terminal domain (NTD) of the
NR2B subunit forms the binding site of ifenprodil (1)6


and Ro256981,7 two prototypic NR2B-selective antago-
nists, while an extensive pharmaco-chemical research
had led to the description of common structural features
for this family of compounds.8–10 Our knowledge of
their binding site is based on homology 3D modeling
and mutational analysis: the NR2B NTD has been mod-
eled after a periplasmic protein from Escherichia coli
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(LIVBP),6,11,12 as well as after the glutamate binding
domain of the mGluR1 receptor7: it is proposed to fold
as two lobes separated by a large central cleft.6 Mutating
residues located in the central cleft of the NR2B NTD
abolishes the high sensitivity to ifenprodil and deriva-
tives.6,12–14 Other biochemical evidences6,15–17 also sup-
port the location of the ifenprodil binding site in the
NTD of the NR2B subunit and in its cleft; however,
the effects of the mutation of residues not located in this
domain suggest alternative hypotheses.11


OH


N


HO


B


A


1


In order to propose a docking mode of ifenprodil in the

teine-scanning mutagenesis and affinity labeling.18 In
this strategy, the formation of a covalent bond between

NTD of NR2B, we pursued a strategy combining cys-


a cysteine-reactive ligand derivative and a cysteine-
substituted receptor enables to identify direct interac-
tions between the ligand and a precise region of the
receptor. In the recent years, we have applied this
strategy to explore the glycine binding site (NR1 sub-
unit) of the NMDA receptor.19,20 Our results were ob-
tained using full-length, membrane-inserted NR1/NR2
receptors; they provided our structural homology model
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with an experimental basis and established a general
docking mode for antagonists at the glyB site. These
were remarkably consistent with the crystal structure
of the agonist binding domain of the NR1 subunit
(S1–S2 soluble fragment).21


This letter describes the stepwise approach toward thiol-
reactive ifenprodil derivatives suitable for structural
investigations of the binding site for NR2B selective
inhibitors of the NMDARs. The affinity and reactivity
of the derivatives should indeed be high enough for
the occurrence of a covalent bond formation with a cys-
teine-mutated receptor while they occupy the binding
site.22


A reliable docking of ifenprodil-like compounds being
our final purpose, we have synthesized molecules consis-
tent with their main structural features: two aryl rings,
one located in a hydrophobic environment (ring A)
and a ring substituted by polar groups (ring B), while
a tertiary amine, at the center of the molecule, is
connected to each ring by a linker.23 A distance of 9–
11 Å between the two rings, in an extended conforma-
tion of the molecule, was also suggested.9 Electrophilic
substituents were introduced in carbon positions which
were selected to explore the different areas of the binding
site corresponding to these components of the ligand’s
structure. Intermediate and final compounds were tested
as ligands for the NR2B NTD site, and, for some of
them, as effectors of the recombinant NR1/NR2B
NMDARs. The reactive compounds were also tested
for their stability and their reactivity toward thiols
in model conditions. Their potential as structural
probes for the ifenprodil binding site of NMDARs is
discussed.


The synthetic pathways for these compounds can be
found in Scheme 1. In compounds 4 and 5, the hydrox-
yle group of ring B in ifenprodil has been replaced by a
chloroacetamido group or an isothiocyanate group,
respectively; moreover, one asymmetric center has been
suppressed by converting, on the linker, the secondary
alcohol into a ketone. Its synthesis involves first a Fri-
edel-Crafts24 reaction between acetanilide and 2-bromo-
propionyl chloride. Subsequently, the substitution of the
bromide by 4-benzylpiperidine yielded precursor 2. The
thiol-reactive probes 4 and 5 were finally obtained by the
deprotection of the aromatic amine affording compound
3, followed by functionalization.


Compounds (±) 6 and (±) 7 conserved the structure of
ifenprodil; they differed only by the presence of the ami-
no function instead of the phenolic group. Their synthe-
sis involved the reduction of ketone 2, affording 4
diastereoisomers which were separated by column chro-
matography as erythro- and threo-racemic mixtures.
The final deprotections yielded racemic threo-(±) 6
and erythro-(±) 7 derivatives.


Compounds 8 and 9, whose linker, compared to the ref-
erence ifenprodil molecule, contains a Michael acceptor
together with an additional carbon atom required a dif-
ferent synthetic pathway. After conversion of the B ring

phenol group into a methoxy derivative (to avoid reac-
tion in the ortho position25), a Mannich reaction with
paraformaldehyde and 4-benzylpiperidine under acidic
catalysis yielded condensation products where two ami-
nomethyl groups have been introduced.26 Finally, the
elimination of one benzylpiperidine group on silica gel
produced the propenone derivatives 8 and 9.


In compound 12, ifenprodil’s asymmetric centers have
been suppressed and a reactive-NCS function was
introduced on aromatic ring A. A high yield synthesis
of the nitro precursor 11 was achieved by coupling p-
hydroxybromophenacyle27 to 4-(4-nitrobenzyl)-piperi-
dine, which was prepared in a three-step procedure
from 4-benzylpiperidine.28 Compound 10 was obtained
from commercially available 4-benzylpiperidine using
the same synthetic pathway. Ligand 12 was synthe-
sized by the hydrogenation of the nitro compound
11 followed by treatment with thiophosgene in a tetra-
hydrofurane/aqueous Na2CO3 solution mixture.
Compound 13, designed to estimate the influence of
asymmetry in ifenprodil, was obtained by the reduc-
tion of precursor 10 with sodium borohydride. Com-
pounds 2–13 were fully characterized by 1H NMR
and HRMS. The purity of the reactive compounds
was checked by HPLC.29


The affinities of compounds 2–13 were measured by
equilibrium binding to rat brain membranes in competi-
tions against 3H-ifenprodil as in Ref. 30: 3H-ifenprodil
(2.501 Gbq./mmol from Perkin-Elmer Life Sciences) was
incubated with the membranes for 2 h at 4 �C in 5 mM
Tris–chloride buffer, pH 7.4, in the absence or presence
of 10 lM Ro-084304 for the determination of the non-
specific binding. KIs were calculated from the measured
IC50s31 and from a KD of 11 ± 1.5 nM (n = 5) for ifen-
prodil, that we measured following a previously pub-
lished protocol30 (Table 1).


The replacement of the p-hydroxyl group in ring B of
ifenprodil by an amino group (compound (±) 7) de-
creases its affinity by ca. one order of magnitude, while
the conversion of this amine group of precursor 3 into
amide 2, chloroacetamide 4 and isothiocyanate 5 further
shifts the KI value by a factor of 1.8, 8.5, and 12, respec-
tively: this is consistent with the magnitude of the H-
bond donor property of substituents in this position.8,10


The size and rigidity of these substituents are also likely
to interfere: thus, the higher KI value of 5 compared to 4
may be due to the fact that the isothiocyanate group,
although smaller, is less flexible than the chloroacet-
amide group.


Similarly, the effect of substituting the p -position of
ring A is evidenced by the KI values of compounds
10, 11 and 12: the substitution of a hydrogen by a ni-
tro-group and its transformation into an isothiocya-
nate group moderately influence the KI value.
Indeed, the total penalty for introducing this reactive
group in this position is only a factor of 1.7; this po-
sition on ring A thus appears to be less sensitive to
substitution than the corresponding position on ring
B, in agreement with previous findings.8,10
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In our cysteine affinity labeling approach, one should
apply to cysteine-substituted receptors only reactive li-
gands of well defined configuration, for a useful inter-
pretation of their effect in terms of binding-site
structure and ligand docking. Asymmetric centers gener-
ate mixtures of enantiomeric pairs. We therefore at-
tempted to suppress the two asymmetric centers in the
spacer arms while keeping as much as possible of their
properties in length and polarity. With regard to the
asymmetric carbon atom closest to ring B (a carbon),
compounds (±) 6 and (±) 7 represent two diastereoiso-
meric pairs of enantiomers. Forming a ketone on this
a carbon (instead of an alcohol function) shifts the KI


value from 97 to 58 nM (compounds (±) 7 and 3). How-
ever, when there is no asymmetric center on the b car-
bon, the same change (from compound 13 to
compound 10) induces an opposite shift in KI value,
from 62 to 141 nM, while the suppression of the asym-
metric center on the b carbon by the replacement of
the linker’s methyl group of ifenprodil 1 with a hydrogen
atom, in 13, produces à sixfold decrease in affinity, from
a KD value of 11.2 nM to a KI value of 62 nM. In a race-
mic mixture, the presence of the less active compound
decreases the apparent affinity of its isomer only mod-
estly.32 Similarly, the KD for ifenprodil and the KI values
in Table 1 (compounds 2, 3, 4, 5, (±) 6, (±) 7, and 13) are
composite values. The maximum effect of the suppres-
sion of the two asymmetric centers of ifenprodil is a de-
crease in affinity by a factor of 13 (from ifenprodil to
compound 10), which is likely to confer to the achiral
derivatives sufficient affinity to undergo functionaliza-
tion for affinity labeling experiments. However, com-
pounds 8 and 9 have no asymmetric center, but their
high KI values can also result from unfavourable substit-

uents on ring B (the p-amino- or p-hydroxy-substituted
compounds could not be isolated).


The stability of the reactive compounds 4, 5, 8, 9 and
different times, after dilution 1/10 in frog’s Ringer 12,
were analyzed by HPLC: aliquots were injected, at buf-
fer (pH 7.4) of a 10 mM stock solution in DMSO, and
the time-dependent decrease of the peak area of each
compound was followed. Their reactivity toward thiols
was evaluated, using the same technique, by determining
their half-life in the presence of excess of N-acetyl cys-
teine methyl ester (NACME). As the reaction rate varies
linearly with the concentration of the reagents (pseudo-
first order reaction), these were adjusted for an accurate
measurement of the decay of the probes. Conditions and
results can be found in Table 2. All five compounds re-
act with thiols within minutes at the concentrations
used; their stability in Ringer’s buffer is appropriate
for their use in receptor binding and activity assays.
The compared reactivity of these compounds is consis-
tent with their chemical structure: isothiocyanates react
faster than chloroacetamides (5 and 12 vs 4) and, among
Michael acceptors (both highly reactive), the electron
attracting p-nitro substituent confers to 9 a 110-fold
higher reactivity over 8, in which electron-donor meth-
oxy group is in the same position.


At submicromolar concentrations, ifenprodil selec-
tively inhibits currents carried by NR1/NR2B recep-
tors.33 This high-affinity inhibition is non-competitive
(toward the agonist glutamate) and does not depend
on the transmembrane voltage (as expected for a bind-
ing site located outside the ionic channel). The biolog-
ical activity of the reactive compounds in Table 2 was







Table 1. Binding data for ifenprodil and compounds 2–13
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a Values are given in nM ± SEM (n = 3).
b Ifenprodil, compounds 6 and 7 were tested as racemic erythro- or threo-derivatives (see text).
c KD.
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evaluated by performing two-electrode voltage-clamp
measurements on Xenopus oocytes expressing wild-
type NR1/NR2B receptors (ref 6). NMDA currents
were induced by saturating concentrations of LL-gluta-

mate and glycine (100 lM each), and the effects of
the different compounds were assessed by measuring
the change in current size induced by the application
of the compound during a NMDA response. Com-







Table 3. Activity of thiol-reactive ifenprodil derivatives at wild-type


NR1/NR2B receptors


Compound IC50 (lM) IC50
compound/IC50


ifenprodil


1 (Ifenprodil) 0.11 1


4 14 ± 7 (n = 5) 130


8 70 ± 10 (n = 3) 640


12 16 ± 6 (n = 4) 145


Table 2. Stability in buffer and reactivity versus thiols of reactive compounds


Compound t1/2 for stability Reactivity


[Compound] (mM) [NACME] (mM) t1/2 (min) Relative reactivity


4 >1 day 0.1 500 114


5 20 h 0.005 0.5 3.24 704 · 103


8 5 h 0.1 10 7 814


9 5 h 0.01 0.1 62 92 · 103


12 >1 daya 1 100 23 2.5


a An apparent decrease of concentration of compound 12 results from its slow precipitation in buffer, without the formation of degradation products.
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pound 5, which displayed the highest KI value,
showed only very weak inhibition of NR1/NR2B
receptors (8% current inhibition with 10 lM of 5).
Compounds 4, 8, and 12 were much better at inhibit-
ing NR1/NR2B receptors, with IC50s of 14, 70, and
16 lM, respectively (Table 3). For comparison, in
the same test, the IC50 for ifenprodil was found to
be of 0.11 lM, a value very similar to what has been
previously reported.6 When tested by electrophysiol-
ogy, the compounds appear less potent compared to
binding studies, as their activity is decreased by at
least two orders of magnitude compared to ifenprodil.
Moreover, compounds 4 and 12 show similar IC50s,
whereas their KI values are twofold different. However,
a general trend is followed: the derivatives which have
the lowest KI value also have the lowest IC50. Surpris-
ingly, compound 9 was found to be inactive, since it
had no effect on NMDA responses at 10 lM. The
example of compound 9 suggests the existence of
NR2B-NTD compounds functionally ‘silent’, that is,
compounds unable to modulate the receptor activity
in spite of their ifenprodil-competitive binding.


To ascertain that the inhibitory effects seen with the
compounds were specific to the NR2B subunit and
engaging the NR2B NTD, we repeated some of the
above experiments on oocytes expressing either wild-
type NR1/NR2A receptors or NR1/NR2B receptors
truncated for the entire NR2B-NTD (NR1/N2B DNTD;
see Ref. 14). As expected for compounds targeting selec-
tively the NR2B NTD, compounds 4, 8, and 12 have lit-
tle effects on NR1/NR2A receptors with EC50s
estimated to be >100 lM (25% [n = 3] and 11%
[n = 3] inhibition for compounds 4 and 8 at 100 lM).
The IC50 for compound 12 was shifted from 16
(NR2B, n = 4) to 150 lM (NR2A, n = 5) and became
voltage dependent, as expected if the observed inhibition
on NR1/NR2A receptors is mostly due to channel block
by the compound.6 When the NTD segment was trun-
cated from the NR2B subunit, similar rightward shifts
were observed forcompounds 12 (IC50 = 570 lM, [n = 4],

voltage dependent) and 4 (IC50 = 230 lM [n = 3]);
compound 8 was found inactive, as with the NR2A sub-
unit (no effect up to 100 lM). Altogether, these results
show that the synthesized compounds have a common
and subunit-specific target on NMDARs, the NR2B
NTD.


In summary, we have synthesized ifenprodil-derived
compounds to design NR2B selective ligands with a
reactive group in different parts of the molecule. These
ligands were assayed for their ability to be recognized
by the ifenprodil binding site and to produce the ex-
pected NR2B-NTD mediated allosteric antagonism of
NMDAR mediated currents. Characterized as stable
in buffer but reactive with thiol groups, these com-
pounds, like ifenprodil, present a pharmacological pro-
file consistent with their specific binding to the
modulatory NTD of the NR2B subunit. Although these
compounds displayed a decreased potency compared to
ifenprodil, they appear to be valuable tools for a further
characterization of the ifenprodil binding site, its topo-
logical analysis, and the docking of cognate ligands.
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Abstract—A large database of chemical structures was screened for potential inhibitors of b-secretase was carried out using in silico
multi-filter techniques. Substructure screening, computer-aided ligand docking, binding free energy calculations, and partial inter-
action energy analyses were performed successively to identify chemical compounds which could serve as different scaffolds from
known b-secretase inhibitors for future drug design. We showed that our in silico multi-filter screening retrieved all known inhibitors
from the compound database investigated, which suggests that the other compounds identified as inhibitors by this computerized
screening process are potential b-secretase inhibitors.
� 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s Disease (AD), the major symptom of which
is dementia, is a neurodegenerative disease mainly affect-
ing elderly people and is increasingly prevalent in a
country which is rapidly progressing, especially as there
is currently no effective drug therapy available. Neuritic
plaque, also called senile plaque, which is the product of
aggregation of b-amyloid peptides (A-b) is observed in
the brains of the patients with AD and is considered
to be one of the key factors in the etiology of the dis-
ease.1–3 In the biological process generating A-b,
b-secretase catalyzes the penultimate step in the plaque
formation, cleaving these peptides from Amyloid Pre-
cursor Protein.4 Accordingly, work aimed at identifying
inhibitors of b-secretase has been developed rapidly be-
cause the inhibition of the generation of A-b may lead to
the discovery of a potential therapeutic agent. Thus, we
performed in silico multi-filter screening to discover
inhibitors of novel structure which will support different
structural scaffolds for future drug design than the al-
ready known inhibitors employing the procedures
shown in Figure 1.


Substructure screening (First filter: 2D-query search): In
this study, for the purpose of substructure screening, we
first determined the major chemical substructures of
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ligands which are common between known inhibitors.
This was performed by making a thorough investigation
of the three-dimensional structures of b-secretase com-
plexed with the known inhibitors from the Protein Data
Bank (PDB ID: 1TQF, 1W51, 2B8L, 2B8V, and 2FDP).
From this investigation using computer graphics, it was
found that the hydroxyl groups of the inhibitors com-
monly formed hydrogen bonds with carboxylic group
of Asp32 or Asp228 and benzene rings of all the inhib-
itors made hydrophobic interactions with methyl group
of Thr72 and Thr231 and alkyl part of the side chain of
Gln73 in b-secretase. We selected these two chemical
groups as query substructures, and used UNITY-2D
module of Sybyl7.3 (Tripos Inc.) to screen chemical
compounds which containing these groups (hydroxyl
group and benzene ring) from the database of Namiki
Shoji Co. Ltd, which comprises approximately 3.5 mil-
lion compounds. By applying this first filter, we found
approximately 70,000 chemical compounds (first ‘hits’;
about 2% of the total compounds screened).


High throughput protein structure-based virtual screening
(Second filter: 3D-coarse docking): The second filter was
applied by screening the first ‘hits’ by high throughput
protein structure-based virtual ligand docking. Our
objective in this filter is to roughly exclude those com-
pounds which were not expected to bind with b-secre-
tase. In this filter, we used HTVS (High Throughput
Virtual Screening) mode of GLIDE (Schrödinger
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Figure 2. Illustration of several ligands (capped stick) docked into the


binding site of b-secretase (Connolly surface) using HTVS mode of


GLIDE. The docking poses of these ligands were evaluated and


identified by GLIDE-HTVS-Score. The residues shown in this figure


are some of binding site residues of b-secretase.


Figure 1. Flowchart of our in silico multi-filter screening approaches.


A large chemical database was first screened by 2D-substructure search


to obtain first ‘hits’. The first ‘hits’ were docked into the binding site of


b-secretase using High Throughput Virtual Screening (HTVS) mode of


docking program GLIDE to retrieve second ‘hits’. The second ‘hits’


were then docked using Standard Precision (SP) mode of GLIDE and


their binding free energies were calculated using MM/PBSA method to


select third ‘hits’. Final ‘hits’ were determined by setting a limiting


condition that partial binding free energies of the third ‘hits’ to Asp32


and Asp228 in the binding site of b-secretase are greater than 4 kcal/


mol.
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L.L.C.)5 as a tool for virtual ligand docking. We used
several conformations of b-secretase to allow for protein
flexibility. To select conformations of b-secretase used
for GLIDE-HTVS docking, protein structures regis-
tered in PDB were classified by root mean square devi-
ation of active site conformations defined as amino
acids within 5 Å from the ligands. The first protein struc-
ture we selected was the structure of PDB ID:2B8L6 be-
cause the resolution of this was higher than the other
crystals. The remaining protein structures were then
compared with active site conformation of structure of
PDB ID:2B8L. Crystal structures of which root mean
square deviation was closer than 1 Å were classified into
the group of PDB ID:2B8L and rejected. Subsequently,
those structures with highest resolution remaining were
selected. This process was reiterated until all structures
were either selected or classified. We finally selected four
structures (PDB ID: 1TQF,7 1W51,8 2B8L, and 2G949).
Missing atoms and residues of the selected four struc-
tures were added by protein structure prediction pro-
gram PRIME (Schrödinger L.L.C.).10 Grids used for

the ligand docking were generated within 20 Å from
the center of active site of these fixed structures. In order
to determine the criteria score of GLIDE-HTVS-Score
for this filter, we first docked ligands the binding modes
of which are already known (PDB ID: 1TQF, 1W51,
2B8L, 2B8V, and 2FDP). As the differences between
the lowest score and second and third from the lowest
were both approximately 0.15, we set the criteria of
GLIDE-HTVS-Score as �8.6, which is 0.15 lower than
the lowest score we observed.


The ligand first ‘hits’ were then docked into the binding
site of b-secretase. Figure 2 illustrates several ligands
(capped sticks) docked into the binding site of b-secre-
tase (represented by Connolly surfaces) using the HTVS
mode of GLIDE. The docked ligands were ranked by
GLIDE-HTVS-Score and the compounds with
GLIDE-HTVS-Score lower than �8.6 were removed
(second ‘hits’). Concerning the evaluation of isomers
here, we selected all the isomers as ‘hits’, in case at least
one of the isomers had higher score than �8.6. In this
process, we defined about 230 chemical compounds as
second ‘hits’ (comprising 0.33% of the first ‘hits’).


Binding mode prediction and binding free energy calcula-
tion (Third filter: 3D standard docking): In the binding
mode prediction, we used Standard Precision mode of
GLIDE and MM/PBSA methods11 to predict the bind-
ing mode of the compounds identified as second ‘hits’.
We used several ligands the binding modes of which
were known (PDB ID: 1TQF, 1W51, 2B8L, 2B8V,
and 2FDP), and the same four protein structures
as GLIDE-HTVS for the purpose of establishing
GLIDE-SP docking parameters. We also generated five
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initial conformations of the ligands by using Conforma-
tional-Search from Macromodel (Schrödinger L.L.C. )
because such protein structure-based ligand docking de-
pends on the initial conformation. From the docking re-
sults obtained with each protein, conformations of the
ligands were then merged, and docked poses of
GLIDE-SP-Score ranking from 1 to 50 were selected
as candidates of binding mode followed by minimization
in vacuum to refine the ligand and protein conformation
by AMBER8.12 In the binding free energy calculation,
program sender from AMBER8, DelPhi,13 and MSMS14


was used to calculate internal energy of the system, elec-
tric contribution to solvation and nonpolar contribution
to solvation, respectively. Charges used for compounds
here were determined using ab initio HF/6-31G* basis
set and RESP (restrained electrostatic potential) fitting.
We selected the most stable docked pose as the predicted
binding pose, and the results of RMSD from the X-ray
binding modes are shown in Table 1. RMSDs were
calculated with all the heavy atoms. This result
demonstrates that this approach successfully regener-
ated and selected the close binding mode of each of
the ligands.

Figure 3. The interaction energies of amino acids in the active site with


crystallography. The contribution of each amino acid to the binding free


difference of binding free energy between the wild-type protein and the alan


Table 1. Root mean square deviations (RMSDs) between the geom-


etry of ligands docked by GLIDE and that in the protein–ligand


complex determined by the X-ray crystallography and calculated


binding free energies by MM-PBSA method


PDBID RMSD (Å) Binding free energy


(kcal/mol)


IC50 (nM)


1TQF 0.948 �61.53 1400


1W51 0.692 �62.39 200


2B8L 0.278 �72.04 15


2B8V 0.583 �62.80 98


2FDP 0.508 �59.08 26 (Ki)


IC50 values for the ligands are also shown in the table.

Seven additional inhibitors taken from the literature15


the binding modes of which are not known were docked
into the binding site of b-secretase. Then the binding
free energies were calculated by the MM/PBSA method
in order to determine the criteria of binding free energy
for the hit selection. As the lowest binding free energy
we observed here was �45.19 kcal/mol, we determined
the criteria of binding free energy to be higher than
�45.00 kcal/mol. Binding modes and affinities of second
‘hits’ were then calculated. All the isomers were calcu-
lated individually in this filter. We found 45 chemical
compounds the calculated binding energy of which
was higher than the criteria determined. We classified
these compounds as third ‘hits’, which comprised
approximately 20% of second ‘hits’.


Partial interaction energy analysis (Fourth filter: binding
hot spot analysis): To determine the most important
areas on the ligand binding to b-secretase (hot spots),
we performed computational alanine scanning16 to the
crystal structures of PDB ID: 1TQF, 1W51, 2B8L,
2B8V, and 2FDP. The amino acids in the active site
we defined in the second process were replaced by ala-
nine, respectively, and only hydrogens of the substituted
alanine were refined before the analysis. The MM/PBSA
method was used to estimate the binding free energies of
each alanine-substituted protein and the differences of
binding free energies between alanine-substituted pro-
teins and the wild-type protein were considered as par-
tial interaction energies of each scanned residue. As
shown in Figure 3, the results of this calculation indi-
cated that partial interaction energies between ligands
and Asp32 and Asp228, the catalytic cores of b-secre-
tase, were especially strong. This suggests that high par-
tial interaction energies with these two catalytic cores
were more important for ligand binding than the other
residues in active site. Both partial interaction energies
were stronger than 4 kcal/mol therefore we defined

inhibitors the binding modes of which are known by the X-ray


energy was calculated using the MM/PBSA method computing the


ine-mutated protein.
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fourth threshold of screening by interaction energy con-
tribution with Asp32 and Asp228 to be stronger than 4
kcal/mol, respectively. The interaction contributions
with Asp32 and Asp228 of third ‘hits’ were then calcu-
lated and the results are shown in Table 2.

Table 2. The calculated binding free energies of third ‘hit’ compounds


to b-secretase and contributions of two aspartic acids to the binding


free energies


Compounds with dagger, F and H, were already approved as


b-secretase inhibitors in the international patents. Energies greater


than 4.0 kcal/mol are shaded which are threshold to select the final


hits.

We determined five chemical compounds as final ‘hits’
the binding affinities of which with Asp32 and Asp228
were stronger than threshold (shading columns in Table
2); compounds B, C, F, H, and I (approximately 11% of
the previous screen). Two compounds of the 5 final ‘hits’
we selected, compounds F and H, were already ap-
proved in international patent as inhibitors of b-secre-
tase, the IC50s of which were 5 and 7 lM, respectively
(the isomeric states of two chiral carbons were not
shown in patent).17 This suggests that our in silico mul-
ti-filter screening approaches are effective for developing
b-secretase inhibitors. The chemical formulas of these
two compounds are shown in Figure 4a and b. The bind-
ing mode of compound H-(S,R) which had the strongest
binding free energy is shown in Figure 5. It is suggested
that the hydroxyl group and protonated nitrogen of
compound H-(S,R) can make hydrogen bonds with
Asp228 (right half of orange region in Fig. 5) and an io-
nic bond with Asp32 (left half of orange region in Fig.
5). These hydrogen bonds are common in the known
inhibitors. The compound H-(S,R) also makes hydro-
gen bonds with main-chain of Lys107 and Gly230, and
forms an ionic bond with side-chain of Asp32 and
makes hydrophobic interactions with Tyr71, Ile110,
Ile118, Tyr198, and Ile226. As compounds B, C, and I
have similar energy profiles, these three compounds
are expected to inhibit the activity of b-secretase. The
compound B interacts with S1, S2, S3, and S1 0 subsites
of b-secretase (the hydrophobic interaction with Phe108,
Ile110, Trp115, Thr231, and the hydrophilic interaction
with Gln73 and Asp228), the compound C interacts with

N


OH


N


N


OH


N


ClCl


*


*


N


OH


N


N


OH


N


*


*


a


b


Figure 4. (a) The chemical formula of final ‘hit’ compound F the


inhibitory activity of which is known to be IC50 = 5 lM. Although the


inhibition activities of isomers were not indicated in the reference, we


predicted isomer (R,S) to be the strongest. (b) The chemical formula of


final ‘hit’ compound H the inhibitory activity of which is known to be


IC50 = 7 lM. We predicted isomer (S,R) to be the strongest.







Figure 5. Predicted binding mode of known inhibitor H-(S,R) which is


calculated to have the largest binding free energy to b-secretase among


the isomers. Active site residues of b-secretase are shown in orange


letter, hydrogen-bonded residues are shown in blue, residues involving


in hydrophobic contacts are shown in yellow letters. Hydrogen bonds


are shown in red dotted lines, and hydrophobic contacts are shown in


yellow lines.
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S1, S2, S3, S1 0, S2 0, and S3 0 subsites of b-secretase (the
hydrophobic interaction with Leu30, Tyr71, Gln73,
Ile110, Tyr198, and the hydrophilic interaction with
Asp228) and the compound I interacts with S1, S2, S3,
S1 0, S2 0, and S3 0 subsites of b-secretase (the hydrophobic
interaction with Leu30, Try71, Thr72, Gln73, Phe108,
Ile118, Tyr198, and the hydrophilic interaction with
Asp228 and Thr231). As compounds B, C, and I are
now being pharmacologically characterized by a phar-
maceutical company, the chemical formulas will be
shown after those are approved in international patent.


Our in silico multi-filter screening approach illustrated
in Figure 1 finally defined five compounds as ‘hits’: of
which two were the known inhibitors of b-secretase
which were already approved in international patent. Fi-
nally, we also searched for inhibitors the chemical for-
mulas of which are known in the chemical database of
Namiki Shoji, and any known inhibitors but compounds
F and H were not found there. This implies that we suc-
cessfully retrieved all the known inhibitors from the
database (Namiki Shoji) and furthermore, that we also
identified three compounds that are expected to allow
the identification of novel b-secretase inhibitor tem-
plates for future drug discovery.
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Abstract—A series of bis-anilinopyrimidines have been identified as potent inhibitors of the tyrosine kinase EphB4. Structural infor-
mation from two alternative series identified from screening efforts was combined to identify the initial leads.
� 2008 Elsevier Ltd. All rights reserved.

The erythropoietin-producing hepatoma amplified se-
quence (Eph) family is the largest known family of
receptor tyrosine kinases, with 14 receptors and 8 cog-
nate ephrin ligands identified.1 There is growing evi-
dence that Eph receptor signalling may contribute to
tumorigenesis in a wide variety of human cancers, either
on tumour cells directly, or indirectly via modulation of
vascularisation. Many Eph receptors are over-expressed
in various tumour types2,3 and expression of EphB4 is
up-regulated in tumours such as neuroblastomas, leu-
kaemia’s, breast, liver, lung and colon. Moreover, vari-
ous in vitro and in vivo studies particularly regarding
EphB4 have indicated that over-expression of Eph
receptors on cancer cells is able to confer tumourigenic
phenotypes such as proliferation and invasion, consis-
tent with the speculated role in oncogenesis.


Inhibition of EphB4 expression using interfering-RNA
or antisense oligodeoxynucleotides inhibited prolifera-
tion, survival and invasion of PC3 prostate cancer cells
in vitro and in vivo.4 In addition, there is good evidence
that EphB4 may contribute to tumour vascularisa-
tion.5,6 Members of the Eph family including EphB4
are expressed on endothelial cells and transgenic studies

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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have shown that disruption of EphB47 or its ligand eph-
rinB28 causes embryonic lethality associated with vascu-
lar modelling defects consistent with a critical role in
vessel development. EphB4 activation also stimulates
endothelial cell proliferation and migration in vitro9


and inhibition of EphB4 signalling using soluble extra-
cellular domains of EphB4 has been shown to inhibit tu-
mour growth and angiogenesis in in vivo xenograft
studies.10,11
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In our search for inhibitors of EphB4 tyrosine kinase,
12

preliminary screening of libraries of kinase inhibitors


highlighted compound 1, a known anilinoquinazoline
inhibitor of the c-Src tyrosine kinase from in-house re-
search13 as a potent inhibitor, and also 2, a modestly po-
tent bis-anilinotriazine, analogues of which have
previously been reported as kinase inhibitors.14 Deter-
mination of the binding modes of these two inhibitors
was achieved by soaking into the catalytic domain of
EphB4 (D598-G892 with a Y774E mutation)15 and re-
vealed as expected that both occupied the ATP-binding
site. Compound 1 forms a key hydrogen bond between
the quinazoline N-1 and Met696 (Fig. 1(a)), while com-
pound 2 presents a donor–acceptor pair to Met696 (Fig.
1(b)). Intriguingly, protein overlay of these two struc-
tures (Fig. 1(c)) highlighted exact convergence of the
heterocyclic hinge-binding groups, with the different
C-4 anilino groups opposed. The dioxole aniline of the
more potent 1 is buried in the selectivity pocket, the
hydrophobic pocket beyond the Thr693 gatekeeper res-
idue, whereas the aniline of 2 points towards the ribose
binding site,16 suggesting that a hybrid of the aniline of 1
and the core of 2 may also result in potent inhibition of
EphB4.

Figure 1. (a) Structure of anilinoquinazoline 1 bound to the catalytic domain


domain of EphB4. (c) Overlay of the structures of 1 and 2 obtained through


prepared on the basis of this alignment, bound to the catalytic domain of E

In the event, we elected to examine both triazine and
pyrimidine core hybrids. Synthesis of these analogues
is outlined in Scheme 1, and is representative of the syn-
thesis of related analogues prepared in the course of this
study. Accordingly, both 2,4- and 4,6-dichloropyrimi-
dine, and 2,4-dichlorotriazine 3 were reacted with 5-
chlorobenzo[1,3]dioxol-4-amine to give intermediates
4, which in turn were reacted with 3,4,5-trimethoxyani-
line at elevated temperatures to give the target regioiso-
meric pyrimidines 6 and 7, and triazine 5.


The compounds listed in Table 1 were evaluated in an
EphB4 kinase assay measuring the inhibition of phos-
phorylation of a synthetic peptide substrate at Km


ATP concentration.17 The dioxole-containing triazine
5 and 4,6-pyrimidine isomer 6 both showed a modest
improvement in activity compared with hit 2, although
we did not have structural confirmation that this was
due to any shift in the aniline orientation. Gratifyingly,
2,4-pyrimidine analogue 7 showed potent activity at a
level comparable to quinazoline hit 1, and Figure 1(d)
shows the structure of this compound bound to the cat-
alytic domain of EphB4 confirming indeed that the C-4
aniline has re-orientated towards the selectivity pocket

of EphB4. (b) Structure of bis-anilinotriazine 2 bound to the catalytic


alignment of protein structure. (d) Structure of bis-anilinopyrimidine 7,


phB4.







Table 1. EphB4 inhibition data for compounds 1, 2 and 5–7 and


conformational energies and computed hydrogen bond acceptor


abilities of the different cores


Entry Core EphB4 IC50


(lM)a


Relative energy


of bound


conformation


and global


minimum


(kcal/mol)


Calculated


logKb


or N-1


1 Quinazoline 0.35 ± 0.13 0.7 2.65


2 Triazine 16 — —


5 Triazine 2.96 ± 0.71 1.5 1.42


6 4,6-Pyrimidine 2.54 ± 0.35 2.8 1.72


7 2,4-Pyrimidine 0.24 ± 0.16 0.9 2.12


a For determinations where n P 2, standard deviation is given.
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Scheme 1. Synthesis of bis-anilinotriazines and pyrimidines. Reagents


and conditions: (a) 5-chlorobenzo[1,3]dioxol-4-amine,13 NaH, DMA, 0–


25 �C; (b) 3,4,5-trimethoxyaniline, HCl in Et2O,n-BuOH, DMA, 120 �C.
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as hypothesised. It is interesting to note that this most
active of the hybrids has a CH group at C-5 which in
both 1 and 2 is N.


The combined effect of the hydrogen bonding ability of
the different cores and their innate conformational pref-
erences can rationalize these observations. The crystal
structures of both 1 and 7 reveal that the dioxole ring
sits in the selectivity pocket and consequently demands
a conformation of the aniline ring whose energy is rea-
sonably close to the global minimum energy of the li-
gand. A further conformational restriction applies to
the pyrimidine and triazine cores because the region
adjacent to the hinge in which they form their principal
interactions requires a relatively flat ligand, such as that
found for quinazoline 1 or indeed the adenine of ATP.
The ligand-bound structures reveal the dihedral angles
that are preferred in the protein complex, and when
these are applied as constraints in quantum mechanical
calculations, the energies relative to presumed global
minima are given in Table 1.18

When the ligands are constrained to the conformation
required for binding, the hydrogen bonding acceptor
ability (log Kb values)19 of the nitrogen that forms the
primary interaction with the hinge backbone can be esti-
mated by calculation.20 These calculations indicate that
quinazoline 1 and 2,4-pyrimidine 7 both have conforma-
tional energies which are closer to the global minimum,
and demonstrate the most effective hydrogen bonding
capability when compared to triazine 5 and 4,6-pyrimi-
dine 6, and this would appear to be reflected in the
experimentally observed enzyme data. It is noteworthy
that 4,6-pyrimidine 6 has a conformational energy
above the global minimum that is approximately the
same as that calculated for the more active 2,4-pyrimi-
dine 7 (both 0.8 kcal/mol), that is until the anilines at
the 6-position (for 6) and 2-position (in the case of 7)
are constrained to the observed dihedral angles. This
produces steric repulsion in the 4,6-pyrimidine that is
not present in the 2,4-pyrimidine due to the adjacent
nitrogen in the pyrimidine core. The hydrogen bonding
ability of N-1 is also dependent on this conformation
and before the constraint is imposed, the 2,4- and 4,6-
isomers have rather similar logKb values (2.05 and
2.14, respectively).


Since we considered that the trimethoxyaniline repre-
sented a potential DMPK liability, we next elected to
examine alternative anilines at the C-2 position, and in
particular the electronic, steric and positional effects of
various substituents. Table 2 highlights the systematic
examination of these factors, whilst keeping the C-4 ani-
line fixed. As expected, the three methoxy substituents in
7 showed a key contribution to the observed potency,
with the simple aniline analogue 8 showing a 6-fold drop
in activity. All of the substituents examined when placed
in the 2-position resulted in loss of activity relative to 8.
This effect was particularly dramatic for electron-with-
drawing substituents such as cyano, sulfonamide and
sulfone (compounds 21, 24 and 27) but was observed
for simple substituents such as F and methoxy (com-
pounds 9 and 18). It is clear from the crystal structures
in Figure 1((b) and (d)) that preference exists for the C-2
aniline to be co-planar with the central heterocyclic ring,
allowing the key NH-donor to be presented to the hinge
region in the correct orientation whilst allowing optimal
electron delocalisation in the ligand itself, and any
ortho-substitution might be expected to adversely im-
pact this. When comparing triads of the same substitu-
ent across 2-, 3- and 4-positions it is evident that
potency is significantly enhanced at the 3-position, with
the activity order 3 < 4� 2 maintained for all substitu-
ents (compare 9–11, 12–14, etc.). All the 3-substituents
examined showed enhancements in activity relative to
unsubstituted parent 8, although the most potent activ-
ity was observed for the bulky, strongly electron-with-
drawing sulfonamide (25) and sulfone (28) groups.
Importantly, these demonstrated potency improvements
over initial hybrid 7, indicating that a strongly electron-
rich C-2 aniline is not a requirement for activity. In
addition, a range of both large and small, electron-
donating and -withdrawing substituents furnished sub-
micromolar activity at this position including methyl
(16), methoxy (19), cyano (22) and morpholinyl (31).







Table 2. EphB4 inhibition data for C-2 aniline variants


N


NH


NN
H


O
O


Cl
2


3


4


Substituent EphB4 IC50
a (lM)


Entry 2- Entry 3- Entry 4-


H 8 1.55 ± 0.07


F 9 5.00 ± 0.28 10 1.15 ± 0.07 11 2.30 ± 0.10


Cl 12 11.32 ± 0.58 13 1.33 ± 0.79 14 6.00 ± 1.00


Me 15 13.96 ± 1.41 16 0.46 ± 0.04 17 1.60 ± 0.00


MeO 18 3.88 ± 0.57 19 0.64 ± 0.07 20 1.94 ± 0.21


CN 21 20.49 ± 0.71 22 0.55 ± 0.15 23 1.25 ± 0.07


SO2NH2 24 35.50 ± 0.71 25 0.04 ± 0.02 26 0.30 ± 0.12


SO2Me 27 41.00 ± 0.00 28 0.09 ± 0.05 29 0.63 ± 0.01


1-Morpholinyl 30 7.85 ± 3.47 31 0.58 ± 0.12 32 1.00 ± 0.00


a For determinations where n P 2, standard deviation is given.
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Examination of substituent effects at the 4-position indi-
cated these inhibitors to be less effective than those with
the same substituents at the 3-position, generally at least
2-fold but greater for some examples. It is interesting to
note that the most potent substituents in the 4-position
mirror those in the 3-position, namely the sulfonamide
(26) and sulfone (29) both show sub-micromolar activity
comparable with lead 7. Halogen substituents (F, Cl)
were seen to be either poorly tolerated or offer no benefit

Table 3. Selectivity data for compound 28


Kinase IC50 (lM)


EphB2 0.05


Src <0.10


CSK 10.7


CDK2 17.6


FAK 19.7


JAK3 20.5


p38 27.1


IGF >30


ZAP70 >30


EGF >30


KDR >30


FGF >30


PLK >30


CHK1 >30


JNK >30


PKA >30


Table 4. Selected physicochemical and rat pharmacokinetic dataa for compo


logD


(pH 7.4)


Solubilityb


(lM)


Rat PPB%


free drugc


Bioavailability


(%)


3.13 30 0.74 30


a From an oral dose of 5 lmol/kg, iv dose of 0.5 lmol/kg in Han Wistar rat
b Aqueous solubility measured in pH 7.4 buffer on pure but generally amorp
c Measured at 37 �C.
d Total AUC at the oral dose administered.

over the unsubstituted parent in all positions (com-
pounds 9–11 and 12–14).


On the basis of these data we chose to examine the 3-sul-
fone 28 in greater detail. This compound was examined
in a cellular assay of EphB4 inhibition,21 and was found
to inhibit phosphorylation with an IC50 of
0.19 ± 0.07 lM, in good agreement with its enzyme inhi-
bition value. In a panel of kinase assays, 28 was shown
to be remarkably selective. Table 3 highlights the data
from this selectivity panel. Compound 28 is inactive or
weakly active against most of the kinases tested. Only
the EphB2 and Src enzymes are potently inhibited,
and this is expected both on the basis of high sequence
homology to EphB4 (85% and 44%, respectively, in
the kinase domains) and the presence of a C-4 aniline
previously optimised for potent Src inhibition in the qui-
nazoline series.13 Table 4 summarises selected physico-
chemical and pharmacokinetic parameters in the rat
for compound 28. logD is acceptable, and solubility is
modest with a reasonably high degree of protein bind-
ing, although not prohibitively so, as a lead for further
optimisation. The in vivo profile in rat is also encourag-
ing, showing a modest but acceptable bioavailability of
30%, and low clearance, potentially indicating solubility
limited absorption.


In summary, we have used structural information from
two distinct series bound in the active site of EphB4 to

und 28


Cl


(ml/min/kg)


Vdss


(L/kg)


t1/2


(po) (h)


AUC (po)d


(lM h)


6.1 0.5 5.3 4.0


s.


hous material.
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generate a novel series of 2,4-bis-anilinopyrimidine
inhibitors. SAR studies around the C-2 hinge-binding
aniline indicate a strong preference for meta-substitu-
tion, particularly with electron-withdrawing groups.
One example from this work, 28, has shown an encour-
aging kinase selectivity and pharmacokinetic profile and
serves as the basis for further hit to lead optimisation.
Further optimisation of, in particular the C-2 aniline
of this class of inhibitors is described in the subsequent
communication.
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Abstract—A series of novel 9-substituted camptothecins derived from 9-formylcamptothecin were synthesized. The aldehyde was
obtained from 10-hydroxycamptothecin or, better, by total synthesis. The compounds showed antiproliferative activity higher than
that of the reference compound topotecan. Modelling suggested the possibility of a favourable interaction of small and polar 9-sub-
stituents with the topoisomerase I–DNA complex, which is consistent with the higher activity of these derivatives with respect to the
corresponding 7-substituted camptothecins.
� 2008 Elsevier Ltd. All rights reserved.

The natural product camptothecin (CPT)1 and its syn-
thetic analogues are among the most promising new
agents for the treatment of human cancers. CPT is a
pentacyclic alkaloid, which was first isolated in 1966
from the extracts of a Chinese plant, Camptotheca
acuminata, by Wall et al.2 Although CPT is a potent
cytotoxic agent, early clinical studies with this com-
pound in the 1970s were unsuccessful as a consequence
of severe and unpredictable toxicities. Interest in CPT
derivatives was revitalized in 1985 by the discovery that
CPT exhibits a unique mechanism of action because it
targets the nuclear enzyme topoisomerase I (Topo I). 3


CPT forms a ternary complex with topoisomerase I
and DNA, and the stabilization of this complex results
in DNA breaks by preventing DNA religation.4


Intensive efforts in medicinal chemistry over the past dec-
ades have provided a large number of CPT analogues, of
which topotecan and irinotecan (prodrug of SN-38) (Chart
1) are those so far approved for the clinical therapy.5


SAR studies on the numerous compounds prepared
have shown that substitutions in positions 7, 9, 10, 11

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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(and in some cases also 12) are tolerated or give substan-
tial increase of the activity.6 In particular, both topotec-
an and SN-38 have an OH substituent in position 10,
which seems to be important either to decrease the un-
wanted stabilization of the open hydroxyacid form by
human albumin7 or to increase the solubility. A recent
X-ray crystallographic analysis of a ternary complex be-
tween a topoisomerase I construct, a DNA oligonucleo-
tide and topotecan indicated that modifications at the
7- and 9-position of CPT would not interfere with
drug–protein interactions.8 To date most of the sec-
ond-generation CPT that have reached preclinical or
clinical development studies are 7-substituted deriva-
tives, for example, silatecans, karenitecins, gimatecan,
and belotecan, all bearing highly lipophilic substituents,
deemed to increase the stability of the lactone form in
ring E of CPT with respect to the open hydroxyacid
form (Chart 2).7,9


In our laboratory a series of camptothecins substituted
in position 7 with lipophilic moieties have been synthe-
sized using as a key intermediate CPT-7-aldehyde. Var-
ious groups were linked to the CPT scaffold via carbon-
carbon double bonds, iminomethyl or oxyiminomethyl
moieties. These compounds exhibited potent cytotoxic
activity in vitro and in vivo comparable or superior to
topotecan.10–12 The highest activity was shown by oxy-
iminomethyl derivatives: gimatecan (Chart 2), the most
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active compound of the series, is in phase I–II of clinical
studies in patients with advanced solid tumours no more
sensitive to standard therapies.13


While most researches have focused on the synthesis of
CPT derivatives bearing substituents in position 7, the
literature reports only a few examples of camptothecins
substituted in position 9, most relevant being 10-hydro-
xy-9-dimethylaminomethylcamptothecin (topotecan), a
drug in current clinical use, 10-hydroxy-9-allyl-CPT
(chimmitecan),14 9-nitrocamptothecin (rubitecan) and
9-aminocamptothecin, which have been submitted to
preclinical and clinical studies.5

Table 1. Cytotoxic activity (IC50 (lM) on H460 cell line)


N


RR1


R2


Entry R or R1


7-Substituted 9-Substituted


Topotecan CH2–N(CH3)2


SN-38 CH2CH3


1a 16 CH2OH


1b 7 CHO


1c 3 CHO


1d 5 CHO


1e 18 CN


1f 4b CN


1g 8b CN


1h 17c CH = NOC(CH3)3


1i 4a CH = NOC(CH3)3


1l 8a CH = NOC(CH3)3


1m 17b CH = NOCH 2CH2NH2


1n 17a CH = NOH

One of the reasons for the limited number of 9-substi-
tuted CPT studied may be the scarce accessibility of this
position. In fact, in accordance with the reactivity of the
quinoline nucleus, substitution of CPT in position 7 oc-
curs easily via radical reactions.1 On the contrary, the
functionalization of position 9, that requires an electro-
philic substitution on a deactivated position, usually
occurs with low yields and gives mixtures with 12-substi-
tuted isomers.1 This difficulty has been overcome, in
most cases, starting from the naturally occurring 10-hy-
droxy-CPT, where the OH group confers increased
reactivity to the A ring.15–17


The high cytotoxic activity of the few 9-substituted CPT
reported in the literature prompted us to investigate the
introduction of other moieties in this quite unexplored
position. In particular, the goal of the present study
was to synthesize analogues in position 9 of the most ac-
tive examples of 7-substituted CPT (1a–n) previously ob-
tained by us (Table 1).


Prior to starting the synthesis, we modelled the binding
of the designed compounds to the Topo I covalent com-

N


O


O


OOH


R2 IC50 (lM)


7-Substituted (R 1 = H) 9-Substituted (R = H)


OH 1.18 ± 0.24


OH 0.22 ± 0.013


H 0.49 ± 0.093 0.21 ± 0.074


H 0.388 ± 0.29 0.058 ± 0.029


OH 1.78 ± 0.5 6.96 ± 3.13


OCH3 0.18 ± 0.05 6.00 ± 1.49


H 1.04 ± 0.5 0.428 ± 0.149


OH 5.65 ± 2.5 9.86 ± 0.18


OCH3 0.66 ± 0.02 0.67 ± 0.025


H 0.015 ± 0.006 0.23 ± 0.11


OH 0.13 ± 0.03 0.36 ± 0.015


OCH3 0.07 ± 0.004 0.32 ± 0.044


H 0.51 ± 0.15 2.53 ± 0.97


H 0.03 ± 0.0076 0.23 ± 0.143
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plex with DNA. Thus we compared the intermolecular
interaction energy of all the couples of 7- and 9-substi-
tuted compounds with the model of topoisomerase I
cleavage site. The results indicated intermolecular inter-
action energies of the same order of magnitude for the 7-
and 9-substituted corresponding compounds, suggesting
not only that there is space for substitution in position 9
of CPT, in accordance with Staker’s crystallographic
data and modelling,8 but also that their binding activity
should be quite strong, being comparable to that of 7-
substituted CPT.


Our synthetic plan required CPT-9-aldehyde as a key
intermediate. As a first approach to the synthesis, we
decided to exploit the activating effect of the hydroxy
group, starting from 10-hydroxy-CPT (2). The formyla-
tion of 10-hydroxy-CPT based upon Duff reaction has
already been reported.15 However, in our hands, the
formyl derivative was obtained with erratic yields that
never exceeded 26%, despite numerous attempts of
optimization. Several other approaches to introduce
the aldehyde group at position 9 of 10-hydroxy-CPT,
including reaction with NaOH in chloroform, formal-
dehyde and SnCl4 in toluene and with a,a-dichlorom-
ethylmethylether and TiCl4 in dichloromethane,
failed. Thus, in spite of the low yield, 9-formyl-10-
hydroxycamptothecin (3) was synthesized via Duff
reaction and then converted into 9-formyl-10-methoxy-
camptothecin (5) by methylation with diazomethane.
Both compounds 3 and 5 were easily converted into
oximes 4a and 8a and cyano derivatives 4b and 8b
(Scheme 1).
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At this stage removal of the 10-hydroxy group was nec-
essary to obtain the desired 9-substituted camptothecins.


Attempts to obtain 9-formylcamptothecin by Pd-cata-
lyzed deoxygenation of 9-formyl-10-hydroxycamptothe-
cin triflate or tosylate17 were hampered by the instability
of the sulfonyl derivatives which partially reverted to the
starting compound during the workup of their synthesis.
The subsequent reaction with Et3SiH catalyzed by
Pd(OAc)2 led to the desired 9-formylcamptothecin only
in an unacceptably low yield (Scheme 1).


These difficulties led us to devise an alternative proce-
dure based upon a total synthesis of 9-formylcamptothe-
cin via Friedländer condensation of the chiral tricyclic
ketone 1418 with an appropriately substituted o-amino-
benzaldehyde. The structure of the final product
required that this intermediate contained a protected
or a potential second aldehyde group. After several
attempts, the synthetic sequence of Scheme 2 gave
satisfactory results. Commercially available (2-methyl-
3-nitrophenyl)methanol 9 was protected by treatment
with MEMCl in basic conditions to give 10,19 which
was converted into enamine 11 by treatment with
dimethylformamide dimethylacetal and pyrrolidine in
DMF. Oxidation with sodium periodate followed by
catalytic hydrogenation gave o-aminoaldehyde 13 in
quantitative yield (Scheme 2).


The Friedländer condensation of 13 with ketone 14 cat-
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afforded 9-(2-methoxyethoxymethoxymethyl)-campto-
thecin 15 in good yield. The desired CPT-9-aldehyde 7
was obtained by the deprotection of 15 and subsequent
oxidation of alcohol 16. The availability of 7 allowed us
to synthesize the three derivatives 17a–c , and nitrile 18.


The prepared compounds were tested for their growth
inhibitory activity against the human non-small cell lung
carcinoma cell line H46021 (Table 1), a cell model selected
for its sensitivity to Topo I inhibitors.22 Topoisomerase
I-mediated DNA cleavage assays with purified human
topoisomerase I were used to investigate the ability of
some derivatives to stimulate the DNA damage.23 All
the tested CPT revealed an intensity of DNA damage
comparable to that of the reference compound SN-38
(Fig. 1). Moreover, DNA cleavage patterns were found
identical to those observed in the presence of SN-38. Since
the drug interaction with the DNA–enzyme complex is ex-
pected to be reversible, the persistence of the cleavable
complex was evaluated after the addition of high salt con-
centration (0.6 M NaCl), which favours the dissociation
of the ternary drug–enzyme–DNA complex. As already
observed in our previous work,12 such a stability was par-
ticularly evident for 1h, which exhibited a DNA damage
persistence around 90% after 10 min (Fig. 2). All the three
9-substituted derivatives tested (7, 17b, 17c) appreciably
reduced the persistence of DNA damage as compared to
the corresponding 7-substituted analogues.


From the data reported in Table 1, it appears that the 9-
substituted CPT showed potent cytotoxic activity, in

most cases higher than that of the reference compound
topotecan. However, all the 9-oximinomethyl deriva-
tives (17a–c) are of an order of magnitude less potent
in growth inhibition than the corresponding 7-counter-
parts (1n, 1m, 1h). On the contrary, the presence of a
single, small polar group, such as CH2OH (16), CHO
(7) and CN (18), in 9-position resulted in an enhance-
ment of the activity with respect to the corresponding
7-analogues (1a, 1b, 1e), aldehyde 7 reaching the level
of the most potent camptothecins so far prepared. This
could be related to more strict steric requirements for
the 9-substitution, or to a favourable effect of a H-
accepting group in this position. Modelling experiments
on compound 16 support this second hypothesis, show-
ing the formation of two hydrogen bonds between the
OH group in position 9 and the carbonyl group of the
side chain of Asn 352 and the base C + 1 (Fig. 3).
Among the compounds tested in the DNA cleavage as-
say (Fig. 1), no precise correlations could be found be-
tween Topo I inhibition and antiproliferative activity.
This observation is not surprising, because the cytotoxic
effect reflects not only target inhibition, but a number of
events, including cellular pharmacokinetic behaviour.
Indeed the most hydrophobic derivatives (e.g., 1h and
17c), which are expected to have favourable cellular
accumulation, were more potent than the hydrophilic
derivatives 1m and 17b. However the substantially re-
duced cytotoxic potency of 17b reflected also a reduced
stabilization (Fig. 1) and persistence (Fig. 2) of the
cleavable complex. The contribution to the cytotoxic po-
tency of factors other than Topo I inhibition is clearly
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documented by the quite different cytotoxicity of 1h and
1m, in spite of a comparable ability of these compounds
in stabilizing DNA cleavage.


The introduction of an OH substituent in position 10 of
9-substituted CPT was expected to have a detrimental

effect on the cytotoxicity, as observed in the 7-series,12


most likely due to the increased hydrophilicity of the
10-OH derivatives.7 This decrease of activity was stron-
ger in the 9-series than in the 7-series in the presence of
small substituents (cfr. 3/7, 4b/18 , vs 1c/1b, 1f/1e ). Meth-
ylation of the 10-hydroxy group restored the cytotoxic







Figure 3. Structure of compound 16 in the ternary complex model. For the sake of clarity all the base pairs and only some amino acids are shown.
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potency in the 7-substituted series (cfr. 1d vs 1c, 1g vs 1f
and 1l vs 1i).12 In the 9-substituted series a restoring ef-
fect of the methylation was observed for the 9-cyano
derivative (8b vs 4b), whereas in the case of 9-formyl-
CPT 5 and oxyiminoderivative 8a the drop of activity re-
mained. These results suggest that the presence of sub-
stituents in position 10 is detrimental for the activity
of 9-substituted CPT derivatives.


In conclusion, we have developed a synthetic method
suitable for a convenient preparation of 9-substituted
CPT derivatives using 9-formyl CPT as a versatile inter-
mediate. By means of this synthetic pathway we have
synthesized a series of novel camptothecins endowed
with potent cytotoxic activity. The results show that
the highest potency is obtained when a small polar, pos-
sibly H-acceptor group, is present in position 9.
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Abstract—Pentadecylidenemalonate 1b, a simplified analogue of anacardic acid, was identified as the first mixed activator/inhibitor
of histone acetyltransferases (HATs). It potentiates PCAF HAT activity while inhibiting those of p300/CBP and recombinant CBP.
The remarkable apoptotic effect together with the ability to selectively acetylate histone versus non-histone substrates appoint 1b as
a lead for the development of anticancer drugs.
� 2008 Elsevier Ltd. All rights reserved.

The acetylation of proteins is a dynamic event involving
the enzymatic activities of histone acetyltransferases
(HATs)1 and histone deacetylases (HDACs).2–4 HATs
primarily acetylate (and prevent positive charges from
forming on) the e-amino groups of specific lysines in his-
tones,5 as well as in transcription factors (i.e., p53)6 and
other nuclear proteins (i.e., a-tubulin),7 thus regulating
transcription and histone deposition during nucleosome
assembly, DNA repair, and other genomic processes.5


The impairment of this cellular regulatory system (for
example, after treatment with HDAC inhibitors) can
have significant impact on cell functions, including al-
tered gene expression, growth arrest, differentiation,
and cell death, and is therefore a promising target for
therapeutic development. As a matter of fact, a number
of HDAC inhibitors are currently undergoing clinical
evaluation for efficacy in the treatment of human tu-
mors4,8 and one of them, suberoylanilide hydroxamic
acid (SAHA, vorinostat)9 was approved by the U.S.

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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Food and Drug Administration (FDA) on late 2006
for the treatment of advanced cutaneous T-cell
lymphoma.


On the contrary, HAT proteins are less validated as che-
motherapeutic targets. They have been categorized phy-
logenetically into several classes, including the GCN5-
N-acetyltransferase (GNAT),� the MYST, and the
p300/CBP families, each of which exhibits distinct his-
tone lysine specificities.2 Translocations and deletion
mutations in HAT genes have been reported in a variety
of solid tumors and hematologic malignancies.10,11 A
nuclear hormone receptor coactivator with HAT activ-
ity, AIB-1 (Amplified in Breast Cancer-1), is amplified
and overexpressed in breast, ovarian, and gastric can-
cers.12,13 In acute myeloidleukemia, HAT genes are trans-
located and several fusion proteins between p300/CBP
enzymes and MYST family HATs (e.g., MOZ and
MORF) are formed.14,15 Mistargeted and deregulated

� Abbreviations: p300, E1A binding protein 300 kDa; CBP, CREB


binding protein; CREB, c-AMP response element-binding; SRC,


steroid receptor coactivator; TAF1, TBP-associated factor; TBP,


TATA binding protein; ATF2, activated transcription factor; GCN5,


general control of nitrogen metabolism-5; PCAF, p300/CBP-associ-


ated factor; MYST, MOZ, YBF2/SAS3, SAS2, TIP60 N-acetyltrans-


ferase; MOZ, monocytic leukemia zinc finger protein; GNAT,


GCN5-N-acetyltransferase; MORF, MOZ-related factor.
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Figure 1. Compounds screened on U937 cells.
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HAT activities of GCN5/PCAF and p300 have also been
reported to play an important role in genetic diseases and
in human colorectal, breast, and pancreatic cancers.16–18


Selective modulators of these HATs may therefore exert
useful therapeutic applications.19,20


A limited number of HAT inhibitors have been
described so far (Chart 1), with various degrees of selec-
tivity and cell permeability. Peptide-CoA conjugates
(Lys-CoA and H3-CoA-20)21 as well as a few natural
small molecules such as anacardic acid,22 garcinol,23


and curcumin24 were described as potent p300 or PCAF
inhibitors. Isothiazolone derivatives were also disclosed
as inhibitors of PCAF, but they exhibit significant off
target activity in vivo due to their high chemical reactiv-
ity with thiol groups.25 Recently, the c-butyrolactone
MB-326 and a few quinoline derivatives27 were reported
as small, cell-permeable GCN5 inhibitors. Moreover, the
selective inhibition of p300 HAT by semi-synthetic deriv-
atives of garcinol (i.e., LTK-14) was also described.28 On
the other side, only N-(4-chloro-3-trifluoromethyl-phe-
nyl)-2-ethoxy-6-pentadecyl-benzamide (CTPB, Chart 1)
was reported to selectively activate p300 HAT activity.22


Prompted by our interest in the discovery of small mole-
cule modulators of epigenetic targets,27,29–33 we prepared
a series of molecules containing long alkyl chains (com-
pounds 1–6, Fig. 1), structurally related (as simplifiedana-
logues or heterocyclic analogues) to anacardic acid. As
cell permeability is an important issue for modulators of
histone modifying enzymes,34 we decided to pre-screen
compounds 1–6 for their effects on cell cycle, apoptosis
induction, and granulocytic differentiation in the human
leukemia U937 cell line and then to test the inhibiting

Chart 1. Known HAT modulators.

capability of just the more active derivatives against
HAT enzymes.


Derivatives 1a and 1b were prepared (Scheme 1) by
Knoevenagel condensation of diethyl malonate with
aldehydes 7a or 7b, respectively, obtained from tetradec-
an-1-ol and pentadecan-1-ol by oxidation with 1,1,1-tri-
acetoxy-1,1-dihydro-1,2-benziodoxol-3(1H)-one (Dess-
Martin periodinane, DMP).35 Derivatives 1c–e were
commercially available or prepared as previously
reported.36


The acylation of potassium ethyl malonate with the
appropriate acyl imidazolide in the presence of magne-

Scheme 1. Reagents and conditions: (a) DMP, dichloromethane, rt;


(b) diethyl malonate, acetic acid, piperidine, dichloromethane, rt.


Scheme 2. Reagents and conditions: (a) MgCl2, Et3N, acetonitrile, rt;


(b) 13% HCl, rt; (c) thiourea, EtONa, EtOH, reflux; (d) MeI, DMF, rt;


(e) N,N-dimethylguanidine sulfate, EtONa, EtOH, reflux; (f) NBS,


benzoyl peroxide, carbon tetrachloride, reflux.
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sium dichloride and triethylamine furnished the corre-
sponding b-oxoesters, which were in turn condensed
with thiourea and sodium ethoxide in ethanol to give
the 2-thiouracils 2a, b or with N,N-dimethylguanidine
sulfate in the same alkaline medium to afford com-
pounds 4a–c. Following the treatment of 2a, b with
methyl iodide afforded the 2-methylthiopyrimidin-
4(3H)-ones 3a, b,27 whereas the treatment of 2-(dimeth-
ylamino)-pyrimidin-4(3H)-ones 4a–c with N-bromosuc-
cinimide (NBS) yielded the corresponding 5-bromo
derivatives 5a, b (Scheme 2).

Scheme 3. Reagents and conditions: (a) MgCl2, Et3N, acetonitrile, rt;


(b) 13% HCl, rt; (c) phosphoryl chloride, Et3N, rt to 80 �C; (d)


thiourea, EtONa, EtOH, reflux.


Figure 2. Cell cycle analysis (A) and analysis of apoptosis induction (B) in U


were treated with compounds 1–6 at 25 lM (left) or with compounds 1a–e at 5


to flow cytometric analysis to determine the cell distributions at each phase o


and subjected to flow cytometric analysis to determine the apoptotic subpop


Anacardic acid (AA) was used as a reference compound. Data are reported

The ethyl 6-pentadecyl-4-oxo-2-thioxo-1,2,3,4-tetrahy-
dropyrimidine-5-carboxylate 6 was obtained starting
from the acylation of diethyl malonate with hexadecanoy-
limidazolide in the presence of magnesium dichloride and
triethylamine. The resulting 2-(1-hydroxyhexadecylid-
ene)malonate was treated with phosphoryl chloride in
the presence of triethylamine to obtain the diethyl 2-(1-
chlorohexadecylidene)malonate which was finally con-
densed with thiourea and sodium ethoxide in ethanol to
give the 2-thiouracil 6 (Scheme 3).


Compounds 1–6 were tested for their effects on cell cycle
and apoptosis induction, in human leukemia U937 cell
line, using anacardic acid (AA)22 as reference com-
pound. After 42 h of treatment at 25 lM, only com-
pounds 1a and 1b were able to arrest both the cell
cycle in the S phase (Fig. 2A) and induce apoptosis
(Fig. 2B; 23.8% and 23.9%, respectively), whereas the
other derivatives had very weak effects on cell cycle
and apoptosis induction in the same conditions (Fig.
2). Consistently with the reported low cytopermeabili-
ty,22 cells treated with anacardic acid were comparable
to the control. The apoptotic effect of compounds 1a
and 1b resulted even more evident after treatment at
50 lM, with a dramatic increase for compound 1b
(94.4%, Fig. 2B). None of the tested compounds 1– 6

937 cells by fluorescence-activated cell sorting (FACS). The U937 cells


0 lM (right) for 42 h, then stained with propidium iodide and subjected


f the cell cycle (A) or double-stained with Annexin V/propidium iodide


ulations (B). Caspase 3 was also detected and quantified (not shown).


as means ± SD of three independent experiments.







Figure 4. (A) Effects exerted by 1b (50 lM) on H3 acetylation on


Human Kidney Epithelial Cells (HEK-TE). (B) Effects exerted by 1b


(50 lM) on H3 acetylation and on a-tubulin acetylation on U937


leukemia cells. (C) Effects exerted by 1b and p300 or PCAF inhibitors,


alone or in combination, on H3 acetylation in histone extracts of U937


leukemia cells. Total tubulin, total extracellular signal-regulated


kinases (ERKs), and total histone H4 were used, respectively, to


normalize for equal loading. Anacardic acid (AA, 50 lM), curcumin


(curc, 50 lM), and SAHA (5 lM) were used as reference compounds.
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showed any significant differentiating effect (see Supple-
mentary data).


As derivative 1b could be considered a simplified ana-
logue of anacardic acid, we decided to explore its activ-
ity against a panel of HAT enzymes (p300, PCAF, CBP,
and GCN5), using anacardic acid (AA),22 curcumin,24


and MB-326 (all at 50 lM, unless differently reported)
as reference compounds.


As shown in Figure 3, 1b showed a very good inhibitory
effect (74% of inhibition at 50 lM) against immunopre-
cipitated p300/CBP from U937 cell nuclear extracts,
thus being more potent than curcumin (46% of inhibi-
tion); moreover, 1b displayed a strong inhibition against
recombinant CBP (81%), thereby being much more
powerful than AA (62%) and MB-3 (55% of inhibition
at 50 lM) in this assay. We observed no inhibition of
the HAT activity of GCN5 (Fig. 3B), but, surprisingly,
we noticed a significant increase of the acetylating activ-
ity of PCAF (Fig. 3D). The effect of compound 1b on
the acetylation levels of H3 terminal tails was assessed
in the human immortalized kidney epithelial cell line
(HEK-TE, kind gift of Dr. W.C. Hahn). These cells
are transformed but not tumorigenic and in respect to
U937 cells show higher basal acetylation histone H3 lev-
els. Cells were incubated with vehicle, compound 1b (at
50 lM) or with the reference compounds curcumin (at
50 lM) and suberoylanilide hydroxamic acid (SAHA,
at 5 lM), a well-known HDAC inhibitor9 able to in-
crease histone H3 as well as the non-histone substrate
a-tubulin acetylation levels.


As shown in Figure 4A by Western blot analysis, com-
pound 1b did not induce hypoacetylation on histone

Figure 3. HAT assay performed with 50 lM 1b on different HATs. (A)


p300/CBP immunoprecipitated enzymes from U937 cell nuclear


extracts; (B) GCN5; (C) CBP; (D) PCAF. Anacardic acid (AA),


curcumin (curc), and MB-3 were used as reference compounds at 50


lM concentrations, except when differently indicated.

H3 as expected. On the contrary, it produced an unpre-
dictable increase of the H3 acetylation level, similar
(even if less pronounced) to the one induced by SAHA
but without affecting HDAC activity (see Supplemen-
tary data).


Similar results were obtained in the human U937 leuke-
mia cell line (Fig. 4B), thus corroborating the hyper-
acetylating action of 1b in both cellular models. With
the aim to ascertain if this outcome could be at least par-
tially ascribable to the enhancement of PCAF activity
emerged from the enzymatic assays, we also treated
U937 cells with curcumin (p300 inhibitor)24 and anacar-
dic acid (p300 and PCAF inhibitor)22 alone or in combi-
nation with 50 lM 1b. As shown in Figure 4C, the co-
treatment with a p300 inhibitor did not affect the H3
hyperacetylation induced by 1b in this cell line, whereas
this effect was barely visible after the co-treatment with a
PCAF inhibitor. Note that (Fig. 4B), differently from
SAHA that exhibited a marked hyperacetylating effect
on both substrates, compound 1b produced in the
U937 cell line a significant increase of the H3 acetylation
level but no detectable effect on the acetylation level of
the non-histone substrate a-tubulin. This is particularly
interesting as although acetylation of a-tubulin was
found in mammalian cells almost two decades ago, the
responsible acetyltransferase remains unidentified.37


In summary, we have identified pentadecylidenemalo-
nate 1b, a simplified analogue of anacardic acid, as the
first activator/inhibitor of histone acetyltransferases.
Although rather un-drug-like, its unique activity profile
together with the powerful apoptotic effect (particularly
notable if considering that anacardic acid is not cell per-
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meable) designate this compound as a valuable biologi-
cal tool to understand the mechanisms of HAT enzymes
and may also prelude to a novel group of compounds
for antineoplastic therapeutics.
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Abstract—A series of thieno[3,2-b]pyridine-based inhibitors of c-Met and VEGFR2 tyrosine kinases is described. The compounds
demonstrated potency with IC50 values in the low nanomolar range in vitro while the lead compound also showed in vivo activity
against various human tumor xenograft models in mice. Further exploration of this class of compounds is underway.
� 2008 Elsevier Ltd. All rights reserved.

c-Met (the receptor for hepatocyte growth factor/scatter
factor, (HGF/SF)) and members of the vascular endo-
thelial growth factor receptor (VEGFR) family1 are
among the attractive receptor tyrosine kinases (RTKs)
pursued actively as potential targets for the development
of cancer therapeutics. c-Met is primarily expressed on
cells of epithelial and mesenchymal origin. Upon bind-
ing to its ligand, HGF, c-Met is activated, resulting in
the phosphorylation of tyrosine residues within its ki-
nase domain followed by phosphorylation of key resi-
dues in its unique multi-substrate-binding site. The
phosphorylated residues provide sites for the recruit-
ment of cellular adaptors and docking proteins leading
to the activation of signaling pathways culminating in
numerous biological responses, including cell migration
and invasion, proliferation and survival, as well as mor-
phogenesis and angiogenesis.2
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While c-Met is involved in normal processes during
development and wound healing, its deregulation is
associated with tumorigenesis. The overexpression of
c-Met or mutations within and outside of its kinase do-
main leading to its constitutive activation have been de-
tected in cancer patients.3 In addition, autocrine or
paracrine activation of c-Met by its ligand, HGF, has
also been described.4 Together these mechanisms of c-
Met activation have been associated with poor progno-
sis. In addition to its role in tumor cell survival and
metastasis, c-Met is also implicated in angiogenesis
and has been shown to cooperate synergistically with
the vascular endothelial growth factor receptors (VEG-
FRs) including VEGFR1 (Flt1) and VEGFR2 (KDR).
These receptors have also been implicated in the devel-
opment and progression of various human cancers
and, therefore, have been central in the development
of anticancer therapies.5 Molecules that potently inhibit
both c-Met and VEGFR may have advantages over
VEGFR-selective or c-Met-selective molecules since
they can exploit several mechanisms of antitumor activ-
ity including anti-angiogenic activity from c-Met and
VEGFR inhibition, potential synergistic anti-angiogenic
activity from c-Met/VEGFR inhibition, and antitumor
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activity and anti-metastatic/anti-invasive activity from
c-Met inhibition.6 Thus, the combined inhibition of both
c-Met and VEGFR signaling represents a promising ap-
proach to cancer treatment by directly targeting multiple
pathways involved in tumor cell survival, as well as angi-
ogenesis and metastasis.7


Figure 1 shows two small molecule inhibitors of VEG-
FR: Sunitinib (Sutent�) from Pfizer is approved for
the treatment of both renal cell carcinomas (RCC) and
imatinib mesylate-resistant gastrointestinal stromal tu-
mor (GIST). Sorafenib (Nexavar � ) from Bayer/Onyx
is approved for the treatment of advanced RCC and
hepatocellular carcinoma (HCC).


The report of the c-Met/VEGFR2 inhibitor (III) discov-
ered by Kirin Brewery in 20038 and shown in Figure 1
led to the genesis of the project with the initial goal to
identify an alternative to the heavily utilized quinoline
scaffold of III. Our preliminary investigations identified
thieno[3,2-b]pyridine9 as a good mimic of the quinoline
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Figure 1. Examples of some known VEGFR and/or c-Met inhibitors.
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180 �C; (d) NaBH4, NiCl2 �6H2O, 0 �C, MeOH, water; (e) BnCONCS, THF

moiety and this report will disclose their synthesis and
the SAR of the 2-position substitution of these thieno-
pyridine-based inhibitors, Scheme 1.


Thus, chlorination of 1 with POCl3 afforded 210 which
upon selective deprotonation11 with n-BuLi followed
by quenching of the intermediate carbanion with vari-
ous electrophiles afforded compounds 3a–e. Heating
3a–e in diphenyl ether at 180 �C with 2-fluoro-4-nitro-
phenol and potassium carbonate gave the desired nitro-
phenyl ethers 4a–e, treatment of which with a mixture of
NaBH4 and NiCl2 �6H2O12 gave anilines 5a–e. Reaction
of the aforementioned anilines with phenylacetyl isothi-
ocyanate13 afforded 6a–e, Scheme 1. A detailed descrip-
tion of the syntheses and characterization of 6a–e and
subsequent compounds mentioned in this letter is
provided.14


From Table 1, it may be seen that compounds 6d and 6e
were the most potent against both enzymes when
assayed in vitro. Although c-Met tolerated a range of
‘simple’ substituents in the 2-position of the thieno[3,2-
b]pyridine ring system, VEGFR2 preferred a carbonyl.
Thus, an additional set of molecules was made in efforts
to obtain more potent inhibitors of both enzymes.

N


S


Cl


X


N


S


O


X


F
H
N


S O


H
N


c


e


3a-e


6a-e


, THF then electrophile X; (c) 2-fluoro-4-nitrophenol, Ph2O, K2CO3,


, rt or EtOH/toluene, rt.


Table 1. In vitro15 profile for compounds III and 6a–e
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Compound X c-Met


IC50 (nM)


VEGFR2


IC50 (nM)


III — 121 32


6a H 116 1134


6b CH(OH)Me 132 561


6c SMe 130 346


6d –CO-(2-Furyl) 130 127


6e CO2Me 113 90
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Hence, a series of amides was synthesized using the
chemistry shown in Scheme 2 and their in vitro activities
are shown in Table 2.


These data demonstrate that the amides are potent
nanomolar inhibitors of both enzymes and that the
amide functionality is well tolerated.


Unsubstituted (8a) or monosubstituted (8b) amides were
reasonably potent against c-Met and slightly less so
against VEGFR2. While dimethylamide 8c showed a
slight increase in potency against c-Met and a more pro-
nounced increase in activity against VEGFR2, bulkier
amides such as 8d, 8e, and 8g, on the contrary, were less
potent against both enzymes. Interestingly, compound
8f, which was synthesized as a constrained analogue of
compound 8d, showed a 40-fold increase in activity
against VEGFR2 suggesting that the active site of the
VEGFR2 enzyme has a tolerance for only rigid and
‘small’ amides, such as 8c and 8f. The weak in vivo effi-
cacy of the amides (data not shown), probably resulting
from their poor pharmacokinetics, necessitated the
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Table 2. In vitro15 profile for compounds 8a–g
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Compound R1 R2 c-Met


IC50 (nM)


VEGFR2


IC50 (nM)


8a H H 65 129


8b H Me 80 133


8c Me Me 48 19


8d Et Et 114 386


8e N-Morpholine 125 289


8f N-Pyrrolidine 54 9


8g N-(4-Methylpiperazine) 193 344

search for an additional class of molecules in which
the amide moiety was replaced with various heterocycles
as amide isosteres. The chemistry used to achieve this is
shown in Schemes 3 and 4.


Table 3 shows the different 2-heteroaryl derivatives syn-
thesized. The choice of the chemical method used was
dependent on the availability of the respective halides
or boronic acids. The chemistry in Scheme 4 was prefer-
able over that shown in Scheme 3 due to the avoidance
of the use of tin reagents.


Although all the compounds were active inhibitors, the
imidazole substituted compounds were among the most
potent of these analogues, when tested in in vitro kinase
assays against the c-Met and VEGFR2 enzymes. Inter-
estingly, in the TPR-Met assay, a cell-based assay which
detected the phosphorylation of Y1230-34-35 in a fusion
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Table 3. In vitro15 profile of compounds 10a–o


N


S


O


R


F
H
N
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H
N


Compound R c-Met IC50 (nM) VEGFR2 IC50 (nM) Y1230-34-35 TPR-Met IC50 (nM)


10a 1-Methyl-1H-imidazol-4-yl 29 10 12


10b 1-Ethyl-1H-imidazol-4-yl 52 11 22


10c 1-Methyl-1H-imidazol-2-yl 51 10 2


10d 1-Ethyl-1H-imidazol-2-yl 108 25 35


10e 1-Methyl-1H-pyrazol-4-yl 24 25 ND


10f 1-Methyl-1H-1,2,4-triazol-5-yl 69 28 20


10g Thiazol-2-yl 65 17 28


10h Pyridin-2-y 62 17 20


10i Pyridin-3-yl 126 113 52


10j Pyrimidin-2-yl 181 94 200


10k 1,3,4-Thiadiazol-2-yl 60 145 ND


10l Thiophen-2-y 70 32 300


10m 1-Methyl-1H-pyrrol-2-yl 49 31 108


10n Furan-3-yl 74 593 ND


10o Pyrimidin-5-yl 63 175 5000


Table 5. Pharmacokinetic profile for 10a in two species


Parameter Rata Dogb


t1/2, iv (h) 1.2 5.8


CL (L/(kg h)) 0.33 1.1


Vss (L/kg) 0.25 1.5


Tmax, po (h) 3.5 1.1


Cmax, po (lM/(mg/kg)) 0.14 0.21


AUC, po (lM h/(mg/kg)) 0.74 0.74


% F 12 42


a Dose, iv 2.5 mg/kg (four animals used), po 5 mg/kg (nine animals


used) and 25 mg/kg (three animals used).
b Dose, iv 0.8 mg/kg (two animals used), po 5 mg/kg (four animals


used).
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protein between c-Met kinase domain sequences and
TPR, thepyrimidine-based compounds 10j and 10o were
among the least active, possibly due to poor cellular
penetration.


Compounds 10a and 10c were found to be potential lead
candidates. However, the low stability found for 10c in a
human liver microsome test (data not shown) coupled
with its poor solubility (1.7 lg/mL compared with
30 lg/mL for 10a) led us to select 10a for additional
testing.


Table 4 shows a head to head comparison of the lead
compound 10a against Sutent� in various HGF- and
VEGF-dependent cell-based assays. In HGF-driven cell
migration and scattering assays, 10a inhibited both re-
sponses efficiently, in contrast to Sutent�, which did
not inhibit c-Met enzymatic activity. However, both
inhibitors were comparable in VEGF-driven assays.


Given its good in vitro enzyme inhibition and cell-based
profiles, the pharmacokinetic properties of 10a were
evaluated in vivo in rat and dog, Table 5.


Compound 10a (>95% chromatographic purity) was
administered to female Sprague–Dawley rats and male
beagle dogs. DMSO was used in iv dosing to rats while
a mixture of 5% DMSO, 1% Tween 80 in water and

Table 4. Comparison of 10a with Sutent�


HGF-dependent


A549 cell migration


IC50 (lM)


DU145 cell scattering


IC50 (lM)


Sutent 2 10


10a 0.4 0.08

0.1 N HCl in 40/60 PEG400/saline was used to dose rats
po. For the dog studies, 0.04 N HCl in 25% HpbCD was
used for iv dosing while a mixture of 5% DMSO, 1%
Tween 80 in water and 0.1 N HCl in 40/60 PEG400/sal-
ine was used for po dosing to the dogs. Plasma samples
were analyzed using an Agilent 1100 HPLC system cou-
pled with an MDS Sciex API2000 triple quadrupole
mass spectrometer. WinNonLin software was used to
calculate the PK parameters.


The results in Table 5 show that 10a has a reasonable
half-life, 1.2 h in rats and 5.8 h in dogs, and has an
acceptable clearance, 0.33 L/(kg h) in rats and 1.1

VEGF-dependent


HUVEC ERK phosphorylation


IC50 (lM)


HUVEC proliferation


IC50 (lM)


0.03 0.025


0.03 0.006







Table 6. The effect of oral dosage of 10a on various human tumor


models in vivo at 20 mg/kg once daily


Tumor model Experiment


duration (days)


% Tumor growth


inhibition


Colo205 (colorectal) 16 41


DU145 (prostate) 11 57


HCT116 (colorectal) 14 41


MNNGHOS (osteosarcoma) 26 61


MKN45 (gastric) 13 94
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L/(kg h) in dogs. The steady state volume of distribution
was low in rats (0.25 L/kg) and reasonable in dogs
(1.5 L/kg), while the oral bio-availability was deter-
mined to be 12% and 42% in rats and dogs, respectively.


As shown in Table 6, compound 10a performed well in
vivo against a panel of different human tumor types,
particularly those that are driven by or overexpress c-
Met (MNNGHOS and MKN45). Tumor growth inhibi-
tion at a dose of 20 mg/kg po once daily ranged from
41% to 94%. Compound 10a was found to show spill-
over inhibition of a number of kinases in addition to
the intended c-Met/VEGFR2 activity.16 Although dis-
appointing as it was hoped that 10a would be more
selective, the inhibition of multiple kinases could help
with the development of cancer treatments in which tu-
mor growth due to up-regulation of alternative kinase
signaling pathways, occurs. Furthermore, toxicity stud-
ies, using the MDS AdverseReactionEnzymeTM and Hit-
ProfilingTM Assay packages (MDS Pharma) showed that
10a did not exhibit any binding to receptors, channels,
or enzymes that could lead to potential toxicity liabili-
ties. Compound 10a (at 10 lM) did not inhibit
CYP450 3A4, however, it showed some activity against
CYP2C19, and 2DC (data not shown).


In conclusion, a series of novel c-Met/VEGFR2 tyrosine
kinase inhibitors based upon the thieno[3,2-b]pyridine
scaffold were designed and synthesized. These com-
pounds exhibited excellent in vitro profiles and in partic-
ular, the most promising compound, 10a, has significant
antitumor activity in vivo. Additional SAR studies have
been undertaken and these will be reported in due
course.
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Abstract—3-Aryl-5-phenyl-(1,2,4)-triazoles were identified as selective inhibitors of 11b-hydroxysteroid dehydrogenase type 1 (11b-
HSD1). They are active in both in vitro and an in vivo mouse pharmacodynamic (PD) model. The synthesis and structure activity
relationships are presented.
� 2008 Elsevier Ltd. All rights reserved.

Scheme 1. Interconversion of cortisone and cortisol.

11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1)
resides in the endoplasmic reticulum and catalyzes the
conversion of cortisone to the metabolically active glu-
cocorticoid cortisol1 (Scheme 1).


Elevated levels of cortisol can cause visceral adiposity,
diabetes, dyslipidemia and hypertension collectively
known as Metabolic Syndrome which can greatly in-
crease the incidence of cardiovascular disease.2 The
structurally related enzyme 11b-hydroxysteroid dehy-
drogenase type 2 (11b-HSD2) protects the mineralocor-
ticoid receptor from activation by cortisol by catalyzing
the reverse reaction of cortisol to cortisone.3 It has been
shown that 11b-HSD1 knockout mice resist metabolic
syndrome, while overexpression of 11b-HSD1 in mouse
adipose tissue leads to a metabolic syndrome-like phe-
notype.4 Since inhibition of 11b-HSD2 is known to re-
sult in hypokalemia, sodium retention and
hypertension5 the discovery of a selective 11b-HSD1
inhibitor could lead to an effective treatment for meta-
bolic syndrome.6
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Published work from our laboratories identified ada-
mantyl triazole 1 (Fig. 1) as a potent and selective inhib-
itor of both mouse and human 11b-HSD1 enzymes7;
pharmacodynamic (PD) assays indicated good in vivo
activity as well.8

Further investigation in our laboratory led us to explore
the SAR of relatively simple, substituted bis-phenyl tri-
azoles. Schemes 2–4 below show the three different meth-
ods that were used to prepare these triazoles.
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Figure 1. Adamantyl-phenyl triazole.
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Data for selected compounds are shown in Table 1.
These compounds were tested against both human and
mouse 11b-HSD1 and 11b-HSD2 and the table includes
data from PD assays as well. IC50 values for the mouse
and human 11b-HSD2 counterscreen were >4000 nM
for all compounds.


SAR data from compounds 1–11 show that ortho-Cl,
-Br and -CF3 in both rings is needed for good activity.
Comparison of compounds 3 and 12 reveals that
ortho-F appears to lower the potency. This is seen again
with compounds 13–15. Halogen substitution in the
meta or para position (compounds 19–21) also lowers

Scheme 2. Method A for the preparation of bis-phenyl triazoles.


Scheme 3. Method B for the preparation of bis-phenyl triazoles.


Scheme 4. Method C for the preparation of bis-phenyl triazoles.

activity. The poor potency of compounds lacking any
substituents in ring 2 (16–18) suggests that perhaps
ortho-substitution forces the phenyl out of the plane of
the triazole and helps it to more efficiently fill a hydro-
phobic pocket in the enzyme active site.


We next explored the effect of including non-halogens in
ring 2 of the bis-aryl triazoles. Data for these com-
pounds are shown in Table 2.


SAR data from compounds 22–25 indicate that good
potency is maintained when the ring 2 phenyl is substi-
tuted at the para position with a 4 or 5 carbon chain,
with or without a sulfonyl group, and the ortho position
is occupied by a methyl or chloro group. Compound 26
shows that potency in the PD assay begins to drop when
the 5-carbon chain is combined with a lack of substitu-
tion at the ortho position. A further dropoff in activity is
observed (28 and 29), when there is no substitution on
ring 1. Finally, 30–32 show that the strongly electron-
withdrawing nitro and methylsulfonyl groups in the
ortho or para position substantially lower activity in
the mouse.







Table 1. SAR of halogen and CF3-substituted bis-phenyl triazoles


Compound R1 R2 IC50 (nM) PD (% inhibition)


hHSD1 mHSD1 4 h 16 h


1 o-CF3 o-OCF3 1.3 4.5 79 2


2 o-CF3 o-Cl 3.1 8.6 70 4


3 o-CF3 o-Cl, p-F 2.6 42 70 5


4 o-Cl o-Br 2 12 67 �1


5 o-Cl o-Cl 2.9 22 67 �6


6 2,4-di-Cl 2,4-di-Cl 21 89 65 0


7 o-CF3 o-Br 1 8 56 0


8 o-CF3 o-CF3 .98 7.1 46 3


9 o-CF3 2,4-di-Cl 1.3 11 43 0


10 o-Cl o-Cl,p-F 5.8 71 34 2


11 o-CF3 2,3-di-CF3 3.6 22 27 0


12 o-CF3 o-F,p-Cl 15 100 — —


13 2,4-di-Cl o-F 20 180 — —


14 o-CF3 2,3-di-F 32 260 — —


15 o-Cl 2-F, 4-CF3 88 140 — —


16 o-CF3 H 27 120 11 4


17 o-Cl H 43 190 �3 —


18 2,4-di-Cl H 90 850 — —


19 o-CF3 3,5-di-Cl 89 1300 — —


20 o-Cl 3,4-di-Cl 200 410 — —


21 2,4-di-Cl p-Cl 630 1500 — —


Table 2. SAR of non-halogen (ring 2) with halogen and CF3-substituted (ring 1) bis-phenyl triazoles


Compound R1 R2 IC50 (nM) PD (% inhibition)


hHSD1 mHSD1 4 h 16 h


22 o-CF3 28 6.4 86 15


23 o-CF3 34 11 76 3


24 o-CF3 28 8.4 73 11


25 o-CF3 2-Me; 4-n-C 4H9 <1 <1 76 �5


26 o-CF3 4-n-C 5H11 5.2 2.9 53 5


27 o-Cl 4-n-C 5H11 7.7 10 38 3


28 H 4-n-C 4H9 260 68 25 —


29 H 4-n-C 5H11 250 54 9 —


30 2,4-di-Cl o-NO2 13 140 — —


31 o-Cl o-SO2Me 38 1500 — —


32 o-Cl p-SO2Me 50 3000 — —
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Scheme 5. Method D for the preparation of indole-phenyl triazoles.


Scheme 6. Method E for the preparation of indole-phenyl triazoles.


Table 3. SAR of indole-phenyl triazoles


Compound R1 R2 IC50 (nM) PD (% inhibition)


hHSD1 mHSD1 4 h 16 h


33 p-OH 3.9 6.6 75 �8


34 o-Cl .98 1.2 66 4


35 o-CF3 .98 1.3 52 8


36 H 12 91 9 0


37 H 963 346 — —
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Table 4. SAR of naphthyl-phenyl triazoles


Compound R1 R2 IC50 (nM) PD (% inhibition)


hHSD1 mHSD1 4 h 16 h


38 o-CF3 <1 <1 70 74


39 o-CF3 <1 <1 77 31


40 o-CF3 4.3 2.8 37 0


41 o-CF3 26 15 35 5


42 o-CF3 1.4 2.3 24 5


43 o-CF3 9 10 15 �4


44 o-CF3 2.7 20 14 3


45 o-CF3 89 19 14 0


46 o-CF3 2.9 9.8 13 4


47 o-CF3 2.3 2.3 10 �5


48 o-SO2Me 1.9 1.9 7 0


49 o-CF3 4.6 46 0 —
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We also investigated the effect of substituting indole for
phenyl on the western side of the triazole. These com-
pounds were prepared by Method D (Scheme 5) or
Method E, (Scheme 6). Data for compounds in this ser-
ies are presented in Table 3.


The N-methyl indole series (33–35 compared with 36–
37) reiterates what was observed with the bis-phenyl
compounds in that substitution on the phenyl ring is
needed for potency. The indoles differ in that a para sub-
stituent (p-OH in 33) rather than just the ortho, confers
very good activity, a phenomenon which was observed
with an earlier set of analogs we examined. In addition,
the potency is substantially lowered if connection to the
triazole is on C5 of the indole (37).


The final area that we explored was replacing the indole
group with a naphthylene. These triazoles were prepared
using Methods A, B and C (Schemes 2–4). Table 4 dis-
plays the observed SAR for these compounds.


The potency of compound 38, the 7-chloro-1-methoxy
naphthyl triazole surpasses all the others in the bis-aryl
series with its good PD activity extending out to 16 h but
seems to have rather specific requirements for maintain-
ing this activity. The 16 h potency is reduced somewhat
(39) when the chloro substituent is absent. A much lar-
ger drop in mouse PD activity is seen with the chloro at
the 4-position (47), when o-SO2Me replaces the o-CF3


on the phenyl ring (48) or when the methoxy is replaced
by a hydroxyl group (45); human potency is also lower
with (45). PD potency is generally lower when just a sin-
gle substituent (1-fluoro, 1-N-methylamino, 7-methyl or
3-chloro) is present on the naphthyl ring. Finally, mouse
activity drops significantly and is reflected in poor PD as
well if the connection to the triazole is on C1 of the
naphthyl (49).


In summary, we have identified several new classes of
potent and selective mouse and human 11b-HSD1
inhibitors. Potency of relatively simple bis-phenyl tria-
zoles has been enhanced by the inclusion of various o-
halogens and the o-CF3 group. Potency can be main-
tained by incorporating a 4- or 5-carbon chain in the
4-position. Good activity is observed with an N-methyl
indole replacing one of phenyls and para substitution
on the 2nd phenyl ring is well tolerated. Finally, ex-
tended PD potency out to 16 h is seen with a 7-chloro-
1-methoxy naphthyl group replacing one of the phenyls.
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Abstract—A practical synthesis of reducing sulfamide-derived iminosugar glycomimetics related to the indolizidine glycosidase
inhibitor family is reported. The polyhydroxylated bicyclic system was built from readily accessible hexofuranose derivatives
through a synthetic scheme that involves 5,6-cyclic sulfamides. Further intramolecular nucleophilic addition of the sulfamide nitro-
gen atom to the masked aldehyde group of the monosaccharide in the open chain form afforded the target sugar mimics. By starting
from DD-glucose and DD-mannose precursors, 2-aza-3,3-dioxo-3-thiaindolizidine derivatives with hydroxylation profiles that matched
those of (+)-castanospermine and 6-epi-(+)-castanospermine were obtained. In vitro screening against a panel of glycosidases evi-
denced a high selectivity towards a-mannosidase.
� 2008 Elsevier Ltd. All rights reserved.

Glycosidases play a very important role in many biolog-
ical processes, such as intestinal digestion, post-transla-
tional processing of glycoproteins and the lysosomal
catabolism of glycoconjugates. Consequently, com-
pounds that can modify or inhibit these processes bear
strong potential in therapies targeted at, for instance,
cancer, viral infections, diabetes and glycosphingolipid
storage disorders, being also of interest for mechanistic
studies and purification of enzymes.1


Nitrogen-in-the-ring carbohydrate mimics (iminosugars
and azasugars) have attracted increasing interest for
such purposes. Their glycosidase inhibitory activity has
been related to their capability to become protonated
at physiological pH, thus mimicking the putative glyco-
syloxacarbenium cation postulated as an intermediate of
glycosidase-catalyzed hydrolysis.2


However, while glycosidases exhibit an exquisite selec-
tivity towards their respective substrates, iminosugars
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frequently behave as broad-range glycosidase inhibitors.
Bicyclic derivatives generally show a higher selectivity
towards isoenzymes as compared with monocyclic ana-
logues. For example (+)-castanospermine (1), an indo-
lizidine alkaloid with a hydroxylation profile of
structural complementarity with DD-glucose, is a potent
and specific inhibitor of a- and b-glucosidases from dif-
ferent organisms and sub-cellular locations, for exam-
ple, lysosomal or digestive.3 Nonetheless, the lack of
anomeric selectivity, probably related to the absence of
a defined configuration at the pseudoanomeric carbon
(C-5), remains particularly problematic in view of clini-
cal applications.


We have previously reported the synthesis of a new fam-
ily of glycomimetics in which the sp3 amine-type nitro-
gen characteristic of azasugars has been replaced by a
neutral or very weakly basic pseudoamide-type nitrogen,
with substantial sp2 character (sp2-azasugars).4 This
structural change dramatically increases the anomeric
effect at aminoacetal centres, thereby stabilizing axially
oriented oxygen substituents. Interestingly, reducing
sp2-azasugar-type castanospermine analogues displayed
a total anomeric selectivity towards a-glucosidase, the
inhibition potency being strongly dependent on the nat-
ure of the cyclic pseudoamide group. Thus, the reducing
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urea and thiourea derivatives 2 and 3 behaved as very
weak inhibitors of yeast a-glucosidase (Ki = 5.7 and
4.2 mM), while the corresponding carbamate and thioc-
arbamates 4 and 5 were the potent inhibitors of this en-
zyme (Ki = 40 and 2.2 lM, respectively).5 Moreover,
modifications at the exocyclic heteroatom in the five-
membered ring (e.g., 6), led to a sharp shift in enzyme
specificity (Ki = 2.2 lM for b-glucosidase from bovine li-
ver), pointing to the existence of critical interactions in
the enzyme–inhibitor complex involving this region of
the molecule6 (Fig. 1). The biological activity was also
very sensitive to the relative orientation of the hydroxyl
groups, as already observed in the natural polyhydroxy-
indolizidine alkaloid series.7


In order to further explore the structure–activity relation-
ships (SAR) in this family of compounds, the replace-
ment of the (thio)urea segment in 2 and 3 into a
sulfamide functional group seemed particularly intrigu-
ing. Sulfamides have been used for the design of pharma-
cological agents with many applications.8 The sp2


character of the nitrogen atoms in sulfamides must be sig-
nificantly reduced as compared with (thio)ureas as a con-
sequence of the higher difference in energy between the
implied N and S orbitals. As a consequence, the geometry
of the N atom in sulfamides can vary from trigonal pla-
nar to pyramidal.9 On the other hand, the two oxygen
atoms at the tetrahedral S atom are well suited to estab-
lish dipole–dipole or hydrogen bond interactions with
protein residues located nearby. Actually, a comparative
structural analysis of the interaction between cyclic urea
and cyclic sulfamides with HIV-1 protease revealed nota-
ble structural differences.10 Here we report the synthesis
of the (+)-castanospermine analogue 7 and its 6-epimer
8, the first examples of cyclic sulfamide-type glycomimet-
ics (Fig. 2). Their structure and biological activity against
a panel of glycosidases are discussed.


The general synthetic strategy implemented to build the
2-aza-3,3-dioxo-3-thiaindolizidine skeleton relies on the
ability of the carbonyl group of a monosaccharide in
its open-chain aldehydo form (Fig. 3B) to act as an elec-
trophile against a pseudoamide nitrogen atom located at
1,5-relative position. The hydroxylation profile in the fi-
nal compound matches that of the monosaccharide tem-
plate. Consequently, the preparation of the target
derivatives 7 and 8 required DD-gluco and DD-manno pre-
cursors, respectively, selectively functionalized at C-5
(Fig. 3A).


Compound 7 was prepared in five steps from 5-azido-5-
deoxy-1,2-di-O-isopropylidene-6-O-tetrahydropyranyl-
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Figure 1. Structure of (+)-castanospermine and some pseudoamide-


type analogues.

a-DD-glucofuranose 9, readily accessible from commercial
DD-glucuronolactone.11 The reaction sequence involved
benzylation of the secondary hydroxyl group followed
by removal of the tetrahydropyranyl protecting group
by acid hydrolysis to give the azido-alcohol 10 (Scheme
1). Reduction of the azido group under Staudinger con-
ditions afforded the corresponding 5-amino-5-deoxy
derivative 11, which was transformed into the Boc-pro-
tected cyclic sulfamide 13 by treatment with the Burgess-
type reagent tert-butyl N-(triethylammonium sulfo-
nyl)carbamate 12.12 Debenzylation of 13 by catalytic
hydrogenation (!14) followed by simultaneous hydro-
lysis of the Boc and isopropylidene groups with aqueous
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90% TFA–H2O, rt, 30 min, 60% overall yield from 13.
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trifluoroacetic acid (TFA) proceeded with concomitant
furanose! piperidine rearrangement13 to afford the tar-
get bicyclic glucomimetic 714 (Scheme 1).


To synthesize the 6-epi-(+)-castanospermine analogue 8,
commercial LL-gulono-c-lactone was first converted into
the selectively protected furanose derivative 15 through
a four-step reaction sequence as reported6 (Scheme 2).
The primary hydroxyl group of 15 was subsequently
protected by formation of the corresponding tert-butyl-
dimethylsilyl ether 16. Sequential trifluoromethanesulf-
onylation of the remaining alcohol group, reaction
with sodium azide and desilylation with tetra-n-butyl-
ammonium fluoride afforded the 5-azido-5-deoxy-DD-
mannofuranose derivative 17, which was reduced to
the key aminoalcohol precursor 18. Sulfamidation by
reaction with the Burgess-type reagent 12 provided the
cyclic sulfamide 19, which after removal of the acetyl
and isopropylidene-protecting groups afforded the indo-
lizidine mannomimetic 8.15


The structure of compounds 7 and 8 was confirmed by
their MS and their 1H and 13C NMR spectra in
D2O.14,15 Although the a-anomer predominated, both
the a- and b-anomers were now present in the solutions.
This is radically different from that observed for the pre-
viously reported structures 2–6, which existed exclu-
sively in the a-configuration, being in agreement with
the lower sp2-character of the sulfamide nitrogen. The
resonances of the pseudoanomeric carbons C5a and
C5b (d 83 to 74 ppm) were significantly upfield shifted
from the expected values for reducing sugars, confirming
the aminoacetal bicyclic structure.


The new sulfamide-type indolizidine glycomimetics were
assayed against a panel of glycosidases including a-glu-
cosidase (baker yeast), b-glucosidase (almonds), a-galac-

O


O


OAc


O


N
S


H
N


OH


HO


HO
HO


O


O


a


c


16


d


19


17


8


e


HO


OH


O


O


OAc


O


N
S


N
H


Boc


O
O


15


12


O


O


OAc


O


HO


OTBDMS


O


O


OAc


O


N3


OH


18


O


O


OAc


O


H2N


OH


L-Gulono-γ-lactone


Ref 5


b


Scheme 2. Reagents and conditions: (a) TBDMSCl, pyridine, 3 h, rt,


98%; (b) 1—Tf2O, CH2Cl2, �10 �C, 30 min; 2—NaN3, DMF, 75%


overall yield from 16; 3—TBAF (1M/THF), THF, 2 h 30 min, rt, 85%;
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1:1 CHCl3–MeOH, 3 h, 96%; 2—90% TFA–H2O, 0 �C, 30 min, 62%.

tosidase (green coffee beans), b-galactosidase (bovine
liver), a-mannosidase (Jack beans), b-mannosidase
(snail), isomaltase (yeast), amyloglucosidase (Aspergillus
niger), trehalase (pig kidney) and naringinase (Penicil-
lium decumbes). Deceivingly, compound 7 did not bind
to any of the glucoside-processing enzymes tested. It be-
haved instead as a modest but totally selective competi-
tive inhibitor of a-mannosidase (Ki = 320 lM). This
result is surprising considering that none of the pseudoa-
mide-type (+)-castanospermine analogues 2–6 showed
activity towards mannosyl hydrolases. The five-mem-
bered cyclic sulfamide group seems to be particularly
well adapted for interacting with amino acids at the ac-
tive site of this particular enzyme. The corresponding 6-
epi diastereomer 8, with a hydroxylation profile of struc-
tural complementarity with that of DD-mannose, was
twice as potent as an inhibitor of a-mannosidase
(Ki = 150 lM) while keeping the total selectivity. This
further stresses the important role of the sulfamide func-
tionality in the biological activity, since neither the nat-
ural compound 6-epi-(+)-castanospermine nor the
epimers at C-6 of compounds 2–6 are inhibitors of this
enzyme.5a,7


In summary, we have developed an efficient synthetic
route for the preparation of sulfamide-type indolizidine
glycomimetics from commercial carbohydrate precur-
sors. While the sulfamide group is able to provide stabil-
ity to aminoacetal centres, the reduced sp2 character of
the bridgehead nitrogen in the bicyclic structure allows
the presence of both the a and b-anomers in aqueous
solution. Interestingly, the biological results indicate
that the cyclic sulfamide moiety is well suited to interact
with a-mannosidase, providing total selectivity towards
this enzyme. Further research aiming at revealing the
structural requirements governing such interactions are
currently sought in our laboratories.
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Mellet, C.; Fuentes, J.; Dı́az Arribas, J. C.; Cañada, F.
J.; Garcı́a Fernández, J. M. J. Org. Chem. 2000, 65, 136;
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Abstract—Histone deacetylases (HDACs) regulate many important physiological processes and the discovery of small molecules
that modulate HDAC activity has both academic and clinical relevance. HDAC inhibitors, most notably SAHA, have been pursued
as cancer chemotherapeutics but may be useful in treating psychiatric disorders, malaria, and other diseases. Herein, we describe an
inexpensive and robust assay, based on fluorescence polarization, for HDAC ligand discovery. The assay is well suited for high-
throughput screening and enzyme kinetic studies.
� 2008 Elsevier Ltd. All rights reserved.

The reversible acetylation of lysine residues within his-
tone tails is regulated by histone acetyltransferase
(HAT) and histone deacetylase (HDAC) activity. HATs
catalyze the acetylation of histone tails, which generally
results in transcriptional activation of nearby genes. In
contrast, HDACs catalyze the deacetylation of acety-
lated histones, which causes transcriptional repres-
sion.1–3 The dynamic equilibrium that exists between
the activity of HAT and HDAC must be maintained
for proper transcriptional activity and cellular function.
HDACs are classified into four major classes based
upon size, cellular localization, catalytic domain, and
mechanism of action. Classes I, II, and IV are zinc
dependent hydrolases, whereas class III enzymes, also
called sirtuins, form an unrelated NAD-dependent sub-
family. Class I HDACs are generally located in the nu-
cleus and are relatively small in size; Class II HDACs
are present both in the nucleus and in the cytoplasm
and are generally larger.4–6
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HDAC activity has been shown to repress the transcrip-
tion of tumor suppressor genes associated with the pro-
gression of various leukemias.7 As a result, HDAC
inhibitors are being developed to reverse tumor progres-
sion by inducing cell differentiation and apoptosis.8–10


Suberoylanilide hydroxamic acid (SAHA; Zolinza) is
the best characterized of these inhibitors and was re-
cently approved by the Food and Drug Administration
for the treatment of cutaneous T-cell lymphoma.11,12


Although SAHA is an effective HDAC inhibitor, it
shows little selectivity for the Class I, II, and IV en-
zymes. More selective HDAC inhibitors would be used
to deconvolute the biology of individual HDACs and
potentially develop better therapeutic agents.


Finding such HDAC inhibitors requires assays that are
both cost-effective and amenable to high-throughput
screening (HTS). Thus far, only a few in vitro assays
have been described to evaluate HDAC inhibitors. Early
approaches simply incubated enzyme with in situ ace-
tate-radiolabeled histones and measured the kinetics of
acetate release.13,14 This method is very accurate but
not suitable for HTS because of the use of radiolabeled
reagents. Another assay utilizes N-(4-methyl-7-coumari-
nyl)-N-a-(tert-butyloxy-carbonyl)-N-e-acetyllysinamide
as an artificial substrate where the formation of the
deacetylated product is monitored, after an extraction
step, by fluorescence detection or HPLC.15 Although
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this assay avoids the use of radiolabeled reagents, the
artificial substrate may not reveal catalysis by many
HDACs and the requisite extraction step is not condu-
cive to HTS. The most widely used in vitro HDAC assay
for drug discovery employs an e-acetylated lysine based
substrate that is C-terminally coupled with a 4-methyl-
coumarin-7-amide residue.16,17 Once deacetylated, tryp-
sin recognizes the product as a substrate and releases 7-
amino-4-methylcoumarin (AMC). Free AMC, in con-
trast to acylated AMC, is highly fluorescent and easily
monitored with a fluorescence microtiter plate reader.18


Although the assay is readily adapted to HTS it does
have some drawbacks. Most importantly, the artificial
substrate is not recognized by all HDACs, and many
HDACs require prolonged incubation times due to
low catalytic turnover.19 Also, trypsin inhibitors are of-
ten identified as false positives in an HTS campaign with
this assay.25


This report describes a single-step, fluorescence polari-
zation (FP) based displacement assay that is suitable
for HTS of compounds targeting HDACs. While the
HDAC assays described above measure the inhibition
of HDAC activity, this assay detects molecules that
compete for the substrate binding site. The assay mea-
sures ligand binding under equilibrium conditions and
does not suffer from product inhibition. The amount
of HDAC required per well is comparable to the amount
of HDAC used with the fluorogenic substrate. The Ki


values for various literature reported HDAC inhibitors
correlate well with the IC50 values derived from enzy-
matic turnover screens.


We have designed the FP-HDAC probe 1 based on the
unselective HDAC inhibitor M344,20 which has been
coupled through a short linker element to FITC. The
synthesis was accomplished in eight steps starting from
commercially available 7-amino heptanoic acid in 40%
overall yield (Scheme 1).
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Scheme 1. Synthesis of fluorescence polarization assay probe 1. Reagents


isobutyl chloroformate, N-methylmorpholine, THF, 0 �C to room temperatu


50 �C; (d) Cu(MeCN)4PF6, ligand, 3-azidopropyl amine, MeCN; (e) KCN,

Direct binding of 1 to purified Class I HDAC3/NcoR2,
Class II HDAC6 or crude HeLa nuclear extract was
measured by a change in FP. The fraction of bound 1
relative to protein concentration is plotted in Figure 1.
The binding isotherm data were analyzed by nonlinear
regression to calculate the dissociation equilibrium con-
stant (Kd).21,22 The binding affinity of 1 to HDACs with-
in the HeLa cell nuclear extract is a composite value
based upon both Class I and Class II HDACs. Since
the relative HDAC concentration and composition
within the HeLa nuclear extract is unknown, the equilib-
rium Kd could not be calculated; however, half maximal
binding was seen at 247.6 ± 1.2 lg/mL. Compound 1
bound tightly to both HDAC3/NcoR2 and HDAC6
with a Kd = 2.0 ± 0.2 and 4.6 ± 0.2 nM, respectively.


A displacement assay was then used to assess the affinity
of various known HDAC inhibitors to HDACs within
HeLa nuclear extract as well as purified HDAC3/NcoR2
and HDAC6. Protein was diluted in assay buffer and 1
was added to 2 nM. Increasing concentrations of 2,
apicidin, TSA, FK228, or SAHA were added to the
HDAC/1 complex and the fluorescence anisotropy was
measured at equilibrium as described in the supporting
information. Half maximal inhibitory concentrations
(IC50) were determined by non-linear regression analysis
and the dissociation constant for inhibitor binding (Ki)
was calculated (Table 1).23 As expected, the Class III
specific HDAC inhibitor splitomicin did not displace
1. The binding affinity for SAHA, Apicidin, TSA, and
FK228 correlate well to the IC50 values determined by
the fluorogenic substrate assay.18


The adaptability of the FP based 1 displacement assay
for HTS against human HDAC3/NcoR2 and HDAC6
was assessed using a statistical measure described by
Zhang et al.24 A Z-factor between 0.5 and 1 is generally
favorable for a HTS assay. The minimum amount of
HDAC protein required to yield a statistically signifi-
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Figure 1. Binding curve of tracer to HeLa nuclear extract and recombinant HDAC3, HDAC6, and HeLa nuclear extract.


Table 1. Ligand affinities of known HDAC inhibitors


Compound HeLa nuclear extract HDAC3/NcoR HDAC6


IC50 (nM) IC50 (nM) Ki (nM) IC50 (nM) Ki (nM)


2 58.0 ± 1.4 137.0 ± 1.0 23.1 ± 0.2 50.8 ± 1.2 6.6 ± 0.2


SAHA 23.9 ± 1.3 18.8 ± 1.1 2.0 ± 0.2 21.6 ± 1.0 1.0 ± 0.1


Apicidin 8.0 ± 1.6 15.8 ± 1.1 1.5 ± 0.1 665.1 ± 1.3 123.4 ± 0.3


TSA 1.5 ± 2.3 9.0 ± 1.5 0.26 ± 0.1 16.8 ± 1.6 0.13 ± 0.1


FK228 107.2 ± 1.2 146.9 ± 1.0 24.9 ± 0.2 1595 ± 1.3 300.1 ± 0.3


Splitomicin >75,000 >75,000 >75,000 >75,000 >75,000
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cant dynamic range was determined by keeping the con-
centration of 1 constant at 2 nM while varying the
receptor concentration in a manner similar to that de-
scribed in the previous section. The positive control
wells where 1 was completely displaced from the recep-
tor contained 10 lM SAHA, while the negative control
samples were mixed with an equal volume of DMSO.
In order to maintain a Z-factor > 0.5, 1.9 nM
HDAC3/NcoR2 and 5.7 nM HDAC6 were necessary
to generate HTS data of high quality.


We have synthesized a fluorescently labeled, unselective
HDAC inhibitor that measures binding to HDACs by
fluorescence polarization. This assay can be readily used
for HTS for the identification of active site directed
inhibitors of HDACs. Although the assay does not al-
low for the direct readout of enzymatic activity, it corre-
lates well with the data derived from the assays that are
based on the enzymatic turnover of a fluorogenic sub-
strate. The amount of protein required for the FP assay
is comparable to the traditional enzymatic assay. Issues
associated with the prolonged time necessary for suffi-
cient substrate turnover and the subsequent coupled
enzymatic reaction to develop the substrate are circum-
vented with the FP assay. Additionally, all measure-
ments are conducted at an equilibrium state and the
potential for substrate inhibition is avoided.
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Abstract—2-Chloro-5 0-N-methylcarboxamidoadenosine analogues containing the (N)-methanocarba (bicyclo[3.1.0]hexane) ring sys-
tem as a ribose substitute display increased selectivity as agonists of the human A3 adenosine receptor (AR). However, the selectivity
in mouse was greatly reduced due to an increased tolerance of this ring system at the mouse A1AR. Therefore, we varied substituents
at the N6 and C2 positions in search of compounds that have improved A3AR selectivity and are species independent. An N6-methyl
analogue was balanced in affinity at mouse A1/A3ARs, with high selectivity in comparison to the A2AAR. Substitution of the 2-
chloro atom with larger and more hydrophobic substituents, such as iodo and alkynyl groups, tended to increase the A3AR selec-
tivity (up to 430-fold) in mouse and preserve it in human. Extended and chemically functionalized alkynyl chains attached at the C2
position of the purine moiety preserved A3AR selectivity more effectively than similar chains attached at the 3-position of the
N6-benzyl group.
Published by Elsevier Ltd.

Adenosine is a protective mediator that has been de-
scribed as a general endogenous signal for tissue protec-
tion and regeneration and even ‘the signal of life’. 1,2


Adenosine activates four different receptor subtypes—
A 1, A2A, A2B , and A3—which are widely but differen-
tially distributed throughout the body.3 The A3 adeno-
sine receptor (AR) is located in some neurons,
astrocytes, various immune cell populations (neutro-
phils, eosinophils, mast cells) and potentially muscle
cells and endothelial cells.4–7 The A3AR is coupled to
inhibition of adenylate cyclase and also activates Akt
and calcium mobilization.8,9 Two potent and selective

0960-894X/$ - see front matter Published by Elsevier Ltd.


doi:10.1016/j.bmcl.2008.04.001
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agonists of the A3AR, IB-MECA 1a and Cl-IB-MECA
1b, are currently in Phase II clinical trials for the treat-
ment of rheumatoid arthritis, several other autoimmune
inflammatory diseases, and cancer.10–12 Protective
mechanisms in the envisioned disease applications of
A3AR agonists appear to be a downregulation of the
NF-jB system, common to both arthritis and cancer
treatments,12 and a widespread correction of gene dys-
regulation induced in an inflammatory bowel model.13


Cardioprotection by selective A3AR agonists has been
extensively explored in various species (Chart 1).14–16


Other selective A3AR agonists have recently been
reported, based on the introduction of large substituents
at the N6 and C2 positions and modification of the ri-
bose ring, particularly at the 4 0 and 5 0 positions.16–19


For example, the 4 0-thio analogue 2 is among the most
selective known A3AR agonists,17 and 3 0-amino substi-
tution is possible.16a Carbocyclic nucleosides have also
been developed as A3AR agonists.20–22 Conformational-
ly constrained methanocarba (bicyclo[3.1.0]hexane)
nucleoside analogues were used to determine that the
biologically active conformation of the ribose ring that
is required in order to bind to and activate the receptor,
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corresponds to a North (N) conformation. Further-
more, the addition of a 5 0-N-methyl or ethyl uronamide
group assures that the efficacy of the nucleoside to acti-
vate the A3AR is maintained in combination with vari-
ous structural changes at the N6 and C2 positions, which
modulate the AR selectivity profile and might otherwise
reduce the A3AR efficacy. The conformational flexibility
and H-bonding in the region of the 5 0-uronamide are
critical factors affecting the efficacy at the A3AR, as de-
duced from structure–activity relationship (SAR) stud-
ies and from rhodopsin-based dynamic molecular
modeling and ligand docking.23


In this study, we report that certain known A3AR ago-
nists are much less selective at the A3AR in the mouse
than in other species, such as human, and are therefore
unsuitable for use alone as definitive pharmacological
probes in mouse. Thus, additional A3AR agonists dis-
playing high affinity and selectivity that are independent
of species are desired. We previously explored the SAR
surrounding both N6 and C2 positions of 5 0-N-methyl-
carboxamido adenosine analogues that contained an
(N)-methanocarba ring system as a ribose substitute,
with the objective of designing potent, and selective
A3AR agonists.22 There is a considerable evidence that
appropriate modification of the N6 and C2 positions
of nucleoside agonists is tolerated at the human
A3AR, while SAR at the mouse ARs has not been sys-
tematically explored.3,16–19,23–25


Table 1 lists the structures of the adenosine derivatives
that were assayed for binding affinity at ARs from
several species. Compounds 3–12, previously synthe-
sized and evaluated at human and rat ARs,21,22 were
evaluated at the mouse ARs. Based on indications
that the 2-iodo derivative 12 maintained selectivity at
the mouse A3AR, compounds 13–19 and 25–27 were
synthesized. Synthetic routes to the novel derivatives
are shown in Schemes 1 and 2. In the synthetic route
to each of the new A3AR agonists, after the substitu-
tion of the chlorine at C6 in the purine ring of 20 and
21 with a corresponding primary amine R1NH2, the
5 0-ester group was aminolyzed with methylamine solu-
tion. Resultant compounds of type 22 or 23 were
either hydrolyzed to afford agonists 3–10, 12, 13, 19,
or underwent Sonogashira coupling26 with the corre-
sponding alkynes followed by hydrolysis to afford
agonists 15–17. Agonist 14 was prepared from agonist
15 through desilylation with tetrabutylammonium
fluoride. An N6-methoxy derivative 19, based on a re-
cent report by Volpini et al. showing high potency at

the human A3AR of similar derivatives in the ribose
series,18 was prepared by the substitution of the 6-Cl
of 20 with O-methylhydroxylamine followed by the
deprotection of the 2 0 and 3 0 hydroxyl groups.


Some of the 2-alkynyl derivatives contained chemically
functionalized, extended alkynyl chains to serve as
functionalized congeners for conjugation to other
biologically active moieties or to carriers.27–29 These
included carboxylic acids 18a and 25, amines 18b and
26, and an acetylamino derivative 27. The Sonogoshira
reaction sequence using methyl hexynoate in combina-
tion with an iodo-derivatized nucleoside, either a 2-iodo
(Scheme 1) or N6-(3-iodobenzyl) (Scheme 2) derivative,
provided a mixture of the product methyl ester and
the corresponding carboxylic acid, which were separated
by silica gel column chromatography. The primary
amine congeners 18b and 26 were prepared by the
treatment of the appropriate methyl ester with excess
ethylenediamine.


Binding assays were carried out using standard radioli-
gands in Chinese hamster ovary (CHO) cells expressing
the human A1 or A3ARs and in HEK293 cells express-
ing the human A2AAR.22 Also, the mouse ARs were ex-
pressed in HEK293 cells for binding assays.15 A
functional assay in guanine nucleotide binding
([35S]GTPcS)20,31 in the membranes of CHO cells
expressing the human A3AR showed that 18a is a full
agonist. The pEC50 value of 18a was 7.85 ± 0.15, in
comparison to the pEC50 value of NECA of 6.46 ± 0.13.


The binding affinity at the mouse and rat A3ARs of the
N6-methyl derivative 3 was considerably weaker than at
the human A3AR (Table 1). Thus, this compound was
balanced in affinity at mouse A1/A3ARs, with high selec-
tivity in comparison to the mouse A2AAR. Other ago-
nists having this mixed AR selectivity were explored
for their cardioprotective properties.29


N6-Benzyl derivatives of adenosine have previously been
shown to favor selectivity at the A3AR.24 This observa-
tion led to the design of 1a and 1b. Although these two
9-riboside derivatives maintain selectivity for the mouse
A3AR, the selectivity in mouse of similar N6-substituted
benzyl (N)-methanocarba derivatives 4–6 was greatly re-
duced due to increased tolerance of this bicyclic ring sys-
tem at the mouse A1AR. Therefore, we varied
substituents at the N6 and C2 positions in an effort to re-
duce affinity at the mouse A1AR. Extension of the 3-
benzyl group as an alkyne in 7 reduced mouse A1 and
A2AAR affinity without greatly reducing affinity at the
mouse, rat, or human A3ARs, resulting in a 57-fold
selectivity for the mouse A3AR. A 2,5-dimethoxy substi-
tution in 8 showed only a slight enhancement of mouse
A3AR selectivity in comparison to 6, the (N)-methanoc-
arba equivalent of Cl-IB-MECA. Modified N6-phenyl-
ethyl analogues 9 and 10, although both very potent at
the mouse A3AR, were essentially nonselective in com-
parison to the mouse A1AR.


Modification at the adenine C2 position was generally
more beneficial than structural changes of the N6







Table 1. Affinity of a series of (N)-methanocarba adenosine derivatives at three subtypes of ARs in various species
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R2


3 – 19, 25 – 27


Compound R1 R2 Species Affinity Selectivity


A1
a K i (nM) A2A


a K i (nM)


(or % inhib.)


A3
a K i (nM) A1/A3


1a Mb,c 5.9 �1000 0.087 68


H 49.3 ± 3.7 93.1 ± 4.2 1.74 ± 0.36 28d


Re 54 56 1.1 49


1b Mb,c 35 �10,000 0.18 190


Hd 220 5400 1.4 160


Re 820 470 0.33 2500


3 CH3 Cl M 55.3 ± 6.0 20,400 ± 3200 49.0 ± 3.9 1.1


H 2100 ± 1700 (6%)d,f 2.2 ± 0.6 950


R 805g >10,000g 160 ± 30d 5.0


4h 3-Cl–Bn Cl M 15.3 ± 5.8 10,400 ± 1700 1.49 ± 0.46 10.3


Hc,d 260 2300 0.29 900


Rd ND ND 1.0


5 3-Br–Bn Cl M 8.79 ± 0.12 6390 ± 870 0.90 ± 0.22 9.8


Hc,d 270 1300 0.38 710


Rc ND ND 0.76


6h 3-I–Bn Cl M 7.32 ± 1.5 5350 ± 860 0.80 ± 0.14 9.2


Hc 136 784 1.5 91


R 83.9g 1660g 1.1 76


7 3-(C„C–CH2OH)–Bn Cl M 111 ± 22 (11%)i 1.94 ± 1.1 57.2


Hd 2600 ± 300 (56%)f 2.9 ± 0.7 900


Rd ND ND 1.6 ± 0.6


8 2,5-(OCH3)2Bn Cl M 29.0 ± 3.3 44,700 ± 5700 1.72 ± 0.04 17


Hc,d 1600 �10,000 1.4 1100


Rd ND ND 0.87


9 CH2CH(Ph)2 Cl M 6.83 ± 1.5 1810 ± 581 1.67 ± 0.09 4.1


Hc,d 1300 ± 100 1600 ± 100 0.69 ± 0.02 1900


Rd ND ND 10 ± 4


10 c-Pr–Ph Cl M 6.60 ± 1.3 38,200 ± 5300 2.79 ± 0.89 2.4


Hc,d 770 ± 50 4800 ± 200 0.78 ± 0.06 990


11 3-Cl–Bn SCH3 M 98.9 ± 18.8 (32%)i 1.19 ± 0.09 83


Hd 610 �10,000 1.5 410


12h 3-Cl–Bn I M 210 ± 34.4 (40%)i 1.18 ± 0.11 178


Hd 2200 >10,000 3.6 610


Rd ND ND 3.9
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Table 1 (continued)


Compound R1 R2 Species Affinity Selectivity


A1
a Ki (nM) A2A


a Ki (nM)


(or % inhib.)


A3
a Ki (nM) A1/A3


13h 2,5-(OCH3)2Bn I M 293 ± 29 (14%)i 1.51 ± 0.36 194


H 3070 ± 820 (35%)f 1.30 ± 0.27 2360


14 3-Cl–Bn C„CH M 45.6 ± 7.9 (41%)i 0.85 ± 0.08 53.6


H 174 ± 23 (48%)f 1.30 ± 0.38 134


15 3-Cl–Bn C„C–Si(CH3)3 M 159 ± 22 (20%)i 4.46 ± 0.57 35.6


H 160 ± 40 (52%)f 0.98 ± 0.14 160


16 3-Cl–Bn C„ C(CH2)2–CH3 M 1390 ± 430 (42%)i 6.06 ± 1.21 229


H 1040 ± 83 (80%)f 0.82 ± 0.20 1300


17 3-Cl–Bn C„C(CH2)3–COOCH3 M 1340 ± 330 (50%)i 4.65 ± 0.53 288


H 482 ± 23 (49%)f 1.17 ± 0.27 412


18ah 3-Cl–Bn C„C(CH2)3–COOH M 10,500 ± 1900 (8%)i 24.4 ± 3.1 431


H 14,900 ± 3500 (43%)f 2.38 ± 0.56 6260


18bh 3-Cl–Bn C„C(CH2)3–CONH–(CH 2)2NH2 M 546 ± 62 (31%)i 8.60 ± 1.02 64


H 454 ± 44 (81%)f 2.17 ± 0.51 209


19 OCH3 Cl M 1160 ± 130 (2%)i 877 ± 149 1.3


H 265 ± 45 (2%)f 149 ± 15 1.8


25 3-(C„C(CH2)3–COOH)–Bn Cl M 703 ± 71 (5%)i 14.4 ± 2.5 49


H 320 ± 31 (14%)f 17.1 ± 1.2 19


26 3-(C„C(CH2)3–CON(CH2)2–NH2)–Bn Cl M 151 ± 18 (39%)i 11.9 ± 2.4 13


H 271 ± 23 (58%)f 5.21 ± 0.91 52


27 3-(C„C(CH2)3–CONH–(CH2)2NH–COCH3)–Bn Cl M 45.4 ± 3.4 (68%)i 4.65 ± 0.22 9.8


H 181 ± 22 (80%)f 2.88 ± 0.54 63


Compounds 1a and 1b are 9-riboside derivatives (Chart 1).
a Competition radioligand binding assays using [125I]N6-(4-amino-3-iodobenzyl)adenosine-5 0-N-methyl-uronamide (A1 and A3ARs) and [3H]2-[p-(2-carboxyethyl)phenyl-ethylamino]-5 0-N-ethylcarbox-


amidoadenosine (A2AAR) were conducted with membranes prepared from HEK293 cells expressing recombinant mouse A1, A2A, or A3ARs. At rat and human ARs, the A1 radioligand was either [3H]


R-phenylisopropyladenosine or [3H]2-chloro-N6-cyclopentyladenosine. Values are expressed as means ± SEM. ND, not determined.
b Data from Ge et al.15


c EC50 value in activation of the A2BAR (human or mouse, as indicated) is P10 lM.15,22


d Data from Tchilibon et al.22


e Data from Kim et al.24


f Percent inhibition at 10 lM.
g Data from Lee et al.21


h 4, MRS3558; 6, MRS1898; 12, MRS3609; 13, MRS5128; 18a, MRS5151; 18b, MRS5166.
i Percent inhibition at 100 lM.
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Scheme 1. Synthesis of novel (N)-methanocarba A3AR agonists with structural variation at the 2 and N6 positions. Note that 17 and 18a were both


isolated chromatographically from the same reaction. Reagents and condition: (a) R1NH2; (b) MeNH2, EtOH; (c) RC„CH, PdCl2(PPh3)2, CuI,


DMF, Et3N; (d) TFA, MeOH, H2O, D; (e) TBAF, THF; (f) ethylenediamine, MeOH.
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CuI, DMF, Et3N; (b) TFA, H2O, MeOH, D; (c) ethylenediamine; (d) acetic anhydride.
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substituent, with respect to mouse A3AR selectivity. 2-
Cl was replaced with small hydrophobic groups,22


which greatly increased the selectivity for the mouse
A3AR. For example, a 2-iodo analogue 12 was 178-
fold and >180,000-fold selective in binding to the
mouse A3AR in comparison to mouse A1 and
A2AAR, respectively, with a Ki value of 1.18 nM. The
corresponding 2-iodo-N6-(2,5-dimethoxybenzyl) ana-
logue 13 was similarly selective. Thus, the 2-iodo mod-
ification resulted in increased selectivity for the mouse
A3AR; that is, the selectivity ratio of 2-iodo com-
pounds (12 and 13) was increased over that of the cor-
responding 2-chloro analogues (4 and 8, respectively)
by 11- to 17-fold. Other hydrophobic substituents at
the C2 position, such as an ethynyl group in 14 and
its trimethylsilyl adduct 15, provided moderate mouse
A3AR selectivity. Flexible, extended ethynyl chains in
16 and 17 increased the ratio of A3AR selectivity.

2-Alkynyl groups were previously reported to enhance
the affinity of adenosine derivatives at the rat and hu-
man A3ARs.25,30 Compound 18a, a long chain carbox-
ylic acid congener, and its corresponding methyl ester
17 were highly selective for the mouse A3AR in com-
parison to the A1AR by 431- and 288-fold, respec-
tively. Both compounds had greater A3AR selectivity
than Cl-IB-MECA 1b, although these were less potent.
A primary amino congener 18b displayed moderate
A3AR selectivity, with a Ki value of 8.6 nM. Function-
alized congeners in which a functionalized ethynyl
chain was positioned on the N6-benzyl moiety were
only moderately (a carboxylic acid 25) or weakly
(a primary amine 26 and its acetyl analogue 27) selective
for the mouse A3AR. Thus, the attachment of alkynyl
chains at the 3-position of the N6-benzyl moiety did not
preserve A3AR selectivity as well as the placement of sim-
ilar chains at the adenine C2 position.
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The use of an alkynyl substituent at the 3-position of an
N6-benzyl group, to serve as a covalent linking site for
conjugation, was shown previously to maintain A3AR
affinity in the series of 9-ribosides.28,29 In the present
study of the (N)-methanacarba series, a variety of aden-
osine derivatives bearing a 2-alkynyl group have been
shown to bind potently and selectively to the A3AR.


The (N)-methanacarba derivatives that were most potent
(Ki 1–6 nM) and selective (180- to 290-fold) in binding to
the mouse A3AR were, in order of decreasing affinity: 12,
13, 17, and 16. Compound 18a was the most selective no-
vel agonist in this study at the mouse A3AR; however, the
affinity was intermediate, with a Ki value of 24 nM. The
selectivity for the human A3AR was >6000-fold. Thus,
these C2 position-modified bicyclic nucleosides are good
candidates for species-independent A3AR agonists.


In conclusion, the selectivity (but not affinity) of (N)-
methanocarba-containing nucleosides as A3AR agonists
was greatly reduced in the mouse due to increased toler-
ance of this ring system at the mouse A1AR. Several
analogues having varied substitution at the N6 and C2
positions were balanced in affinity at mouse A1/
A3ARs, with high selectivity in comparison to the
A2AAR. Substitution of the 2-chloro atom with larger
and more hydrophobic substituents, such as iodo and
alkynyl groups, tended to increase the A3AR selectivity
in mouse and preserve it in human. The carboxylic acid
18a and primary amino 18b derivatives are good candi-
dates for use as functionalized congeners for covalent
conjugation with the retention of biological activity
and receptor selectivity. Thus, we have identified novel
(N)-methanocarba nucleosides that are A3AR-selective
across several species and are especially suitable for
pharmacological studies in the mouse.
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Abstract—A new series of 1,5- and 2,5-disubstituted tetrazoles have been synthesized and evaluated as inhibitors of anandamide
cellular uptake. Some of them inhibit the uptake process with a relatively high potency (IC50 = 2.3–5.1 lM) and selectively over
other proteins involved in endocannabinoid action and metabolism.
� 2008 Elsevier Ltd. All rights reserved.

The endocannabinoid signalling system is composed of
two G-protein coupled receptors, CB1 and CB2, their
endogenous agonists (endocannabinoids), and a series
of proteins responsible for the synthesis and the inacti-
vation of endocannabinoids.1 This system has been
found to be involved in an increasing number of physi-
ological and pathological conditions, and an enormous
interest has therefore arisen about the potential thera-
peutic applications of compounds acting on its compo-
nents.2 Endocannabinoids are synthesized and released
‘on demand’, act near their site of synthesis, and are
then rapidly inactivated by cellular uptake followed by
intracellular hydrolysis by specific enzymes. Inhibitors
of endocannabinoid degradation could offer a rational
therapeutic approach to a variety of diseases including
pain, anxiety, cancer and neurodegenerative disorders
in which the elevation of endocannabinoid levels repre-
sent an adaptive reaction to re-establish normal homeo-
stasis when this is pathologically perturbed.3


The levels of the two most studied endocannabinoids,
anandamide (AEA)4 and 2-arachidonoylglycerol (2-
AG),5 appear to be regulated in different, and sometimes
even opposing ways. AEA is assumed to be transported
into the cell by a specific transporter and then rapidly
hydrolyzed by the enzyme fatty acid amide hydrolase

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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(FAAH),6 whereas a monoacylglycerol lipase (MAGL)7


is critical in degrading 2-AG.


To date, the existence of an AEA membrane transporter
independent of FAAH activity remains, however, ques-
tionable and alternative hypotheses have been proposed,
including passive diffusion, endocytosis and intracellular
sequestration.8 While the nature of the mechanism
responsible for the AEA uptake is still a matter of de-
bate, the recent individuation of a number of ananda-
mide-based selective AEA transport inhibitors that do
not appear to inhibit FAAH has stimulated further
studies to distinguish between the relative contributions
of the putative AEA transporter and FAAH in AEA re-
moval.8d,9 From a medicinal chemistry perspective, the
identification of potent and selective inhibitors of AEA
transport lacking a long acyl side chain would be advan-
tageous in terms of more precise target identification
and of drug-like characteristics.


In this respect, Hopkins and Wang reported in 2004 in
abstract form a non-arachidonoyl compound, SEP-
0200228, that inhibited AEA uptake in human mono-
cytes.10 In 2006, Moore et al. described a potent, com-
petitive carbamoyl tetrazole inhibitor of AEA uptake,
LY2318912, which has allowed the identification of a
high-affinity AEA binding site distinct from FAAH in
RBL-2H3 cell plasma membranes.11 However, the same
group subsequently reported that both LY2183240 (1)
(Fig. 1), the parent compound of LY2318912, and a
N-cyclopropyl analogue of SEP-020022812 do inhibit
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enzyme activity in purified FAAH preparations,13 and
Alexander and Cravatt eventually demonstrated that 1
(actually a mixture of 1 and its 2,5-regioisomer 2)14 is
a potent, covalent inhibitor not only of FAAH but also
of several other serine proteases, including MAGL, via
carbamylation of an active site catalytic serine.15


In order to gain further insight into the actions of the
carbamoyl tetrazole class of compounds, we embarked
recently on a structure-activity relationship (SAR) study
focused on the nature of the 5-substitution and of the
regiochemistry.14 Five of the 18 compounds synthesized
and evaluated for their activity on AEA uptake, FAAH,
MAGL, and DAGL (diacylglycerol lipase catalyzing the
biosynthesis of 2-AG)16 were found to be active on AEA
uptake, although all potently inhibited FAAH and some
of them MAGL and DAGL as well (compounds 1–5)
(Fig. 1). With the aim of ‘designing out’ these cross-
activities and attain a good selectivity towards the
AEA uptake process, we have now investigated the ef-
fect of replacing the N,N-dimethylaminocarbonyl por-
tion of previous tetrazolic ureas with analogous groups
devoid of inherent carbamylating reactivity. We report
here that this modification indeed results in the identifica-
tion of some new tetrazole-based selective AEA uptake
inhibitors.


From the set of compounds 1–5, the most promising
4-biphenyl and biphenyl-4-carboxamido moieties were
selected, since 1 and 5 were already lacking inhibitory
activity against MAGL and DAGL. The tetrazoles listed
in Table 1 were prepared by the alkylation of 5-[(biphenyl-
4-yl)methyl]-1H-tetrazole (16)14 or of N-[(1H-tetrazol-5-
yl)methyl]biphenyl-4-carboxamide (17)14 (Scheme 1).17


From the mixture of regioisomers 11a + 11b, only 2,5-reg-
ioisomer 11b could be isolated in a pure form. The struc-
tures of the regioisomeric tetrazoles were assigned on the
basis of their 1H and 13C NMR spectra.18 NMR studies of
disubstituted tetrazoles, included those of our previous
paper, have in fact shown that protons of the CH2 group
attached to N1 and CN4 carbon atom of 1,5-disubstituted
tetrazoles are more shielded than the corresponding
atoms of the 2,5-disubstituted tetrazoles.19

The effects of tetrazoles 6–15 on (a) [14C]anandamide
hydrolysis by rat brain membranes (which express
FAAH as the only AEA hydrolyzing enzyme); (b)
[14C]anandamide uptake by intact RBL-2H3 cells
(where a putative AEA transporter has been character-
ized pharmacologically); (c) [14C]2-AG hydrolysis by
COS cell cytosolic fractions (which express MAGL);
(d) sn-1-[14C]oleoyl-2-arachidonoyl-glycerol (DAG)
conversion into 2-AG and [14C]oleic acid by COS cells
membranes overexpressing the human recombinant
DAGLa; (e) CB1 and CB2 receptors in transfected hu-
man COS cells; and (f) intracellular Ca2+ elevation med-
iated by transient receptor potential ankyrin type 1
(TRPA1) and vanilloid type 1 (TRPV1) channels over-
expressed in HEK-293 cells, are shown in Table 1.20


The effects on these two channels were studied since
TRPV1, like cannabinoid CB1 and CB2 receptors, is
activated by AEA and can be activated indirectly also
following FAAH inhibition and the subsequent eleva-
tion of AEA levels,21 whereas TRPA1 has been reported
to be activated by the widely used FAAH inhibitor
URB-597.22


None of the compounds inhibited significantly FAAH,
MAGL and DAGL. Thus, the substitution of the carb-
amylating N,N-dimethylaminocarbonyl group proved to
be detrimental to the inhibitory potency on the three ser-
ine hydrolases, despite the fact that some of them could
still have acted by way of their electrophilic group inter-
acting with the catalytic triad to produce a covalent
intermediate, as assumed for a-ketoheterocycle-based
inhibitors23 and some bis-arylimidazole esters.24 How-
ever, compounds 6a, 7a, 9b, 10a and 11b retained the
ability to inhibit efficaciously the uptake process with
IC50 values in the low micromolar range (2.3–5.1 lM),
a result which seems to represent yet another piece of
evidence in favour of the existence of a FAAH-indepen-
dent mechanism for AEA removal from the extracellular
milieu. Consistent with the previous observations,14 1,5-
isomers are generally significantly more potent inhibi-
tors than the corresponding 2,5 counterparts (9b repre-
senting the only exception to this rule). The most
potent inhibitor (11b), however, belongs to the latter
class of regioisomers. Unfortunately, as mentioned be-
fore, the 1,5-regioisomer 11a, which might have been
even more potent, could not be evaluated since it was
formed in a very low yield and could not be isolated
in a pure form. The inhibitory activity seems to depend
on the presence of a functional group that might con-
ceivably reinforce the interaction with the protein(s) in-
volved in membrane transport, as compounds lacking
any functionality at N1 (8a, b and 13a, b) were unable
to inhibit AEA uptake process. Overall, the putative
AEA membrane transporter appears to display a weak
preference for the 4-biphenyl over the biphenyl-4-car-
boxamido moieties. All compounds exhibited weak or
no affinity for CB1, CB2, TRPA1, and TRPV1 receptors.
In particular, of the five most active compounds on
AEA uptake, only one (9b) exhibited measurable activ-
ity at CB2 and TRPA1 receptors. When at all active
on cannabinoid receptors, the new compounds preferred
CB2 over CB1 receptors, with only one exception (8b).
Opposite to what observed for AEA uptake, the 2,5-iso-







Table 1. Effect of tetrazoles 6–15 on [14C]anandamide hydrolysis by rat brain membranes, [14C]anandamide uptake by intact RBL-2H3 cells, [14C]2-AG hydrolysis by COS cell cytosolic fractions, sn-1-


[14C]oleoyl-2-arachidonoyl-glycerol (DAG) conversion into 2-AG and [14C]oleic acid by COS cells membranes, cannabinoid CB1 and CB2 receptors in transfected human COS cells, and transient receptor


potential TRPA1 and TRPV1 receptors transfected in HEK-293 cellsa


R1


N N
N


N R1


N N
N


N


a b


R2


R2


6: R1 = 4-biphenyl; R2 = CH2CON(CH3)2
7: R1 = 4-biphenyl; R2 = CH2COCH3
8: R1 = 4-biphenyl; R2 = CH2CH(CH3)2
9: R1 = 4-biphenyl; R2 = CH2CN


10: R1 = 4-biphenyl; R2 = CH2CO2CH3


11: R1 = 4-biphenyl-4-carboxamido; R2 = CH2CON(CH3)2
12: R1 = 4-biphenyl-4-carboxamido; R2 = CH2COCH3
13: R1 = 4-biphenyl-4-carboxamido; R2 = CH2CH(CH3)2
14: R1 = 4-biphenyl-4-carboxamido; R2 = CH2CN
15: R1 = 4-biphenyl-4-carboxamido; R2 = CH2CO2CH3


Compound AEA hydrolysis


(IC50, lM)


AEA uptake


(IC50, lM)


2-AG hydrolysis


(IC50, lM)


DAG hydrolysis to 2-AG


(IC50, lM)


CB1 (Ki, lM) CB2 (Ki, lM) TRPA1


(EC50, lM)


TRPA1


(efficacy)b


TRPV1


(EC50, lM)


TRPV1


(efficacy)c


6a >50 5.1 >10 >10 >10 >10 >100 0 >100 4.0


6b >50 >25 >10 >10 >10 >10 >100 0 >100 5.3


7a >50 5.0 >10 >10 >10 >10 >100 11.4 >100 0


7b >50 >25 >10 >10 >10 5.2 >100 61.4 >100 0


8a >50 >25 >10 >10 >10 7.7 >100 50.8 >100 4.7


8b >50 >25 >10 >10 1.6 4.7 26.3 136.0 10.0 20.7


9a >50 24.8 >10 >10 >10 >10 26.3 83.2 >100 5.4


9b >50 5.1 >10 >10 >10 6.2 16.2 101.7 >100 0


10a >50 4.9 >10 >10 >10 >10 >100 0 >100 0


10b >50 >25 >10 >10 >10 8.1 >100 36.0 >100 0


11b >50 2.3 >10 >10 >10 >10 >100 0 >100 1.2


12a >50 12.5 >10 >10 >10 >10 >100 0 >100 7.7


12b >50 >25 >10 >10 >10 >10 >100 14.0 >100 0


13a >50 >25 >10 >10 >10 >10 >100 26.1 15.0 9.1


13b >50 >25 >10 >10 >10 >10 >100 0 53.5 10.2


14a >50 >25 >10 >10 >10 >10 >100 0 >100 6.3


14b >50 >25 >10 >10 >10 >10 >100 0 >100 2.6


15a >50 >25 >10 >10 >10 >10 >100 0 29.6 8.6


15b >50 >25 >10 >10 >10 >10 >100 0 >100 2.2


a Data are means of n = 4 separate determinations. Standard errors are not shown for the sake of clarity and were never higher than 10% of the means.
b Expressed the effect of a 100 lM concentration of each compound as percent of the effect of 100 lM mustard oil.
c Expressed as the effect of a 10 lM concentration of each compound as percent of the effect on intracellular Ca2+ of 4 lM ionomycin.
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16: R1 = 4-biphenyl
17: R1 = biphenyl-4-carboxamido


6a + 6b (or 7a + 7b or 9a-12a + 9b-12b
or 14a,15a + 14b,15b)


R2 Cl, DIPEA, CH2Cl2 (or THF)
rt (or 60 °C), 15 h


(CH3)2CHCH2Cl, Cs2CO3, DMF


80 °C, 15 h
8a + 8b (or 13a + 13b)


R2 = CH2CON(CH3)2,, CH2COCH3, CH2CN, CH2CO2CH3


Scheme 1. Synthesis of tetrazoles 6–15.
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mers were more potent than the 1,5 isomers on both CB2


and TRPA1. All compounds exhibited very weak, and
often hardly measurable, efficacy at TRPV1 receptors,
and therefore the EC50 values calculated for this type
of activity have little pharmacological meaning. Interest-
ingly, compounds 8b, 9a and 9b were as efficacious as
the mustard oil (allyl isothiocyanate)
(EC50 = 2.5 ± 0.7 lM, efficacy 100%) on TRPA1-medi-
ated increase of intracellular Ca2+, albeit less potent.
This suggests that, like previously shown for the car-
bamoyl-derivative, URB-597,22 tetrazole-containing
derivatives also can interact with this ion channel, which
has been involved in pain transduction by peripheral
sensory neurons. Since these latter compounds, unlike
URB-597, lack the capability of covalently binding to
nucleophilic groups like serine hydroxyl groups or, in
the case of TRPA1, cysteine sulphydryl groups, this
finding also supports the concept that not all TRPA1
agonists possess sulphydryl reacting moieties in their
chemical structure.25


In conclusion, we have shown here that it is possible to
develop, through appropriate modifications of the com-
pounds introduced by Eli Lilly and subsequently studied
and extended by us, selective and non-fatty acid-based
AEA uptake inhibitors that might be useful in the eluci-
dation of the ‘vexed question of the AEA transporter
protein’.1
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Abstract—Computer aided modeling guided the design of a series of diarylimidazole compounds (11–22) intended to interact with
both the ATP and adjacent allosteric binding domains of B-RAF kinase. Their ability to inhibit the function of B-RAF kinase and
intracellular ERK1/2 phosphorylation were evaluated.
� 2008 Elsevier Ltd. All rights reserved.
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The RAF (Ras Activating Factor) family of serine/thre-
onine kinases are members of the MAPK kinase signal-
ing cascade and participate in relaying extracellular
signals from the cell surface to the nucleus. The RAF
family comprises of three isoforms; A-RAF, B-RAF,
and C-RAF, which are involved in cell growth, differen-
tiation, and apoptosis. Clinically, it has been determined
that �66% of melanomas, �36% of thyroid tumors, and
�10% of colon cancers in humans can be correlated with
mutations that have occurred in the B-RAF kinase do-
main.1 While over 40 different mutations in the kinase
domain have been identified, the most prevalent muta-
tion arises from the replacement of a valine residue with
a glutamic acid residue located at position 600. This sub-
stitution, which lies within the kinase activation loop,
essentially precludes the need for phosphorylation and
results in constitutively active B-RAF that displays
approximately a 500-fold increase in kinase activity over
the wild-type isoform.2 As a result, the activation of the
MAPK signaling cascade through mutant B-RAF has
been linked to tumorigenesis in several types of tumors.
Based upon these observations, and the fact that B-RAF
is considered an important therapeutic target for cancer
management,3 we embarked upon a chemistry effort to-
wards identifying a small molecule that would inhibit
this signaling pathway.
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High-throughput-screening of our compound collec-
tion identified several diarylimidazoles as low nM
inhibitors of B-RAF kinase of which 1 served as a
general representation of the type of hits identified.
Maintaining an ortho substituent (i.e., Cl) on the aryl
ring attached at the C-4 position of the imidazole ring
was important for retaining B-RAF kinase affinity and
selectivity. Substituents (i.e., Cl) at the meta- or para-
position of the C-4 aryl ring displayed less selectivity
for B-RAF. Compound 1 was chosen as an attractive
lead since related analogs suffered from poor physio-
chemical properties and/or microsomal instability.
Via slight SAR modifications we prepared a derivative
2 that inhibited B-RAF with improved potency and
possessed comparable solubility and metabolic stabil-
ity parameters.4 The 2,5-dichloro substituent was
mainly responsible for the boost in kinase potency,
and the conversion of the t-butylurea to the cyclic
urea was responsible for improving the solubility pro-
file (see Fig. 1).
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Figure 1. SAR modifications.
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Scheme 1. Synthetic route to the diarylimidazole analogs. Reagents


and conditions: (a) LiHMDS, THF, 0 �C, 30 min, then the Weinreb


Amide, 0 �C! rt, 24 h (b) Br2, CH2Cl2, 0 �C! rt, 1 h, then, DMSO,


Et3N, 65 �C, 1.5 h. (c) Y-CHO, NH4OAc, HOAc, 65 �C, 16 h (d)


KOH, H2O, EtOH, 80 �C, 24 h (e) 4-chlorophenyl acetylchloride, or


3,4-dichlorophenyl sulfonylchloride, or 4-chloro-3-trifluoromethyl-


phenyl isocyanate Et3N, CH2Cl2, (f) UHP, TFAA, CH3CN, 0 �C,


45 min, or m-CPBA, CH2Cl2, 0 �C, 30 min (g) R1-NH2, dioxane, 80–


120 �C, 4–16 h.
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The report from Wan and co-workers2 detailing the first
x-ray crystal structure for a small molecule ligand (3,
BAY-43-9006, Sorafenib)5 bound to B-RAF kinase
prompted us to compare our chemical series to the crys-
tal structure coordinates of Sorfenib to determine what
binding elements of the kinase may be shared by the
two molecules. The crystallographic data revealed the
pyridyl amide portion of (3) occupies the relatively con-
served ATP pocket while the aryl urea portion (motif E,
Fig. 2) of the molecule resides in an uncharacteristically
deep hydrophobic pocket and serves as the allosteric
binding motif. Consequently, the unique hydrophobic
pocket of B-RAF appeared to offer an opportunity to
achieve a less promiscuous kinase inhibitor. From our
docking model studies using the coordinates deposited
by Wan et. al. (PDB ID 1UWH)2 on a series of diarylim-
idazoles related to 1, it appeared that a meta-anilino
intermediate (8, Scheme 1) would provide a handle for
directing a branching group into the hydrophobic pock-
et as desired. Additionally, one could envision that the A
and B rings of 2 approximate the conformation occu-
pied by rings C and D of (3). The main difference effect-
ing the spatial orientation of the aryl rings is the scaffold
linking the two aryl rings together; an imidazole ring
versus an ether linkage (Figs. 2 and 3).


To test the dual-site inhibitor hypothesis, we constructed
a number of meta-substituted compounds. The synthetic
route used to assemble these inhibitors is outlined in
Scheme 1. The anion of pyrimidine 4 was condensed
with the Weinreb amide (derived from 3-aminobenzoic
acid)6 to afford the aryl ketone 5. Kornblum7 oxidation
of 5 provided the a-diketone 6, which was treated with
cyclopropane carboxaldehyde or trifluoroacetaldehyde
hydrate in the presence of ammonium acetate and acetic
acid to afford the C2-substituted imidazoles 7. Hydroly-
sis of the ethyl carbamate under basic conditions
afforded the amine 8, which was subsequently treated
with the appropriate electrophile to provide the urea,
sulfonamide or amide intermediates. Oxidation of the
thiomethyl moiety employing m-CPBA afforded the
corresponding sulfoxide or sulfone 9 which was subse-
quently displaced with the requisite amine in refluxing
dioxane to provide adducts 10 in yields ranging from
40% to 70%. Displacement with 3-aminobenzamide
required the addition of TFA to facilitate this
transformation.
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Figure 2. Rationale for the hybrid strategy.


Figure 3. Crystal structure of Sorafenib overlaid with the docking


model of our desired template in B-RAF. The arrow emphasizes the


predicted position (meta) for attaching substituents to our template to


allow for access to the hydrophobic pocket.

For consistency, the same urea component present in
Sorafenib (3) was installed onto the aniline intermediate
10 and three different groups were appended to the
pyrimidine ring for evaluation (R1 = methylamine, 3-
aminobenzamide, and 1-(2-amino-ethyl)-imidazolidin-
2-one) to afford the proof-of-concept analogs 11–13
(Table 1). As the data in Table 1 demonstrate, all three







Table 1. Substituent effects on B-RAF activity


N N


R1


HN


N
H


N


R


Y


Compound R R1 Y B-RAF


IC50 (lM)


V600E C-RAF


IC50 (lM)


RLMa HLMa pERk


IC50 (lM)


Solubilityb


(lM)


11 CONHPh-3–CF3-4–Cl
NHNHN


O
C3H5 0.066 0.022 0.014 44 50 2.3 6.2


12 CONHPh-3–CF3-4–Cl NHCH3 C3H5 0.021 0.016 0.005 57 80 1.4 0.3


13 CONHPh-3–CF3-4–Cl


NH


NH2


O


C3H5 0.035 0.061 0.031 nd nd 2.1 0.4


14 SO2CH2Ph-3,4-Cl
NHNHN


O
C3H5 0.343 0.141 0.041 52 85 na na


15 SO2CH2Ph-3,4-Cl NHCH3 C3H5 0.469 0.138 0.026 87 60 na na


16 SO2CH2Ph-3,4-Cl


NH


NH2


O


C3H5 0.887 0.274 0.049 44 76 na na


17 COCH2Ph-4-Cl
NHNHN


O
C3H5 0.007 0.002 0.001 60 38 3 35


18 COCH2Ph-4-Cl NHCH3 C3H5 0.009 0.003 0.001 nd nd 5.1 0.4


19 COCH2Ph-4-Cl


NH


NH2


O


C3H5 0.004 0.003 0.0005 58 53 2.4 0.5


20 COCH2Ph-4-Cl
NHNHN


O
CF3 0.054 0.04 0.02 34 73 30 7.5


21 COCH2Ph-4-Cl NHCH3 CF3 0.03 0.018 0.002 81 74 12.6 0.48


22 COCH2Ph-4-Cl


NH


NH2


O


CF3 0.108 0.085 0.017 47 71 30 0.35


3 BAY-43-9006/Sorafenibc 0.015 0.014 0.003 na 80 8.3 6.3


a Microsomal values are given as per cent of parent compound remaining after 30 min of incubation. The reported values are within a 10% range of


error.
b Solubility was determined by the method reported in Ref. 9.
c Values were determined in-house.
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analogs possessed good inhibitory activity against B-
RAF kinase with IC50 values ranging from 21 to 66
nM, and slightly improved inhibition against the
V600E mutant and C-RAF isoforms. Additionally,
compounds 11–13 were slightly more potent than (3)
at inhibiting ERK phosphorylation in a cellular assay.
For example, compound 11, which exhibited a better
solubility profile by �15-fold than the corresponding
derivatives 12 and 13, retained similar cellular activity.
To improve compound solubility we replaced the urea
moiety with similarly substituted sulfonamide and
amide appendages. Table 1 shows that the sulfonamide
analogs 14–16 displayed a 4- to 28-fold loss of kinase
activity relative to ureas 11–13 , and lacked the neces-

sary potency to be analyzed in the pERK cellular assay.8


In contrast, the amide derivatives 17–19 provided a 2-
to 10-fold increase in kinase potency relative to 11–13
; however, a corresponding improvement in inhibiting
ERK phosphorylation was not observed. Interestingly,
while the solubility profile for compound 17 was en-
hanced 5-fold relative to compound 11, this parameter
did not translate to an increase in potency in the ERK
phosphorylation cellular assay. One of the factors that
appears to hamper the lack of correlation between en-
zyme potency and functional activity that we have ob-
served in this series (Table 1) seems to be tied to the
compounds solubility profile. Generally, it has been
our observation that analogs exhibiting higher solubility







Figure 4. Docking models for the amide and sulfonamide analogs.
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values displayed inferior functional activity. We attrib-
uted this to their difficulty in penetrating the lipophilic
cellular membrane and hence, would be hindered from
reaching the intracellular target.9 Again, both the sul-
fonamide and amide derivatives displayed slightly better
IC50 values against the V600E mutant and C-RAF iso-
forms than the wild-type isoform. It is worth noting that
truncating the size of the substituent appended to the
pyrimidine ring from the 1-(2-aminoethyl)-imidazoli-
din-2-one and 3-aminobenzamide moieties to the smal-
ler methylamine group produced equivalent or better
B-RAF kinase inhibition than the other two pyrimidine
substituents.10 This result was encouraging given that we
were interested in reducing the molecular weight of the
hybrid analogs. Moreover, modeling suggested that this
group was directed to a solvent exposed region of the
protein that was not expected to hinder the ATP pocket
and allosteric binding interactions. Analogs containing
the methylamine moiety also provided slightly improved
rat and human microsomal stability data, although we
observed a significant decrease in solubility relative to
the 1-(2-aminoethyl)-imidazolidin-2-one moiety.


In an effort to correlate the observed B-RAF kinase
inhibitory data to the interactions with the protein, we
performed manual docking simulations using the data
from the crystal structure.2 The proposed binding mode
for the amide moiety is shown in the left panel of Figure
4, in which the amide proton of the ligand forms a
hydrogen bond with glutamic acid E500 of the kinase.
The binding mode for the ureas is similar to the one
shown here for the amides. Therefore, the difference in
activity between the amides and the ureas (of up to
10-fold) may in part be due to a desolvation penalty that
is incurred by the urea because of the presence of the ex-
tra nitrogen. Moreover, the glutamic acid E500 residue
forms a salt bridge with the nearby lysine K482. From
our modeling studies this suggests that E500 should
not form two hydrogen bonds with the urea but rather
only one, like the amide, with the proximal amide pro-
ton. In the right panel of Figure 4, the proposed binding
mode for the sulfonamides shows that like the amides
and the ureas the nitrogen atom makes a hydrogen bond
interaction with E500. However, the most notable differ-
ence is the effect the ‘extra’ oxygen (shown by the arrow)
has on the fit in the binding site. According to our dock-
ing models the sulfonamide analogs clash with the pro-
tein surface that leads to a binding destabilization
relative to the amides or urea analogs. Hence, this addi-

tional conformational strain results in weaker B-RAF
inhibitory activity.


Data from a related series of diarylimidazoles related to 1
and 2 demonstrated that replacing the cyclopropyl ring at
the C2-position of the imidazole ring with a trifluoro-
methyl group tended to improve the solubility and meta-
bolic stability for this class of compounds. These findings
encouraged us to incorporate a trifluoromethyl group in
this current hybrid-series as well. As the data in Table 1
illustrate relative to the amide analogs 17–19 , the trifluo-
romethyl derivatives 20–22 displayed a 3- to 26-fold de-
crease in kinase activity. Also, a measurable decrease in
the potency of 2- to 12-fold was observed in the pERK
cellular assay. Only the metabolic and solubility charac-
teristics remained similar to those observed for the amide
derivatives 17–19 . We postulate that the decrease in
pERK cellular activity is due to the lower pKa values asso-
ciated with the C2-trifluoromethyl substituent, which
causes the NH of the imidazole to become ionized under
physiological pH.11 Hence, the resulting charged species
is less able to penetrate the lipid by-layer of the cell effi-
ciently, and thus weaker functional activity is observed.


In summary, potent inhibitors of B-RAF kinase were
identified that appear to bind to both the ATP binding
pocket as well as an adjacent allosteric region. The cur-
rent physiochemical and pharmacokinetic properties
associated with these molecules, however, limit their
evaluation in lengthy xenograph studies.12 Compounds
11, 14, 17 and 20 were evaluated for kinase selectivity
against a panel of 50 representative kinases (data not
shown)13 and only compounds 11 and 17 displayed
>50% inhibition at 10 lM concentration against 4 ki-
nases within the panel suggesting that identifying a
selective B-RAF inhibitor is achievable.14
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Abstract—Sulfamoyl benzamides were identified as a novel series of cannabinoid receptor ligands. Starting from a screening hit 8
that had modest affinity for the cannabinoid CB2 receptor, a parallel synthesis approach and initial SAR are described, leading to
compound 27 with 120-fold functional selectivity for the CB2 receptor. This compound produced robust antiallodynic activity in
rodent models of postoperative pain and neuropathic pain without traditional cannabinergic side effects.
� 2008 Elsevier Ltd. All rights reserved.

Two cannabinoid receptors, CB1 and CB2, have been
identified and subsequently cloned. They belong to the
family of G-protein coupled receptors and share 44%
amino acid sequence homology but differ in anatomical
distribution. The CB1 receptor is expressed mainly in the
CNS and to a lesser extent in other tissues. The CB2


receptor is primarily expressed in peripheral tissues asso-
ciated with immune functions, including macrophages,
B and T cells, as well as in peripheral nerve terminals
and on mast cells.1 D9-Tetrahydrocannabinol (THC,
1), the main active component of Cannabis sativa, and
other classical cannabinoids display a wide range of
physiological effects including analgesic, anti-inflamma-
tory, anti-convulsive and immunosuppressive activities.2


Cannabinoid receptor agonists also induce a number of
unwanted CNS effects, which are believed to be medi-
ated predominantly by the central distribution pattern
of CB1 receptors.3


A separation between therapeutic effects and undesir-
able CNS side effects could be accomplished either by
preventing the cannabinoid from crossing the blood–
brain barrier4 or by increasing the selectivity for the
CB2 receptor over the CB1 receptor.5 Several structural
classes have displayed selectivity for the CB2 receptor

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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(Fig. 1).6 Compound 4 (GW405833) was shown to be
antihyperalgesic in rodent models of neuropathic, inci-
sional and chronic inflammatory pain, but had no sig-
nificant effect in CB2 knockout mice in the same
assays.7 Compound 5 (AM1241) was reported to reverse
carrageenan-induced inflammatory thermal hyperalge-
sia in rats. This effect was attenuated by a CB2 selective
antagonist, but not a CB1 selective antagonist.8 Thus,
there is considerable interest in developing new cannab-
imimetic compounds possessing preferentially high
affinity for the CB2 receptor, which could lead to novel
therapeutics for the treatment of inflammation and
chronic pain.9


During a high-throughput screening campaign10a we
identified 8 as a compound with modest affinity for the
CB2 receptor (Fig. 2). Initially, SAR was explored via
a parallel approach shown in Scheme 1 and Figure 3.
Starting from commercially available 4-bromo-3-(chlo-
rosulfonyl)benzoic acid 10a and amines 11a–h, we pre-
pared eight 4-bromo-3-sulfamoyl-benzoic acids 12a–h.
A diverse set of 10 amines 13a–j was attached to alde-
hyde-based polystyrene resin via reductive amination
using sodium triacetoxyborohydride as the reducing
agent.11 The resulting resin-bound amines 14a–j were
then reacted with the sulfamoyl-benzoic acids 12a–h
previously obtained using the coupling reagent
bromo-tris-pyrrolidinophosphonium hexafluorophos
phate (PyBrop) and diisopropylethylamine. After cleav-
age from solid support with trifluoroacetic acid in
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Figure 1. Cannabinoid receptor ligands.
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dichloromethane 80 final compounds, 9a, were obtained.
Almost half of these compounds retained or improved
binding affinity for the CB2 receptor compared to 8,
while the remaining compounds lost affinity for both
CB receptors. Representative examples are shown in
Table 1. Branched alkyl amines seemed to be preferred
as both neopentyl and isobutyl amides yielded combina-
tions with improved binding affinity (K i CB2 = 100–
450 nM).


Since the selective CB2 antagonist SR1445286b (7)
also bears a highly branched amine substituent, we

attempted to introduce this S-fenchyl residue into
our system via the solid phase route just described.
Due to steric hindrance the coupling of fenchyl amine
to the polystyrene solid support failed. Therefore
highly branched analogs 23– 37 were synthesized in
solution from respective sulfamoyl-benzoic acids 12a–d
utilizing O-(benzotriazol-1-yl)-N,N,N 0,N 0-tetra-meth-
yluronium tetrafluoroborate (TBTU) as the coupling
reagent (Table 2).12,13 All four sulfamoyl-benzoic
acids 12a–d yielded analogs with greatly improved
binding affinity (23– 26). Morpholine, pyrrolidine,
and piperidine in R2 showed similar profiles, with
the morpholine analog 23 being slightly more
selective. Methylbenzyl amine in R2 led to the most
selective analog 25 with a binding constant Ki


CB2 = 11 nM and P1000-fold lower binding to the
CB1 receptor (33% inhibition at 10 lM). Compounds
23– 26 were then evaluated in the [35S]GTPcS func-
tional assay.10b Compounds 23, 24, and 26 were full
agonists, but the most selective compound 25
behaved as an inverse agonist. To exclude possible
reactivity with proteins in vivo the bromo substituent
in 23 was replaced with a methyl group. Starting the
synthesis from 3-(chlorosulfonyl)-4-methylbenzoic acid
10b we obtained compound 27, a 31-fold selective
agonist with functional activities of EC50 CB2 =
4.6 nM and EC50 CB1 = 550 nM.


In an attempt to further improve selectivity and
retain agonist activity, other commercially available
branched amines were attached to 12b (R2 = morpho-
lino, Table 2, 28–37). Bicyclic amine substituents with
branching in the 1 and/or 2 position seem to be pre-
ferred. Globular amines like 2-adamantyl, 1-(1-adaman-
tyl)ethylamine, and bornyl amine yielded compounds
with binding constants Ki CB2 6 10 nM. Analogs con-
taining open chain and monocyclic amides, as well as
analog 34 containing the R-isomer of fenchyl amine, lost







Table 1. Parallel synthesis approach—example resultsa,b


Br
S


O


O R2


R3O
9a


Compound R2 R3 K i CB1 (nM) Ki CB2 (nM) Ratio CB1/CB2


14 N NH
1300 100 13


15 N NH
O


1400 200 7


16 N NH N
1800 320 5


17 N NH
1100 360 3


18 N NH
>1000 410 >2


19 N NH
2000 400 5


20 ON NH
1300 450 3


21 N NH
>1000 430 >2


22 N NH
>1000 340 >3


a Values are the geometric means computed from at least three separate determinations.
b For assay description see Ref. 10.
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Figure 3. R2 and R3 amines used to prepare 9a.
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Figure 4. In vivo activity of compound 27 in two rat models: (A) L5
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gabapentin or compound 27 treatment groups. (B) Hindpaw incision
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the sham-operated control group, hindpaw incision group, and
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among groups. *p > 0.05 compared to vehicle-treated, surgery (L5


SNL or hindpaw incision) group.


Table 2. Highly branched sulfamoyl benzamidesa,b


R3O


S
OR1


Compound R1 R2 R3 Ki CB1 (nM) Ki C


23 Br ON N
H


89 3.5


24 Br N N
H


110 9.4
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at least one order of magnitude in CB2-binding affinity.
No improvement in selectivity could be observed.


Catalepsy in mice is a behavior that is indicative of
central CB1 receptor activation and predictive of can-
nabinoid psychoactivity. For example, Pertwee dem-
onstrated a correlation between catalepsy in the ring
test in mice and ataxia in the dog static ataxia mod-
el.14 Therefore catalepsy in mice is likely a predictor
of central cannabinergic effects in humans.15 Since
compound 27 had a functional selectivity of 120-fold
over the CB1 receptor, and it did not produce cata-
lepsy at doses of 6 and 10 mg/kg ip, it was evaluated
for efficacy in two rodent models of nociception, the
L5 spinal nerve ligation model (L5 SNL)16 of neuro-
pathic pain and the hindpaw incision model17 of post-
operative pain (Fig. 4). In the L5 SNL model,
compound 27 reversed the nerve injury-induced tactile
allodynia at a dose of 3 mg/kg ip. The magnitude of
the antiallodynic effect was comparable to the effect
produced by a dose of 60 mg/kg ip of gabapentin. In
the incisional pain model, a dose of 10 mg/kg ip of
compound 27 produced a significant antiallodynic ef-
fect that was comparable to the antiallodynic effect
that was produced by a dose of 3 mg/kg sc of mor-
phine. There were no overt behavioral side effects that
were associated with doses up to 10 mg/kg ip of com-
pound 27. Administered orally at 30 and 100 mg/kg
compound 27 was not active in the incisional pain
model, due to low bioavailability.


In summary, the sulfamoyl benzamides represent a new
class of ligands that bind to the cannabinoid receptors.
Derived from a screening hit with modest affinity to
the CB2 receptor, large lipophilic, branched amide
substituents led to improved receptor binding. Increased
selectivity for the CB2 receptor was achieved by the
introduction of an S-fenchyl residue. Small changes in
the sulfonamide part of the molecule produced a switch
from full agonist to inverse agonist. Compound 27, a
compound with 120-fold functional selectivity for the
CB2 receptor and devoid of traditional cannabimimetic
side effects, dosed ip, showed robust antinociceptive

O


R2


9


B2 (nM) Ratio CB1/CB2 EC50 CB1 EC50 CB2 Ratio


25 560 8.8 64


12 220 4.3 51


(continued on next page)







Table 2 (continued)


Compound R1 R2 R3 Ki CB1 (nM) Ki CB2 (nM) Ratio CB1/CB2 EC50 CB1 EC50 CB2 Ratio


25 Br N N
H


>1000 11 >100 na nac


26 Br N N
H


93 13 7 280 6.6 42


27 CH3 ON N
H


130 3.9 31 550 4.6 120


28 CH3 ON N
H


33 5.6 15 270 12 23


29 CH3 ON
NH


77 6.3 5 290 9.3 31


30 CH3 ON H
N 50 8.1 7 210 14 15


31 CH3 ON
NH


91 10 9 210 25 8


32 CH3 ON
H
N 260 19 14 570 48 12


33 CH3 ON
H
N 310 34 9 920 21 44


34 CH3 ON N
H


540 48 11 880 25 35


35 CH3 ON
H
N 470 92 5 540 44 12


36 CH3 ON NH
1300 180 9 2400 125 19


37 CH3 ON NH
>1000 390 >3 >1000 1800 nd


a Values are the geometric means computed from at least three separate determinations.
b For assay description see Ref. 10.
c Antagonist with IC50 CB2 = 14 nM.
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activity in rodent models of neuropathic and postopera-
tive pain that was comparable to the effect produced by
gabapentin and morphine, respectively. Due to their

chemical accessibility and pharmacological activity, sul-
famoyl benzamides can be considered an attractive lead
series for further optimization, with the focus directed
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towards improving physicochemical and DMPK
properties.
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Abstract—Chemical investigations of a culture broth from the endophytic fungus Eupenicillium sp. afforded the new modified dipep-
tide trichodermamide C 1. The structure of 1 was established following the analysis of NMR, UV, IR, MS and X-ray diffraction
data. Trichodermamide C was shown by high content screening to display cytotoxicity towards the human colorectal carcinoma
HCT116 and human lung carcinoma A549 with IC50 values of 0.68 and 4.28 lg/ml, respectively.
� 2008 Elsevier Ltd. All rights reserved.

Microfungi have been the sources of numerous new and
bioactive secondary metabolites over the decades.
Although much scientific research is currently focused
on marine-derived microfungi,1 terrestrial fungi still
continue to provide natural products chemists with
new and biologically interesting compounds. Recent
examples include chloriolide A, a 12-membered macro-
lide from Chloridium virescens var. chlamydosporum,2


the anticancer berkelic acid from Penicillium sp.,3 and
the insecticidal paraherquamides H and I from Penicil-
lium cluniae.4 As part of our continuing research on
the bioactive chemistry of endophytic fungi from Aus-
tralian plants we examined the outer bark of the rainfor-
est tree Glochidion ferdinandi (family Euphorbiaceae) for
its fungal content.5–8 These investigations afforded sev-
eral microfungal strains, one of which was identified as
Eupenicillium sp.9 We recently reported the isolation of
two new polyketides from this particular strain,9 how-
ever during these studies we also purified another sec-
ondary metabolite that we had difficulty assigning a
chemical structure. X-ray quality crystals of this un-
known metabolite have recently been obtained and this
has enabled a complete stereostructure to be assigned.
Herein we describe the isolation and structure elucida-
tion of a new modified dipeptide, which we have named
trichodermamide C 1. The high content screening results
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obtained by dosing two cancer cell lines (HCT116 and
A549) with compound 1 are also reported.


The fungus Eupenicillium sp.9 was grown in shaken malt
extract broth and the culture was extracted with EtOAc.
This crude extract was initially fractionated by C18 flash
chromatography using H2O and increasing amounts of
MeOH. An early eluting fraction was further purified
by phenyl HPLC (MeOH/H2O) to yield trichoderma-
mide C 1 (2.8 mg).


Trichodermamide C 1 was assigned the molecular for-
mula C21H22N2O9 on the basis of HRESIMS10 and
NMR data (Table 1). Analysis of the IR spectrum for
trichodermamide C suggested the presence of hydroxyl
group(s) (3600–3200 cm�1), a lactone (1717 cm�1) and
an amide (1654 cm�1) moiety. The 1H NMR spectrum
of 1 contained three exchangeable singlets [d 5.15
(1H), 5.12 (1H), 5.00 (1H)], two mutually-coupled aro-
matic doublets [d 7.40 (d, J = 9.0 Hz, 1H) and 7.16 (d,
J = 9.0 Hz, 1H)], one low field aromatic singlet [d 8.02
(1H)], two mutually-coupled olefinic protons [d 5.41
(d, J = 10.2 Hz, 1H) and 5.35 (d, J = 10.2 Hz, 1H)],
three aliphatic methine signals [d 4.12 (1H), 3.75 (1H),
3.68 (1H)], one methylene moiety [d 2.38 (1H) and
2.01 (1H)], two methoxyls [d 3.91 (3H), 3.83 (3H)] and
a N-methyl singlet [d 3.21 (3H)]. The 13C NMR spec-
trum displayed 21 signals of which 13 resonated between
109 and 166 ppm. HMBC data (Table 1) readily allowed
the construction of a coumarin system substituted with
methoxyl groups at C-7 0 and C-8 0 and an N-methyl
amide group attached to C-2 0. The remaining protons
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Table 1. NMR data for trichodermamide C 1a


Position dC dH (mult., J in Hz) COSY (H No.) HMBC (C No.) ROESY (H No.)


1 165.4


2 151.8


3a


3b


24.3 2.01 (brd, 19.2)


2.38 (br s)


3b


3a


2, 5


1, 4


3b, 6, 7, 8


3a, 5


4 67.2


4-OH 5.00 (br s) 5, 9


5 73.4 4.12 (br s) 5-OH, 6, 7, 8 4, 6, 7 3b, 4-OH, 5-OH, 6, 7, 9


5-OH 5.15 (br s) 5 4, 5, 6 5


6 129.9 5.41 (d, 10.2) 5, 7, 8 4, 7, 8 3a, 5, 8


7 127.8 5.35 (br d, 10.2) 5, 6 3a, 5, 8, 9


8 66.6 3.68 (br s) 5, 6, 8-OH, 9 3a, 6, 7, 8-OH


8-OH 5.12 (br s) 8 8, 9


9 82.8 3.75 (d, 7.2) 8 3, 5, 8 4-OH, 5, 6, 7, 8-OH


1 0 158.5


2 0 127.8


3 0 137.0 8.02 (s) 1 0. 90, 80, 2 0, 50, 40, 12 0 5 0, 12 0


4 0 113.5


5 0 123.5 7.40 (d, 9.0) 6 0 7 0, 90, 30, 8 0, 40, 60 3 0, 6 0


6 0 109.9 7.16 (d, 9.0) 5 0, 10 0 7 0, 90, 80, 5 0, 40 5 0, 10 0


7 0 155.0


8 0 135.2


9 0 145.9


10 0 56.4 3.91 (s) 6 0 7 0, 60 6 0


11 0 60.8 3.83 (s) 8 0


12 0 36.3 3.21 (s) 1, 2 0 3 0


a Spectra were recorded in DMSO-d6 at 30 �C.
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in 1 were assigned to a tetra-oxygenated cyclohexene
system following gCOSY, HMBC and 1H NMR data
analysis. With the knowledge that all the atoms of 1
were now accounted for except for one N, and that 2�
of unsaturation were still required, a 1,2-oxazine system
was established. A weak 3JCH correlation from H-3b (d
2.38) to the amide carbonyl C-1 (165.4 ppm) established
the link between the coumarin and oxazine portions of
trichodermamide C. Furthermore, ROESY data analy-
sis allowed the relative configuration about the cyclo-
hexene system of 1 to be assigned. Several natural
products related to 1 have been reported in the litera-
ture. Examples include trichodermamides A 2 and B 3
from the marine-derived fungus Trichoderma virens,11


and aspergillazine A 4, from the terrestrial fungal strain
Aspergillus unilateralis12 (Fig. 1). While compounds 2–4
all share a dimethoxylated coumarin system and a sec-
ondary amide functionality, only trichodermamides A
2 and B 3 contain the rare cyclic O-alkyl-oxime func-
tionality that is also present in 1. The structure of tricho-
dermamide A 2 had been determined by X-ray
diffraction analysis and the amide stereochemistry as-

Figure 1. Chemical structures of trichodermamides A–C and aspergillazine

signed as trans.11 The NMR data for the oxazine–cyclo-
hexene portion of trichodermamide C showed only
minor differences with trichodermamide A. At this stage
it appeared that we had isolated the N-methyl analogue
of trichodermamide A, however the stereochemistry of
the tertiary amide in 1 remained unassigned. Crystalliza-
tion studies on 1 were undertaken and crystals suitable
for X-ray diffraction analysis were eventually obtained
from a MeOH/H2O mix.13 The ORTEP diagram for
trichodermamide C is shown in Figure 2.14 The X-ray
structure confirmed the oxazine–cyclohexene and cou-
marin components of 1 and established the N-methyl
amide as having a cis configuration in the crystalline
state, with the C10–N11–C11–O11 torsion angle mea-
sured as �3.7(11)�. The oxazine–cyclohexene and cou-
marin groups are further linked by strong O–H� � �O
hydrogen bonding between the hydroxyl group (O18),
the solvated water molecule (O44) and the methyl ether
oxygen (O18 0).


The absolute stereochemistry of trichodermamide A was
determined to be 4S, 5R, 8R and 9S using the modified

A.







Figure 2. ORTEP diagram of trichodermamide C 1 dihydrate.


Figure 3. Representative images of A549 (a and b) and HCT116 (c and d) cells captured with the Evotec Opera using a ·20 objective. Images a and c


show untreated cells whilst b and d show cells treated with 26.78 lg/ml trichodermamide C at 24 h. All the cells were stained with YO-PRO-1, a


marker for late-stage apoptosis.
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Mosher’s method.11,15 Based on biosynthetic grounds
we propose that trichodermamide C has the same abso-
lute stereochemistry as trichodermamide A.


In the original paper for trichodermamides A and B
both compounds were tested for cytotoxicity against
the human colorectal carcinoma HCT116. Interestingly,
only the chlorinated metabolite, trichodermamide B,
displayed significant activity with an IC50 of 0.32 lg/
ml.11

Due to our interest in the discovery of new natural prod-
ucts exhibiting anticancer activity, and the structural
similarity between trichodermamides B and C, we
decided to test the new natural product 1 against the
colorectal carcinoma cell line HCT116 using a high con-
tent imaging system [Opera (PerkinElmer)]. The Opera
was utilised due to its ability to simultaneously capture
and quantify confocal images to measure a vast array
of cellular changes. In this assay, three fluorescent mark-
ers were employed to investigate changes to nuclear
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morphology, and membrane permeability, which all un-
dergo significant changes during cell death. Nuclear
morphology was visualized using the DNA/RNA bind-
ing dyes DRAQ5, YO-PRO-1 and propidium iodide.
DRAQ5 is a cell permeant dye and therefore stained
all cells, however YO-PRO-1 and propidium iodide
are membrane impermeant. During the late stages of
apoptosis, or programmed cell death, the permeability
of the cell membrane increases allowing nuclear stain-
ing with YO-PRO-1. Propidium iodide however, re-
mains cell impermeant until the cell has died.16 In
these high content screening assays trichodermamide
C was shown to display cytotoxicity towards the
HCT116 cells with an IC50 value of 0.68 lg/ml at
24 h. Due to its morphology, the HCT116 cells showed
very low contrast between nuclear and cytoplasmic
staining, which makes the HCT116 cell line difficult
to analyze accurately in high content imaging assays.
For this reason cytotoxicity assays were also carried
out in the A549 lung carcinoma cell line for compari-
son. Trichodermamide C was found to be less active
in this cell line, although staining by both YO-PRO-1
and propidium iodide was observed after treatment
for 24 h, and an IC50 value of 4.28 lg/ml was deter-
mined for 1. Interestingly, whilst the IC50 values ob-
tained indicate that trichodermamide C has only a
moderate cytotoxic effect, the captured images illustrate
a marked difference in cytotoxicity between the two cell
lines (Fig. 3). In the A549 cells trichodermamide C
showed increased YO-PRO-1 nuclear staining at the
highest dose at 24 h (Fig. 3b). In the HCT116 cells,
however, trichodermamide C was far more cytotoxic,
with almost all the cells dead after 24 h (Fig. 3d). This
was confirmed by propidium iodide staining, also at
24 h. This may indicate some selectivity or a different
mechanism of action between the two cancer cell lines
tested. However, further work would be required to
determine whether this was due to activation of apop-
totic pathways in the HCT116 and A549 cell line or
caused by non specific cell death.


In conclusion, this letter reports the isolation, structure
elucidation, and cytotoxicity of the new modified dipep-
tide trichodermamide C 1. Compound 1 represents only
the fourth natural product to be reported that contains a
1,2-oxazine system.17
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Abstract—We report here a class of thiazolidine-2,4-diones and 2-thioxothiazolidin-4-ones as potent inhibitors of the lymphoid spe-
cific tyrosine phosphatase (Lyp) identified from high throughput screens. Chemical modification by incorporating the known phos-
photyrosine (pTyr) mimics led to the discovery of a salicylate-based inhibitor with submicromolar potency.
� 2008 Elsevier Ltd. All rights reserved.

The lymphoid specific phosphatase (Lyp), encoded by
the PTPN22 gene, plays an important role in T cell sig-
naling. A single-nucleotide polymorphism in PTPN22 is
associated with autoimmune disorders such as type 1
diabetes, rheumatoid arthritis, systemic lupus erythe-
matosus, and Grave’s disease. The autoimmunity-pre-
disposing allele corresponds to a gain-of-function
mutation, producing a variant phosphatase that is more
active than the wild type enzyme in inhibiting T cell sig-
naling.1,2 Inhibition of Lyp therefore provides a novel
approach to the treatment of a broad spectrum of auto-
immune diseases.


To identify small molecule inhibitors of Lyp, high
throughput screens were performed at Columbia Uni-
versity as part of the Molecular Library Screening Cen-
ter Network (MLSCN) of the NIH Roadmap for
Medical Research. The Lyp assay3 was established using
a bacterially expressed fully active 62 kDa N-terminal
catalytic domain of Lyp. Compounds were assayed for
their capacity to inhibit Lyp-catalyzed conversion of
DiFMUP(6,8-difluoro-4-methylumbeliferyl phosphate)
to a fluorescent product. Fluorescence with excitation

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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at 360 nm and emission at 465 nm was recorded at the
endpoint of the reaction. From the compound libraries
provided by NIH, a variety of active hits were identified
through the high throughput screens and were con-
firmed manually by the dose–response assays. Intrigu-
ingly, a number of these compounds share a
thiazolidine core structure and thus form an active clus-
ter, providing a starting point for the assessment of
structure–activity relationships and medicinal chemistry
efforts (Fig. 1).


Protein tyrosine phosphatases (PTPases) share a highly
conserved active site, the phosphotyrosine (pTyr) bind-
ing pocket that is the main target for PTPase inhibitor
design. Thus, most inhibitors share a pharmacophore
structurally similar to the pTyr substrate. Effective pTyr
mimics are often charged bidentate anions that compet-
itively bind to the highly polarized pTyr pocket. Several
classes of mimics have been reported,4 including the dif-
luoromethylenephosphonates (DFMP) and benzoic
acids such as 2-(oxalylamino)-benzoic acids (OBA), sal-
icylic acids (SA), and its derivatives (Fig. 2).


We noticed that several of the thiazolidine hits con-
tained benzoic acid moiety, and thus could be replaced
with a pTyr-mimicking fragment. Fragment-based drug
design is a new approach that has been successfully ap-
plied to challenging targets.5 This strategy allows hits to
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Figure 1. An active cluster of Lyp inhibitors.
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be optimized by combining and linking different frag-
ments. We reasoned that combining a known pTyr sur-
rogate with the thiazolidine core structure we identified
from high throughput screens might result in synergisti-
cally improved potency. Salicylic acid and its deriva-
tives, which are potent pTyr surrogates, were chosen
as our initial building blocks for novel Lyp inhibitors.


As shown in Scheme 1, a series of thiazolidine-dione and
2-thioxothiazolidin-4-one compounds with an appended
salicylic moiety were designed and synthesized.6 Diox-

othiazolidinyl esters 3a–3d were synthesized from thia-
zolidine-2, 4-dione 1, which was first converted to
potassium salt 2 by potassium hydroxide and subse-
quently alkylated with methyl (tert-butyl) bromoacetate
in acetone at 50 �C, or methyl (tert-butyl) bromopropi-
onate in dimethylformamide at 90 �C in the presence
of potassium iodide. Acids 4a–4b were obtained by the
treatment of the tert-butyl esters 3c–3d with trifluoroace-
tic acid. Suzuki coupling of boronic acid 5a–5b with 5-
iodo-2-hydroxybenzoate 6a– 6b conveniently yielded
salicylic acid-derived aldehydes 7a–7d, which were con-
densed with thiazolidine-diones 3a, 3c, 4a, 4b, and com-
mercially available 2-thioxothiazolidin-4-ones 4c–4d in
toluene to afford the final product 8a– 8s in yields of
72–85%.


A triacid analog 11 was synthesized according to
Scheme 2.6 Alkylation of compound 7a with 2-bromo-
acetate gave aldehyde 9, followed by deprotection of
methyl ester with lithium hydroxide to yield aldehyde
10. Similar condensation of aldehydes 10 and 4d readily
afforded the desired product 11 in a total yield of 62%
over three steps.


To further modify the salicylic compounds, Schiff base
analogs with the thiazolidine-dione head group replaced
with the hydantoin ring were synthesized.6 As outlined
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in Scheme 3, simply mixing aldehydes with the hydro-
chloride salt of 1-aminohydantoin in ethanol readily
gave the corresponding Schiff bases 12a–12d in quantita-
tive yields. The synthesis of 17a and 17b started from the
protection of 1-aminohydantoin with benzaldehyde by
forming imine 13. Deprotonation of 13 followed by
alkylation with bromoacetate provided the imidyl esters
15a and 15b. Simultaneous deprotection of ester and
imine by refluxing in hydrochloric acid afforded the cor-
responding amino acid 16. Condensation between the
hydantoin-derived amino acid and aldehydes 7c and 7d
furnished the Schiff base analogs 17a and 17b in good
yields.

A total of 25 salicylic compounds were synthesized, and
their ability to inhibit Lyp was tested in vitro with IC50s
determined from the dose–response assays. Results for
thiazolidine compounds are summarized in Table 1,
while the results for Schiff base analogs are shown in Ta-
ble 2. Seventeen compounds showed reasonable activi-
ties against Lyp. Among them, compound 8p was
shown to be a submicromolar inhibitor with an impres-
sive IC50 of 0.39 lM. Several structure–activity relation-
ships could be observed from these data. The presence
of a free carboxyl group in the molecule is essential
for the activity. For example, diester compounds 8b,
8c, 8d, and 8k are basically inactive, consistent with
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Table 1. The Lyp inhibitory activities of compounds 8a–8s and 11
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Compound R R 0 n X Y IC50
a (lM)


8a H CH3 1 O S 21.0


8b CH3 CH3 2 O O 44.0


8c CH3 CH3 2 S O >44


8d CH3 CH3 1 S O >44


8e H H 1 O S 8.7


8f H H 2 O O 5.1


8g H H 2 S O 5.9


8h H H 1 S O 2.8


8i H H 1 S S 5.4


8j H CH3 1 S S 4.3


8k CH3 CH3 1 O O >44


8l H CH3 1 S O 18


8m H CH3 1 O O >44


8n H H 1 O O 5.6


8o H CH3 2 O O 4.3


8p H CH3 2 S O 0.39


8q CH3 H 1 O O 4.8


8r CH3 H 1 S O 1.8


8s H 0 O S 1.4


11 >44


a IC50 values are determined from a single experiment performed in triplicate.
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the expectation that negative charge is important for the
activity of phosphatase inhibitors. As demonstrated by
compounds 8j, 8r, 8m, and 8q, the thiophene ring is gen-
erally more potent than the furan ring. Interestingly, 2-
thione also seems preferable to 2-one in the thiozolidine
ring that is best illustrated by increased potency of com-

pounds 8a and 8j. The length of the side chain (n = 0, 1,
and 2), depending on the overall structure of the com-
pound, has a varying impact on the activities. 2-(carb-
oxymethoxy) benzoic acid (CMBA), a derivative of
salicylic acid, is also a potent pTyr mimic. However,
our attempt to replace salicylic acid with CMBA re-







Table 2. The inhibitory activities of the Schiff base analogs
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Compound R R0 X IC50
a (lM)


12a H CH3 O >44


12b H H O >44


12c H CH3 S >44


12d H H S 34.0


17a CH2CO2H H O 36.0


17b CH2CO2H H S >44


a IC50 values are determined from a single experiment performed in


triplicate.
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sulted in a great loss of activity of compound 11 com-
pared with 8e, indicating that the free hydroxyl group
is necessary for retaining the activity. Coincidently,
when this manuscript was being prepared, the crystal
structure of Lyp in complex with a salicylic acid-based
inhibitor was published.7 It was shown that the hydroxyl
group of salicylic acid makes critical polar interactions
in the active site of Lyp.


As can be seen from Table 2, the Schiff base analogs are
poor inhibitors in general. Only compounds 12d and 17a
showed moderate activities with the IC50 values of 34.0
and 36.0 lM, respectively.


In summary, we have successfully identified a cluster of
thiozolidine compounds with good Lyp inhibitory activ-

ities via high throughput screening. Improved potency
(<1 lM) was achieved by rational design and chemical
synthesis. PTPase selectivity and cell studies of the
promising compounds are currently being pursued.
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Abstract—Introduction of the phenyl piperidinone and phenyl pyridinone P4 moieties in the anthranilamide scaffold led to potent,
selective, and orally bioavailable inhibitors of factor Xa. Anthranilamide 28 displayed comparable efficacy to apixaban in the rabbit
arteriovenous-shunt (AV) thrombosis model.
� 2008 Elsevier Ltd. All rights reserved.
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Thromboembolic disorders, such as deep vein thrombo-
sis, pulmonary embolism, myocardial infarction, and
stroke, are the leading cause of mortality and disability
in the industrialized world. Warfarin (Coumadin�), the
only oral anticoagulant on the market, is effective for the
prevention and treatment of thromboembolic disorders.
However, due to the narrow therapeutic window and
highly variable dose response among individuals (food
interactions, drug–drug interactions, genetic polymor-
phisms), careful monitoring is required to provide an
antithrombotic effect while minimizing the risk of severe
bleeding.1 There is a need for safer, more efficacious oral
anticoagulants.


One approach to address this unmet medical need has
focused on selective factor Xa (fXa) inhibitors. Factor
Xa, a trypsin-like serine protease, is a key enzyme lo-
cated at the junction between the intrinsic and extrinsic
pathways of the coagulation cascade. Experimental evi-
dence suggests that selective fXa inhibitors may offer a
safe profile by preventing thrombus formation without
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causing a significant increase in bleeding.2 As a result,
research on small molecule fXa inhibitors is a major
area of interest for the pharmaceutical industry.3


Work from our laboratories led to the discovery of the
clinical candidate apixaban (BMS-562247, Fig. 1).4 This
potent, selective, and orally bioavailable fXa inhibitor
contained the novel, neutral, phenyl piperidinone P4
group. As part of our research program to explore struc-
turally diverse fXa inhibitors as potential back-up can-
didates, we introduced the phenyl piperidinone P4
moiety into the anthranilamide scaffold which gave 2,
a single digit nanomolar fXa inhibitor (Fig. 1). Next,

apixaban (1)
BMS-562247
fXa Ki = 0.08 nM
PT2x = 3.8 μM


2 (piperidinone)
fXa Ki = 1.2 nM
PT2x = 4.6 μM


Cl
3 (pyridinone)
fXa Ki = 0.14 nM
PT2x = 2.6 μM


Figure 1. Apixaban and anthranilamides 2 and 3.
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Table 2. P1 linker modifications


N
HX


HN


N


Cl


N


O


O


Compound X fXa Ki
a (nM) PTb (EC2·, lM)


12 –CH2– 0.62 6.7


13 –CH(CH3)– 59 —c


14 –SO2– 5.5 —c


a Ki values were obtained from purified human enzyme and were


averaged from multiple determinations (n = 2), as described in Ref.


11.
b PT (prothrombin time) in vitro clotting assay was performed in


human plasma as described in Ref. 11.
c Not tested.
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we discovered that incorporation of the unsaturated ver-
sion of this P4 group, the phenyl pyridinone,5 gave 3, a
potent fXa inhibitor with similar in vitro activity to
apixaban. In this letter, we describe the SAR of anthra-
nilamide-based fXa inhibitors containing these piperidi-
none and pyridinone P4 moieties. Subsequent to this
work, other fXa inhibitors containing phenyl piperidi-
none and phenyl pyridinone P4 groups were described
in the literature.6 It should also be noted that anthra-
nilamide-based fXa inhibitors have been previously re-
ported by several groups.7–10


Since the phenyl pyridinone moiety proved to be a via-
ble P4 group in the anthranilamide core, we decided to
explore the remaining regions of the molecule in order
to optimize the in vitro and in vivo properties of this ser-
ies. Our initial efforts focused on the exploration of the
P1 group (Table 1). The position of the chlorine substi-
tuent was very important for binding in the S1 pocket.
The removal of the chlorine gave the unsubstituted pyr-
idine 4 which resulted in >20-fold loss in activity.
Replacing the chloro with fluoro (6) led to a 7-fold loss
in fXa activity. Though the isosteric methyl derivative
(7, fXa Ki=0.58 nM) showed a minor drop in activity,
the trifluoromethyl derivative (8) exhibited a significant
(>2500-fold) loss. The 5-Cl-Pyrimidin-2-yl (9) exhibited
a 9-fold loss in fXa Ki activity, however, the 4-Cl-phenyl
(10) was equivalent to 3, both in terms of inhibitory
activity in the fXa assay and potency in the in vitro clot-
ting assay. We recognized that the P1 amide bond may
be hydrolyzed in vivo generating potentially mutagenic
aniline metabolites. Since the 2-amino-5-chloropyridine
fragment was inactive in our Ames and MTT cytotoxic-
ity assays,12 it became our preferred P1 group for this
series.


As an alternative strategy to address the potential
hydrolysis of the P1 amide, we investigated additional
P1 linkers (Table 2). Reducing the carbonyl to a methy-

Table 1. P1 modifications


N
H


O


N
O


OHN
R


Compound R fXa Ki
a


(nM)


PTb


(EC2·, lM)


3 5-Cl-Pyridin-2-yl 0.14 2.6


4 Pyridin-2-yl 3.0 —c


5 Pyridin-3-yl 43 —c


6 5-F-Pyridin-2-yl 1.0 2.8


7 5-Me-Pyridin-2-yl 0.58 2.7


8 5-CF3-Pyridin-2-yl 1560 —c


9 5-Cl-Pyrimidin-2-yl 1.3 3.2


10 4-Cl Phenyl 0.21 3.5


11 3-Cl Phenyl 4.2 —c


a Ki values were obtained from purified human enzyme and were aver-


aged from multiple determinations (n = 2), as described in Ref. 11.
b PT (prothrombin time) in vitro clotting assay was performed in


human plasma as described in Ref. 11.
c Not tested.

lene (12) led to only a 5-fold drop in activity but unfor-
tunately the EC2· value in the clotting assay was high.
Branching at the benzylic position (13) resulted in a
more dramatic loss in fXa activity. Even though the sul-
fonamide linker (14) led to a 40-fold loss in activity, it
was still a single digit nanomolar fXa inhibitor.


An X-ray structure of 14 bound to fXa (1.6 Å resolu-
tion, R-value = 0.26, Fig. 2) was obtained.13 The overall
P1–P4 trajectory is similar to that described previously.9


The P1 chloro is positioned above Y228, and there is a
weak to moderate hydrogen bond (3.2 Å) between the
P1 sulfonamide N–H and the carbonyl of G218 and a
strong hydrogen bond (2.7 Å) between the P4 amide
N–H and the carbonyl of G216. The pyridinone, which
is orthogonal to the inner phenyl ring, forms an edge to
face interaction with W215 and is appropriately sand-
wiched between Y99 and F174.


The SAR of the P4 linker moiety is highlighted in Table
3. As was observed in the P1 amide linker, the conver-
sion of the P4 amide carbonyl to methylene (15) resulted
in a 7-fold loss in fXa activity and a significant drop in
the in vitro clotting assay. Surprisingly, the introduction
of sulfonamide (16) led to a significant loss in activity.

Figure 2. X-ray crystal of 14 in factor Xa.







Table 3. P4 linker modifications


N
H


Y


OHN
N


Cl


N
O


Compound Y fXa Ki
a (nM) PTb (EC2·, lM)


3 –C(O)– 0.14 2.6


15 –CH2– 1.1 >20


16 –SO2– 7670 —c


a Ki values were obtained from purified human enzyme and were


averaged from multiple determinations (n = 2), as described in Ref.


11.
b PT (prothrombin time) in vitro clotting assay was performed in


human plasma as described in Ref. 11.
c Not tested.


Table 5. Substituted anthranilamide cores with phenyl piperidinone P4


N
HOHN


N


Cl


O


N


35
R


O


Compound R fXa Ki
a


(nM)


PTb


(EC2·, lM)


2 H 1.2 4.6


23 5-MeSO2NH 2.0 9.6


24 5-CN 0.45 3.8


25 5-Cl 0.33 1.3


26 5-Br 0.14 11


27 5-Me 0.19 2.8


28 3-OMe, 5-Cl 0.057 1.5


29 3-OH, 5-Cl 0.047 4.0


30 3-O(CH2)2NMe2, 5-Cl 0.065 1.0


a Ki values were obtained from purified human enzyme and were


averaged from multiple determinations (n = 2), as described in Ref.


11.
b PT (prothrombin time) in vitro clotting assay was performed in


human plasma as described in Ref. 11.
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Next, we modified the anthranilamide scaffold.14 Our
earlier work in the pyrazole-5-carboxamide series re-
vealed that a methyl substituent at the C3 position of
the pyrazole provided a 10-fold increase in fXa binding
by interacting with a small lipophilic pocket above the
S1 pocket near the C191–220 disulfide bridge.11,15 Mod-
eling suggested that substitution at C5 of the phenyl core
could access this pocket. A number of C5-substituted
phenyl cores containing the phenyl pyridinone P4 group
were synthesized (Table 4).


Small groups like 5-Cl (19) and 5-Me (20) gave a 2-fold
and 5-fold increase in potency, respectively. Introduc-
tion of the 3-OMe, 5-Cl phenyl core, which was origi-
nally developed by researchers at Berlex,9 gave 22 as a
13-pM fXa inhibitor with an excellent PT value. We ob-
served a similar enhancement in potency when these
substituted phenyl cores and the phenyl piperidinone
P4 were combined (Table 5). Groups like 5-Cl (25)

Table 4. Substituted anthranilamide cores with phenyl pyridinone P4


N
HOHN


N


Cl


O


N


35
R


O


Compound R fXa Ki
a (nM) PTb (EC2·, lM)


3 H 0.14 2.6


17 5-MeSO2NH 0.12 —c


18 5-CN 2.2 >20


19 5-Cl 0.060 6.4


20 5-Me 0.028 2.0


21 3-OMe 0.14 2.6


22 3-OMe, 5-Cl 0.013 1.4


a Ki values were obtained from purified human enzyme and were


averaged from multiple determinations (n = 2), as described in Ref.


11.
b PT (prothrombin time) in vitro clotting assay was performed in


human plasma as described in Ref. 11.
c Not tested.

and 5-Me (27) gave a 4-fold and 6-fold increase in
potency, respectively. Gratifyingly, the 3-OMe, 5-Cl
phenyl (28) provided an additional enhancement in po-
tency giving a 57-pM fXa inhibitor. Since the conversion
of the 3-OMe (28) to 3-OH (29) did not affect fXa activ-
ity, we used the phenol as a handle to introduce solubi-
lizing groups. For example, the 5-chloro-3-N,N-
dimethyl ethyl derivative (30) was equipotent to 28
and showed a >45-fold improvement in aqueous solubil-
ity (cf. compound 30, amorphous, 912 lg/mL, with com-
pound 28, amorphous, 19 lg/mL; measured by a
thermodynamic equilibrium aqueous solubility assay at
pH 6.5 in a 25-mM potassium phosphate buffer).


A brief investigation of the phenyl portion of the phenyl
pyridinone group was undertaken (Table 6). Replacing
the phenyl ring with the pyridine analogue (31) showed

Table 6. P4 modifications


N
HHN


N


Cl


Z
N


O


Cl O R


O


O


Compound R Z fXa Ki
a


(nM)


PTb (EC2x, lM)


31 H N 0.24 3.0


32 F CH 0.005 1.6


a Ki values were obtained from purified human enzyme and were


averaged from multiple determinations (n = 2), as described in Ref.


11.
b PT (prothrombin time) in vitro clotting assay was performed in


human plasma as described in Ref. 11.







Table 7. Dog pharmacokinetic profilea


Compound Cl


(L/h/kg)


t1/2


(po) (h)


Vdss (L/kg)


F (%)


Apixaban (1) 0.02 5.8 0.2 58


22 0.67 0.70 0.62 99


28 0.70 1.5 1.3 44


31 0.30 1.6 0.81 74


32 0.80 0.70 2.6 18


a Compounds were dosed in an N-in-1 format as described in Ref. 4.


Doses ranged from 0.02 to 0.5 mg/kg for iv and po.


I
N


O


33 34 (piperidinone)
35 (pyridinone)


a or b


N


O


36 (piperidinone)
37 (pyridinone)


 c, dO


O
O


O O


Cl


Scheme 1. Reagents and conditions: (a) d-valerolactam, CuI, K2CO3,


N,N 0-dimethyl ethylene diamine, toluene, 100 �C, 70%; (b) pyridine-2-


one, CuI, K2CO3, 1,10-phenanthroline, DMSO, 110 �C, 17–82%; (c)


NaOH, MeOH, H2O, 84–96%; (d) SOCl2, cat. DMF, 1,2-dichloroeth-


ane, reflux, quantitative.
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a 20-fold loss in activity. Previously, we have shown that
the substitution of a fluoro substituent on the phenyl
ring in the P4 group enhanced fXa activity in the pyra-
zole 5-carboxamide series.15 Thus, the introduction of
the 3-fluoro substituent on the P4 phenyl ring led to
32 (fXa Ki = 5 pM), the most potent anthranilamide
derivative in our study.


The pharmacokinetics of compounds 22, 28, 31, and 32
were investigated in dogs and the data for apixaban are
included for comparison (Table 7). These anthranila-
mides have low to moderate clearance and good oral
bioavailability. However, due to higher clearance than
apixaban, these compounds have a shorter half-life.


Based on good in vitro potency in the fXa assay, good
oral bioavailability, and excellent selectivity against
related serine proteases (>10,000-fold against trypsin,
plasma kallikrein, activated protein C, factor IXa, factor
XIa, thrombin, factor VIIa, chymotrypsin, urokinase,
plasmin, and tPA), compound 28 was chosen for further
evaluation in mechanistic16a and in vivo studies. As
expected for reversible, active site inhibitors, 28 was
competitive versus a tripeptide substrate (37 �C Ki is
0.2 nM)16b with a rapid onset of inhibition,17 but exhib-
ited mixed-type inhibition versus the physiological sub-
strate, prothrombin, which interacts with fXa
primarily at exosites.18 An advantage of this mechanism
is that 28 is a potent inhibitor at both low (prothrombin-
ase 37 �C Ki for free E is 0.6 nM) and saturating (Ki for
ES is 1.7 nM) physiological levels of prothrombin. In
the rabbit arteriovenous-shunt (AV) thrombosis mod-
el,19 compound 28 at 0.3, 1.0, and 3.0 mg/kg/h inhibited

MeO O
NH2


OCl


N
H N


O
MeO


OCl O


O


a


38 39


Scheme 2. Reagents and conditions: (a) acid chloride 36, pyridine, dichlo


(9.8 equiv), 1,2-dichloroethane, then 39, rt–40 �C, 26–59%; (c) BBr3, dic


Cl(CH2)2N(CH3)2ÆHCl, 75�C,8%.

thrombus formation by 34%, 70%, and 80%, respec-
tively. The calculated ID50 of 28 was 0.97 lmol/kg/h
and it was comparable to that of apixaban
(ID50 = 2.4 lmol/kg/h) in this model.


Representative examples of the synthesis of the piperid-
inone and pyridinone P4 groups are described in Scheme
1. Copper-catalyzed amidation of phenyl iodide 33 with
either d-valerolactam or pyridin-2-one, according to
Buchwald’s protocol,20 yielded piperidinone 34 and
pyridinone 35. The esters were hydrolyzed to the car-
boxylic acids which were then converted to the acid
chlorides 36 and 37.


The preparation of the anthranilamide analogues is
exemplified by the synthesis of 28 (Scheme 2). Reacting
the substituted aniline 38 with the P4 acid chloride 36
followed by the introduction of the 2-amino-5-chloro-
pyridine, according to Weinreb’s procedure,21 gave 28.
Cleavage of the methyl ether with BBr3 provided 29
and subsequent alkylation with 2-chloro-N,N-dimethyl-
ethyl amine under basic conditions afforded 30.


Introduction of either the phenyl piperidinone or the
phenyl pyridinone P4 groups into the anthranilamide
scaffold led to potent fXa inhibitors. Optimization of
this series led to compound 28, a potent, selective, and
orally bioavailable fXa inhibitor which displayed com-
parable efficacy to apixaban in the rabbit arteriove-
nous-shunt (AV) thrombosis model. However,
compound 28 had a shorter half-life compared to
apixaban.

N
H N


O
HN


O
R


Cl


N


Cl


O


O


b


28 R =Me
c


d
29 R = H


30 R = (CH2)2N(CH3)2


romethane, 0 �C–rt, 83%; (b) 5-Cl-2-NH2-pyridine (10 equiv), AlMe3


hloromethane, 0 �C–rt, 29%; (d) KOH, DMSO (or NaH, DMF),
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Abstract—The thieno[2,3-b]pyridine-5-carbonitrile with a 5-indolylamine at C-4 and a phenyl group at C-2 had a moderate activity
against PKCh. Optimization of the groups at C-4 and C-2 led to analog 29, which has an IC50 value of 7.5 nM for the inhibition of
PKCh.
� 2008 Elsevier Ltd. All rights reserved.
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The protein kinase Cs (PKCs) are a family of serine
threonine kinases that share sequence and structural
homology and vary in their activation requirements
and tissue expression.1 Biochemical regulation of the
classical PKC isoforms, a, b, and c, requires the second
messengers, calcium and diacylglycerol. The novel iso-
forms, d, e, g, and h, do not require calcium and the
atypical isoforms, f and k, do not require either calcium
or diacylglycerol. The three PKC inhibitors currently in
late stage clinical trials, midostaurin,2 enzastaurin,3 and
ruboxistaurin,4 all target the classical PKCs.


PKCh, a novel isoform, was first characterized in 1993
and plays a key role in the activation and survival of
T-cells.5,6 Studies with mice that have the PKCh gene
deleted or knocked out (KO) showed these animals to
be resistant to the development of several T-cell medi-
ated diseases including multiple sclerosis,7,8 arthritis,9


and asthma.10,11 Therefore, the inhibition of PKCh
could be of therapeutic benefit in a variety of disease
states. Interestingly, studies with PKCd KO mice re-
vealed that the inhibition of this kinase results in the in-
creased proliferation of B-cells making these animals
susceptible to autoimmune disease.12,13
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5: 4-indole
6: 6-indole
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Scheme 1. Reagents: (a) phenylboronic acid, (Ph3P)4Pd, DME, aq


NaHCO3; (b) for 2: 5-aminoindole, EtOCH2CH2OH; for 5: 4-


aminoindole, Pd2(dba)3, K3PO4, DME; for 6: 6-aminoindole, EtOH;


(c) (1) 7-aminoindole, EtOH (2) phenylboronic acid, (Ph3P)4Pd, DME,


aq NaHCO3.
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2,4-Diaminopyrimidines14,15 and pyridine-3-carbonitr-
iles16 have been reported to be templates for PKCh
inhibitors. The pyridine-3-carbonitrile 1 shares common
structural features with the thieno[2,3-b]pyridine-5-car-
bonitriles, compounds previously studied as Src kinase
inhibitors.17 To ascertain if this bicyclic core could also
provide inhibitors of PKCh, compound 2 was prepared
as shown in Scheme 1. The reaction of 317 with phenyl-
boronic acid under Suzuki conditions provided 4. The
subsequent treatment of 4 with 5-aminoindole gave 2,
which had an IC50 value of 460 nM for the inhibition
of PKCh activity. Since this series originated from a
Src kinase program, 2 was tested for activity against
Lyn, a member of the Src family of kinases. Activity
against Lyn is undesirable due to the finding that Lyn
KO mice develop autoimmune disease as a result of a
hyperresponsive B-cell phenotype.18,19 Fortunately, 2
had weak activity against Lyn (IC50 = 33 lM). How-
ever, as shown in Table 1, 2 inhibited PKCd with an
IC50 value of 2.0 lM. Due to the less than fivefold selec-
tivity for PKCh over PKCd and the potential deleterious
effect of inhibiting this isoform, all compounds with IC50


values of less than 500 nM for PKCh were assayed for
PKCd activity.

This route used to prepare 2 was used for the prepara-
tion of 5 and 6, the 4 and 6-indolyl isomers of 2 (Scheme
1). An alternate route was used to prepare 7, the 7-indo-
lyl isomer, in that 7-aminoindole was added to 3, fol-
lowed by coupling with phenylboronic acid. Of these,
5, the 4-indolyl isomer, had the best activity against
PKCh; however, it also had decreased selectivity against

Table 1. PKCh and PKCd inhibitory activity25


S


R'


Ex Indole isomer X R R 0


2 5 NH H H


5 4 NH H H


6 6 NH H H


7 7 NH H H


8 5 NMe H H


9 5 O H H


10 5 NHCH2 H H


11 5 NH(CO) H H


12 5 NH 1-Me H


13 5 NH 2-Me H


14 5 NH 3-Me H


15 5 NH 4-Me H


16 5 NH 4-Et H


19 5 NH H 4-CH2-m


20 5 NH H 4-CH2-N


21 5 NH H 4-CH2-N


24 5 NH H 3-CH2-N


25 5 NH H 3-CH2-N


26 5 NH H 2-CH2-N


27 5 NH H 2-CH2-N


29 5 NH 4-Me 3-CH2-N

PKCd. Of the four indolyl isomers, 2 had the best com-
bination of potency and selectivity, and was therefore
chosen for further SAR study.


To investigate the effect of variation of the linker be-
tween the 5-indoyl headpiece and the thieno[2,3-b]pyri-
dine-5-carbonitrile core, key intermediate 4 was treated
with 5-methylaminoindole,20 5-hydroxyindole, indole-
5-methanamine, and indole-5-carboxamide, to provide
8–11. As shown in Table 1, all these compounds had re-
duced PKCh inhibitory activity compared to 2.


To determine if the PKCh inhibitory activity of 2 could
be increased by the presence of a substituent on the in-
dole ring, 4 was reacted with various 5-aminoindoles
containing a methyl group at C-1, 2, 3, or 4 to provide
12–15 (Scheme 2). 5-Amino-4-methylindole was pre-
pared by the previously reported route.21 5-Amino-3-
methylindole was obtained by the hydrogenation of
3-methyl-5-nitroindole.22 As shown in Table 1, the
4-methyl isomer 15 had increased PKCh inhibitory
activity compared to 2, but also had a corresponding in-
crease in PKCd activity. Lyn inhibition also increased,
with 15 having an IC50 value of 3.4 lM against this ki-
nase. Interestingly, the 4-ethyl analog 16 was much less
active than 15 against both PKC isoforms.23


Concurrent with the optimization of the headpiece,
studies were underway to optimize the tailpiece at C-2.
In order to facilitate the preparation of these analogs,
3 was converted to the 2-iodo derivative 17 as shown
in Scheme 3. The reaction of 17 with 4-formylphenylbo-
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Scheme 2. Reagents: (a) for 8: 5-methylaminoindole, EtOH, for 9: 5-


hydroxyindole, K2CO3, acetonitrile, for 10: indole-5-methanamine,


Hunig’s base, 2-ethoxyethanol, for 11: indole-5-carboxamide, NaH,


DMF; (b) substituted 5-aminoindole, EtOH.
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ronic acid provided 18, with subsequent reductive ami-
nation with morpholine, N-methylpiperazine and
dimethylamine resulting in analogs 19–21, respectively.
As shown in Table 1, the N-methylpiperazine and
dimethylamine derivatives 20 and 21 had increased
PKCh inhibitory activity compared to 2. The meta and
ortho isomers of 20 and 21 were prepared as shown in
Scheme 3. While the meta isomers 24 and 25 had im-
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18: para
22: meta
23: ortho
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19: para; NRR' = morpholine
20: para; NRR' = N-Me-piperazine
21: para; NRR' = NMe2
24: meta; NRR' = N-Me-piperazine
25: meta; NRR' = NMe2
26: ortho; NRR' = N-Me-piperazine
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Scheme 3. Reagents: (a) 5-aminoindole, EtOH; (b) 4, 3, or 2-formyl-


phenylboronic acid, (Ph3P)4Pd, DME, aq NaHCO3; (c) RR 0NH,


Na(OAc)3BH, CH2Cl2, NMP; (d) 2-[(dimethylamino)methyl]-phenyl-


boronic acid, (Ph3P)4Pd, DME, aq NaHCO3.

proved inhibitory activity against PKCh, the ortho iso-
mers 26 and 27 had reduced activity.


The optimized tailpiece and headpiece were added to the
core as shown in Scheme 4. The reaction of 3 with 5-
amino-4-methylindole resulted in 28. The treatment of
28 with 3-[(N,N-dimethylamino)methyl]phenylboronic
acid pinacol ester gave 29, which had an IC50 value of
7.5 nM for the inhibition of PKCh. Based on the earlier
SAR, it was not surprising that 29 also showed a corre-
sponding increase in the inhibition of PKCd
(IC50 = 26 nM), and of Lyn (IC50 = 520 nM).


Analog 29 was profiled against other PKC family mem-
bers. While 29 only weakly inhibited PKCb,
(IC50 = 1.6 lM), more potent inhibition of PKCg and
PKCe, two novel PKCs, was observed, with 29 having
IC50 values of 62 and 17 nM, respectively. Limited addi-
tional kinase profiling of 29 provided IC50 values of
28 nM for Lck and of 2.2 lM for PKA. Weaker activity
against MK2 and AKT was observed (IC50 values of
>20 lM). 29 demonstrated ATP-competitive binding
with a Ki of 9 nM for PKCh and 96 nM for PKCd.16,24


To assay cell activity, T-cells isolated from both PKCh
wild type (WT) and KO mice were stimulated with
anti-CD3 and anti-CD28 to produce IL-2.16 Compound
29 blocked the production of IL-2 from the WT cells
with an IC50 value of 230 nM with decreased potency
in the PKCh KO cell assay (IC50 = 1300 nM) as would
be expected for a PKCh inhibitor. It should be noted
that some of the activity in these cell assays may be
due to the inhibition of Lck by 29.


In pharmaceutical profiling assays, 29 had a permeabil-
ity of 4.6 · 106 cm/s in a PAMPA assay, with low solu-
bility at neutral pH. However, as expected due to the
presence of the dimethylamine group, decreasing the
pH to 3.0 increased the solubility of 29 to >100 lg/
mL. In a stability study with rat liver microsomes, 29
had an estimated half-life of 17 min. These results indi-
cate that this new class of PKCh inhibitors should have
acceptable physical chemical properties.
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Scheme 4. Reagents: (a) 5-amino-4-methylindole, EtOH; (b) 3-[(N,N-


dimethylamino)methyl]phenylboronic acid pinacol ester, (Ph3P)4Pd,


DME, aq NaHCO3.
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The major challenge is achieving selectivity with this
new scaffold. Good selectivity for PKCh over Lyn
(>100-fold) has been reported for the majority of the
2,4-diaminopyrimidine14 and pyridine-3-carbonitrile16


PKCh inhibitors. Some of the pyrimidine analogs have
>100-fold selectivity over PKCd.15 Additional structural
modifications of the thieno[2,3-b]pyridine-5-carbonitr-
iles are underway in attempts to retain the potent PKCh
inhibitory activity while reducing off target activity
against PKCd and the Src family kinases.
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Abstract—A new class of low-toxicity mosquito repellents is synthesized from a- and b-pinene in terpenoid compounds and preli-
minary biological tests show promising mosquito repellency. Statistical modeling is built using Codessa in order to reveal the quan-
titative relationship between the structure and the biological activity and to provide the guidance for further synthetic work.
� 2008 Elsevier Ltd. All rights reserved.

α -pinene β-pinene


Scheme 1. Structures of a- and b-pinene.

Mosquito repellents are materials used to disrupt the
behavior of blood-seeking mosquitos and provide per-
sonal protection against mosquito bites. N,N-Diethyl-
3-methylbenzamide or N,N-diethyl-m-toluamide (DEET
or DETA), a widely used mosquito repellent, was first
developed in 1951.1,2 Though products containing
DEET have been successfully used over the past sixty
years, some recent concerns have attracted public atten-
tion to the adverse effects of DEET on human health.3–6


As a result, the design of less toxic alternatives from a
natural source remains an active area of research.


Recently, a new class of alternate mosquito repellents,
terpenoid compounds, has been synthesized from tur-
pentine oils whose primary contents are a- and b-pinene
(Scheme 1). Certain members of this new class have
shown repelling capabilities similar to DEET.7 One
advantage of this class of compounds is the lower toxic-
ity of a- and b-pinene derivatives, allowing their use in
products that are easily and safely applied to humans
(e.g., perfume).8 Rational modification of chemical
structures for improved mosquito repellency requires
deeper understanding of the structure–activity relation-
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ship for repellents. Although the qualitative or semi-
quantitative relationships of structure and repellency9–11


have been widely discussed in research, only a small
amount of quantitative data have been obtained by Sur-
yanarayana et al.12 and Katritzky et al.13 regarding amide
analogues of DEET. Suryanarayana et al.12 correlated
mosquito repellency of 40 compounds with three descrip-
tors, lipophilicity, vapor pressure, and molecular length;
however, correlation coefficients for these descriptors
were low. Katritzky et al.13 applied Codessa Pro software
to the same set of repellents used by Suryanarayana et al.,
12 and correlated chemical structures using different
descriptors. In this study, a series of terpenoid com-
pounds containing a six-member-ring were synthesized
and QSAR modeling using Codessa 2.7.1014 was applied
to repellent activities.


Twenty compounds were synthesized from a- and b-
pinene, and are listed in Table 1. All compounds have
the base structure of a six-carbon ring with at least
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Table 1. Repellency and descriptors of terpenoid repellents


ID Structure CRR a logCRR logBP b MS c Charge II d logDM e


1


OCOCH3


58.5 1.7672 2.4522 243.62 0.0070 0.39


2


OCOC2H5


63.6 1.8035 2.4780 262.02 0.0069 0.37


3


OH


O H


O


90.0 1.9542 2.4331 210.87 0.0518 0.64


4


OH


OCOCH3


81.0 1.9085 2.4451 226.83 0.0483 0.68


5
OH


53.0 1.7243 2.3332 189.47 0.0224 0.24


6
OCOCH3


38.7 1.5877 2.3600 214.03 0.0423 0.69


7
OCOC2H5


40.5 1.6075 2.3913 231.11 0.0412 0.67


8
OH


69.0 1.8388 2.3711 177.63 0.0197 0.22


9
OCH3


52.1 1.7168 2.3483 198.23 0.0205 0.11


10


OC2H5


62.2 1.7938 2.3851 216.91 0.0206 0.08


11


OC3H7


72.5 1.8603 2.4178 235.19 0.0206 0.04


12 O H


O


56.1 1.7490 2.4103 204.07 0.0239 0.70


(continued on next page)
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Table 1 (continued)


ID Structure CRR a logCRR logBP b MS c Charge II d logDM e


13


OCOCH3


60.8 1.7839 2.4294 217.55 0.0219 0.71


14


OCOC2H5


64.4 1.8089 2.4574 231.99 0.0219 0.69


15
O


37.8 1.5775 2.2755 158.56 0.0387 0.33


16


C2H4OCOCH3


53.0 1.7243 2.3969 221.87 0.0236 0.35


17


C2H4OCOC2H5


56.8 1.7543 2.4243 238.26 0.0233 0.32


18


OCOCH3


C2H5


50.2 1.7007 2.4807 286.03 0.0115 0.30


19
OCOCH3


C3H7


51.7 1.7135 2.5015 304.87 0.0115 0.29


20


OCOCH3


CH3


C2H5


51.5 1.7118 2.4894 297.11 0.0111 0.32


a CRR, corrected repellent ratio at 1.5 h.
b BP, boiling point.
c MS, molecular surface area.
d Charge II, total charge of the other substituent groups on the six-member-ring backbone.
e DM, dipole moment.
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one O-containing substituent group. There are three
kinds of derivatives from a- and/or b-pinene: (1) prod-
ucts from the four-carbon ring opening reaction of the
a- or b-pinene15,16; (2) the structure of 6,6-dimethylbicy-
clo[3.1.1]hept-2-ene synthesized from Prins reaction of
b-pinene17,18; and (3) the structure of 2,2-dimethylbicy-
clo[2.2.1.]heptane obtained from the isomerization reac-
tion of a-pinene. 7 Synthesis details and the related
structure identifications can be found in these references.


In general, descriptors used in QSAR can be categorized
as constitutional, topological, geometrical, electrostatic,
quantum chemical, and thermodynamic. Previous stud-

ies have shown that mosquito repellency is primarily re-
lated to the lipophilicity, boiling point (i.e., vapor
pressure), and stability. In addition, geometry and
charge distribution12,13,19,20 were found to be closely re-
lated to the possible interactions between the repellent
and the receptor: either the repellent is bound to the
receptors via the electrostatic interactions or the repel-
lent and the receptor have the lock-key fit of many bio-
logical processes. Therefore, the relative number of
oxygen atoms (OR), HOMO energy, LUMO energy,
HOMO–LUMO energy gap, molecular volume, molecu-
lar surface, dipole moment, boiling point, charges on
positive- and negative-charged ends, and the difference
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between these two charges were used as descriptors in
this study.


Conformational searches were carried out over all struc-
tures and the lowest energy conformers were optimized
at the HF/6-31G(d) level using the Gaussian 03 package
of programs (version D.01).21 All quantum chemical
descriptors were calculated using Gaussian, although
surface area and molecular volume were calculated
using AMPAC 8 22 based upon the optimized geometry.
Boiling points, calculated by Advanced Chemistry
Development (ACD/Labs) Software, were taken from
SciFinder Scholar.23 All multilinear regressions in this
study were done using Codessa 2.7.10.14


Bioassay of the terpenoid repellents was previously de-
scribed in detail.7 In brief, repellent ratio (RR) was
determined by applying test compounds at a dose of
0.16 mg/cm2 to the depilated abdomen of a white mouse.
The mouse was subsequently exposed to 100 female
mosquitoes (Aedes albopictus), ages 4–5 days old, for
2 min every 30 min with the number of biting mosqui-
toes being recorded. As an experimental control, etha-
nol, the repellent solvent, was applied to the depilated
abdomen of a white mouse with the number of biting
mosquitoes being similarly tested and recorded. The
repellent ratio (RR) was calculated using Eq. 1 .


RR ¼ TN� TNB


TN
� 100 ð1Þ


TN is the total number of female mosquitoes used in
testing, while TNB is the total number of biting female

Figure 1. Breaking point rule for determination of the number of the


descriptors.


Table 2. The best four descriptor QSAR model with R2 = 0.95, F = 68.8, s2


Descriptor No. X ±DX


0 �7.0781e+00 5.331


1 4.1474e+00 2.508


2 �3.3494e�01 3.626


3 3.9668e+00 6.411


4 �4.9934e�03 3.635


a Descriptors are defined in Table 1.

mosquitoes. The repellent ratio of the control experi-
ment (CERR) was calculated in the same manner as
RR. The corrected repellent ratio (CRR) was also calcu-
lated in order to evaluate the repellency more accurately
(Eq. 2 ).


CRR ¼ RR� CERR


100� CERR
� 100 ð2Þ

In general, there are many regression approaches avail-
able, for example, stepwise regression, principal compo-
nent analysis, and partial least-square regression.24


Taking into account the relatively smaller number of
samples and descriptors used, in this study, the regres-
sion procedure used involves a stepwise reduction in
the number of molecular descriptors and t-test reflects
the significance of the descriptors within the model.
Descriptors with high t values were accepted, while
low t values were rejected. The regression calculation
was stopped when it came to a ‘breaking point’, namely
when the statistical improvement of the regression mod-
el become less significant (DR2 < 0.02 � 0.04). From
Figure 1, it is shown that the breaking point occurs at
four descriptors, the values of these descriptors being
are listed in Table 1.


The statistically best QSAR equation for logCRR data
(listed in Table 2) has the following statistical character-
istics: R2 = 0.95, F = 68.8, s2 = 0.0006. This model in-
cludes four descriptors in descending order according
to their statistical significance. In Table 2, X and DX
are the regression coefficients and their standard errors.
Table 3 lists values of logCRR obtained using the model
described in Table 2, and the graphical representation of
these predictions is provided in Figure 2.


Both internal validation and the ‘leave-one out’ ap-
proach were used to validate the obtained model. Inter-
nal validation was carried out by dividing the parent
data points into three subsets (A � C): the first, fourth,
seventh, etc., data points going into the first subset (A),
the second, fifth, eight, etc., into the second subset (B),
and the third, sixth, ninth, etc., into the third subset
(C). Two of three subsets, (A and B), (A and C), and
(B and C), consist the training set with the remaining
subset corresponding to the test set. The correlation
equation, derived for each of the training sets using
the same descriptors, was used to predict values for
the corresponding test sets. Internal validation results
can be found in Table 4. Because of the smaller size of
test sets, it is not surprising to observe the dispersive pre-
dicted R2. However, the average R2 (pred) of all the

= 0.0006


t-Test Descriptor a


2e�01 �3.2769 Intercept


1e�01 16.5358 logBP


0e�02 �9.2373 logDM


7e�01 6.1868 Charge II


6e�04 �3.7350 MS







Table 3. Predicted logCRR


ID Pred. logCRR Exp. logCRR Diff. ID Pred. logCRR Exp. logCRR Diff.


1 1.7730 1.7672 0.0059 11 1.8432 1.8603 �0.0171


2 1.7942 1.8035 �0.0093 12 1.7597 1.7490 0.0107


3 1.9512 1.9542 �0.0030 13 1.7603 1.7839 �0.0236


4 1.8939 1.9085 �0.0146 14 1.8109 1.8089 0.0020


5 1.6609 1.7243 �0.0634 15 1.6104 1.5775 0.0329


6 1.5778 1.5877 �0.0099 16 1.7310 1.7243 0.0068


7 1.6243 1.6075 0.0168 17 1.7720 1.7543 0.0176


8 1.8730 1.8388 0.0342 18 1.7273 1.7007 0.0266


9 1.7158 1.7168 �0.0010 19 1.7224 1.7135 0.0089


10 1.7853 1.7938 �0.0085 20 1.6997 1.7118 �0.0121


Figure 2. Experimental versus predicted according to the model in.


Table 4. Internal validation of the QSAR model


Training set N R2 (fit) S2 (fit) Test set N R2 (pred) S2 (fit)


A + B 14 0.91 0.0007 C 6 0.98 0.0002


A + C 13 0.98 0.0003 B 7 0.86 0.0006


B + C 13 0.94 0.0010 A 7 0.98 0.0004


Average 0.94 0.0007 0.94 0.0004
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three test sets still gives the satisfactory result, com-
pared to the average R2 (fit) of all the three training
sets. Here, the obtained QSAR model obtained dem-
onstrates the predictive power when threefold cross-
validation is performed. The ‘leave-one out’ approach
was performed in a similar manner to internal valida-
tion with the every fourth compound being put into
an external test set, while the remaining compounds
are included in the training set. QSAR models con-
taining the same set of four descriptors were obtained
with R2 = 0.95. When the external set was tested, it
gave the satisfactory R2


pred ¼ 0:86. These validation re-
sults indicate that the QSAR model obtained is statis-
tically significant.


Descriptors involved in the qualitative model obtained
describe the possible mechanisms by which terpenoid
mosquito repellents work. The most statistically signifi-
cant descriptor is boiling point. It has been previously
shown that effective mosquito repellents should have
an appropriate boiling point/vapor pressure to keep
the duration of contact time of a mosquito with the

repellent and to affect the olfactory chemosensilla of
the mosquito.25–27


The second most statistically significant descriptor was
dipole moment. Dipole moment is a good indicator of
lipophilicity and hydrophobicity28 with research sug-
gesting an optimal dipole moment range for compounds
having better repellency.29 Notably, dipole moment only
reflects the intrinsic polarity of a molecule and not the
charge distribution of the molecular surface, an impor-
tant factor in interactions between repellents and their
receptor.


Oxygen-containing substituent groups play an impor-
tant role in mosquito repellency.30,31 Previous studies
indicate that terpenoid mosquito repellents with two
functional groups are biologically active.32 All repellents
in the present work have two functional/substituent
groups: one negatively charged end containing either es-
ter/ether bonds or an ethanol hydroxyl group and one
positively charged end containing alkane groups. In or-
der to explore their effects, charges on the end of func-
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tional groups were summarized separately and counted
as different descriptors that describe the polarity on each
substituent group. The QSAR model reveals that the po-
sitive end is more favorable to receptor interactions. The
magnitude of the positive charge characterizes the elec-
trophilic nature of the group,29 so the repellent–receptor
interactions are most likely related to electrophilic
interactions.


Structure fit is another primary concern in the binding
of mosquito repellents to the active receptor center.
Our results show that the molecular surface, instead of
the molecular volume, is more statistically significant.
This may imply that the binding of repellents by the
receptor depends on the surface–surface contact instead
of the lock-key fit of many biological processes.


The QSAR model was developed for the description
of mosquito repellents with satisfactory statistical
characteristics. The qualitative model obtained may
reveal how structures of terpenoid mosquito repellents
affect repellency. Such results are of great benefit to
synthetic efforts to discover better compounds having
practical uses.
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Abstract—A series of 2-aminomethyl piperidines has been discovered as novel urotensin-II receptor antagonists. The synthesis, ini-
tial structure-activity relationships, and optimization of the initial hit that resulted in the identification of potent, cross-species
active, and functional urotensin-II receptor antagonists such as 1a and 11a are described.
� 2008 Elsevier Ltd. All rights reserved.

Human urotensin-II (hU-II), the most potent mamma-
lian vasoconstrictor identified to date,1 and its cognate
receptor hUT (formerly known as the GPR-14 receptor)
are proposed to be involved in the (dys)regulation of
cardiorenal function,2 and have been implicated in the
etiology of numerous cardiorenal and metabolic diseases
including hypertension,3 heart failure,4,5 atherosclero-
sis,6 renal failure,7 and diabetes.8 The impressive phar-
macological activity of U-II has stimulated a great
deal of interest in developing small molecule UT modu-
lators. A number of non-peptidic UT ligands have re-
cently been reported.9 Herein we describe the
identification, synthesis, and initial structure-activity
relationships (SAR) of a novel 2-aminomethyl piperi-
dine series. Optimization of the series led to the identifi-
cation of potent, competitive, and reversible UT
antagonists such as 1a and 11a with excellent and broad
cross-species functional activity.

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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High throughput screening (HTS) of the corporate com-
pound collection using a fluorometric imaging plate
reader (FLIPR) assay (measuring inhibition of
hU-II-mediated [Ca2+]i-mobilization in HEK293 cells
expressing human recombinant UT receptor)10 led to
the identification of 211 as an antagonist with a pIC50


of 6.2 (Fig. 1). The compound also showed moderate
hUT binding affinity with a pK i of 6.4 in a [125I]hU-II
radioligand binding assay using HEK293 cell mem-
branes stably expressing human recombinant UT recep-
tors.10 Subsequent early exploration of the left-hand side
(LHS) of this hit quickly resulted in the identification of
an a-aryl acetamide sub-series exemplified by 3a (pK i


6.3).12 Despite the modest binding affinity, compounds

N
N


O


S


Cl


N
N


ONCl


Cl 3a, hUT binding pKi = 6.32, hUT binding pKi = 6.4
    hUT FLIPR pIC50 = 6.2 


Figure 1. Structures of HTS hit 2 and a-aryl acetamide sub-series hit


3a.
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Scheme 1. Reagents and conditions: (a) amine, EDC, HOAt, CH2Cl2,


rt; (b) 4 M HCl in dioxane, MeOH, rt; (c) LiAlH4, THF, 0 �C–rt; (d) 2-


(5-chlorobenzothiophen-3-yl)acetic acid, EDC, HOAt, CH2Cl2, rt; (e)


m-CPBA, CH2Cl2, 0 �C–rt; (f) (CH3)2NCOCl, TMSCN, CH2Cl2, rt;


(g) concd HCl and H2SO4, reflux; (h) pyrrolidine, EDC, HOAt,


CH2Cl2, rt; (i) H2, PtO2, HOAc, rt.


Table 1. SAR of the diamine region


N


X


O


S


Cl


n


N
R


2


R
1


Compound n X NR1R2 hUT binding


(pKi)
a


3a 1 CH2 Pyrrolidin-1-yl 6.3


3b 1 CH2 Piperidin-1-yl 5.1


3c 1 CH2 Morpholin-4-yl 5.9


3d 1 CH2 N-Methylpiperazin-1-yl <5.1


3e 1 CH2 N,N-Diethylamino <5.1


3f 1 O Pyrrolidin-1-yl 6.1


3g 0 CH2 Pyrrolidin-1-yl <5.1


3h 2 CH2 Pyrrolidin-1-yl 5.7


a Mean of at least 3 determinations with standard deviation of <±0.3.


Table 2. Substitution on the central piperidine ring


N


O


S


Cl


N


R


3


4


5


Compound R Relative


stereochemistry


hUT binding


(pKi)
a


3a H — 6.3


7a 3-Phenyl cis 8.1


7b 3-Methyl cis 6.7


7c 3-Propoxy cis 7.5


7d 3-Cyclohexyl cis 7.6


7e 4-Phenyl cis 6.7


7f 5-Phenyl trans 7.5


a Mean of at least 3 determinations with standard deviation of <±0.3.
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2 and 3a were considered as reasonable starting points
for our hit-to-lead chemistry optimization aimed at
improving potency via SAR exploration.


We first investigated the 2-aminomethyl piperidine re-
gion, also referred to as the diamine region. Custom dia-
mines 5 were prepared from Boc-protected amino acids
4 via amide formation, deprotection, and LiAlH4 reduc-
tion (Scheme 1). Subsequent coupling of diamines 5 with
commercially available 2-(5-chlorobenzothiophen-3-
yl)acetic acid produced the desired compounds 3a–h.13


To explore the effect of 3-substituents on the central
piperidine ring, 3-phenylpyridine was first converted to
the corresponding 2-carboxylic acid 5a via N-oxide for-
mation, installation of the 2-CN group,14 and hydroly-
sis. Acid 5a and commercially available 5b–c were then
converted to racemic cis-3-substituted-2-pyrrolidinylm-
ethyl piperidines 6a– d via amide formation, reduction
of the pyridine ring, and subsequent amide reduction.15


Standard amide coupling of 6a– d with commercially
available acids produced the desired compounds 7a–d
and 8a–j.


For the 2-aminomethyl moiety, pyrrolidine (3a) was
greater than 10-fold more potent compared to piperi-
dine (3b) and acyclic analog (3e) (Table 1). Interestingly,
unlike piperidine (3b), morpholine (3c) showed moder-
ate binding affinity while N-methyl piperazine (3e) had
no appreciable affinity. The SAR indicated that the size
and the basicity of the 2-aminomethyl moiety were crit-
ical to UT binding. As for the central piperidine ring
moiety, 6-membered ring (3a) was preferred compared
to 5- and 7-membered rings (3g and h ) while morpho-
line (3f) was tolerated. Additional substituents on the
central piperidine ring were then explored. We were
pleased to find that 3-substituents (7a–d) improved affin-
ity with 3-phenyl (7a) being optimal—resulting in close
to 100-fold affinity improvement compared to 3a (Table
2). The 4- and 5-phenyl analogs (7e and f )16 also had
higher binding affinity compared to 3a, but were less po-
tent compared to 3-phenyl compound 7a.

After identifying 6a as the optimal diamine, we next
turned our attention to optimizing the left-hand side
(LHS) moiety of the a-aryl acetamide sub-series.
Compared to unsubstituted 3-benzothiophene (8c),
5-substituted-3-benzothiophenes (7a, 8a–b) were 15- to
30-fold more potent, with 5-Cl (7a) and 5-Br (8a) being
optimal (Table 3). Indole is less preferred (8d vs 8a)
and 1-naphthyl (8e) was 100-fold more potent than
2-naphthyl (8f). Monocyclic aromatic groups such as
3-thiophene (8g) and 3,4-dichlorophenyl (8h), the pre-
ferred LHS group in the a-amino acetamide sub-series
(vide infra), had much lower binding affinity. As for
the length of the carbon linker, one carbon was pre-
ferred over no or two carbons (8e vs 8i, 8b vs 8j).


To efficiently explore the a-amino acetamide sub-series,
a solid-phase synthetic route outlined in Scheme 2 was
developed. Resin-bound a-amino acetic acid 9 was
prepared via loading of 3,4-dichloroaniline onto com-
mercially available 2,6-dimethoxy-4-polystyrene-benzyl-







Table 3. SAR of the LHS moiety of the a-aryl acetamide sub-series


N


O
R


N


n


Compound R n hUT binding


(pKi)
a


7a 5-Chlorobenzothiophen-3-yl 1 8.1


8a 5-Bromobenzothiophen-3-yl 1 8.1


8b 5-Methylbenzothiophen-3-yl 1 7.8


8c Benzothiophen-3-yl 1 6.6


8d 5-Bromoindol-3-yl 1 6.2


8e 1-Naphthyl 1 7.1


8f 2-Naphthyl 1 5.1


8g Thiophen-3-yl 1 <5.1


8h 3,4-Dichlorophenyl 1 5.6


8i 1-Naphthyl 0 <5.1


8j 5-Methylbenzothiophen-3-yl 2 5.5


a Mean of at least 3 determinations with standard deviation of <±0.3.
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O
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a, b, c d, e


10b-f10a
f, g, or h


9


Scheme 2. Reagents and conditions: (a) 2,6-dimethoxy-4-polystyre-


nebenzyloxy-benzaldehyde, Na(OAc)3BH, DIEA, 1% of HOAc in


NMP, rt; (b) methyl bromoacetate, DIEA, NMP, 80 �C; (c) potassium


trimethylsilanolate, THF, rt; (d) 6a, PyBOP, DIEA, NMP, rt; (e) 50%


of TFA in DCE, rt; (f) aldehyde, Na(OAc)3BH, HOAc, DIEA, DCE,


rt; (g) acyl chloride, TEA, CH2Cl2, rt; (h) MeSO2Cl, pyridine, CH2Cl2,


rt.


Table 4. SAR of the LHS moiety of the a-amino acetamide sub-series


N
N


O
N


Ar


R


Compound Ar R hUT


binding


(pKi)
a


10a 3,4-Dichlorophenyl Hydrogen 7.2


10b 3,4-Dichlorophenyl Methyl 7.8


10c 3,4-Dichlorophenyl Ethyl 7.5


10d 3,4-Dichlorophenyl Cyclopropyl-methyl 7.3


10e 3,4-Dichlorophenyl Acetyl 5.8


10f 3,4-Dichlorophenyl Methylsulfonyl 7.1


10g 3,4-Dimethylphenyl Methyl 6.7


10h 2-Naphthyl Methyl 6.8


10i 3-Chlorophenyl Methyl 7.1


10j 4-Chlorophenyl Methyl 6.3


10k 2-Chlorophenyl Methyl 6.1


10m 3-Trifluoromethyl-phenyl Methyl 7.0


10n 3-Methylphenyl Methyl 6.4


10p 3-Methoxyphenyl Methyl 6.1


10q Phenyl Methyl 5.5


10r 3,4-Dichlorobenzyl Methyl 5.4


a Mean of at least 3 determinations with standard deviation of <±0.3.


Table 5. Preferred stereochemistry


N


O


NS


Cl


N


O
N


N


Cl


Cl


2


3


1a and 1b


2


3


11a and 11b


Compound Stereochemistry and ee hUT binding (pKi)
a


1a 2R, 3R (98% ee) 8.4


1b 2S, 3S (>99% ee) 6.0


11a 2R, 3R (98% ee) 8.2


11b 2S, 3S (>99% ee) 5.8


a Mean of at least 3 determinations with standard deviation of <±0.3.
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oxybenzaldehyde resin (DMHB resin), followed by
alkylation and hydrolysis. Amide coupling of resin-
bound acid 9 with diamine 6a and subsequent resin
cleavage provided compound 10a, which was further
elaborated into 10b– f via reduction amination, acyla-
tion, or sulfonylation. Compounds 10g–r were prepared
in a similar manner as 10b by replacing 3,4-dichloroan-
iline with various commercially available amines.


As shown in Table 4, the optimal R group is methyl
(10b). While hydrogen (10a) and alkyl groups (10b–d)
showed good binding affinity, acetyl (10e) had very poor
affinity. Interestingly, methylsulfonyl (10f) was quite
potent—indicating that the weakly basic center in this
region was unnecessary for UT binding. 3,4-Dichloro-
phenyl (10b) was the optimal aryl (Ar) group. Bioisos-
teres such as 3,4-dimethylphenyl (10g) and 2-naphthyl
(10h) were 10-fold less potent. Meta-substituted phenyl
(10i) was preferred over para- (10j) and ortho- (10k)
substituted ones. Comparing substituents on the phenyl
ring, 3-chloro (10i) and 3-trifluoromethyl (10m) were
preferred over 3-methyl (10n) and 3-methoxy (10p),

and the unsubstituted phenyl (10q) was least preferred.
Extending the phenyl to benzyl such as 10r resulted in
significant affinity loss.


We then investigated the preferred stereochemistry and
found that (2R, 3R) was preferred as illustrated in Table
5. The (2R, 3R) enantiomers 1a and 11a were greater
than 100-fold more potent than the (2S, 3S) enantiomers
1b and 11b.17


In addition to the high affinity to the hUT receptor, the
preferred enantiomers 1a and 11a showed excellent







Table 6. Binding affinity versus ortholog receptors and functional


activity in rat and cat isolated arteries


Compound UT binding (pKi)
a Functional activity (pKB)a


Human Cat Rat Rat aorta Cat femoral artery


1a 8.4 8.0 8.5 7.7 7.2


11a 8.2 8.1 8.2 7.9 7.2


a Mean of at least 3 determinations with standard deviation of <±0.3.
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affinity to cat and rat UT receptors,18 demonstrating
broad cross-species activity (Table 6). In the rat isolated
aorta,18 compounds 1a and 11a blocked hU-II induced
contraction with respective pKBs of 7.7 and 7.9, and
1a was found to be a competitive and reversible antago-
nist with a pA2 of 8.0, which was comparable to the rat
receptor binding affinity. In the cat isolated femoral ar-
tery,19 1a and 11a also blocked hU-II induced contrac-
tion with pKBs of 7.2 and 7.2, respectively. The
competitiveness and broad cross-species activity of 1a
distinguish it from early UT antagonists such as palosu-
ran.9c However, several early compounds in the series
had poor cytochrome P450 (CYP450) and in vivo phar-
macokinetic (PK) parameters. For example, compound
10b had 2D6 (IC50 0.8 lM) and 3A4 (IC50 1.4 lM) lia-
bility, and high clearance and low oral bioavailability
in rat PK studies (CL 97 mL/min/kg, F 0–3%, T1/2


3.8 h, Vdss 23 L/kg, 1.2 mg/kg iv and 2.2 mg/kg po).


In summary, SAR exploration of a novel 2-aminomethyl
piperidine series identified via HTS led to the discovery
of competitive and reversible UT receptor antagonists
such as 1a and 11a with excellent affinity and functional
activity, and broad cross-species activity. The further
optimization of this series to improve PK and CYP450
properties will be the subject of future publications.
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Abstract—2-Cyano-6-fluorophenylacetamide was explored as a novel P2 scaffold in the design of thrombin inhibitors. Optimization
around this structural motif culminated in 14, which is a potent thrombin inhibitor (Ki = 1.2 nM) that exhibits robust efficacy in
canine anticoagulation and thrombosis models upon oral administration.
� 2008 Elsevier Ltd. All rights reserved.
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Venous thromboembolism (VTE) and atrial fibrillation
(AF) account for approximately 100,000 deaths per year
in the U.S. VTE involves the formation of a deep venous
thrombus which may dislodge and move to the pulmon-
ary artery as a pulmonary embolus, and AF can induce
thrombus formation in the heart leading to strokes.1


VTE and AF-induced stroke are currently treated with
heparin derivatives, which require subcutaneous deliv-
ery, and warfarin, which requires dose titration to min-
imize bleeding complications.2


Since the serine protease thrombin catalyzes the conver-
sion of soluble fibrinogen to insoluble fibrin in the clot-
ting cascade, it is widely believed that an oral thrombin
inhibitor could provide a new standard of care in antico-
agulation therapy. Early efforts at thrombin inhibitor
design frequently employed a highly basic P1 moiety
such as guanidine (pKa � 13), but these usually suffered
from poor pharmacokinetics (PK).3 Strategies to im-
prove PK include the use of a prodrug-masked P1
(e.g., ximelagatran4 and dabigatran etexilate5) or a
weakly basic or nonbasic P1 isostere.6
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The weakly basic P1 oxyguanidine (pKa� 7), when com-
bined with a P2 phenyl scaffold (e.g., 1; Fig. 1), gave ro-
bust PK in dogs (F = 73%; iv t1/2 = 4.4 h) along with
good in vitro potency (Ki = 4.0 nM).7 However, the con-
centration of 1 required to double the activated partial
thromboplastin time (aPTT)8 in human plasma, an in vi-
tro measure of an anticoagulant’s potency, was rela-
tively high (2 · aPTT = 7.9 lM), presumably in part
due to >98% plasma protein binding.7 By contrast,
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Figure 1. Oxyguanidine-containing thrombin inhibitors.
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while pyridinone-based 29 displayed an improved
2 · aPTT value of 0.23 lM and improved efficacy over
1 (data not shown), it had only modest oral bioavailabil-
ity (dog F = 24%; rat F = 6%).9


Here we report on a novel 2-cyano-6-fluorophenylaceta-
mide series that led to 14, a molecule with comparable
preclinical oral efficacy to 2 but with improved canine
oral bioavailability (Fig. 1).


In previously published work on the chlorofluoropheny-
lacetamide P2 scaffold10 typified by 4 (Fig. 2), the fluo-
rine atom proved to be a competent hydrogen-bond
acceptor isosteric with the carbonyl oxygen of the pyrid-
inone11 and pyrazinone12 (e.g., 3) P2 scaffolds, as evi-
denced by the F–H–N heteroatom distance of 3.17 Å.10


However, numerous examples of the chlorofluoropheny-
lacetamide series suffered from poor dog pharmacody-
namic parameters13 perhaps because of relatively high
plasma protein binding, and required multistep func-
tional group manipulation for P3 installation.10 It was
hypothesized that replacement of the chloro moiety with
a cyano group6 would increase the polarity for the ser-
ies, thereby potentially reducing plasma protein binding,
while allowing for a shorter, higher-yielding synthetic
route to targets. As expected, 5 was not only more polar

Table 1. In vitro potency, plasma protein binding, and 2 · aPTT


values for compounds 1–5 using human thrombin and plasma


Compound Ki thrombin


(nM)


Plasma


protein


binding (%)


c logP 2 · aPTT


(lM)


1a 4 >98 2.98 7.9


2b 4 45.7 �1.35 0.23


3c 0.1 — 1.52 0.29


4 47 95d 3.04 —


5 2.3 92.6d 2.52 0.64


a Ref. 7.
b Ref. 9.
c Ref. 12.
d Dog plasma protein binding.

and slightly less plasma protein-bound than 4, it was
also significantly more potent in vitro (Table 1).


The synthesis of 5 is described in Scheme 1. Reaction of
sodium diethyl malonate with trifluorobenzonitrile 6,
followed by Krapcho decarboxylation, afforded a
1.35:1 mixture of regioisomers that were separated by
flash chromatography to afford key P2 intermediate 7
as the minor regioisomer in 34% overall yield. Fluori-
nated6 P3 amines 10 were accessed via reaction of a (het-
ero)aryl halide 8 with ethyl bromodifluoroacetate and
copper bronze to afford activated esters 9.14 The phe-
nyl-derived amines 10 were then efficiently obtained
via treatment of 9 with ammonia followed by borane
reduction of the amide. Since borane overreacted with
the analogous pyridyl-derived amides, pyridyl-derived
esters 9 (A = N) were reduced to the alcohol, converted
to the azide in two steps, and cleanly hydrogenated to
the amines 10 with palladium on carbon. The P3–P2
linkage was established by a straightforward SNAr reac-
tion between P3 amines 10 and P2 electrophile 7. Subse-
quent saponification, amide bond formation with a P1
amine (e.g., oxyguanidine-containing 13), and, if neces-
sary, Boc deprotection, afforded final targets such as 5.
The P1 amine 13 was obtained in a four-step sequence

Scheme 1. Reagents and conditions: (a) NaH (2.2 mol equiv), diethyl


malonate (2.2 mol equiv), THF, rt, 4 d, 98% (1.35:1 regioisomers); (b)


LiCl (1 mol equiv), water (1.3 mol equiv), DMSO, 120 �C, 40 min, 35%


(desired regioisomer); (c) for A = CH, X = I or A = N, X = Br: Cu


bronze (2.2 mol equiv), ethyl bromodifluoroacetate (1.2 mol equiv),


DMSO, rt, 3 d, 56–97%; (d) for A = CH; i—NH3, MeOH, rt, 13 h,


95%; ii—borane, THF, reflux, 9 h, 67% after acid workup; (e) for


A = N; i—NaBH4, EtOH, 0 �C, 3 h, 100%; ii—I2, imidazole, PPh3,


toluene/MeCN (2:1), 0 �C! 90 �C, 33%; iii—NaN3, DMSO, 90 �C,


2 d, 93%; iv—H2 (balloon), EtOAc, 10% Pd/C, 24 h, 86%; (f) 7


(1.25 mol equiv), (i-Pr)2NEt (1.3 mol equiv), DMSO, 110 �C, 3 d, 64%;


(g) 1 M LiOH (aq)/MeOH/THF (1:1:2), 50 �C, 1 h, 100%; (h) i—13


(1.2 mol equiv), BOP, (i-Pr)2NEt, CH2Cl2/MeCN (1:1), rt, 8 h, 83%;


ii—CH2Cl2/CF3CO2H/anisole (3:1:0.4, v/v), rt, 10 h, 84%; (i) N-


hydroxyphthalimide, PPh3, (CO2Et)N@N(CO2Et), THF, rt, o/n,


91%; (j) 40% MeNH2, THF/EtOH (1:1), rt, 1 h, 95%; (k) N,N 0-bis-Boc-


1-guanylpyrazole, DMF, rt, o/n, 93%; (l) H2 (balloon), 10% Pd/C,


THF/EtOH (1:1), rt, 30 min, 61%.







Table 2. P3 structure–activity relationships
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Compound R A Ki (nM) Trypsin


ratioa


2 · aPTTb


(lM)


PPB b


(%)


Cacoc Dog PDd


t (h) P2 · aPTTe Fold aPTT maxf


5 H CH 2.3 478 0.64 93.7 1.1, 4.6 — —


14 H N 1.2 1170 0.36 56 0.9, 8.5 5 2.83


15 6-Me N 10 770 — — — — —


16 5-Me N 2.9 148 0.43 — — — —


17 4-Me N 1.2 4080 0.41 97.6 0.2, 2.1 3.5 2.88


18 3-Me N 0.79 1110 0.22 — — 4.5 2.38


19 4-Cl N 0.57 6840 — — — 5.5 2.51


20 P3 = 8-quinolyl 0.38 1580 0.44 99.6 1.7, — 0 1.23


21 3-Cl CH 1.7 760 0.76 95.2 0.8, 9.9 0 1.87


22 3-F CH 3.2 750 0.59 85 0.7, 4.7 — —


23 3,4-diF CH 1.8 2000 0.68 99.0 0.5, 2.6 0 1.67


24 6-SO2Me CH 0.65 1850 — — — 0 1.04


25 H N-Oxide 1.3 770 — — — 0 1.89


26 4-Cl N-Oxide 0.66 5300 — — — 0 1.20


a Ki trypsin/Ki thrombin.
b In vitro assay using human plasma.
c A! B, B! A; Papp in 10�6 cm/s.
d Single 10 mg/kg oral dose in 2–5 dogs.
e Number of hours that the aPTT is P2 · the baseline value over the course of 8 h post-dose (7 time points).
f Peak aPTT multiple of baseline seen over 8 h.


Figure 3. Crystal structure of 14 bound to thrombin (PDB ID:2C27).
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from alcohol 11 in 49% overall yield, with the final step
requiring careful hydrogenolysis of the Cbz group to
avoid N–O bond cleavage.


Building upon the P3 SAR generated from the chloro-
fluorophenylacetamide series,10 it was discovered that
the 2-pyridyl analogue 14 provided a roughly 2-fold
improvement in human thrombin potency, 2 · aPTT va-
lue, and trypsin selectivity compared to phenyl analogue
5 (Table 2). In addition, 14 had significantly decreased
plasma protein binding compared to 5, in line with its
reduced c logP value of 1.61. However, neither 5 nor
14 had robust permeability as measured by apical to
basolateral transfer (A! B) across a Caco cell mono-
layer (Papp = 1.1 and 0.9 · 10�6 cm/s, respectively), and
indeed, 14 demonstrated increased efflux as indicated
by the Caco B! A/A! B ratio of 9.7 (compared to
4.7 for 5). This was of potential concern, since Caco per-
meability had correlated with bioavailability for several
other thrombin inhibitor series, including those repre-
sented by 1 and 2 (1 A! B Papp = 4.1 · 10�6 cm/s, with
rat F = 24% and 2 A! B Papp = 0.7 · 10�6 cm/s, with
rat F = 6%).


In an attempt to improve the in vitro parameters of 14,
particularly Caco permeability, methyl substitution on
the pyridyl P3 moiety was explored. Analogues 17 and
18 proved to be potent and selective with 2 · aPTT val-
ues comparable to that seen for 14. However, methyl
substitution significantly increased plasma protein bind-
ing while showing no improvement in Caco permeability
(17, Table 2). Attempts were made to enhance the selec-
tivity and permeability of the phenyl analogue 5 with

halogenated derivatives 21–23. However, while selectiv-
ity increased for these analogues, Caco permeability be-
came somewhat worse. Finally, polar electron-
withdrawing substituents at the ortho position of the
P3 (hetero)aromatic ring were found to confer potency
(24–26) as expected.15 By contrast, modestly potent 15
may not be able to satisfy a binding mode seen in previ-
ous thrombin co-crystal structures whereby the ortho
polar moiety (e.g., N,N-oxide) faces solvent,15 with
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Figure 4. aPTT following a single 10 mg/kg oral dose to conscious
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the ortho hydrogen found in 24–26 (but not 15) access-
ing a favorable r–p interaction with Trp215.10,15


The X-ray crystal structure of 14 bound to human
thrombin is shown in Figure 3. As in previous struc-
tures, the oxyguanidine P1–S1 hydrogen-bonding net-
work is intact,10 and the hydrogen bonds with Gly216
and Ser214 are also maintained.6,10,15 However, the ni-
trile nitrogen of 14 additionally forms a 2.8 Å hydrogen
bond with a water molecule that in turn forms H-bonds
with Lys60F (2.8 Å) and His57 (2.9 Å). This nitrile-
based H-bonding network may account in part for the
increased potency of the cyanofluorophenylacetamides
versus chlorofluorophenylacetamides.


Since a sampling of the compounds in Table 2 showed
good stability (69–100% remaining after a 10 min incu-
bation with human and dog microsomes at 37 �C; four
examples), 10 of the analogues were profiled in an oral
dog pharmacodynamic (PD) assay (Fig. 4). Notably,
14, 17, and 19 demonstrated a P2.5-fold increase in
aPTT for at least 3 h following a single 10 mg/kg oral
dose (Table 2). This degree of anticoagulation is supe-
rior to that shown by 1, and indeed to that seen for 2
(Fig. 4). Interestingly, chlorofluorophenylacetamide 27
(Ki = 1.8 nM; c logP = 2.69), the chloro congener of 19
(Ki = 0.6 nM; c logP = 2.16), was significantly less active
than 19 (Fig. 4).


In general, improvements in canine PD in this series cor-
relate with lower in vitro 2 · aPTT values and lower
plasma protein binding (or lower c logP). However,
the presence of additional polar heteroatoms (e.g.,
24–26) had a detrimental effect on PD, perhaps due to
an unacceptable loss of permeability.


Since 14 had robust PD as well as an attractive in vitro
profile across species (e.g., P86% remaining after
10 min incubation with human, dog, or rat microsomes;
669% PPB in human, dog, or rat plasma), it was
screened for off-target binding and cardiovascular
safety. Compound 14 showed little effect against a Cerep
panel of 50 receptors, ion channels, and transporters
(<40% inhibition at 10 lM), and was notably clean in

a hERG ion channel patch–clamp study compared to
1 (0% inh. vs 85% inh. at 10 lM, respectively). In addi-
tion, 14 caused no significant heart rate-corrected QT
interval prolongation in guinea pigs up to 10 mg/kg iv
(data not shown).


Therefore, the efficacy of 14 was explored in a dog arte-
riovenous (A-V) shunt model16 (Fig. 5) and a rat electri-
cally stimulated carotid artery (ESCA) model17 (Fig. 6).
Compound 14 inhibited thrombus formation by 67–51%
for at least 5 h following a 3 mg/kg oral dose in dogs
(Fig. 5). This is comparable to the antithrombotic effect
of 2, and is superior to that for 1. The rat intravenous
data mirrored this trend: 14 (iv ED50 � 40 lg/kg) and
2 have comparable efficacy, and both are substantially
superior to 1 as well as to the marketed iv antithrombot-
ic argatroban (Fig. 6).


The PK parameters of several analogues are listed in Ta-
ble 3. The dog PK of 14, 17, and 18 support the dog PD
described in Table 2. All three have oral half-lives great-
er than 2 h, with Cmax values at least 7-fold higher than
the concentrations needed to double the activated par-
tial thromboplastin times of (human) plasma in vitro.
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a Ki trypsin/Ki thrombin.
b In vitro assay using human plasma.
c A! B, B! A; Papp in 10�6 cm/s.


Table 3. Dog, rat, and monkey PK of select analogues


Compound Speciesa Cmax po (lM) t1/2 po (h) t1/2 iv (h) Clb (mL/min/kg) Vdss
c (L/kg) F (%)


14 Dog 3.5 2.5 2.9 13 (42%) 2.9 49


17 Dog 2.8 2.5 3.6 18 (58%) 3.6 45


18 Dog 3.3 3.2 2.8 15 (49%) 2.9 65


14 Ratd 0.03 — 1.0 67 (122%) �6 2


17 Rat 0.25 2.5 1.3 30 (55%) 2.3 2


a Unless otherwise noted: dog 10 mg/kg, po, 1 mg/kg, iv; rat 30 mg/kg, po, 3 mg/kg, iv.
b Clearance (as a percentage of liver blood flow in parentheses).
c Volume of distribution at steady state. Both clearance and Vd determined from iv dosing.
d 10 mg/kg, po, 2 mg/kg, iv.
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In addition, the dog bioavailabilities ranged from 45%
to 65%, an improvement over that observed for 2
(24%).9 However, 14 and 17 had unacceptably low bio-
availability in rats (2%) despite excellent rat microsomal
stability (>95% remaining after a 10 min incubation),
and the less polar analogues 21 and 23 had only margin-
ally better rat bioavailability. In addition, clearance
sometimes exceeded hepatic blood flow, indicating the
possibility of extrahepatic metabolism in the rat.18


In order to ascertain whether the poor rat bioavailability
of 14 was caused by poor permeability across the intes-
tinal mucosa, or by metabolism upon first pass through
the liver, rats were dosed orally at 10 mg/kg and blood
samples from the portal vein (pre-liver) and jugular vein
(post-liver) were collected over 6 h. Neither sample site
contained significant amounts of 14, indicating that 14
had little propensity for diffusion across the small intes-
tine into the portal vein. Dosing 14 by cannula directly

into the ascending colon also yielded �2% bioavailabil-
ity as with oral dosing, indicating that the molecule is
not colonically absorbed (data not shown).


Since increased hydrogen-bond donor count was found to
correlate with decreased Caco permeability across throm-
bin chemical series within this discovery program, oxy-
guanidine was replaced with P1s containing fewer H-
bond donors (Table 4). The synthesis of N-methyl-oxy-
guanidine P1 31 found in 34 is described in Scheme 2,
while the P1 moieties in 35–38 were previously
reported.6,12,19


Unfortunately, 34 provided no improvement in Caco
A! B permeability, and potency dropped 7-fold rela-
tive to 14. Methylation at the distal oxyguanidine nitro-
gen had dramatically reduced thrombin potency in
another thrombin series (data not shown) and so was
not explored here. Compounds 35, 37, and 38 also







O
N
Me


OMe


O


BocHN
HO


N
Me


OMe


O
OMs


BocHN


H2N
O


N
Me


NH2


NH


N
H


N


CN


OH


O


F F F


N
H


N


CN


O


O


F F F


F
F


F


F
F


a b,c,d


e f


28


29


30


31 32


33


34


Scheme 2. Reagents and conditions: (a) NaH (0.94 mol equiv), 29


(0.77 mol equiv), DMF, 0 �C! rt, 6%; (b) KOH (2.6 mol equiv), water,


90 �C, 18 h, 85%; (c) N,N 0-bis-Boc-1-guanylpyrazole, DMF, 50 �C, o/n,


63%; (d) 12 N HCl (aq), rt, 30 min, 100%; (e) pentafluorophenol (3 mol


equiv), (i-Pr)N@N( i-Pr) (2 mol equiv), DMF, CH2Cl2, rt, 24 h, 50%; (f)


31, DMF, (i-Pr) 2NEt (4 mol equiv), rt, 12 h, 75%.
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lacked sufficient potency for further profiling. Com-
pound 36 was potent and selective, with reasonable
PPB and improved Caco permeability (Table 4). Unfor-
tunately, its dog PK profile (oral Cmax = 0.8 lM; iv
t1/2 = 1.1 h; Cl = 34 mL/min/kg; 26% F at 10 mg/kg,
po, 1 mg/kg, iv) was inferior in all respects to that for
14, and it was inactive in the oral dog PD assay (aPTT
maximum multiple of baseline = 1.3, compared to 2.8
for 14). Perhaps phase II conjugation of the amino
group6 was responsible for the poor PK of 36, since it
had excellent dog microsomal stability (100% remaining
after 10 min at 37 �C).


In conclusion, the novel 2-cyano-6-fluorophenylaceta-
mide P2 scaffold, after suitable optimization of the P1
and P3 moieties, can provide potent thrombin inhibi-
tors. Thus, we obtained 14, as a potent thrombin inhib-
itor with robust dog PK and efficacy. However, within
this series of thrombin inhibitors, acceptable rat bio-
availability proved elusive.
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Abstract—N-(6-Substituted-1,3-benzothiazol-2-yl)benzenesulfonamide derivatives 1–8 were synthesized and evaluated for their in
vivo antidiabetic activity in a non-insulin-dependent diabetes mellitus rat model. Several compounds synthesized showed significant
lowering of plasma glucose level in this model. As a possible mode of action, the compounds were in vitro evaluated as 11b-hydroxy-
steroid dehydrogenase type 1 (11b-HSD1) inhibitors. The most active compounds (3 and 4) were docked into the crystal structure of
11b-HSD1. Docking results indicate potential hydrogen bond interactions with catalytic amino acid residues.
� 2008 Elsevier Ltd. All rights reserved.

Diabetes mellitus is characterized by chronic hyperglyce-
mia and belongs to a group of metabolic disorders with
multiple etiologies. Non-insulin-dependent diabetes mel-
litus (NIDDM) is very common and may result from
insulin resistance, inadequate secretion of insulin, hepa-
tic glucose overproduction or glucose intolerance.1


Recent estimates from the year 2000 indicate that there
are 171 million people in the world with diabetes and
this is projected to increase to 366 million by 2030.1 Dia-
betes may eventually cause microvascular damage in key
tissues leading to conditions such as retinopathy,
nephropathy, and neuropathy. It is associated with re-
duced life expectancy, significant morbidity due to spe-
cific diabetes-related microvascular complications,
increased risk of macrovascular complications (ischemic
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heart disease, stroke, and peripheral vascular disease),
and diminished quality of life.2


The American Diabetes Association (ADA) has esti-
mated the national cost of diabetes in the USA for
2002 to be US $132 billion, increasing to US $192 billion
in 2020.2


There is thus a growing need for effective therapies to
achieve optimal glycemic control in the management
of diabetes. Orally administered antihyperglycemic
agents (OHAs) can be used either alone or in combina-
tion with other OHAs or insulin.3 The number of avail-
able OHAs has increased significantly in the last decade,
however, current therapies to reduce plasma glucose lev-
els have inherent problems including compliance, inef-
fectiveness, and the occurrence of hypoglycemic
episodes. Accordingly, there is a need for more effective,
orally administered agents, particularly ones that nor-
malize both glucose and insulin levels.4


Glucocorticoids (GCs) are potent functional antagonists
of insulin action, and promote gluconeogenesis in the
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liver, potentially leading to raised blood glucose concen-
trations in diabetes.5 At the tissue level the access of
active GCs to its receptors is governed by 11b-hydroxy-
steroid dehydrogenase type 1 (11b-HSD1).6 This en-
zyme, which is mainly expressed in liver and adipose
tissue, catalyzes the conversion of inactive cortisone into
the active hormone cortisol (in rodents 11-dehydrocort-
icosterone to corticosterone).7


Several lines of evidence have implicated GCs and 11b-
HSD1 activity in the etiology and/or maintenance of
NIDDM and metabolic syndrome. Consequently, it is
thought that selective inhibition of 11b-HSD1 may pro-
vide a means of treating diabetes and other aspects of
the metabolic syndrome.8


In recent years considerable activity in the pharmaceuti-
cal industry has led to the discovery of several chemical
classes of 11b-HSD1 inhibitors. Many patent applica-
tions explain the intense interest in this field.9 Numerous
examples of non-steroidal inhibitors have been dis-
closed; these include thiazole based compounds (I),10


sulfonamides (II),11 adamantanyl triazoles and carbox-
amides among others (Fig. 1).8,9,12,13


Compounds I and II belong to the arylsulfonamido
(benzo)thiazoles class of 11b-HSD1 inhibitors.10,11 We
choose these scaffolds as starting point to design the
compounds prepared in this work.


Our first consideration was to move sulfonamide moiety
and its substituents from meta to para position (see Fig.
1). The second one was to mimic compound I which had
a 2-aminothiazole skeleton.
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Figure 1. Selected 11b-HSD1 inhibitors and drug design of N-(6-


substituted-1,3-benzothiazol-2-yl)benzenesulfonamides 1–8.


S


N
NH2 S


O


O
Cl+


9-12 13-18


R1
R2


Scheme 1. Reagents and conditions: (a) 4-dimethylaminopyridine (cat.), CH

The hybridization of both structures led to the title com-
pounds reported in this paper. The design was also
based on the biological activity predictions made by
the computer software PASS� (prediction of activity
spectra for substances).14,15 This software illustrates
the predicted activity spectrum of a compound as prob-
able activity (Pa) and probable inactivity (Pi) with the
accuracy of prediction reported to be as high as 85%.16


Here, we report the synthesis of N-(6-substituted-1,3-
benzothiazol-2-yl)benzenesulfonamide derivatives, their
in vitro inhibition of 11b-HSD1, and their in vivo anti-
diabetic activity in streptozotocin (STZ)–nicotinamide
induced diabetic rat model.


Compounds 1–8 were synthesized from 2-amino-6-
substituted benzothiazoles 9–12, via a coupling reaction
with arylsulfonyl chlorides 13–18, in the presence of a
catalytic amount of 4-dimethylaminopyridine and tri-
ethylamine. Title compounds were recovered with 34–
90% yields (Scheme 1, Table 1).17 Compounds were
purified by recrystallization or by column chromatogra-
phy. Compounds 4, 5, 7, and 8 showed the best yields;
they contain electron-withdrawing groups para to phe-
nyl sulfonamide group (–NO2, –Cl), while compounds
1–3 and 6 , which have electron-donating groups
(–CH3, –OCH3, and –NHCOCH3) at this position, had
the lowest yields.


The chemical structures of the synthesized compounds
were confirmed on the basis of their spectral data
(NMR and mass spectra), and their purity ascertained
by microanalysis. The elemental analysis was within
±0.4% of the theoretical values.18 Physical constants of
the title compounds are shown in Table 1.


In the nuclear magnetic resonance spectra (1H NMR; d
ppm), the signals of the respective protons of the com-
pounds were verified on the basis of their chemical
shifts, multiplicities, and coupling constants. The aro-
matic region of the 1H NMR spectrum contained an
ABX pattern signals ranging from d 6.94–6.99 (dd,
Jmeta = 2.2–2.6; Jortho = 8.8 Hz), 7.18–7.23 (d, Jortho =
8.8 Hz), and 7.41–7.60 (d, Jmeta = 2.2–2.6 Hz) attribut-
able to H-5, H-4, and H-7, of the benzothiazole 6-substi-
tuted structure, respectively.


A preliminary in vitro compound screen to identify
inhibitors of human 11b-HSD1 was performed on a
selection of compounds. Inhibition of 11b-HSD1 was
determined using a human embryonic kidney
(HEK293) cell-based assay (Table 1).8,19 Compounds 3
and 4 were the most active derivatives of the series
and showed 38–53% inhibition at 10 lM, respectively.
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Table 1. Physicochemical data, in vitro % inhibition of human 11b-HSD1, and predictive values of biological activities calculated for derivatives 1–8
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Compound R1 R2 MW Mp (�C) Unoptimized


yield (%)


% of inhibition


11b-HSD1 @ 10 lM


(HEK 293 cells)


Antiobesity


effect


Antidiabetic


effect


P a P i P a P i


1 –NO 2 –OCH 3 365 187.1–189.3 33.8 25.61 0.845 0.006 0.631 0.007


2 –NO 2 –NHCOCH 3 392 230.2–233.1 53.3 7.69 0.809 0.006 0.595 0.007


3 –OCH 3 –H 320 252.9–253.2 39.4 37.63 0.889 0.005 0.716 0.006


4 –OCH 3 –NO 2 365 236.9–238.2 66.1 53.32 0.833 0.006 0.654 0.007


5 –OCH 2CH3 –NO 2 379 247.9–248.9 71.2 15.54 0.817 0.044 0.651 0.007


6 –OCH 2CH3 –CH 3 348 228.4–230.3 47.1 16.43 0.858 0.006 0.687 0.007


7 –CH 3 –Cl 338 265.6–266.9 85.9 27.21 0.872 0.006 0.697 0.006


8 –CH 3 –NO 2 349 226.3–227.5 90.1 11.09 0.835 0.006 0.653 0.007
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Both compounds have a methoxy group attached at po-
sition 5 of the benzothiazole ring. The remaining com-
pounds displayed low levels of inhibition, suggesting
low affinity for 11b-HSD1 or poor cellular penetration.


In order to gain an insight into the binding mode of title
compounds, 3 and 4 were docked into the ligand-bind-
ing pocket of one subunit of human 11b-HSD1 (PDB
entry 2BEL).20 Docking was performed with the pro-
gram Genetic Optimization for Ligand Docking
(GOLD) 3.2.21 Figure 2 shows the top-ranked binding
mode predicted for 4. Figure 3 depicts the corresponding
amino acid residues at 4.5 Å in a 2D interaction map
generated with the program Molecular Operating Envi-
ronment 2007.09 (MOE).22 In this binding model amino
acid residues Tyr177, Pro178, Val180, and Ile 230 form
the binding pocket for the benzothiazole ring. The bind-
ing pocket of the benzenesulfonamide moiety is formed
by the nicotinamide ring of the cofactor and amino acid
residues Ile121, Thr122, Thr124, Ser170, Tyr183, and

Figure 2. Binding model of 4 into the binding pocket of 11b-HSD1. Cofactor


are displayed as black dashes. Figure created with the program VMD 1.8.6.

Thr222. An oxygen atom of the sulfonamide group
forms a hydrogen bond with the hydroxyl groups of
the catalytic residues Ser170 and Tyr183 (Figs. 2 and 3).


Before the establishment of an in vivo assay, we ob-
tained predictive values concerning biological activities
by comparing the chemical structures of the compounds
designed (1–8), with structures or substructures of more
than 46,000 well-known biologically active drugs in-
cluded in the database of PASS�.14–16,24 The results of
the prediction are presented as estimates of the probabil-
ity P a, or improbability P i, which indicates that the
compounds are active or inactive according PASS� cal-
culations. For P a values >0.7, the corresponding com-
pound is very likely to reveal this activity in
experiments, but in this case, the chance of the com-
pound being a close analogue of a known pharmaceuti-
cal agent is also high. For P a values between 0.5 and
0.7, the compound is likely to reveal this activity in
experiments but the compound may exhibit less similar-

and amino acid residues within 4.5 Å of 4 are labeled. Hydrogen bonds
23







Figure 3. 2D interaction map of 4 docked into the 11b-HSD1 binding pocket (amino acid residues at 4.5 Å of the ligand are shown).
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ity to known pharmaceutical agents. For P a values
<0.5, the compound is unlikely to reveal biological ac-
tivity in experiments, but if the presence of this activity
is confirmed in experiments, the compound may be a
new biologically active chemical entity.25


Results presented in Table 1 describe two biological
activities taken from PASS� software: antiobesity and
antidiabetic effects. P a values estimated for antiobesity
activity were ranging between 0.80 and 0.88. These re-
sults indicated that designed compounds exhibited
chemical structures similar to known antiobesity drugs,
and are likely to reveal this activity. P a-estimated anti-
diabetic activity values were determined to be ranged be-
tween 0.59 and 0.71, which also indicates that chemical
structures of compounds 1–8 exhibited levels of similar-
ity to those of known antidiabetic drugs.


Compounds 1–7 were evaluated for in vivo antidiabetic
activity using a STZ–nicotinamide rat model of diabe-
tes.26 Glibenclamide was taken as positive control.27


The antidiabetic activity of compounds 1–7 was deter-

Table 2. In vivo antidiabetic activity of compounds 1–7 at 100 mg/kg dose


Compound Blood glucose-lowering profile (mg/dL) % of change of glucose over control


1 h 3 h 5 h 7 h 1 h 3 h 5 h 7 h


1 �22.7 ± 4.4** �42.2 ± 5.1* �27.0 ± 8.0* �32.4 ± 7.7* 77.1** 49 19.1 29


2 17.2 ± 6.8* 18.6 ± 5.2 �11.9 ± 7.1 �33.4 ± 4.3* 37.2 11.8 4 30


3 �23.7 ± 2.3** �55.8 ± 6.2* �39.4 ± 8.1* �56.6 ± 4.5* 78.1** 62.9 31.5 53.2


4 �15.3 ± 5.2** �35.7 ± 5.5* �26.0 ± 10.0 �31.2 ± 10.1* 69.7 42.5 18.1 27.8


5 �0.2 ± 11.7** �42.0 ± 8.8* �59.6 ± 7.8* �26.4 ± 6.5* 54.6 48.8 51.7 23


6 �27.2 ± 9.0** �20.7 ± 10.5* �32.9 ± 5.0* �35.0 ± 6.6* 81.6** 39.7 25 31.6


7 20.4 ± 5.0* �29.3 ± 7.5* �20.1 ± 11.2 �24.8 ± 9.6 34 36.1 12.2 21.4


Glibenclamide �23.6 ± 9.2** �24.8 ± 5.6* �59.4 ± 10.1* �58.8 ± 11.1* 78 32.6 51.5 55.4


ISS (Control) 54.4 ± 9.3 6.8 ± 5.5 �7.9 ± 5.2 �3.4 ± 7.9 0 0 0 0


Values represent means ± SEM. (n = 5). *p < 0.05; **p < 0.01 as compared to untreated group.


The negative value (�) indicates a decrease in glycemia compared with time 0.


ISS, isotonic saline solution.







Table 3. Rule of five properties calculated for 1– 8


Compound MW mi logP H bond donors H bond acceptors TPSA (Å2) Volume (Å3) Violations


Rule <500 <5 <5 <10 <140 <1


1 365 3.62 ± 0.94 1 8 114.11 278.71 0


2 392 2.67 ± 0.94 2 9 133.983 301.11 0


3 320 3.29 ± 0.92 1 5 68.295 255.37 0


4 365 3.49 ± 0.93 1 8 114.119 278.71 0


5 379 4.02 ± 0.93 1 8 114.119 295.51 0


6 348 4.28 ± 0.92 1 5 68.295 288.74 0


7 338 4.69. ± 0.66 1 4 59.061 259.93 0


8 349 4.03. ± 0.63 1 7 104.885 269.72 0
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mined at 100 mg/kg dose. Among the seven screened
compounds, six of them (1, 3–7) demonstrated good glu-
cose-lowering activity ranging from 40 to 60 mg/dL in
this model of NIDDM (Table 2).28


The most pronounced effect was observed during the
first hour of post-intragastric administration of tested
compounds. The percentage of variation of glucose in-
creased from 34% to 81%, compared with untreated
animals.


The antidiabetic activity of the screened compounds re-
vealed that unsubstituted position 4 of the benzenesul-
fonamide (compound 3) reduced elevated blood sugar
levels in the range of 32–78%. The effect was consistent
during the seven hours of experiment (Fig. 4). Com-
pound 3, the most active derivative, showed sugar-low-
ering activity profile comparable to standard drug
glibenclamide (78% of change of glucose over control).
Compound 6, with a methyl group attached to the posi-
tion 4 of benzenesulfonamide, also showed a good su-
gar-lowering profile (25–81%). Substitution at para
position with nitro group (compound 4) showed moder-
ate changes of glucose levels compared with control,
ranging from 18% to 69%, while compound 2, with p-
acetamide group resulted in either reduction or a com-
plete loss of antihyperglycemic activity. Noteworthy, 2
showed the lowest percentage of inhibition of 11b-
HSD1 (Table 1).


Interestingly, a good agreement was found between pre-
dicted probabilities (P a) of antiobesity and antidiabetic
effect, and experimental in vivo antidiabetic activities.
The predicted probabilities showed the following rank
order: 3 > 7 > 6 > 4 > 8 > 5 > 1 > 2 (Table 1). Com-
pound 3, with the highest value of P a, was the most ac-
tive in the in vivo antidiabetic effect, while compound 2,
with the lowest value of P a was practically inactive in
the in vivo model.


The benzothiazoles prepared in this work have physical
properties compatible with reasonable pharmacokinetics
and drug availability. It is important to note that com-
pounds 3 and 6 (the in vivo most active compounds)
possess the same total polar surface area
(TPSA = 68.295 Å2), while inactive compound 2, has a
TPSA value of 133.983 Å2. These compounds are fully
compatible with Lipinski’s rule of five,29 which should
allow for the development of additional antidiabetic

analogues (Table 3). Their advantages include: (i) phys-
ical properties known to be compatible with desirable
pharmacokinetic (low molecular weight, favorable
C logP, favorable hydrogen bond-donating and accept-
ing capabilities), (ii) simple synthetic access and thus
low production costs, and (iii) polar groups improving
the likelihood of reasonable solubility.


In conclusion, a series of N-(6-substituted-1,3-ben-
zothiazol-2-yl)benzenesulfonamides were synthesized
through a short synthetic route. Compounds 3 and 4
showed moderate inhibitory activity of 11b-HSD1 in
an in vitro cell-based assay. Docking calculations sug-
gest that these compounds may form hydrogen-bonding
interactions with the catalytic residues of 11b-HSD1.
We also demonstrated that most of the title compounds
showed good in vivo antidiabetic activity in a model of
NIDDM and have the potential to be developed further.
The study has also shown an increased probability of
compounds to be biologically active if they are selected
on the basis of PASS prediction. The high bioactivity of
compounds 3, 4, and 6 makes them a suitable lead to de-
velop new chemical entities for potential use in the treat-
ment of NIDDM.
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Abstract—The complex formed from crystallization of human farnesyl pyrophosphate synthase (hFPPS) from a solution of racemic
[6,7-dihydro-5H-cyclopenta[c]pyridin-7-yl(hydroxy)methylene]bis(phosphonic acid) (NE-10501, 8), a chiral analog of the anti-oste-
oporotic drug risedronate, contained the R enantiomer in the enzyme active site. This enantiospecificity was assessed by computer
modeling of inhibitor–active site interactions using Autodock 3, which was also evaluated for predictive ability in calculations of the
known configurations of risedronate, zoledronate, and minodronate complexed in the active site of hFPPS. In comparison with
these structures, the 8 complex exhibited certain differences, including the presence of only one Mg2+, which could contribute to
its 100-fold higher IC50. An improved synthesis of 8 is described, which decreases the number of steps from 12 to 8 and increases
the overall yield by 17-fold.
� 2008 Elsevier Ltd. All rights reserved.

Bisphosphonate drugs have long been used for the treat-
ment of bone disorders such as Paget’s disease, cancer-
related hypercalcemia, and postmenopausal osteoporo-
sis,1 but the molecular mechanisms underlying their effi-
cacy are only recently beginning to be understood.2,3


The first compounds in this class of drugs were intro-
duced as stable analogs of pyrophosphate, an endoge-
nous bone-mediating agent. Bisphosphonates (BPs)
incorporate a hydrolytically inert P–C–P backbone that
mimics the pyrophosphate P–O–P backbone, providing
the bone mineral affinity of the natural compound, while
making possible substitution at the central carbon, en-
abling creation of more effective drugs.


Both phosphonate groups are required for maximal
affinity to bone, which is increased by the presence of

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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an a-hydroxyl group.4,5 The presence of a nitrogen (N-
BPs) atom in a second a-substituent can confer greatly
enhanced anti-osteoporotic potency, which has been
associated with the inhibition of human farnesyl pyro-
phosphate synthase (hFPPS, EC 2.5.1.10). hFPPS cata-
lyzes the condensation of the isoprenoid dimethylallyl
pyrophosphate (DMAPP) with isopentenyl pyrophos-
phate (IPP).6,7 This forms geranyl diphosphate (GPP),
which then condenses with a second IPP to yield far-
nesyl pyrophosphate (FPP). Inhibition of hFPPS blocks
prenylation of several G proteins, impairing their reloca-
tion to the cellular membrane and ultimately leading to
apoptosis of the osteoclast.2


Recent X-ray crystallographic structures of several
clinically used nitrogen-containing bisphosphonates
including risedronate [(1-hydroxy-2-pyridin-3-ylethane-
1,1-diyl)bis(phosphonic acid)] in complex with bacte-
rial and human FPPS8–10 suggest that the side-chain
nitrogen of the inhibitor is positioned in the complex
to form a hydrogen bond with one or more active site
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residues. None of the drugs used in these studies are
chiral.


To further clarify the contribution of the drug side-chain
nitrogen interactions to FPPS inhibitor binding, we
decided to examine by active site modeling and X-ray
crystallography the relative binding of the enantiomeric
forms of a chiral risedronate analog in which the rota-
tion of the pyridine ring about the bond joining it to
the linking methylene carbon is prevented by its incor-
poration into a rigid ring, (R,S)-[6,7-dihydro-5H-cyclo-
penta[c]pyridin-7-yl(hydroxy) methylene]bis(phosphonic
acid) (NE-10501, 8)11 (Fig. 1). The racemate of this com-
pound has an IC50 of 629.5 nM, thus even if one enan-
tiomer were wholly responsible for the inhibition, its
IC50 would exceed that of risedronate (IC50 = 5.7 nM)7


by almost two orders of magnitude. Earlier work dem-
onstrates the importance of conformational templates
in examining the activity of bisphosphonates.12


To facilitate these and future investigations, a signifi-
cantly improved synthesis of 8 was devised, which is re-
ported here together with the results of our structural
studies of the 8-hFPPS complex.


Modeling studies: We first undertook modeling of three
known hFPPS complexes of clinical bisphosphonates
(minodronate, risedronate, and zoledronate) with Auto-
Dock 3 to provide an indication of the predictive power
of the program with these systems. AutoDock 3 has been
used to model risedronate complexes with avian, bacte-
rial, and recombinant human FPPS13 and has shown14,15


potential as a tool for the discovery of new FPPS-targeted
BPs. For all three drugs, the computer model generated a
consensus ensemble of bound conformers that coincided
reasonably well with the experimentally determined struc-
tures (Fig. 2).16 In these studies, IPP was not included in
the model because, while IPP is required for the overall
function of the enzyme in vivo, its presence is not required
for the binding between N-BPs and hFPPS. The IPP bind-
ing site is fully formed only after the allylic substrate or N-
BP is bound and hFPPS is triggered into a partially closed
conformation.10


In all such docking analyses performed to date, the com-
pared inhibitors have been different compounds, with
one very recent exception where diastereomeric forms
of an inhibitor were examined.15 We therefore modeled
the individual enantiomers of 8 into the active site of
hFPPS (PDB ID# 1YV5) to determine whether the
model would predict a significant preference for binding
one over the other. For 100 docking trials with each
enantiomer, the average docked energy for the S enan-
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Figure 1. Structures of the enantiomers of 8.

tiomer was �30.86 kcal/mol over a cluster of 73 confor-
mations, whereas the R enantiomer had a value of
�31.33 kcal/mol in a cluster of 80 trials. As seen in Fig-
ure 3a, (S)-8 docking predicts poor conformational
homology with risedronate in the active site. Figure 3b
shows that (R)-8 demonstrates homology with a critical
risedronate-binding component, the pyridinyl nitrogen.
Although these absolute energies computed by Auto-
dock 3 are considered unreliable, the relative energy dif-
ference, �0.5 kcal/mol predicting favored binding of the
R isomer, combined with qualitative visualization of the
bound enantiomers through docking, merited experi-
mental evaluation. Accordingly, we sought to crystallize
the enzyme complex resulting from the incubation of the
enzyme with racemic 8 and to determine its structure by
X-ray crystallography (Fig. 4).


Synthetic studies: The synthesis of 8, which involved the
first entry into the pyrindinyl carboxylate 7 via photo-
chemical ring contraction of 7-hydroxyisoquinoline-8-
diazonium chloride 4 (Scheme 1), was previously accom-
plished in 12 steps with an overall yield of 0.2%.11 Our
impatience to proceed to our crystallographic studies
impelled us to seek improvements to the efficiency of this
route, focusing on intermediate 1, isoquinolin-7-ol. In
the original procedure, 1 was prepared by condensing
3-methoxybenzaldehyde with aminoacetaldehyde
diethyl acetal in refluxing benzene, hydrogenation of
the imine product to the amine with PtO2 catalyst, tosy-
lation, cyclodehydration by HCl in dioxane, and
demethylation with BBr3 at �78 �C. We found that
these tedious multiple transformations can be replaced
by an elegantly simple one-pot procedure using commer-
cially available starting materials, in which 3-(benzyl-
oxy)benzaldehyde is refluxed with aminoacetaldehyde
dimethyl acetal until the water formed has been com-
pletely removed using a Dean–Stark trap, whereupon
the condensation product is reacted in situ with trifluo-
roacetic acid–BF3–Et2O, giving 1 directly after weakly
alkaline aqueous work-up, in 54% yield.17


Conversion of 1 to the 8-nitro derivative 2 with NO2BF4


in sulfolane followed the prior procedure, with the inclu-
sion of a recrystallization step to improve purity.18 After
reduction with 10% Pd/C and acidification, the 8-amino
hydrochloride salt 3 was obtained.19


Conversion of 3 to the diazonium chloride 4 in prepara-
tion for the subsequent photochemical ring contraction
to the pyrindinyl intermediate 5 was effected with t-butyl
nitrite as previously described,11 but EtOH–HCl was re-
placed by MeOH–HCl (generated by the reaction of the
dry solvent with acetyl chloride) to unify the reaction
solvent, resulting in an enhanced yield.20


Irradiation of 4 in a high-intensity UV reactor (Rayon-
et) appeared to depress the yield of 5, and we reverted to
the recommended 275 W sun lamp, an original example
of which was obtained from an online reseller.21 The
overall yield for the next two steps, reduction of 5 to 6
and saponification to 7 (isolated as the HCl salt), was in-
creased about threefold by adjustments to the original
procedures.22,23







Figure 3. (a) S-8 docking predicts poor conformational homology with risedronate in the active site of hFPPS (1YV5). (b) R-8 docking gives overlap


of bound risedronate’s key binding element, the pyridyl nitrogen, with 80% of the calculated conformations.


Figure 2. Docking of minodronate, risedronate, and zoledronate into the active site of hFPPS, based on their respective enzyme complex crystal


structures (3B7L, 1YV5, and 2F8C). All compounds were docked as the nitrogen-protonated forms. Spheres are magnesium ions.


Figure 4. The crystal structure of NE-10501 in complex with hFPPS


(PDB ID: 2RAH). R enantiomer was preferentially bound. Large


spheres, Mg2+; small spheres, H2O.
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The last step of the original synthesis relied upon the
standard but sometimes refractory PCl3/H3PO3 phos-
phorylation of a carboxylic acid, in this instance 7-car-
boxy-6,7-dihydro-5[H]-cyclopenta[c]pyridinium chlo-
ride, 7 to create the final bisphosphonate product, 8.
Although the previous report11 demonstrated a reason-

able synthetic pathway at this point, yields of only
�11% were achieved consistently. We first attempted
to substitute the method of Lecouvey et al.,24 in which
2 equiv of tris(trimethylsilyl)phosphite is reacted with a
carboxylic acid or anhydride. We were unable to obtain
pure 6,7-dihydro-5H-2-pyrinidine-7-acid hydrochloride,
and therefore attempted to generate the TFA anhydride
of 7. This proved accessible in situ, but reaction with
tris(trimethylsilyl) phosphite was unsuccessful. We then
returned to the original reaction and using slightly dif-
ferent conditions,25 succeeded in doubling the yield of
the bisphosphonic acid to 23%. Substitution of toluene
for the reaction solvent provided a further gain, and
we finally were able to obtain pure 8 from 7 in 38%
yield.26 For the total synthesis, the overall yield is 17-
fold higher than the previous method, and begins from
an inexpensive, commercially available starting material.


Crystallography: Compound 8 thus prepared, was co-
crystallized with hFPPS. X-ray crystallography revealed
that only the R-isomer (PDB ID: 2RAH) was detectable
in the active site of hFPPS. However, although the over-
all configuration of the active site complex resembles
that of other inhibitor-bound FPPS structures reported
to date,27 the complex differed in that surprisingly, only
a single Mg2+ was present. Changes in the side-chain
locations of Asp 103 and Gln 171 are also apparent.







Scheme 1. Reagents and conditions: (a) i—aminoacetaldehyde dimethylacetal, toluene, 110 �C, 6 h; ii—TFA anhydride, BF3ÆEt2O, <10 �C, 4 days;


iii—Ether, NH4OH to pH 9; (b) i—sulfolane, nitronium tetrafluoroborate, rt, 6 h; ii—EtOH/Et2O (1:1); (c) i—10% Pd/C, H2, ethanol; ii—Ether,


HCl; (d) MeOHÆHCl, t-BuONO 0 �C! rt, 4 h; (e) NaHCO3, MeOH, hv, 0 �C, 3 h; (f) 10% Pd/C, MeOH, rt, 5 h; (g) i—NaOH, 58 �C, 4 h; ii—EtOH,


HCl; (h) i—H3PO3, PCl3, toluene, 110 �C, 4 h; ii—HCl, 100 �C, overnight.
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Redocking of 8 into the experimentally determined ac-
tive site complex still gave docking scores favoring the
binding of the R over S enantiomer, although with a
smaller bias (data not shown), provided that a water
molecule was inserted into the position normally occu-
pied by the Mg2+, which interacts with Asp 103 and a
bisphosphonate P–O oxygen (This water is present in
the experimental structure but requires manual inclusion
in the docking program). The presence of the rigid 8
pyridinyl ring appears to block the incorporation of this
Mg2+ into the complex, decreasing its stability.


In summary, AutoDock 3 modeling studies were consis-
tent with the favored conformations of risedronate,
zoledronate, and minodronate in the hFPPS active site
obtained by X-ray crystallography and indicated that
the enzyme should preferentially bind the R enantiomer
from a solution of racemic [6,7-dihydro-5H-cyclo-
penta[c]pyridin-7-yl(hydroxy)methylene] bis(phosphonic
acid) 8, for which a more efficient synthesis (8 vs 12
steps, 17· higher yield) was devised. X-ray crystallogra-
phy confirmed the enantiomeric selectivity, but an unu-
sual active site complex structure was revealed,
incorporating a single Mg2+. The results suggest a new
structural basis to interpret the lower affinity of hFPPS
for 8 relative to the three clinical drugs.
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Abstract—Human African trypanosomiasis (HAT) is caused by the protozoan parasite Trypanosoma brucei. The cysteine proteases
of T. brucei have been shown to be crucial for parasite replication and represent an attractive point for therapeutic intervention.
Herein we describe the synthesis of a series of thiosemicarbazones and their activity against the trypanosomal cathepsins TbcatB
and rhodesain, as well as human cathepsins L and B. The activity of these compounds was determined against cultured
T. brucei , and specificity was assessed with a panel of four mammalian cell lines.
� 2008 Elsevier Ltd. All rights reserved.

The protozoan parasite Trypanosoma brucei causes Hu-
man African trypanosomiasis (HAT), a major health
concern in sub-Saharan Africa with an estimated
50,000 cases and 60 million at risk of infection.1 The tox-
icity and impractical dosing regimens of the currently
available drugs require the development of new thera-
pies. The urgency of the situation is further underscored
by emerging clinical resistance to Melarsoprol, the
front-line therapy for late stage parasitemia.2–4


One potential strategy for discovering new chemothera-
pies is to target T. brucei ’s cysteine proteases. Irrevers-
ible peptidyl cysteine protease inhibitors are potent
trypanocides5,6 and can arrest T. brucei infections in a
mouse model.7 The parasite’s major papain-like prote-
ase,8 known interchangeably as brucipain, trypanopain,
and rhodesain, was presumed until recently to be the
target of these inhibitors. However, recent studies indi-
cate that a second cysteine protease, TbcatB, may also
be a target for these inhibitors.9,10


The biological functions of TbcatB and rhodesain are
poorly understood. It has been suggested that they
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may be involved in nutrient aquisition, degradation of
host proteins, evasion of the host immune response, or
crossing of the blood brain barrier.8,11 Because T. brucei
expresses only two proteases of the papain-like protease
family, the biology of these two enzymes should be ame-
nable to study by specific small molecule inhibitors.


Our prior work has shown that thiosemicarbazones
have potent activity against rhodesain.12,13 However,
the relationships between these compounds’ in vitro
activity against rhodesain and TbcatB and their in vivo
activity in cultured T. brucei have not been assessed.
Here we report the synthesis of a third generation thio-
semicarbazone series and its activity against cultured
T. brucei proliferation and the parasite’s two cathepsins.
In addition, activity against human cathepsins B and L
was determined, and cytotoxicity evaluated in a panel of
four mammalian cell lines to determine a cellular thera-
peutic index.


Thiosemicarbazones were synthesized by the general
route (Fig. 1) previously described.13 Briefly, acid chlo-
ride 1 was reacted with the appropriate boronic acid
to yield the ketone intermediate 2. The crude reaction
mixture was filtered and concentrated in vacuo, and
the resulting solid was partially purified by silica chro-
matography. Acid catalyzed reaction with thiosemicar-
bazide afforded the target thiosemicarbazones 3a–m.
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Figure 1. Reagents and conditions: (i) PdCl2(PPh3)2, K3PO4, toluene, 70 �C, 2–5 h; (ii) thiosemicarbazide, HOAc, H2O/EtOH, 80 �C, 72–96 h.
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Purification was achieved by silica chromatography, and
the overall yield was 15–40%. Purity of target com-
pounds was confirmed by LCMS using both C4 and
C18 columns.


Each inhibitor was tested for activity against the trypan-
osomal cathepsins TbcatB and rhodesain as well as
against T. brucei proliferation. In order to assess poten-
tial therapeutic utility, activity against human cathepsins
B and L was determined, and general human cytotoxic-
ity was evaluated in cultures of Raji (a lymphoblastoid
cell line derived from a Burkitt’s lymphoma), HEK
293 (a human embryonic kidney cell line), BJ (a human
fibroblast line), and HEP G2 (a human liver cell line de-
rived from a hepatoblastoma). Membrane permeability
was assessed in a parallel artificial membrane permeabil-
ity assay (PAMPA).


Previous research demonstrated that aryl substituents
are tolerated at the R and R1 positions by rhodesain.13


We further explored this observation and found that a
variety of aryl moieties were well tolerated at these posi-
tions (Table 1). Nearly all compounds displayed submi-
cromolar potency against rhodesain. Although several
compounds displayed submicromolar potency against
TbcatB, the protease was less sensitive to inhibition by
this compound series. Unlike rhodesain, TbcatB did
not tolerate phenylethyl substituted compounds.


We hypothesized that thiosemicarbazones might act
through TbcatB, or through both rhodesain and
TbcatB, to kill the parasite. Regression analysis con-
ducted on the compound series detected only a weak po-
sitive association between rhodesain inhibition and
trypanocidal activity (R2 = 0.3). For TbcatB, no statisti-
cally significant relationship between inhibition and try-
panocidal activity was observed. Membrane
permeability of the compound series was tested by
PAMPA, and it was found that the inhibitors generally
exhibited similar permeabilities (Supporting Informa-
tion). This suggests that differences in intracellular accu-
mulation are unlikely to explain the lack of correlation
between protease inhibition and trypanocidal activity.


It is clear that activity against the parasite cannot be ex-
plained by either rhodesain or TbcatB inhibition alone,
or simply by their acting in synergy. Although it is diffi-
cult to interpret the mechanism of action of these inhib-
itors, it is interesting to note that all reasonably active
compounds against TbcatB were also active against
T. brucei (3a–c). In contrast, at least one compound
highly active against rhodesain and inactive against
TbcatB was completely inactive against the parasite
(3h). The lack of correlation observed between trypano-
cidal activity and activity against either protease target

suggests that at least some of the compounds in this ser-
ies exert their effects at unknown targets. This is not
unexpected, as the thiosemicarbazone scaffold has re-
ported activity against a wide range of cell types and
molecular targets.12,14–18


Significant specificity for the parasitic proteases was not
achieved in this compound series relative to the human
cathepsins. However, a high degree of specificity was ob-
served for the two cathepsin L-like enzymes (cathepsin L
and rhodesain) relative to the two cathepsin B-like en-
zymes (cathepsin B and TbcatB). These results are sim-
ilar to previous TbcatB studies with purine nitrile
inhibitors, in which TbcatB was generally less sensitive
to inhibition than cathepsin L.10 A number of inhibitors
displayed absolute specificity for rhodesain over TbcatB.
These compounds are potent inhibitors of rhodesain and
show little or no toxicity against the parasite. They are
also membrane permeable, making these compounds
attractive tools for studying rhodesain function in
T. brucei.


General cytotoxicity of each inhibitor was evaluated by
EC50 determination in cultures of BJ, Raji, HEK 293,
and HEP G2. Of the four cell lines, Raji was the most
sensitive. A cellular therapeutic index for each cell line
was determined and defined as: (EC50 Raji)/(EC50


T. brucei ). Compounds in this series generally killed
the parasites with significant selectivity relative to mam-
malian cells, with several exhibiting index values up-
wards of 20-fold in various cell lines (Supporting
Information). These data indicate that the trypanocidal
effects of these inhibitors are not due to general cytotox-
icity, and it is notable that 3f displayed an index value of
over 20-fold in all four cell lines.


We have reported the synthesis and evaluation of a
series of thiosemicarbazones against two human and
two trypanosomal cathepsins. Each compound was as-
sayed for activity against T. brucei and for cytotoxic-
ity in a panel of four mammalian cell lines. This
inhibitor series was determined to have low overall
cytotoxicity, with several compounds killing the para-
site selectively relative to the mammalian cell lines
tested. All inhibitors from this series exhibited potent
activity against rhodesain, and a subset of these com-
pounds was active against TbcatB. Several compounds
were potent trypanocides. However, no strong correla-
tion was observed between trypanocidal activity and
potency against either protease. Although the mecha-
nism of action of these compounds remains unclear,
the low cytotoxicity and good membrane permeability
of this series suggests that thiosemicarbazones warrant
further examination as leads for the therapy of Hu-
man African trypanosomiasis.







Table 1. Activity of thiosemicarbazones


Compound R R1 IC50 versus


rhodesain


(lM)


IC50 versus


TbcatB (lM)


EC50 versus


T. brucei


(lM)


IC50 versus cat


L. (lM)


IC50 versus cat


B (lM)


Cellular


therapeutic


index


3a 3,5-(CF3)2Ph-2-thiophene 0.007 ±0.001 0.15 ±0.01 7 ±1 0.0101 ±0.0009 0.30 ±0.05 >4


3b 4-Me Ph– 3-CF3 Ph– 0.008 ±0.001 0.21 ±0.03 1.5 ±0.2 0.0094 ±0.0006 0.21 ±0.01 >17


3c 3,5-Cl2 Ph– 2-Thiophene 0.011 ±0.001 0.45 ±0.06 7 ±2 0.0036 ±0.0003 0.30 ±0.02 >4


3d 3,5-Cl2 Ph– 4-Me Ph– 0.046 ±0.003 6 ±1 1.1 ±0.2 0.0110 ±0.0007 1.8 0.2 >9


3e Ph–CH@CH– 3-CF3 Ph– 0.029 ±0.004 7 ±1 2.5 ±0.3 0.081 ±0.004 1.7 ±0.1 >10


3f 3,5-(CF3)2 Ph– 4-MePh– 0.044 ±0.008 15 ±4 1.3 ±0.8 0.0074 ±0.0006 3.3 ±0.9 >19


3g 3,5-(CF3)2 Ph– Ph–(CH2)2– 0.053 ±0.006 >25 2 ±1 0.017 ±0.001 3.0 ±0.4 >10


3h 4–Me Ph– 3-F Ph– 0.089 ±0.009 >25 >10 0.044 ±0.003 4.5 ±0.5 na


3i 3,5-Cl2 Ph– Ph–(CH2)2– 0.057 ±0.008 >25 1.3 ±0.1 0.039 ±0.004 4.9 ±0.6 >19


3j 4–Me Ph– Ph– 0.50 ±0.06 >25 >10 1.02 ±0.08 13 ±1 na


3k Ph–(CH2)2– Ph– 1.5 ±0.2 >25 >10 0.91 ±0.06 >25 na


3l Ph–(CH2)2– 3-Cl Ph– 0.042 ±0.006 >25 3.7 ±0.7 0.021 ±0.001 6 ±1 >6.7


3m Ph–(CH2)2– 3-F Ph– 0.39 ±0.03 >25 6 ±1 0.118 ±0.007 22 ±4 >4
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Abstract—Further optimization of the potent antifungal activity of side chain analogs of the natural product FR901379 led to the
discovery of compound 8 with an excellent, well-balanced profile. Potent compounds with reduced hemolytic potential were
designed based upon a disruption of the linearity of the terphenyl lipophilic side chain. The optimized compound (8, FK463, mica-
fungin) displayed the best balance and was selected as the clinical candidate.
� 2008 Elsevier Ltd. All rights reserved.

In earlier publications from these laboratories, we have
described our research on the chemical modification of
natural products with potent antifungal activity.1–3 Seri-
ous fungal infections in immunocompromised individu-
als are contributing to an increase in the incidence of
deep-seated, disseminated mycoses, and new agents are
needed.4,5 Our efforts have been directed at the discov-
ery of novel antifungal agents that are safer and more
efficacious than known drugs.


In previous reports,2,3 we have described the chemical
modification of the side chain of the echinocandin-type
1,3-b-glucan synthase inhibitor FR901379, the only nat-
ural echinocandin with high intrinsic water solubility.6,7


These efforts led to the discovery of a number of analogs
with potent antifungal activity, and in particular, we
established a relationship between the calculated logP
(C logP) of the side chain moiety (calculated as the
methylamine amide) and antifungal activity, as well as
data which suggested that the key to reducing the strong
hemolytic activity associated with the natural product
and a number of the earlier derivatives was to introduce

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


doi:10.1016/j.bmcl.2008.03.093
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less-linear, but rigid structures into the side chain
moiety.


In the work described herein, we have further optimized
the antifungal activity and reduced the hemolytic activ-
ity of the derivatives by the introduction of a series of
five- and six-membered heterocyclic moieties in place
of the central phenyl ring of the terphenyl analog 3,
which was the most potent analog reported in the previ-
ous paper.3 The basic design concept employed is out-
lined in Figure 1. We speculated that the reason for
the reduced hemolysis of the compounds reported in
the previous paper3 was due to the lipophilic side chain
having a less-linear, but a rigid structure, leading to re-
duced interaction with the membrane structure of red
blood cells. It is known that the membrane of mamma-
lian cells and fungal cells contains different amounts of
unsaturated phospholipids,8 thus suggesting that less-
linear side chains may only interact weakly with the
mammalian cell membrane, leading to reduced potential
for hemolysis of red blood cells. Accordingly, we de-
signed a series of analogs containing saturated central
rings and heteroatoms, as well as five-membered ring
heteroaromatic derivatives.


The compounds prepared in this work were synthesized
as shown in Scheme 1, and as indicated in the earlier
publications. Deacylated hexapeptide nucleus (1) was
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Figure 1. Side chain design for potent antifungal activity and weak hemolytic activity.
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Scheme 1. Synthesis of FR131535 and novel tri-cyclic analogs.
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prepared by enzymatic deacylation of FR901379.9 Re-
acylation of compound 1 with the respective HOBT acti-
vated esters, prepared conveniently from the corre-
sponding carboxylic acids, led to the crude final
products as DMAP salts after trituration of the reaction
mixture with ethyl acetate. Conversion to the sodium
salts and ODS column chromatography eluting with
acetonitrile-water mixtures and lyophilization afforded
the final products as amorphous powders.


The synthesis of the novel six-membered heterocyclic
ring-containing side-chain carboxylic acids is as outlined
in Scheme 2. Acids 17 and 19 were obtained by hydroly-
sis of the corresponding ethyl or methyl ester with so-
dium hydroxide in THF–EtOH or THF–MeOH. The
esters were obtained by coupling of the respective piper-
azine derivatives with ethyl 4-fluorobenzoate or methyl
4-chloronicotinate. The piperazines were prepared by
alkylation and amide hydrolysis of 1-acetyl-4-(4-

hydroxyphenyl)piperazine under standard conditions.
Acid 25 was prepared by the reaction of the Grignard re-
agent prepared from 4-bromo-n-hexyloxybenzene with
tert-butyl 4-oxo-1-piperidinecarboxylate, elimination of
water and deprotection of the t-boc group with TFA,
followed by coupling of the resulting piperidine deriva-
tive with ethyl 4-fluorobenzoate and alkaline hydrolysis.


Biological evaluation of the derivatives containing the
novel six-membered heterocyclic ring was performed,
and the results are summarized in Table 1. As shown
in Table 1, the replacement of the central phenyl ring
in the terphenyl side chain of compound 3 by saturated
six-membered heterocyclic ring led to compounds with
significantly reduced hemolysis, as indicated by the per-
centage of hemolysis at a drug concentration of 1 mg/ml.
The introduction of nitrogen atoms to the central ring,
as well as the disruption of linearity by including satu-
rated, rather than aromatic rings, meant that the







Table 1. Antifungal and hemolytic activities of compounds containing six-membered heterocyclic ring


Compound R ClogP MICa (lg/ml) Hemolysis (%, 1 mg/ml)


C. albicans


FP633


A. fumigatus


FP1305


RPMIb Serumc RPMIb,d Serumc


3 O(CH2)3CH3 6.14 0.025 1.56 0.002 1.56 79


4 N N O(CH2)5CH3 5.17 0.1 3.13 0.002 1.56 <20


5
N


N N O(CH2)6CH3 5.30 0.2 3.13 0.005 6.25 <20


6 N O(CH2)5CH3 5.87 0.05 1.56 0.003 1.56 33


a Minimum inhibitory concentration.
b In RPMI media.
c In mouse serum.
d IC50 values, 50% inhibitory concentration of hyphal growth.
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Scheme 2. Reagents and condition: (a) alkyl bromide, K2CO3, DMF; (b) concd HCl; (c) ethyl 4-fluorobenzoate or methyl nicotinate, K2CO3,


DMSO; (d) 1 N NaOH, corresponding alcohol, THF; (e) Mg, ether, then 1-t-boc-4-piperidone; (f) TFA, CH2Cl2; (g) H2, Pd/C, THF.
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ClogP10 was lower, hence the ClogP was adjusted be-
tween 5 and 6 by extending the length of the alkyl chain
at the terminus of the side chain. Compounds 4–6 dis-
played comparable in vitro antifungal activity against
Candida albicans and Aspergillus fumigatus to the ter-
phenyl analog 3. In particular, compound 4 displayed
equivalent, potent activity to 3, but very low hemolytic
potential, and was selected for further evaluation.
Encouraged by the results outlined in Table 1, we next
turned our attention to five-membered heterocyclic
rings, as their intrinsic nature means that the structures
are somewhat bent away from linearity.


The novel, five-membered ring-containing side-chain
carboxylic acids were prepared as shown in Scheme 3.

Acid 29 was prepared from the a-bromoketone derived
from ethyl 4-acetylbenzoate by reaction with pyridinium
tribromide in HBr–acetic acid, followed by thiazole ring
formation with the corresponding thioamide, and basic
hydrolysis. The isoxazole acid 33 was prepared from
4-n-pentyloxyacetophenone by coupling with methyl
4-formylbenzoate using titanium tetrachloride and
triethylamine, followed by the reaction of the resulting
enone with hydroxylamine and oxidation with MnO2


and hydrolysis of the ester group. Thiadiazole acid 37
was prepared by hydrolysis of the ester derived by cycli-
zation of a diacyl hydrazide in the presence of P2S5 in
THF. The side chain acid for compound 8 was prepared
as outlined in our preliminary report, involving a 1,3-
dipolar cycloaddition reaction between an acetylene
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Scheme 3. Reagents: (a) pyridium tribromide, HBr–AcOH; (b) 4-pentyloxybenzthioamide, THF; (c) NaOH aq, corresponding alcohol, THF; (d)


methyl 4-formylbenzoate, TiCl4, Et3N, CH2Cl2; (e) hydroxyamine hydrochloride, EtOH then MnO2, dichloroethane; (f) 4-methoxycarbonylbenzoyl


chloride, pyridine, THF; (g) P2S5, THF.


Table 2. Antifungal and hemolytic activities of compounds containing aromatic five-membered ring


Compound R ClogP MICa (lg/ml) Hemolysis (%, 1 mg/ml)


C. albicans FP633 A. fumigatus


FP1305


RPMIb Serumc RPMIb,d Serumc


3 O(CH2)3CH3 6.14 0.025 1.56 0.002 1.56 79


7 O(CH2)4CH3
S


N
5.68 0.1 6.25 NT 3.13 <20


8 O(CH2)4CH3
N O


5.32 0.05 1.56 0.002 1.56 <20


9 O(CH2)4CH3
O N


5.32 0.05 1.56 0.001 0.78 38


10 O(CH2)5CH3
N N


S
5.74 0.05 0.78 0.002 0.78 42


a Minimum inhibitory concentration.
b In RPMI media.
c In mouse serum.
d IC50 values, 50% inhibitory concentration of hyphal growth.


Table 3. MIC in mouse serum, in vivo antifungal effect and PK profiles of selected compounds


Compound C. albicans FP633 A. fumigatus FP1305 PK (mice, 5 mg/kg, iv)


Serum MICa (lg/ml) ED50
b (mg/kg) Serum MICa (lg/ml) ED50


b (mg/kg) C30min (lg/ml) t1/2 (h) AUC0�1 (lg ml/ml)


2 25 3.71 12.5 4.31 30.3 2.0 109


3 1.56 0.447 1.56 NTc NTc NTc NTc


4 3.13 0.395 1.56 0.531 18.8 3.5 105


8 1.56 0.325 1.56 0.228 10.1 5.1 78


a Minimum inhibitory concentration in mouse serum.
b Based on survival at 2 weeks after infection.
c Not tested.
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and a nitrile oxide.11 Biological evaluation of the deriv-
atives containing the novel five-membered heterocyclic
ring was performed, and results are summarized in Ta-
ble 2. As indicated in Table 2, thiazole 7, isoxazole 8,
isoxazole isomer 9, and thiadiazole 10 all displayed re-
duced hemolytic potential compared to the terphenyl
compound 3. In particular, compound 8 displayed po-
tent in vitro antifungal activity and low hemolytic po-
tential and was selected for further evaluation.


Table 3 indicates the in vivo antifungal effects of the se-
lected compounds (4, 8) against the principal fungal spe-
cies causing life-threatening infections in humans, C.
albicans and A. fumigatus, along with pharmacokinetic
(PK) data in mice. It can be clearly seen from the data
in this table that a more potent serum MIC (minimum
inhibitory concentration) gives superior in vivo efficacy
for C. albicans infections. As indicated in the earlier pa-
per2 FR131535 displays comparable in vivo efficacy to
fluconazole against C. albicans. Compounds 4 and 8
showed about 10 times superior in vivo efficacy com-
pared to FR131535. Against A. fumigatus systemic
infection, compound 8, in particular showed excellent
efficacy, displaying an ED50 value of 0.228 mg/kg. The
data in Table 3 suggest that the potent efficacy in the
Candida model results from the combination of good
serum MIC and a high AUC in the PK study, whereas
for good efficacy in the Aspergillus model, it is necessary
to have a good balance of MIC, elimination half-life.
Compound 8 was selected for further evaluation as a
clinical candidate.


In summary, further optimization of the acyl side chain
of a series of analogs of the water-soluble 1,3-b-glucan
synthase inhibitor FR901379 led to the discovery of an
analog (8) with potent in vivo activity against both C.
albicans and A. fumigatus. This analog (FK463, mica-
fungin) was selected as a clinical candidate and detailed
in vivo and clinical trial results have been disclosed. The
key to success was the introduction of various heterocy-
cles in place of the central phenyl ring of the terphenyl
analog 3 as such modifications resulted in potent anti-
fungal activity and significantly reduced hemolysis.

Acknowledgment


We thank Dr. David Barrett (Medicinal Chemistry Re-
search Laboratories) for kind help and advice.

Supplementary data


Representative synthetic procedure and spectrum data
for micafungin (8) and determination method for MICs
in mouse serum are available. Supplementary data asso-
ciated with this article can be found, in the online ver-
sion, at doi:10.1016/j.bmcl.2008.03.093.

References and notes


1. Barrett, D. Biochim. Biophys. Acta 2002, 1587, 224.
2. Fujie, A.; Iwamoto, T.; Sato, B.; Muramatsu, H.; Kasa-


hara, C.; Furuta, T.; Hori, Y.; Hino, M.; Hashimoto, S.
Bioorg. Med. Chem. Lett. 2001, 11, 399.


3. Tomishima, M.; Ohki, H.; Yamada, A.; Maki, K.; Ikeda,
F. Bioorg. Med. Chem. Lett. 2008, 18, 1474.


4. Dismukes, W. E. Clin. Infect. Dis. 2006, 42, 1289.
5. (a) Patterson, T. F. Lancet 2005, 366, 1013; (b) De Pauw,


B. E. Surg. Infect. 2006, 7, S93.
6. Iwamoto, T.; Fujie, A.; Sakamoto, K.; Tsurumi, Y.;


Shigematsu, N.; Yamashita, M.; Hashimoto, S.; Okuhara,
M.; Kohsaka, M. J. Antibiot. 1994, 47, 1084.


7. Iwamoto, T.; Fujie, A.; Nitta, K.; Hashimoto, S.; Oku-
hara, M.; Kohsaka, M. J. Antibiot. 1994, 47, 1092.


8. (a) Avery, S. V.; Smith, S. L.; Ghazi, A. M.; Hptroff, M. J.
Appl. Environ. Microbiol. 1999, 65, 1191; (b) Wessels, J.
M.; Veerkamp, J. H. Biochim. Biophys. Acta 1973, 291,
190.


9. (a) Boeck, L. D.; Fukuda, D. S.; Abbott, B. J.; Debono,
M. J. Antibiot. 1989, 42, 382; (b) Debono, M.; Abbott, B.
J.; Fukuda, D. S.; Barnhart, M.; Willard, K. E.; Molloy,
R. M.; Michel, K. H.; Turner, J. R.; Butler, T. F.; Hunt,
A. H. J. Antibiot. 1989, 42, 389.


10. C logP values were calculated using CLOGP program
(Biobyte Corp., Version 4.3).


11. Tomishima, M.; Ohki, H.; Yamada, A.; Takasugi, H.;
Maki, K.; Tawara, S.; Tanaka, H. J. Antibiot. 1999, 52,
674.



http://dx.doi.org/10.1016/j.bmcl.2008.03.093



		Novel echinocandin antifungals. Part 2: Optimization of the side chain of the natural product FR901379. Discovery of micafungin

		Acknowledgment

		Supplementary data

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2891–2895

A refined pharmacophore model for HIV-1 integrase inhibitors:
Optimization of potency in the 1H-benzylindole series


Laura De Luca,a Maria Letizia Barreca,b Stefania Ferro,a Nunzio Iraci,a


Martine Michiels,c Frauke Christ,c Zeger Debyser,c Myriam Witvrouwc


and Alba Chimirria,*
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Abstract—We report herein the development of a new three-dimensional pharmacophore model for HIV-1 integrase inhibitors
which led to the discovery of some 4-[1-(4-fluorobenzyl)-1H-indol-3-yl]-2-hydroxy-4-oxobut-2-enoic acids that are able to specifi-
cally inhibit the strand transfer step of integration at nanomolar concentration. The synthesis of the new designed molecules is also
described.
� 2008 Elsevier Ltd. All rights reserved.

Integrase (IN), one of the three enzymes expressed by
HIV, catalyses the insertion of viral DNA into the gen-
ome of the host cell through a multistep process. In the
‘3 0-processing’ step, IN removes a dinucleotide from
each 3 0-end of viral cDNA, while in the ‘strand transfer’
reaction, the two newly processed 3 0-viral DNA ends are
inserted into the host cell DNA.1 Moreover, it has been
suggested that the integration mechanism involves diva-
lent metal ions (Mg2+ or Mn2+) in the enzyme catalytic
site. The HIV-1 IN crystal structures available to date
show only a single binding site for Mg2+ or Mn2+,
whereas both biochemical and structural studies offer a
plausible two-metal model for the catalytic centre of
IN.2 Integrase strand transfer inhibitors (INSTIs) repre-
sent the major leads in the development of anti-HIV-1
IN drugs.3 These molecules act by sequestering the me-
tal ions bound in the active site of the enzyme.2,4 In par-
ticular, b-diketo acids3 (DKAs) and their derivatives5


were the first INSTIs to display potent antiviral activity
via inhibition of IN activity. We previously generated a
three-dimensional (3D) pharmacophore model for
DKA-like derivatives acting as INSTIs, which enabled
us to rationally design and synthesize new potential
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DKA IN inhibitors characterized by the presence of a
1H-benzylindole skeleton.6 The biological results
showed that all derivatives selectively inhibited the ST
step and highlighted the validity of our molecular mod-
elling approach. Recent clinical trials have shown two
new INSTIs, 1 (GS-9137) and 2 (MK-0518) (Chart 1),
to be highly effective, and both compounds appeared
well tolerated with respect to toxicity compared with
placebo controls.7 More recently, the FDA approved
MK-0518 (raltegravir) as the first drug (Isentress) that
is active against IN enzyme. 8


The aim of this work was to create a new pharmaco-
phore model using structural and biological data of
compounds 1 and 2 in order to explain their putative
binding requirements and to use the information
obtained to optimize our INIs.


Our previous 3D pharmacophore model for IN inhibitor
DKA-like derivatives, developed using the Catalyst
HypoGen module, contained four features: one hydro-
phobic aromatic region (Y 0), two hydrogen-bond accep-
tors (A1 0–A2 0), and one hydrogen-bond donor (D 0).6


The superimposition of the new compounds 1 and 2
on our HypoGen pharmacophore model showed that
these compounds fitted with all the chemical features
of our hypothesis, thus confirming the reliability of the
developed model (Fig. 1).
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Figure 1. INSTIs 1 (A) and 2 (B) mapped into HypoGen pharmaco-


phore model (A 01–A 02, hydrogen-bond acceptor, green; Y 0, hydro-


phobic aromatic, cyan; D 0, hydrogen-bond donor, magenta).
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However, the superimposition of compounds 1 and 2
with respect to other first-generation INSTIs such as 3
(S-1360),9 and 42 (Chart 1) highlighted some additional
structural characteristics which were not explored by
our pharmacophore (Fig. 2) implying an explanation
for their higher activity.


On this basis we used derivatives 1 and 2 as templates to
generate a new 3D pharmacophore model.

Figure 2. HypoGen pharmacophore model aligned to compounds 1


(green), 2 (blue), 3 (yellow) and 4 (magenta) (A 01–A 02, hydrogen-bond


acceptor, green; Y 0, hydrophobic aromatic, cyan; D 0, hydrogen-bond


donor, magenta). Part not explored by pharmacophore is circled.

Ten hypotheses, with a ranking score ranging from
37.6397 to 35.8411, were developed using the algorithm
Catalyst/HipHop.10 The results are presented in Table 1.


The first three ranked pharmacophore hypotheses
(Hypo1–3) had the same ranking score and contained
the same chemical features in a similar spatial arrange-
ment: four hydrogen-bond acceptors (A1–A4), two
hydrophobic aliphatic regions (Z1 and Z2) and one aro-
matic feature (Y) (Fig. 3) highlighting important struc-
tural similarities between compounds 1 and 2. Since
Hypo1–3 had therefore identical statistical relevance
and composition, Hypo1 was selected for further studies
(see Fig. 3).


The superimposition of this automated common-fea-
tures pharmacophore model and our previously devel-
oped hypothesis showed the same three-dimensional
orientation of the four features Y and A1–A3 compared
with features Y 0 and A 01–D 0–A 02 (Fig. S1 in supplemen-
tary data). In particular, both features A1–A3 and A 01–
D 0–A 02 seem able to coordinate the two magnesium ions
required for IN activity. The other three features (A4,

Table 1. Summary of the common feature hypothesis run


Numbera Compositionb Ranking scorec


Hypo1 YZZAAAA 37.6397


Hypo2 YZZAAAA 37.6397


Hypo3 YZZAAAA 37.4411


Hypo4 ZZHAAAA 36.0397


Hypo5 YZHAAAA 36.0397


Hypo6 YZHAAAA 36.0397


Hypo7 YZHAAAA 36.0397


Hypo8 YZHAAAA 36.0397


Hypo9 ZZHAAAA 36.0397


Hypo10 ZZHAAAA 35.8411


a Numbers for the hypothesis are consistent with the numeration


obtained by the hypothesis generation.
b Y, hydrophobic aromatic; Z, hydrophobic aliphatic; A, hydrogen


bond acceptor; H, hydrophobic group.
c The higher the ranking score, the less likely it is that the molecules in


the TS fit the hypothesis by a chance correlation. Best hypotheses


have the highest ranks.







Figure 3. The top scoring HipHop pharmacophore Hypo1 is mapped to IN inhibitors 1 (A), 2 (B) 31 (C) (A1–A4, hydrogen-bond acceptor, green;


Z1–Z2, hydrophobic aliphatic, blue; Y, hydrophobic aromatic, cyan).
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Z1 and Z2) of the new model represent a novelty for
DKA derivatives and could explain the higher anti-IN
activity of compounds 1 and 2 which could be particu-
larly useful for the optimization of already known INS-
TIs. In order to confirm the reliability of this
pharmacophore model, we used some INSTIs reported
by Sato et al., in which some structural modifications
allowed the transformation of quinolone antibiotics into
potent IN inhibitors such as compound 1.11 Indeed, on
matching these compounds in the HipHop model, a
good correlation was observed between activity data
and BestFit values (supplementary data, Table S1).
These observations were interpreted by us as an indica-
tion that substituents able to occupy the new features
could be exploited to modify the intrinsic potency of
our 1H-benzylindole derivatives. This idea was sup-
ported by biological results obtained for some of our
very potent INSTIs.


In fact, compound 31 (Scheme 1), which is characterized
by the presence of a methoxy group on the indole sys-
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Scheme 1.

tem, proved to be more potent (IC50 against
ST = 0.27 lM) than its demethoxy analogue, 29 (IC50


against ST = 2.33 lM).


Interestingly, the overlapping of compound 31 onto our
new hypothesis (Fig. 3C) showed that the methoxy
group in position 5 was able to fit the hydrophobic
sphere Z1 thus explaining its major ST activity with
respect to the demethoxy derivative.


Taking into account these findings, we focused our
efforts on exploring the importance of the two hydro-
phobic areas (Z1 and Z2) by inserting methoxy groups
in different positions of the benzene-fused ring.


Following our modelling studies, the designed molecules
were synthesized and tested.


The synthesis of the new benzyl-1H-indole derivatives
24, 26–28, 30 and 32–34 was achieved in a multistep
reaction, as previously reported by us.6,12
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Table 2. Inhibition of HIV-1 integrase enzymatic activity, replication of HIV-1 (IIIB) and cytotoxicity in MT-4 cells


Compound IN enzymatic activity Activity in MT-4 cells


Over-all ST HIV-1 Cytotoxicity SIe


IC50 (lM)a IC50 (lM)b EC50 (lM)c CC50 (lM)d


24 86.08 ± 12.58 92.30 ± 25.16 3.17 ± 1.71 74.0 ± 51.3 24


25 4.60 ± 1.00 7.55 ± 0.05 11.5 ± 8.7 126.0 ± 37.5 11


26 1.96 ± 1.31 2.34 ± 2.14 >100 100 <1


27 4.76 ± 2.74 2.64 ± 1.86 >100 >100 1


28 1.24 ± 0.06 0.66 ± 0.01 4.09 ± 1.29 81.1 20


29 0.86 ± 0.18 2.33 ± 0.83 8.35 ± 0.53 64.06 ± 9.74 8


30 0.08 ± 0.003 0.14 ± 0.11 0.59 ± 0.38 41.1 ± 16.7 70


31 0.30 ± 0.05 0.27 ± 0.05 5.63 ± 1.87 63.6 ± 43.3 12


32 0.19 ± 0.05 0.22 ± 0.21 8.39 ± 2.60 66.0 ± 14.8 8


33 0.27 ± 0.19 0.19 ± 0.14 7.04 ± 2.17 82.9 ± 76.1 12


34 0.06 ± 0.01 0.03 ± 0.01 2.13 ± 0.05 213.3 ± 50.3 100


MK-518 0.009 ± 0.0002 0.007 ± 0.0005 0.013 ± 0.0005 >18 >1387


GS9137 0.004 ± 0.003 0.015 ± 0.002 0.0008 ± 0.00009 2.12 ± 0.36 >2650


All data represent average results ± SD.
a Concentration required to inhibit the in vitro overall integrase activity by 50%.
b Concentration required to inhibit the in vitro strand transfer step by 50%.
c Effective concentration required to reduce HIV-1-induced cytopathic effect by 50% in MT-4 cells.
d Cytotoxic concentration to reduce MT-4 cell viability by 50%.
e Selectivity index: ratio CC50/EC50.


Figure 4. Alignment of compound 34 into pharmacophore Hypo1 by


HipHop (A1–A4, hydrogen-bond acceptor, green; Z1–Z2, hydropho-


bic aliphatic, blue; Y, hydrophobic aromatic, cyan).
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The appropriate 1H-indole was first 3-acetylated by the
reaction with acetyl chloride and a slight excess of diet-
hylaluminium chloride. With microwave assisted synthe-
sis the reactions were carried out in only 10 min, instead
of 2 h using the conventional method.


The obtained derivatives were then N-alkylated by treat-
ment with 4-fluorobenzyl bromide and a small amount
of sodium hydride to give intermediates 17–22.


Under the ‘classical’ method, reactions were performed
in 30 min; whereas applying the microwave irradiation
to this step of our synthetic strategy took only 5 min,
thus confirming that focused microwave irradiation is a
highly effective technique for accelerating organic reac-
tions, even at low temperatures. The coupling with
diethyl oxalate in the presence of a catalytic amount of
sodium methoxide and using microwave irradiation, eas-
ily provided derivatives 23–28. The final aryl hydroxyke-
toacids (29–34) could be readily produced from the
hydrolysis of the corresponding arylhydroxyketoesters
(23–28) in basic medium (Scheme 1). Both analytical
and spectral data of all synthesized compounds are in full
agreement with the proposed structures. All synthesized
compounds were tested for their inhibitory effect on IN
enzymatic activity and against HIV-1 replication.


To determine the susceptibility of the HIV-1 integrase
enzyme towards synthesized compounds we used en-
zyme-linked immunosorbent assays. However, their
inhibitory effect on the HIV-induced cytopathic effect
(CPE) in human lymphocyte MT-4 cell culture was
determined by the MT-4/MTT-assay13 (supplementary
data for biological assay methods).


The biological results showed that the DKAs (30–34)
were more active than the corresponding esters (24–28)
in both assays (Table 2). Moreover, all mono meth-

oxy-substituted DKAs exhibited higher potency than
the corresponding unsubstituted derivative 29. In partic-
ular, derivative 30 characterized by the presence of one
methoxy group at position 4 proved to be the most
potent compound in the enzyme assays at nanomolar
concentration (Table 2). Interestingly, our idea to in-
crease the IN binding affinity by occupying both the
two hydrophobic areas Z1 and Z2 was confirmed by
the biological results of compounds 28 and 34 in which
we held the 4-methoxy group constant and introduced
an additional methoxy moiety at the 7-position of the
indole nucleus, obtaining disubstituted derivatives. As
expected, the 4,7-dimethoxysubstituted DKA, 34,
showed a best-fit value which was better than monosub-
stituted analogues (30) (supplementary data, Table S2).


This behaviour could be explained by considering
that derivative 34 (Fig. 4) was able to occupy both
hydrophobic areas Z1 and Z2. In agreement with the
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pharmacophore mapping values, the introduction of the
second methoxy group provided a potent nanomolar
INSTI (34) and improved the potency of the most active
monosubstituted derivative 30.


Finally, when the synthesized compounds were tested
against HIV-1 replication in cell cultures all DKAs
showed an EC50 lower than 10 lM and proved to be bet-
ter than corresponding esters.


In summary we have developed a new pharmacophore
model and identified a series of novel and potent IN
inhibitors based on the benzylindole template.


These results suggest that this new model could be used
to improve the potency of known INSTIs by suitable
modification. More detailed SAR examination and the
exploration of other features suggested by the new phar-
macophore model are still ongoing and will be reported
in due course.
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Abstract—A novel series of pyridyl-phenyl ethers are disclosed, which possess dual 5-HT and NA reuptake pharmacology with good
selectivity over dopamine reuptake inhibition. An analysis of the relationship between lipophilicity and pharmacology highlighted
that potent dual SNRI activity was only achievable at c logP > 3.5. The series was found to possess significant polypharmacology
issues, and we concluded that this off-target promiscuity was related to lipophilicity.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of recently disclosed SNRIs 1–3, and new


template 4.

We recently disclosed a number of novel series with dual
serotonin (5-HT) and noradrenaline (NA) reuptake inhi-
bition (SNRI), exemplified by piperazine 1,1 amino-pyr-
rolidine 22 and diphenylether 33 (Fig. 1). This CNS
mediated dual pharmacology mechanism has been
shown to be an attractive approach for the treatment
of a number of diseases, such as depression,4,5 neuro-
pathic pain 6,7 and urinary incontinence.8,9


The diphenylether series, exemplified by carboxamide 3,
delivered potent and selective SNRI activity. However,
further testing demonstrated that this series had meta-
bolic stability issues. Non-P450 mediated enzymatic
hydrolysis of the amide to the corresponding carboxylic
acid was observed as the major route of metabolism in
human hepatocyte assays. Further modification of the
amide substituents did not improve metabolic stability.
To circumvent this metabolic pathway, we decided to re-
place the amide with a pyridyl nitrogen atom, leading to
the compounds of structure 4.10


We now wish to report our results on this novel series,
focussing on SAR for dual SNRI pharmacology. In
addition the relationship between c logP, SNRI activity
and off-target polypharmacology will be discussed.
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The target compounds were prepared in a short syn-
thetic sequence (Scheme 1). For those targets with
R2 = H, pyridyl chloro-aldehyde 5 was displaced with
phenols 6, and then reductive amination conditions were
employed to introduce the benzylic amine. For targets
with R2 = Me, a different intermediate was employed.
Chloro-amide 810 was displaced with the required phe-
nols 6, then borane-THF reduction of amides 9 gave
the secondary amines. Reductive alkylation with
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Table 1. In vitro inhibition of monoamine reuptakea,b and c logP calculations for compounds 10–29


N N


O


Me


R1


R3R2


Compound R1 R2 R3 5-HT IC50 (nM) NA IC50 (nM) DA IC50 (nM) c logP


1 — — — 14 18 >4000 4.2


2 — — — 9 7 727 2.4


3 — — — 7 32 >4000 2.5


10 2-OMe 4-Cl H H 14 282 NT 2.5


11 2-OMe 4-Cl H Me 6 47 10,200 3.0


12 2-OMe 4-Cl Me H 4 83 NT 3.0


13 2-OMe 4-Cl Me Me 13 26 5040 3.5


14 2-Et 4-Cl H H 46 86 NT 3.8


15 2-Et 4-Cl H Me 11 18 >38,000 4.4


16 2-Et 4-Cl Me H 20 22 34,100 4.4


17 2-Et 4-Cl Me Me 19 30 >34,000 4.8


18 2-Me 4-Cl H H 14 246 NT 3.3


19 2-Me 4-Cl H Me 3 36 3230 3.8


20 2-Me 4-Cl Me H 6 51 NT 3.8


21 2-Me 4-Cl Me Me 6 26 1680 4.3


22 2-Br 4-Cl H H 23 85 NT 3.5


23 2-Br 4-Cl H Me 4 26 1970 3.9


24 2-Br 4-Cl Me H 10 38 NT 4.0


25 2-OMe 4-Me Me H 18 257 NT 2.7


26 2-Me 4-F Me H 231 >400 NT 3.3


27 2,4 di-Cl H H 39 159 NT 3.3


28 2,4 di-Cl H Me 8 25 2430 3.8


29 2-OEt 4-Cl H H 24 394 NT 3.1


NT denotes not tested.
a See Refs. 1–3 for description of assay conditions.
b Monoamine reuptake IC50 values are geometric means of at least three experiments.
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paraformaldehyde then yielded the corresponding ter-
tiary amines ( Table 1).


Based on the SAR for dual SNRI activity from the
diphenylether series,3 we chose to focus on 2,4-disubsti-

tution on the phenyl ring of the pyridyl-phenyl ether ser-
ies. The incorporation of a small group ortho to the
pyridyl nitrogen was also investigated, due to the poten-
tial for unflanked pyridines to inhibit CYP450
enzymes.11 The secondary amine 10 possessed potent







Table 2. ADME properties of compounds 3, 13 and 21


3 13 21


c logP 2.5 3.5 4.3


HLM, Cli (lL/min/mg) 15 <7 <7


Hheps, Cli (lL/min/million cells) 21 <5 <5


CaCO-2 flux, AB/BA NT 34/34 34/30


CYP2D6 IC50 NT >10 lM >10 lM


CYP3A4 IC50 NT >10 lM >10 lM


Figure 3. Plot of c logP against 5-HT reuptake IC50.
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5-HT reuptake inhibition, with weak NA reuptake
activity. Dual potency could be improved by the incor-
poration of the tertiary amine (examples 11 and 13) or
a methyl group on the pyridyl ring, example 12. The best
balance of SNRI pharmacology with good DA selectiv-
ity was achieved with example 13. A similar SAR trend
was then observed for other 2,4-disubstituted phenyl
rings, such as 2-Et 4-Cl examples 14–17, 2-Me 4-Cl ana-
logues 18–21 and 2-Br 4-Cl compounds 22–24. Other
variations to the 4-substituent did not successfully
achieve balanced SNRI activity, with both 4-Me and
4-F reducing NA reuptake activity (examples 25 and
26). Other variations to the 2-position offered no
potency advantage, for example, 2,4-di Cl analogues
27 and 28 and 2-OEt analogue 29.


In addition to potent SNRI activity, with good selectiv-
ity over DA reuptake inhibition, examples from this ser-
ies also possessed excellent in vitro metabolic stability,
both in human liver microsomes and in hepatocytes (Ta-
ble 2). This demonstrated that the strategy for the re-
moval of the labile amide had successfully delivered
improved metabolic stability, despite an increase in lipo-
philicity. Good membrane permeability with no P-gp
mediated efflux (which may be predictive of good oral
absorption and BBB penetration) was also achieved,
along with weak P450 inhibition.


However, during this SAR investigation it became
apparent that dual SNRI reuptake activity was highly
dependent on lipophilicity (Fig. 2), with a c logP above
3.5 being required for NA activity less than 30 nM.
Interestingly the relationship between c logP and 5-

Figure 2. Plot of c logP against NA reuptake IC50.

HT IC50 was totally different, with excellent SRI po-
tency being achieved across a wide c logP range (Fig. 3).


Having to increase lipophilicity to achieve balanced dual
SNRI potency was a concern, because of the potential of
high lipophilicity to adversely impact pharmacokinet-
ics,12 polypharmacology13 and toxicity.14


To determine if this series had polypharmacology issues,
examples 13, 16 and 21 were submitted to a wide range
of receptor and ion channel screens (CEREP/BioprintTM


panel, 150 assays across receptor, ion channel and en-
zyme targets). All three examples were found to possess
significant polypharmacology issues, hitting 19 targets
above 50% at a screening concentration of 10 lM
(Fig. 4). Importantly, many of the single point activities
were potent (>80% inhibition), and these translated into
multiple Ki’s < 1000 nM and therefore a narrow TI be-
tween desired activity and off-target pharmacology
(Fig. 5). As a comparison, the more polar amino-pyrrol-
idine 2 (c logP 2.4)15 was submitted to the same panel,
and showed a very different profile. Although the num-
ber of hits >50% at 10 lM was still quite high (Fig. 4),
there were no potent hits and none of the single point
data translated to Ki’s of <1000 nM (Fig. 5). As a result
of the off-target activity, this series of pyridyl-phenyl

Figure 4. Plot of number of actives >50% at 10 lM in CEREP/


BioprintTM panel for compounds 2, 13, 16, 21.







Figure 5. Plot of Ki’s < 1000 nM in CEREP/BioprintTM panel for


compounds 2, 13, 16, 21.
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ethers as dual SNRIs was halted. However, given that
potent and selective SRI activity can be achieved at
much lower lipophilicity, this template may deliver
SSRIs with good drug-like properties, and this will be
the subject of further publications.16


In summary, we have described a novel series of dual 5-
HT/NA reuptake inhibitors with excellent selectivity
over DA reuptake activity. The replacement of a meta-
bolically labile amide with a pyridyl nitrogen was well
tolerated pharmacologically and did deliver improved
in vitro metabolic stability. Analogues from this series
also possessed excellent membrane permeability and
did not inhibit P450 enzymes. Potent SRI activity was
achieved across a wide lipophilicity range, whereas bal-
anced SNRI potency was only achieved at c logP > 3.5.
This high lipophilicity contributed to a poor polyphar-
macology profile for the series, with examples 13, 16
and 21 all hitting multiple targets when screened in the
CEREP/BioprintTM panel. In contrast, the more polar
amino-pyrrolidine SNRI 2 demonstrated fewer off-tar-
get hits at 10 lM, no measured Ki’s of <1000 nM but
retained good membrane permeability. This study high-
lights the issues associated with chemical series, where
primary potency is highly dominated by lipophilicity.
Maximizing potency whilst retaining good drug-like
properties is still a challenge within the monoamine
reuptake inhibitor field, and additional publications will
describe further advances in balancing these properties.
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Abstract—We describe synthesis and evaluation of a series of cyclic urea derivatives with hydroxylethylamine isostere. Modification
of P3, P1, and P2 0 and combination of SAR display a >100-fold increase in potency with good cellular activity (IC50 = 0.15 lM)
relative to the previously reported compound 3.
� 2008 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is the most common cause
of progressive dementia characterized by pathological
hallmark of intracellular neurofibrillary tangles and
extracellular neuritic plaques primarily composed of
amyloid beta peptide (Ab).1 Ab is a 40- to 42-amino
acid peptide generated by sequential proteolytic cleav-
age of membrane-anchored amyloid precursor protein
(APP) by b-secretase (BACE-1) and c-secretase.2


Although the link between Ab as its partially soluble
or aggregated forms and neuronal dysfunction in
AD is controversial, there are many evidences that
progressive accumulation of Ab in the brain is critical
response for the neurodegeneration in AD.3 Therefore
inhibition of APP proteolysis to lower the concentra-
tion of neurotoxic Ab is an attractive strategy for clin-
ical intervention.


BACE-1 is a type I membrane-anchored aspartyl prote-
ase identified in 1999.4 The proteolysis of APP by
BACE-1 occurs in the luminal surface of the plasma
membrane and releases the soluble ectodomain of
APP. The remaining membrane-associated C-terminal
domain including Ab is subsequently cleaved to Ab by
c-secretase. BACE-1 is highly expressed in the central
nervous system. BACE-1 knockout homozygote mice

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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showed no Ab production and a relatively normal phe-
notype.5 Furthermore, crystal structures of BACE-1 in
complex with inhibitors were determined at atomic res-
olution,6 which provided a powerful tool for structure-
based drug design of BACE-1 inhibitors. As such,
BACE-1 is an attractive therapeutic target for the treat-
ment and prevention of AD.


In order to replace the P2 isophthalide ring, 2-oxo-het-
erocyclic compounds were designed and evaluated.7


The carbonyl group of 2-oxo-heterocyclic group as in
compounds 1–3 at P2 serves as a hydrogen acceptor of
Thr232 amide NH enhancing the binding affinity.
Among them, compound 3 was more potent, more selec-
tive against cathepsin D (Cat-D), and cell-permeable
inhibitor (IC50 = 7.3 lM). In this letter, we describe
optimization of compound 3 to further improve potency
and selectivity (Fig. 1).


At first, we examined the hydrophobic interaction of the
benzyl group at N-3 position (R1) as well as the substi-
tuent effect of cyclic urea moiety at C-5 position (R2).
Compounds were synthesized according to Scheme 1
and the results are summarized in Table 1. Absence of
the benzyl group (4) and replacement with the n-butyl
group (5) of P3, thereby reducing van der Waals con-
tacts, resulted in nearly 70-fold loss of potency. This re-
veals that the benzyl group at N-3 position (R1) is
essential for binding and the proper size is necessary
to obtain high affinity for BACE-1.



mailto:renivie@lgls.com





Table 1. SAR of P2 and P3


N
H


N
H


N


OH


O


N
H


N


O


R1
R2


Compound R1 R2 Ki (lM)


BACE-1 CatD


3 Benzyl H 0.284 0.612


4 H H 19.004 —


5 n-Butyl H 39.989 —


6 Phenethyl H 6.800 0.310


7 Phenoxy-ethyl H 3.514 0.590


8 Benzyl Methyl 6.768 0.431


9 Benzyl Benzyl 5.001 0.080


10 3,5-Dibromophenyl H 3.500 1.125


11 Phenyl H 8.177 1.302


1: X = N,
2: X = CH,
3: X = N,


     BACE-1
Ki = 2.194 μM
Ki = 3.005 μM
Ki = 0.284 μM


Y = CH2


Y = NH
Y = NH


 Cathepsin D
Ki = 2.053 μM
Ki = 0.810 μM
Ki = 0.612 μM
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H


N
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S1
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Figure 1. Structures of BACE-1 inhibitors.


H. Park et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2900–2904 2901

We synthesized a series of aryl compounds with various
lengths to optimize the phenyl ring (Scheme 2). The 3-
phenyl-2-oxo-imidazoline derivatives (10 and 11) gave
lower affinity compared with benzyl derivative (3). The
longer chain derivatives (6 and 7) also gave lower affinity
and increased the binding affinity for Cat-D. Although
the benzyl group appears to be the best in this series, this
result indicates that the proper position of the phenyl
ring is important for BACE-1 affinity and selectivity.


The phenyl groups of 10 and 11 might be directed to P4
position of OM99-2, a peptidomimetic inhibitor with
eight residues. The longer phenethyl (6) and the phen-
oxyethyl group (7) were thought to be larger for the
S3 site. The co-crystal structure of BACE-1 in complex
with compound 7 was determined to elucidate the bind-
ing mode but the electron density for the phenoxy part
was absent. However, the orientation of the ethyl part
toward the P4 main-chain backbone of OM99-2 indi-
cates that the phenoxyethyl group is not located in the
binding site of the P3 benzyl group in the BACE-1/com-
pound 3 structure.6,7 The absence of electron density for
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Scheme 1. Reagents and conditions: (a) HBr, rt, 4 h; (b) (2R,3 S)-1-(3-dim


HOBt, DMF, Et3N, rt, 4 h; (c) NaH, R1-X, THF, 0 �C to rt, 4 h; (d) LiH

the phenoxy part is probably related to disordered bind-
ing due to the improper binding site for the phenoxy
part (data not shown).


Filling S2 site was attempted by introducing the methyl
(8) or the benzyl group (9) at C-5 position (R2). Com-
pounds 8 and 9 were synthesized by Scheme 1 and were
selected from two kinds of isomers which showed better
activity. The absolute configuration was confirmed by
X-ray crystallography, respectively. S2 binding site was
known to be favorable to hydrophobic side chains of
Ala and Met8 but the inhibitory activity and the selectiv-
ity of compounds 8 and 9 were approximately 20-fold
decreased compared to compound 3. To determine the
binding mode of 9, co-crystal structure was solved at
2.7 Å (Fig. 2).13 The loss of activity is probably due to
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18: R1 = (2,4,5-triF)Bn
19: R1 = (2-CF3)Bn
20: R1 = (4-CF3)Bn


R2


ethylamino)benzylamino-2-hydroxy-3-amino-4-phenyl-butane, EDC,


MDS, R2-X, THF, 0 �C–rt, 4 h.







Figure 2. X-ray structure of compound 9 (green) in complex with


BACE-1. Overlay with the peptidomimetic inhibitor, OM99-2 (yellow)


from 1FKN. The flap region is removed to clear view of P2.
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HOBt, DMF, Et3N, rt, 4 h.
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geometric differences (�1 Å) at P2 Ca position between
compound 9 and OM99-2, which resulted an unfavor-
able interaction of the R2 benzyl group located far away
from S2 site.


Next, we introduced various R1 substituents at the phe-
nyl ring of compound 3 such as F, OMe, CF3 to improve
potency by enhancing hydrophobic interaction and also
improve selectivity by using the S3-subpocket (S3-sub)
(Scheme 1). The results are summarized in Table 2.
The S3-sub was revealed by HTS hit compound/
BACE-1 structure9 and compounds with binding motif
in the S3-sub showed improved potency and selectiv-
ity.10 To access the S3-sub, we synthesized the 3-meth-
oxy and the 3,5-dimethoxy benzyl derivatives (12 and
13). Contrary to our expectation, those compounds gave
lower activity and selectivity than the benzyl derivative

Table 2. Optimization of cyclic urea derivatives


N
H OH


O


N
H


N


O


R1


R4


Compound R1 R3


12 (3-Methoxy)benzyl –N(CH3)2


13 (3,5-Dimethoxy)benzyl –N(CH3)2


14 (4-F)Benzyl –N(CH3)2


15 (3,4-diF)Benzyl –N(CH3)2


16 (2,4-diF)Benzyl –N(CH3)2


17 (3,5-diF)Benzyl –N(CH3)2


18 (2,4,5-triF)Benzyl –N(CH3)2


19 (2-CF3)Benzyl –N(CH3)2


20 (4-CF3)Benzyl –N(CH3)2


21 Benzyl –CF3


22 Benzyl –OCF3


23 (3,5-diF)Benzyl i-Propyl


24 (3,5-diF)Benzyl t-Butyl


25 Benzyl –N(CH3)2


26 (3,5-diF)Benzyl t-Butyl

(3). To confirm whether the methoxy group oriented
to the S3-sub or not, co-crystal structure of BACE-1
in complex with compound 12 was determined at
2.3 Å resolution (Fig. 3). BACE-1/12 complex confirmed
that the methoxy group was oriented toward the S3-sub.
However, there was a subtle difference in the direction
between the methoxybenzyl group of compound 12
and the S3-sub binding part of compound 27 when they
were superimposed.10,11 A close examination of the
complex structure revealed that positioning of the R3


methoxybenzyl group for optimum fit in the S3-sub
was sterically hindered by the P1 benzyl group. Further-
more, this steric repulsion make the methoxy group to
be unfavorable for the S3-sub. Interestingly, ortho-tri-

N
H


R3


R4


R4 Ki (lM) SEAP IC50 (lM)


BACE CatD


H 0.449 0.195 14.22


H 0.662 0.142 36.48


H 0.818 0.276 11.63


H 0.272 0.354 5.74


H 0.867 0.450 9.95


H 0.053 0.417 1.97


H 0.260 0.520 5.59


H 0.267 0.190 3.12


H 4.957 0.290 —


H 1.256 1.071 12.33


H 1.881 0.300 21.07


H 0.018 0.151 0.58


H 0.009 0.135 0.43


F 0.051 0.320 1.29


F 0.002 0.066 0.15
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Figure 3. X-ray structure of compound 12 (green) in complex with


BACE-1. Overlay with the S3-sub binding inhibitor (yellow) from


2B8L (9).
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fluoromethyl substitution of the R1 benzyl group (19)
maintained BACE-1 potency but showed a 3-fold in-
crease in the potency for Cat-D while para-substitution
(20) resulted in a 17-fold decrease of BACE-1 potency.
These results suggest that the hydrophobic ortho-substit-
utent is more favorable for the potency for Cat-D and
the para-substitutent is unfavorable for the potency for
BACE-1 due to limited room for its binding.


Motivated by reports that fluorinated benzyl groups en-
hanced enzymatic and cellular activity,12 a series of fluo-
rinated benzyl compounds were investigated (14–18).
Among them, the 3,5-difluorobenzyl group (17) is the
most favorable substituent to give excellent enzyme po-
tency, cellular activity, and selectivity over Cat-D.


We also optimized the prime site by varying R3 substitu-
ent at phenyl ring (Scheme 3). While substitution of the
trifluoromethyl (21) and the trifluoromethoxy groups
(22) at meta position gave low potency, simple replace-
ment with the isopropyl (23) and the tert-butyl (24)
groups increased a 3- and 6-fold of potency respectively
and cellular activity. It is possible that those bulky
hydrophobic groups could enhance the interaction be-

tween the flap and ligand. Finally, we optimized P1 site
simply by introducing F at 3 and 5 positions of the phe-
nyl ring, which was synthesized by Scheme 4. The 3,5-
difluorobenzyl group at P1 site (25 and 26) resulted in
excellent enzyme potency and cellular activity, which is
presumably due to the enhanced hydrophobic
interaction.


In summary, we have described the optimization and
SAR of cyclic urea derivatives starting from compound
3. Although a co-crystal structure of compound 12
bound to BACE-1 shows limits for access to the S3-
sub to improve potency and selectivity, modification of
P3, P1, and P2 0 with hydroxyethylamine isosteres in-
creased potency by more than 100-fold. This compound
exhibited 33-fold selectivity against Cat-D and good cel-
lular activity.
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Abstract—Five tacrine–ferulic acid hybrids (6a–e) were designed and synthesized as multi-potent anti-Alzheimer drug candidates.
All target compounds have better acetylcholinesterase inhibitory activity and comparable butyrylcholinesterase inhibitory activity
in relation to tacrine. Interestingly, 6d showed a reversible and non-competitive inhibitory action for acetylcholinesterase indicat-
ing interaction with the peripheral anionic site, whereas a reversible but competitive inhibitory action for butyrylcholinesterase.
The antioxidant study revealed that four target compounds have, compared to Trolox, high ability to absorb reactive oxygen
species.
� 2008 Elsevier Ltd. All rights reserved.

N


NH2


OH


HOOC


OMe


Ferulic acid Tacrine


Figure 1. Structures of ferulic acid and tacrine.

A case report of what was later named ‘Alzheimer’s
disease’ (AD) was first reported by Alois Alzheimer
in 1907 at a neurology conference, where he described
a 51-year-old woman with rapid and devastating mem-
ory degeneration. Although the disease was once con-
sidered rare, it is now established as the leading
cause of dementia and despite major research efforts
not curable. It has been estimated that the incidence
of AD varies from 12% to 19% for women and 6%
to 10% for men over the age of 65 years1 and rises
exponentially with age.2 Five pharmaceutical drugs
representing cholinesterase inhibitors (ChEIs), namely
galantamine, rivastigmine, donepenzil, tacrine (Fig. 1)
and an NMDA receptor antagonist (memantine) are
applied clinically. However, they can only offer little
more than short-term palliative effects and ChEIs suf-
fer from pronounced peripheral side effects.
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The difficulty for developing satisfactory therapy of AD
lies in the complex pathophysiology of the disease,
which involves numerous pathways. These include
deficiency in cholinergic neurotransmission, defective
beta-amyloid protein metabolism, abnormalities of
glutamatergic, adrenergic, serotonergic and dopaminergic
neurotransmission, and the involvement of inflamma-
tory, oxidative and hormonal pathways.3 Due to the
multi-pathogenesis of AD, one of the current strategies
to develop novel anti-Alzheimer agents focuses on com-
pounds with multiple potencies.4 Several, quite diverse
attempts have been made and some of them have shown
good performance.5 We here report a series of tacrine–
ferulic acid hybrids (6a–e) as multi-potent anti-Alzhei-
mer drug candidates. The target molecules consist of
three parts: the tacrine-like heterocycle, the ferulic acid
(Fig. 1) moiety and an alkylenediamine side chain to
link the former two parts.
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Tacrine was the first approved ChEI by the FDA for the
treatment of AD. Its rationale mainly aims to stabilize
acetylcholine levels in the synaptic cleft by the inhibition
of the main degrading enzyme of the neurotransmitter
to maintain neurotransmission. However, because it
only targets at the cholinergic dysfunction, without
any effect on the other pathologic factors, it can retard
the progression of AD for only about a year.6


More and more attention is paid to oxidative stress for
its role in the progression of AD.7 A recent report sug-
gested that oxidative stress is involved in the early stage
of the pathologic cascade and represents a key factor to
initiate the aggregation of b-amyloid and s-protein
hyperphosphorylation.8 Accordingly, many antioxi-
dants were observed to be able to attenuate the syn-
drome of AD and prevent the progression of the
disease.9


Ferulic acid (Fig. 1) is one of the dominating natural
phenolic acids and occurs, often together with caffeic
acid, in the secondary metabolite spectrum of important
economic and medicinal plants such as wheat (Triticum
aestivum) or eucalyptus (Eucalyptus globulus). Further-
more, many secondary metabolites contain ferulic acid
substructures or ferulic acid esters and showed very po-
tent anti-oxidative activity depending on the molecular
structure of this part.10 It was shown in an in vivo study
in mice that long-term administration of ferulic acid in-
duced resistance to Ab1–42 toxicity in the brain, this che-
mopreventive effect could also be proved in an
behavioural assay.11 Therefore, connecting ferulic acid
to a tacrine template via an alkylenediamine side chain
may yield a novel class of target molecules, which might
exert a synergic action of the cholinesterase (ChE) inhib-
itory activity originating from the tacrine template and
the antioxidant activity originating from the ferulic acid
moiety. Besides, according to our previous investiga-
tion,12 an introduction of an alkylenediamine side chain
at 9-position of the tacrine-like heterocycle may also
contribute to a reduction of the hepatotoxicity of tacrine
and enhance the ChE inhibitory activity. In the context
of tacrine’s hepatotoxicity,13 the formation of a hybrid
with ferulic acid seems to be of special interest, since also
hepatoprotective effect has been described for ferulic
acid.14


Because the target molecules consist of three parts, the
synthetic strategy is firstly to prepare the heterocycle,
then to introduce the side chain, and finally to connect
it to the ferulic acid moiety. According to a previously
reported protocol,15 9-chloro-1,2,3,4-tetrahydroacridine
(2) was first prepared by the cyclization of anthranilic
acid with cyclohexanone. In order to introduce the side
chain, different alkylenediamines reacted with 9-chloro-
1,2,3,4-tetrahydroacridine to generate the 9-amin-
oalkylamino-1,2,3,4-tetrahydroacridines 3a–e. We had
tried direct coupling of 3a–e to ferulic acid in the pres-
ence of DCC/DMAP or treating CDI-activated ferulic
acid with 3a–e. However, many by-products were
formed during the reaction because of the possibility
of inter-molecular side reactions (such as the reaction
of the phenolic OH-group of ferulic acid with another

ferulic acid molecule), thus the target compounds could
hardly be isolated. Therefore, the phenol hydroxyl
functional group of ferulic acid was at first protected
by reacting with ethyl chloridocarbonate to give the es-
ter intermediate 4. Compound 4 was then coupled to
3a–e in the presence of DCC/DMAP. Finally, the pro-
tection group was removed by the treatment with 95%
ethanol/aminoethanol to yield the target compounds
(Scheme 1).


To determine the therapeutic potential of 6a–e for the
treatment of AD, the acetylcholinesterase (AChE) and
butyrylcholinesterase (BChE) inhibitory activities,
respectively, were measured for the target compounds
as well as for the free amine intermediates 3a–e using
the Ellman’s assay.16 The results are given in Table 1.
All the target compounds showed better AChE inhibi-
tory activity than tacrine (IC50 = 45 nM) with the IC50


values varying from 4.4 to 38.6 nM. Particularly, the po-
tency of 6c and 6d (IC50 = 7.6 nM and 4.4 nM) is 6- and
10-fold improved, respectively. As for BChE, all the
tested compounds also showed comparable activity to
tacrine (IC50 = 5.1 nM) with the IC50 values varying
from 5.9 to 34.1 nM. The results of the amine intermedi-
ates showed a trend consistent with the target com-
pounds, indicating that the ferulic acid moiety might
not obviously affect the extent of ChE inhibitory activ-
ity. Amongst all the target compounds, 6c and 6d
showed high activity toward both AChE and BChE,
suggesting the optimal distance between the tacrine-like
heterocycle and the ferulic acid moiety is 6–7 atoms
long. This result seems consistent with the previous re-
ports of lipoic acid/tacrine,17 huperzine A/tacrine18 and
lipoic acid/quinazolinimines hybrids, the latter ones rep-
resenting a novel class of BChE-selective compounds.19


Because 6d showed the highest activities towards both
AChE and BChE, it was selected for kinetic measure-
ments, in order to gain information about the mode of
inhibition and binding of the novel inhibitors. The
mechanism of inhibition was analyzed by recording sub-
strate–velocity curves in the absence and presence of dif-
ferent concentrations of 6d using 25, 50, 90, 150, 226 and
450 lM of substrate for both BChE and AChE curves.
The concentrations of 6d were varied between 1 and
10 nM comprising 1, 2, 4, 8 and 10 nM, respectively.
Figures 2 and 3 show the Lineweaver–Burk plots, which
are reciprocal rates versus reciprocal substrate concen-
trations for the different inhibitor concentrations result-
ing from the substrate–velocity curves for AChE and
BChE. For AChE, with increasing inhibitor concentra-
tions, the vmax value (i.e., the reciprocal of the Y inter-
cept) is obviously decreased. In contrast the Km values
(i.e., the negative reciprocal of the X intercept) are not
changed with different inhibitor concentrations. For
BChE, a different Lineweaver–Burk plot from AChE is
observed. In this Lineweaver–Burk plot the Km values
differ with the different inhibitor concentrations, while
the vmax value remains unchanged. The Lineweaver–
Burk plot for AChE clearly shows reversible and non-
competitive inhibition by tacrine–ferulic acid hybrids,
meaning that these compounds do not compete for the
same active site as the substrate acetylcholine. Based
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Scheme 1. General method for the synthesis of 6a–e. Reagents and conditions: (a) POCl3, reflux, 3 h; (b) 3 equiv H2N(CH2)nNH2, pentanol, reflux,


18 h; (c) 1 equiv NaOH, water, 0 �C; (d) 1.2 equiv DCC, equimolar 3a–e, cat. DMAP, CH2Cl2, rt; (e) 95% ethanol, 1 equiv H2NCH2CH2OH, 3 h, rt.


Table 1. IC50 values of 3a–e and 6a–e against AChE and BChE


Compound IC50 (nM) ± SEMa


AChEb BChEc


3a 54.8 ± 10.4 12.3 ± 4.1


3b 69.5 ± 14.7 5.5 ± 1.4


3c 23.6 ± 5.0 7.1 ± 1.1


3d 3.2 ± 0.9 5.0 ± 0.7


3e 3.5 ± 1.4 1.4 ± 0.4


6a 38.6 ± 9.7 34.1 ± 8.1


6b 33.0 ± 8.3 27.0 ± 9.9


6c 7.6 ± 1.9 5.9 ± 0.7


6d 4.4 ± 1.7 6.7 ± 1.6


6e 9.6 ± 2.1 12.7 ± 2.6


Tacrine 45.1 ± 6.9 5.1 ± 1.0


a Data is the mean of at least three determinations.
b E.C. 3.1.1.7, type VI-S, from Electric Eel.
c E.C. 3.1.1.8, from equine serum.
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on the analysis of the chemical structure of the target
compounds as well as the model of the enzyme, we pos-
tulate that, rather than the catalytic binding site, the
binding site of the test compound might be the periphe-
ral anionic site (PAS), which is reportedly a second bind-
ing site of AChE, at the lip of the gorge and around
18 Å away from the active site.20 Molecular modelling
studies are necessary to validate these assumptions
though. Given the relatively narrow gap of the active
site and the considerable steric demand of the target
compounds, the hybrids may be inclined to bind at the
PAS rather than the active site. This would be a highly
desirable therapeutic effect, since the neurotoxic cascade
is mediated through AChE-induced Ab aggregation,21,22

the PAS of AChE being the structural motif responsible
for Ab-peptide fibril formation catalyzed by AChE.23


In contrast, the Lineweaver–Burk plot for BChE shows
reversible and competitive inhibition by tacrine–ferulic
acid hybrids, revealing that these compounds compete
for the same active site as the substrate acetylcholine.
The different mechanism of the inhibitory action may
be due to the difference of the structures of the two cho-
linesterases. Because AChE presents several aromatic
residues that are replaced by smaller aliphatic ones in
BChE, BChE has a larger electrostatic gradient than
AChE,24 which makes it possible to allow a large mole-
cule to approach the active site at the bottom of the
gorge.


In order to prove the antioxidant capacities of the hy-
brid molecules in comparison to tacrine, the ability of
compounds 6a–6e to reduce the amount of peroxyl rad-
icals was determined by the ORAC (oxygen radical
absorbance capacity) assay.25 Ferulic acid itself was se-
lected as positive control, whereas tacrine was also
tested to serve as a negative standard (Table 2). The
compounds’ ability to scavenge radicals is expressed as
Trolox equivalent, that is, their relative ability (at con-
centrations between 0.5 and 10 lM) compared to the
highly potent compound Trolox (6-hydroxy-2,5,7,8-tet-
ra-methyl-chroman-2-carboxylic acid). Ferulic acid itself
is in exact accordance with literature data, a potent rad-
ical scavenger of peroxyl radicals.26 After connecting the
ferulic acid to the tacrine moiety the antioxidant activity
decreased, but nevertheless all hybrids tested showed
moderate to good antioxidant activity. Interestingly,
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Figure 2. Lineweaver–Burk plots resulting from substrate–velocity


curves of AChE activity with different substrate concentrations (50–


450 lM) in the absence and presence of 1, 2, 4 and 10 nM 6d.
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Figure 3. Lineweaver–Burk plots resulting from substrate–velocity


curves of BChE activity with different substrate concentrations (25–


450 lM) in the absence and presence of 1, 2, 4 and 10 nM 6d.


Table 2. Oxygen radical absorbance capacity (ORAC, Trolox equiv,


0.5–10 lM) by tacrine and its hybrids with ferulic acid


Compound Trolox equivalents SD


6a (hybrid, n = 2) 1.3 ±0.04


6b (hybrid, n = 3) 2.0 ±0.1


6c (hybrid, n = 4) 0.4 ±0.03


6d (hybrid, n = 5) 1.5 ±0.01


6e (hybrid, n = 8) 1.4 ±0.04


Tacrine 0.2 ±0.04


Ferulic acid 3.4 ±0.1
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the activity of the hybrids not only depends on the feru-
lic acid substructure, but also on the chain length of the
connecting linker.


In summary, we have designed and synthesized five no-
vel hybrid compounds (6a–e) with an antioxidant ferulic
acid moiety connected to the tacrine template via an
alkylenediamine-type spacer. All compounds effectively
inhibited ChEs in vitro. Two target compounds
(6c and 6d), in particular, showed 6- and 10- fold higher

AChE inhibitory activity compared to tacrine. The
inhibitory mechanism of 6d was analyzed by determin-
ing the Lineweaver–Burk plots. Interestingly, the results
indicated that the hybrid exerts a reversible and non-
competitive inhibitory action for AChE, whereas a
reversible but competitive inhibitory action for BChE.
The previous result strongly suggests the inhibition of
the PAS of AChE and therefore the possibility to inhibit
Ab-peptide fibril formation also, but this has to be
unambiguously proven in additional investigations. All
the target compounds were screened for their antioxi-
dant activity using the ORAC-Fluorescein assay. Com-
pared to Trolox, most of the target compounds, except
6c, showed a high ability to absorb reactive oxygen spe-
cies. The results suggest that these tacrine–ferulic acid
hybrids may be considered to be a kind of novel anti-
Alzheimer’s drug candidates, which are multi-target-di-
rected ligands with not only ChE inhibitory (both acting
at the active centre and the PAS of AChE) yet also anti-
oxidant activity.
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Abstract—In contrast to five-membered E-ring analogues, 7-oxyiminomethyl derivatives of homocamptothecins showed ability to
form stable ternary complexes with DNA and topoisomerase I. The 7-oxyiminomethyl derivatives of homocamptothecins were eval-
uated as a racemic mixture. Following the isolation of the two enantiomers, the 20 (R)-hydroxy isomer confirms the best activity. By
using a panel of human tumor cells, all tested homocamptothecins showed a potent antiproliferative activity, correlating to the per-
sistence of the cleavable complex. No significant difference was observed between the natural scaffold and the corresponding homo-
camptothecin homologue. A selected compound of this series exhibited an excellent antitumor activity against human
gastrointestinal tumor xenografts.
� 2008 Elsevier Ltd. All rights reserved.

Figure 1. Structures of corresponding CPT and hCPT homologues


and Structure of SN38.

Camptothecin and its analogues exhibit a broad spec-
trum of antitumor activity, representing a very promis-
ing class of anticancer agents currently used in clinical
practice and characterized by a selective activity as topo-
isomerase I inhibitor.1


Chemically, camptothecins are characterized by a penta-
cyclic moiety with an a-hydroxy lactone ring (E-ring,
Fig. 1) which, under alkaline conditions, is present in
its less potent open form inhibiting the topoisomerase
I enzyme and in vivo potency. Modifications in the E-
ring generally reduce or abolish this activity. In 1997,
Lavergne et al., aiming to improve the drug’s stability
in human plasma, synthesized a novel seven-membered
E-ring homologue, where the natural a-hydroxy-d-lac-
tone E-ring was replaced by a b-hydroxy-e-lactone ring.
These new derivatives, called homocamptothecins
(hCPT),2 showed an activity comparable to that of the
natural scaffold (Fig. 1).

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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In this decade, a number of hCPT derivatives were syn-
thesized not only by the total synthesis, but also by the
following racemic and enantioselective synthetic strate-
gies, starting from the natural scaffold. Some of these
hCPTs, such as diflomotecan (currently in Phase II
clinical trials),3–5 were evaluated in many clinical trials.
Since the introduction of a methylene group in the
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E-ring of CPT provides enhanced stability and de-
creased protein binding in human plasma without
affecting its capability to poison topoisomerase I-
DNA complex, the present study was undertaken to
explore whether this modification improves the biolog-
ical properties of the 7-oxyiminomethyl derivatives6,7


(Fig. 1). The most advanced derivative of this series
is gimatecan, currently in Phase II clinical trials.8 This
is the first study on 7-oxyiminomethyl-CPT modified in
the E-ring.


The 7-oxyiminomethyl hCPT derivatives (Scheme 1)
were prepared in enantiomeric mixture by the synthetic
approach cited above (Lavergne).2 CPT was treated
with sulfuric acid, FeSO4Æ7H2O and 40% H2O2 to give
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Scheme 1. Synthesis of 7-oxyiminomethyl hCPT analogues 2a and 3a. Reag
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PrepHPLC
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2b: ST2522 


Scheme 2. Separation of the two enantiomers 2b and 2c. [Column (S,S)-DAC


22 �C, k = 360 nm].

the corresponding 7-hydroxymethyl derivative; this
intermediate was converted in situ to 7-dimethylacetal
derivative 4 by oxidation with MnO2 in MeOH. NaBH4


was added to a solution of 4 in MeOH. A subsequent
reaction with NaIO4 in CH3COOH gave intermediate
5. Under Reformatsky conditions 5, with tert-butyl bro-
moacetate, gave b-hydroxyester 6 which, by treatment
with O-tert-butyl hydroxylamine hydrochloride or O-
benzyl hydroxylamine hydrochloride in CH3COOH, at
80 �C, was directly converted into 2a and 3a,
respectively.


The racemic mixture of 2a was separated by prep HPLC
(Scheme 2) into the two single enantiomers (2b and 2c),
using a chiral stationary phase.


According to what was expected with the hydroxyl
group in specific C-20 configuration, 20(R)-hydroxyl-
hGMT (2b) was more active than 20(S)-hydroxyl-
hGMT (2c).


Another series with a modified E-ring was also prepared
(8–12; Fig. 2). According to the previous observations,9


the five-membered E-ring analogues exhibited a mark-
edly reduced cytotoxic activity (IC50� 1 lM, 2-h expo-
sure against H460 cells).
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Scheme 3. Synthesis of five-membered E-ring CPT analogues 8–9–10–12. Reagents and conditions: (a) 96% H2SO4, FeSO4Æ7H2O, 40% H2O2, MnO2,


MeOH, 10 �C to 50 �C (4: 83%). (b) i—NaBH4, MeOH, rt (R = H 75%, R = CH(OCH3)2 78%); ii—NaIO4, CH3COOH, rt (R = H (5 0) 80%,


R = CH(OCH3)2 (5) 89%). (c) Zn, anhydrous Et2O (CH3)3SiCl, BrCH2COOtBu, anhydrous THF, reflux (6: 58%; 6 0: 60%). (d) PDC, CH2Cl2 rt (7:


74%; 8: 73%). (e) R 0ONH2ÆHCl, CH3COOH, 80 �C (10: 68%, 12: 61%). (f) TFA, CH2Cl2 rt (9: 100%).


N


N


O


OOH


O


N
O


N


N


O


O


O


H
O


N
O


N


N
O


N
O


O


OH


b


a


132


11


Scheme 4. Synthesis of 11. Reagents and conditions: (a) i—NaBH4,


MeOH, rt (78%); ii—NaIO4, CH3COOH, rt (89%). (b) K2CO3,


MeOH/H2O (10:1 v/v) (65%).


2912 G. Giannini et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2910–2915

An analogue approach was used to obtain intermediates
6–6 0 in the synthesis of five-membered E-ring analogues
8–9–10–12 (Scheme 3). b-Hydroxyester 6–6 0 (with
R = CH(OCH3)2 or H), by treatment with PDC (Pyrid-
inium DiChromate) in CH2Cl2 at rt, gave the five-mem-
bered E-ring intermediates 7 and 8; this latter, under
hydrolysis with TFA in CH2Cl2, gave 9 in quantitative
yield. The subsequent reaction of 7 with O-tert-butyl
hydroxylamine hydrochloride or O-benzyl hydroxyl-
amine hydrochloride in CH3COOH at 80 �C led to10
and 12, respectively.


Compound 2 was converted into b-hydroxyester (13) by
a two-step reaction (Scheme 4), NaBH4 in MeOH and
subsequently NaIO4 in CH3COOH. A cyclization reac-
tion with K2CO3 in MeOH/H2O (10:1 v/v) gave 11.


The antiproliferative effects of the hCPTs were deter-
mined after 72 h following a 1-h exposure to the drugs.
Compared to topotecan [9-dimethylaminomethyl-10-hy-
droxy-camptothecin] and SN38 [7-ethyl-10-hydroxy-
camptothecin], the hCPTs studied (Table 1) exhibited
a higher potency in inhibiting cell growth.


As expected, the expansion of the lactone ring of CPT
produced an increased antiproliferative activity (1 vs
1a). The cytotoxic potency of 2a and 3a was comparable
to that of the six-membered CPT, 2 and 3, respectively.
The expansion of the lactone ring of gimatecan was

slightly detrimental for cytotoxic potency (2 vs 2a) while
an increased activity was observed for benzyl derivative
(3 vs 3a). In addition, compared to 2a, compound 3a
exhibited an increased cytotoxic potency. These features
indicated the advantage to have a lipophilic substituent







MCT


2a1a3a SN
38


Figure 3. Topoisomerase I-mediated DNA cleavage assays. The


samples were reacted with 1, 10, and 50 lM drug at 37 �C for


30 min. Reaction was then stopped by adding 1% SDS, 0.3 mg/mL of


proteinase K, and incubating for 45 min at 42 �C before loading onto a


denaturing 8% polyacrylamide gel. C, control DNA; T, reaction


without drug; M, purine markers. Arrows indicate the additional sites


observed for hCPTs. The experiment was repeated three times,


reporting the results of a representative value.


Table 1. Antiproliferative activity of 7-modified homocamptothecins


Drug IC50
a (lM)


H-460 HT29 HT29/mit RI


Topotecan 1.18 ± 0.24 1.35 ± 0.66 46.29 ± 21 34


SN38 0.22 ± 0.013 0.67 ± 0.36 11.5 ± 2.7 17


1 0.18 ± 0.01 3.16 ± 1.2 8.81 ± 2.35 2.8


1a 0.0496 ± 0.047 0.44 ± 0.0002 8.55 ± 2.48 19


2 0.02 ± 0.005 0.056 ± 0.0223 0.070 ± 0.0022 1.2


2a 0.0368 ± 0.003 0.041 ± 0.0086 0.56 ± 0.0867 14


3 0.03 ± 0.002 0.056 ± 0.022 0.042 ± 0.014 0.75


3a 0.015 ± 0.0003 0.017 ± 0.0021 0.35 ± 0.022 20


2 0.015 ± 0.006c


2b 0.0018 ± 0.0002c


2c >0.2c


a IC50, drug concentration required for 50% reduction of cell growth as compared to untreated controls after 1-h exposure to the drug. Means ± SD


are reported from at least three experiments.
bRI, resistance index in HT29/mit.
c IC50, determined after 2-h exposure.
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in position 7 which could account for a more favorable
intracellular accumulation. During two hours exposure,
20 (R) homogimatecan revealed a 10-fold increase in
cytotoxic activity in comparison to gimatecan (2 vs
2b). Although effective in inhibiting the proliferation
of HT29/mit, all compounds exhibited cross-resistance
in this subline which overexpresses BCRP (Breast Can-
cer Resistance Protein), a transport system implicated
in the resistance to conventional CPTs.10 The results
shown in Table 1 support that all tested homocamptot-
hecins (1a, 2a, and 3a) are better substrates for BCRP
than the corresponding CPT analogues with the natural
E-ring.


Topoisomerase I-mediated DNA cleavage assays with
purified human topoisomerase I were used to investigate
the ability of hCPT to stimulate DNA damage. The
hCPTs revealed an intensity of DNA damage compara-
ble to that of SN38, used as reference compound
(Fig. 3).


The cleavage pattern revealed additional sites not de-
tected in the presence of SN38 (arrows in figure). Since
the drug interaction with the DNA–enzyme complex is
expected to be reversible, the persistence of the cleavable
complex was evaluated after the addition of high salt
concentrations (0.6 M NaCl), which favors the dissocia-
tion of the ternary drug–enzyme–DNA complex. As
compared to SN38, 3a and 2a revealed a more stable ter-
nary complex. Such stability was particularly evident for
2a, which exhibited a DNA damage persistence of
around 90% after 10 min (Fig. 4). From the inhibition
data of topoisomerase I of the three compounds, 1a,
2a, and 3a, it is evident that the presence of a bulky
group in 7-position on B-ring of CPT scaffold, favors
tertiary complex stability, as demonstrated by the intro-
duction of a residual benzyloxyiminomethyl-group (3a)
and tert-butyloxyiminomethyl (2a) in this position.


On the basis of their antiproliferative potency, 3a and 2a
were selected for further preclinical development (Table
2). The antitumor activity of oral 2a was studied in a

panel of human tumor xenografts. The maximum toler-
ated dose (MTD) was determined with an intermittent
q4dx4 schedule. In animals bearing MKN-28 gastric
carcinoma, 2a was well tolerated up to 12 mg/kg (Table
2). Derivative 3a was substantially less effective under a
comparable range of doses. Therefore, 2a was also
tested against CoBA colon carcinoma and pancreatic
carcinoma, Panc-1. Against CoBa, a dose of 15 mg/kg
was effective without lethal toxicity, but with substantial
body weight loss (Table 2 and Fig. 5). A 20 mg/kg dose
was highly toxic in most treated mice (3/4). With a dose
of 14 mg/kg against the pancreatic carcinoma model
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Figure 5. In vivo antitumor activity of 2a. (ST2127) on sc-growing


CoBa colon carcinoma. (�) Untreated control tumors; (m) oral 2a,


15 mg/kg, q4dx4. (h) CPT11, 50 mg/kg, q4dx4. Bars, standard


deviation.


2914 G. Giannini et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2910–2915

Panc-1, there was excellent antitumor activity with no
evidence of lethal toxicity. Indeed, 9/10 treated tumors
exhibited complete tumor regression (Table 2). The
activity of 2a was superior to that of irinotecan at max-
imum tolerated doses under similar treatment
conditions.


Among the many strategies adopted in the last years
aimed at improving lactone stability of CPT, the synthe-
sis of five- and seven-membered E-ring CPT appears to
be the most promising.12,3–5 The results reported in the
present manuscript indicated that the elimination of a
methylene group of the lactone ring is detrimental for
the activity of the studied CPTs. In contrast to five-mem-
bered E-ring analogues, 7-oxyiminomethyl derivatives of
hCPT exhibit a cytotoxic activity comparable to that of
the corresponding CPT with the natural lactone ring.
The racemic hGMT (2a) separates into the two single

Table 2. Effects of 3a (ST2143) and 2a (ST2127) given orally, q4dx4, agains


Tumor model Drug Dose (mg/kg)


MKN28 3a 4


Gastric carcinoma 3a 8


3a 16


2a 3


2a 6


2a 12


Panc-1 2a 14


Pancreatic carcinoma 2a 15


CPT11 400


CoBa 2a 15


Colon carcinoma 2a 20


Gimatecan 2


CPT11 (iv) 50


a Tumor volume inhibition % in treated control mice.
b Complete responses: that is, disappearance of tumor lasting at least ten da
c Gross log10 cell kill to reach an established tumor volume; the highest cha
d Body weight loss % induced by drug treatment.
e Dead/treated mice.
f P < 0.05 vs CPT11, by Student’s t test.

enantiomers (2b and 2c) and the 20(R) isomer shows
more in vitro activity than the corresponding 20(S).
In addition, compared to GMT (2), 20(R) hGMT (2b),
reveals about a 10-fold increase in cytotoxic potency.
However, in contrast to GMT, hCPTs appear to be the
substrates of BCRP, which is expected, since it was
already reported that the expansion of the lactone ring
increase the recognition of the drug by BCRP.11 As
already reported for other compounds of this series
(e.g., GMT), the tested hCPTs exhibit stable ternary
complexes with DNA and topoisomerase I. On the basis
of the antiproliferative data reported in Table 1, and of
stabilization of the cleavable complex (Fig. 4), it is evi-
dent that the inhibition of the intracellular target is the
crucial event responsible for cytotoxic potency. Indeed,
the two potent hCPTs (2a and 3a) exhibited an increased
capability to stabilize the cleavable complex. Although
the stabilization of the cleavable complex is recognized

t human gastrointestinal tumors xenografted sc in athymic nude mice


TVI%a CRb LCKc BWL%d Toxe


17 0/8 0 0 0/4


60 0/8 0.4 6 0/4


47 0/8 0.2 0 0/4


71 0/8 0.6 0 0/4


47 0/8 0.2 0 0/4


81 0/8 0.6 2 0/4


99 9/10 1.4 5 0/5


99 7/8 1.6 16 1/5


99 5/10 1.6 7 0/5


95f 0/8 1.3 21 0/4


— — — 18 3/4


90 0/8 1.1 18 0/4


86 0/8 1.1 2 0/4


ys.


nge is reported.
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to be one of the most important feature for CPT activity,
differences in cellular uptake and subcellular distribution
may contribute to determine antitumor activity. Such
observations suggest that optimal drug efficacy can be
achieved from a balance between cellular pharmacoki-
netics and intrinsic ability to induce DNA cleavage.


A selected compound of this series (2a) produces
remarkable antitumor activity against human gastroin-
testinal tumors. The antitumor potency and efficacy of
the novel hGMT were apparently superior to that of
CPT11. The advantages of 2a over GMT remain to be
documented.
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Abstract—The (�)-(11R,2 0S)-enantiomer of the antimalarial drug mefloquine has been found to be a reasonably potent and mod-
erately selective adenosine A2A receptor antagonist. Further investigation of this compound has led to the discovery of a series of
keto-aryl thieno[3,2-d]pyrimidine derivatives, which are potent and selective antagonists of the adenosine A2A receptor. These deriv-
atives show selectivity against the A1 receptor. Furthermore, some of these compounds have been shown to have in vivo activity in a
commonly used model, suggesting the potential for the treatment of Parkinson’s disease.
� 2008 Elsevier Ltd. All rights reserved.

Mefloquine (Lariam�) 1 is a clinically useful antimalar-
ial compound, effective against multi-drug resistant
strains of Plasmodium falciparum, the protozoan para-
site responsible for infection.1

N
CF3


CF3


OH N
H


Mefloquine 1


Although the agent is generally well tolerated, a number


of reports of off-target effects have emerged which
suggest that mefloquine is associated with infrequent
but severe neuropsychiatric side effects. These include
disturbed sleep, heightened anxiety, panic attacks,
depression and psychosis.2 The underlying mechanism
for these effects is presently unknown.

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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In an effort to identify the off-target mechanisms in-
volved, we studied mefloquine in a number of receptor
binding and enzyme assays. Unexpectedly, out of 81
receptors and enzymes, strong binding was only ob-
served to bovine striatal adenosine receptors.3 Whilst
adenosine receptor binding may, in part, explain some
of the neuropsychiatric side effects associated with mef-
loquine, we were particularly interested in the apparent
selectivity for adenosine A2A receptors. Recent literature
provides strong evidence that adenosine A2A antagonists
may be useful in the treatment of Parkinson’s disease,4


and several companies have now advanced selective
antagonists of this receptor into clinical development.5


We reasoned that mefloquine may therefore serve as a
useful starting point for the design of novel adenosine
A2A antagonists.


Mefloquine is an asymmetric molecule, marketed as a
racemic mixture of the two erythro enantiomers of a-
2-piperidinyl-2,8-bis(trifluoromethyl)-4-quinoline-meth-
anol. Our first goal was to determine the stereoselectivity
of adenosine receptor binding. Chemical resolution
methods, as reported in the literature,6 provided the
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Table 1. Human adenosine receptor affinity of mefloquine


enantiomers8


Compound Stereochemistry A2A Ki (nM) A1 Ki (nM)


2 (11R,2 0S) 61 255


3 (11S,2 0R) 6553 14,044


4 (11R,2 0R) 124 1221


5 (11S,2 0S) 2534 8607
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two erythro and two threo enantiomers, which were
evaluated in binding studies at human adenosine recep-
tors. (It is worthy of note, however, that the absolute
stereochemistry described in the literature is incorrect
and is the subject of a recent structural correction pa-
per.7) As shown in Table 1, A2A receptor affinity resides
predominantly in enantiomers having 11R stereochemis-
try and in particular in the (�)-(11R,2 0S) isomer 2.

N
CF3


CF3


OH N
H


11


2'


(11R, 2’S)-Mefloquine 2


Despite extensive SAR studies of a series of related quin-

Table 2. Binding affinity of 2-trifluoromethylthieno[3,2-d]pyrimidin-4-


yl aryl ketones8


N


N


RO


CF3


S


Compound R A2A Ki (nM) A1 Ki (nM)

oline derivatives, we found it difficult to improve upon
the overall profile of 2, with the majority of modifica-
tions leading to diminished potency at the A2A receptor.
However, these studies highlighted two key findings.
Firstly, we determined that the basic nitrogen of the
piperidine ring was not explicitly required for potency.
Secondly, it appeared that the piperidine ring itself ap-
peared to be fulfilling a hydrophobic interaction with
the receptor, which could be mimicked by the incorpora-
tion of a carbocyclic ring.9


The next stage of our investigation was to assess the im-
pact of altering the central scaffold. In particular, we
considered it likely that the introduction of a central
core with reduced lipophilicity, compared to quinoline,
might lead to improved drug-like properties.


The introduction of an additional nitrogen atom into
quinoline 6 (A2A Ki 9524 nM, A1 Ki 16,500 nM) led to
quinazoline 7 (A2A Ki 6493 nM, A1 Ki > 100,000 nM).
Investigation into changes in the A-ring of the biaryl
system revealed that the thieno[3,2-d]pyrimidine scaffold
(compound 8) showed both improved potency at A2A


(A2A Ki 3055 nM) and promising selectivity over
A1(Ki > 100,000 nM).

9 Phenyl 92 1364


10 2-Pyridyl 5737 17,514


11 3-Pyridyl 435 4475


12 4-Pyridyl 1384 14,454


13 2-Pyrrolyl 118 3474


14 2-Thienyl 11 430


15 3-Thienyl 56 4216


16 2-Furyl 33 471


17 3-Furyl 30 316

N


N


OH


CF3 N


N


OH


CF3


S


N


OH


CF3


7 86


These compounds were prepared by the reduction of the

18 5-Methyl-2-furyl 22 295


19 2-Thiazolyl 335 5462

corresponding keto-precursors (see below for details).
During the routine screening of these intermediates,
compound 9, the keto-precursor of 8, was shown to have

a Ki of 90 nM at the A2A receptor, a dramatic 35-fold
improvement, though selectivity over the A1 receptor
was reduced somewhat, to 15-fold.

N


N


O


CF3


S


9


This finding prompted further investigation, and a series


of arylketone analogues of 9 were prepared and evalu-
ated. A representative selection of these derivatives is de-
scribed in Table 2. Pleasingly, these highly active
compounds were now both achiral and synthetically eas-
ier to access than the corresponding hydroxyl
conjoiners.


Gratifyingly, low nanomolar potencies and reasonable
selectivities were observed in a number of compounds
in this series. The most potent compounds arose by
the replacement of the phenyl group in compound 9
with the 5-membered, electron-rich groups thiophene
and furan, as in compounds 14, 16, 17 and 18. A corre-
sponding reduction in affinity associated with the use of
pyridyl substituents, as in compounds 10, 11 and 12,
supports the hypothesis that electron-rich groups are fa-
voured in this position.


Based on these data, the 2-thienyl substituent in com-
pound 14 was selected as a fixed substituent in efforts to-
wards the optimisation of the C-2 substituent. The
results from these studies are described in Table 3.


The data in Table 3 show that a range of C-2 substitu-
ents are tolerated and provide compounds with good
A2A potency. A reasonable degree of selectivity for
A2A over A1 is maintained by small alkyl and some
alkylamino substituents.


As part of our investigation into the potential of this
class of compound as anti-Parkinsonian agents, we







Table 3. Binding affinity of 2-substituted thieno[3,2-d]pyrimidin-4-yl


2-thienyl ketones8


N


N


O


R


S
S


Compound R A2A Ki (nM) A1 Ki (nM)


14 CF3 11 430


20 Me 29 487


21 Et 16 400


22 OMe 80 710


23 NH2 23 181


24 NH–NH2 60 33


25 NHEt 25 107


26 NMe2 49 1458


27 NHBn 25 1733


28 NH(CH2)2OH 4.3 14


29 NH(CH2)3OH 8.1 32
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tested a selection of compounds in vivo in the haloperi-
dol-induced hypolocomotion model in mice.10 In this
model, the reduction in locomotor activity induced by
the D2 antagonist haloperidol can be reversed by the
subsequent administration of an adenosine A2A antago-
nist. This model can be used as a measure of A2A antag-
onist effects in vivo. In this assay, a number of
thieno[3,2-d]pyrimidine analogues showed modest
in vivo effects. In particular, compounds 24, 25, 28
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X = CH 6
X = N 7


X = CH, N


Scheme 1. Reagents and conditions: (a) Et2O, n-BuLi, �78 �C, 15 min,


then PhCHO, �78 �C, 1 h then rt, 51–77%.


N


NS
OH


CF3
N


NS


CF3


PhO


N


NS


CF3


PhOH
a, b c


9 830


Scheme 2. Reagents and conditions: (a) POCl3, reflux, 2 h, 35%; (b)


PhCHO, N,N-dimethylimidazolium iodide, NaH, THF, reflux, 15 min,


21%; (c) NaBH4, MeOH, rt, 1 h, 27%.
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Scheme 3. Reagents and conditions: (a) (RCO)2O, PhCH3, NEt3, reflux, 1.5 h


(d) thiophene-2-carboxaldehyde, N,N-dimethylimidazolium iodide, NaH, TH

and 29 were shown to be active following intraperitoneal
administration at 30 mg/kg.


The synthesis of the compounds employed in this study
is described below.11 4-Bromo-2-trifluoromethyl-quino-
line was prepared by the adaptation of literature proce-
dures.12 Compound 6 was readily accessed by the
lithiation of the corresponding quinoline followed by
reaction with benzaldehyde to give the racemic benzyl
alcohol as depicted in Scheme 1. Similarly, compound
7 was prepared from the corresponding 4-bromoqui-
nazoline.


Compound 8 was prepared from 4-hydroxythienopyrim-
idine 30.13 Chlorination with phosphorous oxychloride
was followed by aldehyde incorporation catalysed by
N,N-dimethylimidazolium chloride,14 to give the keto-
aryl compound 9. The alcohol was then obtained by facile
reduction with sodium borohydride (Scheme 2).


Compounds 10–19 were prepared in a manner similar to
compound 9 in Scheme 2, by employing the appropriate
aldehyde.


The C-2 alkyl derivatives 20 and 21, detailed in Table 3,
were prepared in a related manner, though the precursor
2-alkyl-4-chlorothienopyrimidines required bespoke
synthesis from aminothiophene 31, as detailed in
Scheme 3. N-Acylation of 31 with the appropriate alkyl
anhydride introduced the desired aliphatic moiety and
the resultant bis-amide was cyclised under basic condi-
tions then converted to the corresponding 4-chlorothie-
nopyrimidine with phosphorous oxychloride. The
thiophene ketone moiety was then introduced via the
aforementioned N,N-dimethylimidazolium iodide-medi-
ated coupling.14


The methoxy derivative 22 was prepared from methyl 3-
aminothiophene-2-carboxylate 32, as shown in Scheme
4. Cyclisation with urea gave the dihydroxy thienopyr-
imidine 33, which was converted to the bis-chloro deriv-
ative 34 using phenylphosphonic dichloride. Again,
aldehyde incorporation was mediated by N,N-dimethy-
limidazolium chloride14 to yield the keto-aryl compound
35 and the displacement of the 2-chloro was achieved
with a refluxing solution of sodium methoxide. Simi-
larly, the amino derivatives 23–29 were prepared by
treating 35 with the appropriate amine in refluxing
ethanol.


In summary, we report herein the discovery of a novel
class of adenosine A2A antagonists. Through iterative
medicinal chemistry, we have demonstrated that 4-keto-
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, 80–82%; (b) NaOH, reflux, 4 h, 100%; (c) POCl3, reflux, 4 h, 72–92%;


F, reflux, 15 min, 54–66%.
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Scheme 4. Reagents and conditions: (a) Urea, 200 �C, 4 h, 83%; (b)


PhPOCl2, 170 �C, 2 h, 66%; (c) thiophene-2-carboxaldehyde, N,N-


dimethylimidazolium iodide, NaH, THF, reflux, 15 min, 46%; (d)


(compound 22) sodium methoxide, reflux, 18 h, 90%; (e) (compounds


23–29) NHR1R2, EtOH, reflux, 2 h, 37–68%.
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arylthieno[3,2-d]pyrimidine derivatives show strong
antagonism of the human adenosine A2A receptor and
selectivity against the A1 receptor. Furthermore, some
of these compounds have demonstrated activity in a
commonly used in vivo model predictive of potential
utility for the treatment of Parkinson’s disease.

References and notes


1. Palmer, K. J.; Holliday, S. M.; Brogden, R. N. Drugs
1993, 45, 430.


2. See, for example Weinke, T.; Trautmann, M.; Held, T.;
Weber, G.; Eichenlaub, D.; Fleischer, K.; Kern, W.;
Pohle, H. D. Am. J. Trop. Med. Hyg. 1991, 45, 86; van
Riemsdijk, M. M.; van der Klauw, M. M.; van Heest, J.
A.; Reedeker, F. R.; Ligthelm, R. J.; Herings, R. M.;
Stricker, B. H. Eur. J. Clin. Pharmacol. 1997, 52, 1.


3. Weiss, S. M.; Benwell, K.; Cliffe, I. A.; Gillespie, R. J.;
Knight, A. R.; Lerpiniere, J.; Misra, A.; Pratt, R. M.;

Revell, D.; Upton, R.; Dourish, C. T. Neurology 2003, 61,
S101.


4. Xu, K.; Bastia, E.; Schwarzschild, M. Pharmacol. Ther.
2005, 105, 267; Cristalli, G.; Cacciari, B.; Dal Ben, D.;
Lambertucci, C.; Moro, S.; Spalluto, G.; Volpini, R.
Chem. Med. Chem. 2007, 2, 260.


5. Neustadt, B. R.; Hao, J.; Lindo, N.; Greenlee, W. J.;
Stamford, A. W.; Tulshian, D.; Ongini, E.; Hunter, J.;
Monopoli, A.; Bertorelli, R.; Foster, C.; Arik, L.; Lach-
owicz, J.; Ng, K.; Feng, K.-I. Bioorg. Med. Chem. Lett.
2007, 17, 1376; Neustadt, B.; Hao, J.; Lindo, N.; Greenlee,
W. J.; Stamford, A. W.; Ongini, E.; Hunter, J.; Monopoli,
A.; Bertorelli, R.; Fredduzzi, S.; Impagnatiello, F.; Foster,
C.; Arik, L.; Lachowicz, J.; Ng, K.; White, R.; Feng, K. I.;
Hesk, D. Abstracts of Papers, 231st ACS National
Meeting, Atlanta, GA, United States, March 26–30,
2006, MEDI-204; <http://www.kyowa.co.jp/eng/netext/
er070427_02.htm/>.


6. Carroll, F. I.; Blackwell, J. T. J. Med. Chem. 1974, 17, 210.
7. Lutz, R. E.; Ohnmacht, C. J.; Patel, A. R. J. Med. Chem.


1971, 14, 926.
8. For details of Ki determination, see Ref. 3. All values are


the mean of at least three separate values.
9. Data not shown. Binding affinity data for representative


derivatives against the human A2A receptor can be found
in Gillespie, R. J.; Lerpiniere, J.; Gaur, S.; Adams, D. R.;
Knutsen, L. J. S.; Ward, S. E. PCT Int. Appl.
WO200013681, 2000; Gillespie, R. J.; Lerpiniere, J.; Giles,
P. R.; Adams, D. R.; Knutsen, L. J. S.; Cliffe, I. A. PCT
Int. Appl. WO200013682, 2000.


10. Bezard, E.; Imbert, C.; Gross, C. E. Rev. Neurosci. 1998, 9,
71; Mandhane, S. N.; Chopde, C. T.; Ghosh, A. K. Eur. J.
Pharmacol. 1997, 328, 135.


11. Synthetic procedures are described in more detail in
Gillespie, R. J.; Giles, P. R.; Lerpiniere, J.; Dawson, C. E.;
Bebbington, D. PCT Int. Appl. WO200102409, 2001 and
Ref. 9.


12. See, for example Pinder, R. M.; Burger, A. J. Med. Chem.
1968, 11, 267; Osborne, A. G.; Miller, L. A. D. J. Chem.
Soc., Perkin Trans. 1 1993, 181.


13. Primeau, J. L.; Garrick, L. M. U.S. 5187168, 1993.
14. Miyashita, A.; Obae, K.; Suzuki, Y.; Oishi, E.; Iwamoto,


K.; Higashino, T. Heterocycles 1997, 45, 2159.



http://www.kyowa.co.jp/eng/netext/er070427_02.htm

http://www.kyowa.co.jp/eng/netext/er070427_02.htm



		Antagonists of the human adenosine A2A receptor. Part 1: Discovery and synthesis of thieno[3,2-d]pyrimidine-4-methanone derivatives

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 18 (2008) 2920–2923

Antagonists of the human adenosine A2A receptor. Part 2:
Design and synthesis of 4-arylthieno[3,2-d]pyrimidine derivatives


Roger J. Gillespie,a Ian A. Cliffe,a Claire E. Dawson,a Colin T. Dourish,a Suneel Gaur,a


Paul R. Giles,a Allan M. Jordan,b,* Antony R. Knight,a Anthony Lawrence,a


Joanne Lerpiniere,a Anil Misra,a Robert M. Pratt,a Richard S. Todd,a


Rebecca Upton,a Scott M. Weissa and Douglas S. Williamsonb


aVernalis (R&D) Ltd, 613 Reading Road, Winnersh, Wokingham RG41 5UA, UK
bVernalis (R&D) Ltd, Granta Park, Cambrige CB21 6GB, UK


Received 10 January 2008; revised 26 March 2008; accepted 27 March 2008


Available online 30 March 2008

Abstract—We describe herein the discovery and development of a series of 4-arylthieno[3,2-d]pyrimidines which are potent adeno-
sine A2A receptor antagonists. These novel compounds show high degrees of selectivity against the human A1, A2B and A3 receptor
sub-types. Moreover, a number of these compounds show promising activity in vivo, suggesting potential utility in the treatment of
Parkinson’s disease.
� 2008 Elsevier Ltd. All rights reserved.

Adenosine receptors comprise four distinct sub-types,
designated A1, A2A, A2B and A3. In the brain, adenosine
A2A receptors are located primarily in the striatum,
playing a key role in regulating movement. There is
strong evidence that adenosine A2A receptor antagonists
may provide a novel therapy for the treatment of Par-
kinson’s disease, with a lower risk of dyskinesias.1


We have previously reported that a series of thieno[3,2-
d]pyrimidine ketones, typified by 1, are potent adenosine
A2A receptor antagonists which show good selectivity
over the A1 receptor.2 Furthermore, some of these com-
pounds also demonstrate activity in vivo. Unfortunately,
the compounds with the best in vivo activity in this series
had relatively modest selectivity and it proved difficult to
optimise both properties in the same molecule.


We herein report the further development of this series,
leading to a novel class of biaryl A2A antagonists which
display high potency and selectivity against other aden-
osine receptor sub-types and, moreover, promising
in vivo activity.

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


doi:10.1016/j.bmcl.2008.03.076
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The biaryl ketones were prepared by direct incorpora-
tion of the keto functionality via the reaction of a 2,4-


dichlorothieno[3,2-d]pyrimidine with the appropriate
aryl aldehyde in the presence of N,N-dimethylimidazoli-
um iodide and sodium hydride.3 A significant byproduct
was often isolated from this reaction which, following
analysis, was shown to be the directly coupled biaryl
derivative 2, lacking the keto linkage, as shown in
Scheme 1.


Initial testing indicated that, like their keto counterparts,
these compounds showed good A2A receptor binding
affinity4 with some selectivity over A1. These data sug-
gested that this series warranted further investigation.


Initially, a small series of 4-(2-thienyl) analogues, as de-
tailed in Table 1, were prepared and evaluated.


Encouraged by these preliminary results, an investiga-
tion of SAR around the 4-aryl group was undertaken.
Since the initial results indicated that the 2-ethyl and
2-dimethylamino substituents provided the best binding
affinity and selectivity, these groups were chosen as the
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Scheme 1. Formation of biaryl derivatives with representative isolated yields.


Table 1. Initial 2-position SAR


N


N


R


S


S


Compound R A2A Ki


(nM)


A1 Ki


(nM)


HaloLMA


activity5


3 Cl 391 2041 Inactive


4 Et 69 1466 Inactive


5 OMe 444 1590 Inactive


6 NHEt 154 813 Inactive


7 NMe2 55 1963 Inactive


8 NH(CH2)2OH 172 401 Active


Table 2. 2-Ethylthieno[3,2-d]pyrimidines: 4-aryl SAR


N


NS
Aryl


Et


Compound Aryl A2A Ki


(nM)


A1 Ki


(nM)


HaloLMA


activity5


4 2-Thienyl 69 1466 Inactive


9 2-Furyl 30 3205 Active


10 3-Furyl 681 10000 n/d


11 2-Thiazolyl 1.6 388 Active


12 2-(4-Methyl-thiazolyl) 2.1 413 Active


13 2-Imidazolyl 142 5525 Active


14 2-Triazoyl 779 4938 n/da


15 2-Pyridyl 13 917 Active


16 2-(6-Methyl-pyridyl) 12 1273 Inactive


a n/d, not determined.
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2-substituent for most compounds in this evaluation.
The results obtained are shown in Tables 2 and 3.


It was apparent from these data that, in both series, a 2-
thiazolyl group offered a significant advantage over
other heteroaryl groups in the 4-position and provided
a number of highly potent and selective analogues, sev-
eral of which showed promising in vivo activity. Based
on these data, the 2-thiazolyl group was selected as the
4-aryl substituent for a further round of optimisation
of the C-2 substituent, as described in Table 4.


These data showed that, with a 2-thiazolyl substituent in
place at the C-4 position, a wide range of C-2 substitu-
ents are tolerated and provide a series of highly potent
and selective A2A antagonists. Potency and selectivity
over A1 is particularly good where the C-2 substituent
is a small lipophilic group such as alkyl or dialkylamino

as in compounds 11, 24, 36 and 37. Although good A2A


receptor affinity is retained in compounds containing
larger alkylamino substituents, for example, compound
40, selectivity is poorer. Compound 38, containing a
bulkier tert-butyl substituent, shows a similar in vitro
binding profile to analogues containing smaller alkyl
groups, but is inactive in vivo. It is likely that the in-
creased lipophilicity and higher logD of this compound
have a detrimental effect on the pharmacokinetic profile.


A number of the most promising candidates were exam-
ined for selectivity against the adenosine A2B and A3


receptor sub-types, using methods previously described.4


These data, detailed in Table 5, demonstrate that these
compounds show excellent selectivity for A2A over both
the A2B and A3 receptors, alongside the previously ob-
served selectivity over the A1 sub-type. It is particularly
noteworthy that excellent binding affinity and selectivity
can be achieved in molecules with very low molecular
weight (e.g., compound 11, MWt 247).


The functional activity of these compounds was deter-
mined in cells by assessing Ca2+ mobilisation using a
Fluorescence Imaging Plate Reader (FLIPR).6 All the
compounds tested were found to be functional antago-
nists of the A2A receptor and exhibited no appreciable
agonist activity (EC50� 10 lM).


As illustrated in the tables, a number of compounds in
this class were active in vivo in reversing haloperidol-in-
duced hypolocomotion in mice. For example, com-
pound 37, a potent and selective A2A antagonist,
showed significant efficacy when dosed ip at 30 mg kg�1


or sc at 10 mg kg�1.


The compounds employed in these studies were pre-
pared as described below.7 Compound 3 was prepared
as described in Scheme 2. Cyclisation of 3-aminothioph-
ene-2-carboxylate methyl ester 43 with urea gave diol 44,
the chlorination of which yielded 2,4-dichlorothieno[3,2-
d]pyrimidine 45. The treatment of 45 with thiophene-2-
boronic acid under standard Suzuki coupling conditions
then gave regioselective access to the desired C-4 substi-
tuted regioisomer 3.8


Similarly, the cyclisation of 3-aminothiophene-2-car-
boxamide 46 with propionic anhydride, followed by
chlorination with phosphorous oxychloride yielded 4-
chloro-2-ethylthieno[3,2-d]pyrimidine 47. Suzuki cou-
pling with thiophene-2-boronic acid gave 4.


The methoxy derivative 5 and the amino derivatives 6–8
were prepared via the 2-chloro precursor 3, by heating







Table 3. 2-Aminothieno[3,2-d]pyrimidines: 4-aryl SAR


N


NS
Aryl


NRR'


Compound Aryl NRR0 A2A Ki (nM) A1 Ki (nM) HaloLMA activity5


7 2-Thienyl NMe2 55 1963 Inactive


17 Benzo-thiophene-2-yl NMe2 1326 1255 n/d


18 2-Furyl NH2 14 479 Active


19 2-Furyl NHMe 40 568 Active


20 2-Furyl NHEt 58 375 Active


21 2-Furyl NMe2 60 2197 Active


22 2-Furyl NH(CH2)2OH 203 868 Inactive


23 3-Furyl NMe2 748 3467 n/d


24 2-Thiazoyl NMe2 2.3 366 Active


25 2-Thiazoyl NH2 35 675 Active


26 2-(4-Methyl-thiazolyl) NMe2 1.3 303 Active


27 2-(5-Methyl-thiazolyl) NMe2 5.7 908 Inactive


28 2-(4,5-Dimethyl-thiazolyl) NMe2 6.6 254 Inactive


29 2-Imidazolyl NMe2 299 5768 Active


30 2-(1-Methyl-imidazolyl) NMe2 14 1095 Inactive


31 4-Pyrazoyl NMe2 3079 5513 n/d


32 2-Pyridyl NMe2 26 1588 n/d


33 2-(5-Methyl-pyridyl) NMe2 19 1260 Inactive


34 2-Pyrazinyl NMe2 81 990 Inactive


Table 4. 4-(Thiazol-2-yl)thieno[3,2-d]pyrimidines: 2-position SAR


N


NS


SN


R


Compound R A2A Ki (nM) A1 Ki (nM) HaloLMA activity5


11 Et 1.6 388 Active


24 NMe2 2.3 366 Active


35 Cl 20 615 n/d


36 iso-Propyl 1.4 208 Active


37 Cyclopropyl 3.3 259 Active


38 tert-Butyl 3.1 240 Inactive


39 NH2 35 675 Active


40 NH(CH2)2OH 18 57 Active


41 N-(S)-Prolinol 2.8 14 Active


42 N-(R)-Prolinol 3.6 250 Active


Table 5. Binding affinity for selected compounds at all four human


adenosine receptor sub-types5


Compound A2A Ki


(nM)


A1 Ki


(nM)


A2B Ki


(nM)


A3 Ki


(nM)


11 1.6 388 721 1813


24 2.3 366 1560 1759


36 1.4 208 865 476


37 3.3 259 910 945


41 2.8 14 2479 456
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Scheme 2. Reagents and conditions: (a) urea, 200 �C, 4 h, 83%; (b)


PhPOCl2, 170 �C, 2 h, 66%; (c) Pd(OAc)2, PPh3, THF, rt, 5 min then


thiophene-2-boronic acid, satd aq NaHCO3, reflux, 4 h, 94%.


2922 R. J. Gillespie et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2920–2923

with sodium methoxide or the required amine in N-
methyl pyrrolidone, respectively (Scheme 4).


Compounds 9–16 were prepared in the manner outlined
in Scheme 5. 4-Chloro-2-ethylthieno[3,2-d]pyrimidine 47

was coupled with a variety of heterocycles under Stille,
Suzuki or Negishi conditions to yield the desired biaryl
systems.


The amino derivatives 17–34 were also prepared by pal-
ladium or zinc-mediated coupling employing 2,4-dichlo-
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Scheme 3. Reagents and conditions: (a) (i) propionic anhydride,


PhCH3, NEt3, reflux, 1.5 h, 82%; (ii) NaOH, reflux, 4 h, 100%; (b)


POCl3, reflux, 2.5 h, 72%; (c) Pd(OAc)2, PPh3, THF, rt, 5 min then


thiophene-2-boronic acid, satd aq NaHCO3, reflux, 4 h, 36%.
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Scheme 4. Reagents and conditions: (a) sodium methoxide, reflux,


18 h, 95%; (b) NHR1R2, NMP, 90 �C, 16 h, 42–77%.
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Scheme 5. Reagents and conditions: (a) (compound 9) PdCl2(PPh3)2,


DMF, Ar–SnBu3, rt, 16 h, 56%; (b) (compound 10) Pd(OAc)2, PPh3,


THF, rt, 5 min then aryl boronic acid, satd aq NaHCO3, reflux, 4 h,


36–52%; (c) (compounds 11–16); (i) heterocycle, THF, n-BuLi,�78 �C,


15 min then ZnCl2, Et2O, �78 �C to rt; (ii) 47, Pd(PPh3)4, reflux, 17 h,


37–65%.
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Scheme 6. Reagents and conditions: (a) (compounds 17–22, 32 and 33)
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Pd(OAc)2, PPh3, THF, rt, 5 min then aryl boronic acid, satd aq


NaHCO3, reflux, 4 h, 33%; (c) (compounds 24–31 and 34); (i)


heterocycle, THF, n-BuLi, �78 �C, 15 min then ZnCl2, Et2O, �78 �C


to rt; (ii) 45, Pd(PPh3)4, reflux, 17 h, 22–87%; (d) NHR1R2, NMP,


90 �C, 16 h, 13–100%.
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rothieno[3,2-d]pyrimidine 45. Coupling with the desired
heterocycle under Suzuki, Stille or Negishi conditions
was followed by the displacement of the 2-Cl with the
relevant amine, in the manner illustrated in Scheme 6.

Compounds 36–42 were all prepared via methodology
similar to the preparation of 11, 24 and 25.7


In summary, 4-arylthieno[3,2-d]pyrimidines, serendipi-
tously discovered as byproducts in the preparation of
a related compound series, have been shown to display
strong functional antagonism of the human A2A recep-
tor. Optimisation of this series has led to A2A antago-
nists with low nM affinity and a high degree of
selectivity over other adenosine receptor sub-types.
Moreover, a number of these compounds show promis-
ing activity in vivo suggesting that they may have poten-
tial for the treatment of Parkinson’s disease. The further
evolution of this series is reported in the following
communication.9
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Abstract—A series of pyrazolo[3,4-d]pyrimidine, pyrrolo[2,3-d]pyrimidine and 6-arylpurine adenosine A2A antagonists is described.
Many examples were highly selective against the human A1 receptor sub-type and were active in an in vivo model of Parkinson’s
disease.
� 2008 Elsevier Ltd. All rights reserved.

Adenosine A2A receptors play a role within the brain in
regulating movement, and there is strong evidence that
they may provide a novel therapy for the treatment of
Parkinson’s disease.1,2 Further to the discovery that 4-
arylthieno[3,2-d]pyrimidines such as compound 1 were
potent adenosine A2A receptor antagonists, selective
over the A1 receptor and demonstrated activity in a
mouse haloperidol-induced hypolocomotion model of
Parkinson’s disease,3–7 the SAR around other bicyclic
heteroaromatic templates was explored.
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A2A Ki 14 nM
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The 4-(furan-2-yl)pyrazolo[3,4-d]pyrimidine 2 was se-
lected as a starting point for further investigation and,
encouragingly, this was found to have an A2A Ki of
48 nM and was 13-fold selective over A1 (Table 1).8 1-
Benzyl substitution (compound 3) increased potency at
A2A and selectivity over A1, whilst retaining in vivo
activity. Saturation of the phenyl ring of 3 or incorpora-
tion of heteroatoms (compounds 4–6) was tolerated, but
did not improve affinity significantly. Extension of the
linker between the phenyl ring and pyrazole by one
methylene group (compound 7) was detrimental to
A2A potency, but further extension (compounds 8 and
9) regained A2A potency at the expense of A1 selectivity.
Elaboration of the 2-amino substituent was also ex-
plored, but its replacement with a 2-aminoethanol or
2-dimethylamino substituent (10 and 11) reduced A2A


potency.


Given the encouraging data on the benzyl analogue 3,
the effects of substitution around the phenyl ring were
explored (Table 2). Meta-substitution with a range of
electron-rich and deficient substituents was tolerated,
with the 3-chlorobenzyl analogue 14 showing increased
A2A potency and selectivity over A1. Ortho- and para-
substitution was largely detrimental to the desired bio-
logical profile, although 2-fluoro substitution (com-
pound 23) was tolerated. Further work was
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Table 1. Binding affinity and in vivo activity of pyrazolo[3,4-d]pyrimidines 2–11


N


NN
N


R2


O


R1


Compound R1 R2 A2A Ki (nM)8 A1 Ki (nM)8 HaloLMA activity4–6


2 H NH2 48 647 Active


3 Benzyl NH2 3 468 Active


4 Cyclohexylmethyl NH2 45 763 Active


5 Pyridin-3-ylmethyl NH2 28 1953 Active


6 Furan-2-ylmethyl NH2 36 709 Active


7 Phenethyl NH2 110 462 Inactive


8 3-Phenylpropyl NH2 4 17 Active


9 Benzylaminocarbonyl NH2 1 13 Active


10 Phenethyl NH(CH2)2OH 135 175 Inactive


11 Phenethyl NMe2 1891 7255 —


Table 2. Binding affinity and in vivo activity of pyrazolo[3,4-d]pyrimidines 2–3 and 12–33, and 9-substituted-6-(furan-2-yl)-9H-purin-2-ylamines 34–


47


N


N


X


N
Y


R2


NH2
R1


Compound X Y R1 R2 A2A Ki (nM)6 A1 Ki (nM)6 HaloLMA activity4


2 CH N H Furan-2-yl 48 647 Active


3 CH N Benzyl Furan-2-yl 3 468 Active


12 CH N 3-Methylbenzyl Furan-2-yl 3 252 Active


13 CH N 2-Chlorobenzyl Furan-2-yl 9 721 Inactive


14 CH N 3-Chlorobenzyl Furan-2-yl 1 206 Active


15 CH N 3-Methoxybenzyl Furan-2-yl 2 284 Active


16 CH N 3-Methoxycarbonylbenzyl Furan-2-yl 4 779 Active


17 CH N 2-Nitrobenzyl Furan-2-yl 26 1605 Inactive


18 CH N 3-Nitrobenzyl Furan-2-yl 4 497 Active


19 CH N 4-Nitrobenzyl Furan-2-yl 119 1610 Inactive


20 CH N 2-Aminobenzyl Furan-2-yl 8 320 Active


21 CH N 3-Aminobenzyl Furan-2-yl 4 123 Active


22 CH N 3-Carboxybenzyl Furan-2-yl 1322 6321 Inactive


23 CH N 2-Fluorobenzyl Furan-2-yl 4 264 Active


24 CH N 2,6-Difluorobenzyl Furan-2-yl 2 130 Active


25 CH N 4-Trifluoromethylbenzyl Furan-2-yl 6 47 Inactive


26 CH N 4-Methylsulfonylbenzyl Furan-2-yl 340 1126 Inactive


27 CH N 2-Fluorobenzyl Thiophen-2-yl 9 193 —


28 CH N 2-Fluorobenzyl Pyridin-2-yl 12 519 Active


29 CH N 2-Fluorobenzyl Pyrazol-3-yl 16 1642 Active


30 CH N 2-Fluorobenzyl Thiazol-2-yl 17 504 Inactive


31 CH N 2-Fluorobenzyl (1,2,4)Triazol-3-yl 71 1993 Active


32 CH N 2-Fluorobenzyl 1-Methylimidazol-2-yl 1616 6219 Inactive


33 CH N 2-Fluorobenzyl Imidazol-2-yl 2086 4900 —


34 N CH H Furan-2-yl 261 4951 Active


35 N CH Benzyl Furan-2-yl 40 3324 Active


36 N CH 3-Methylbenzyl Furan-2-yl 6 1083 Active


37 N CH 3-Chlorobenzyl Furan-2-yl 8 984 Inactive


38 N CH 3-Methoxybenzyl Furan-2-yl 7 1680 Active


39 N CH 3-Methoxycarbonylbenzyl Furan-2-yl 45 1938 Inactive


40 N CH 3-Nitrobenzyl Furan-2-yl 85 3920 Inactive


41 N CH 4-Nitrobenzyl Furan-2-yl 372 5765 —


42 N CH 3-Aminobenzyl Furan-2-yl 23 4027 Active


43 N CH 3-Carboxybenzyl Furan-2-yl 4105 6470 —


44 N CH 2-Fluorobenzyl Furan-2-yl 5 1444 Active


45 N CH 2,6-Difluorobenzyl Furan-2-yl 3 612 Active


46 N CH 4-Trifluoromethylbenzyl Furan-2-yl 6 3288 Active


47 N CH 4-Methylsulfonylbenzyl Furan-2-yl 779 7628 —
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undertaken to optimise the 4-(furan-2-yl) substituent of
23 since, in some compounds, this moiety is prone to
oxidative metabolism, which can lead to the formation
of reactive species capable of forming covalent adducts.9


This iterative approach is complementary to database
mining and molecular similarity approaches, which have
been used to identify other classes of non-furan contain-
ing A2A antagonists.10 The resulting compounds 27–33
showed reduced affinity for A2A, although the pyrazol-
3-yl analogue 29 displayed increased A1 selectivity,
whilst retaining in vivo activity.


Despite many pyrazolo[3,4-d]pyrimidine examples
showing in vivo activity following intraperitoneal
administration, none were active when given orally.
Modification of the core template of this series to a pur-
ine was investigated, with a view to obtaining orally ac-
tive compounds. The 6-arylpurine 34 had weaker
binding affinity for A2A (Ki 261 nM) than compound
2, but had similar selectivity over A1 (Ki 4951 nM).
Additionally, 34 caused reversal of haloperidol-induced
hypolocomotion in mice dosed at 10 mg/kg ip and,
encouragingly, at 1 mg/kg po.


As with the pyrazolo[3,4-d]pyrimidine examples, ben-
zylic substitution (compound 35) at the 9-position of
compound 34 was beneficial to affinity for the A2A


receptor and also selectivity over A1. This compound
was also active in vivo when dosed at 30 mg/kg ip, but
inactive when administered orally at the same dose. In
comparison with the analogous pyrazolo[3,4-d]pyrimi-
dine 3, however, compound 35 was 13-fold less potent
against A2A. Further studies were carried out to opti-
mize compound 35. These augment the work of Kiselgof

Table 3. Binding affinity and in vivo activity of pyrazolo[3,4-d]pyrimidine 9


N


X
Y


N


R


N
H


OR1


Compound X Y R1 R2


9 CH N Benzyl Furan-2-yl


48 N CH Benzyl Furan-2-yl


49 N CH Phenyl Furan-2-yl


50 N CH Phenethyl Furan-2-yl


51 N CH (S)-1-Phenylethyl Furan-2-yl


52 N CH (R)-1-Phenylethyl Furan-2-yl


53 N CH Thiophen-2-ylmethyl Furan-2-yl


54 N CH Furan-2-ylmethyl Furan-2-yl


55 N CH 4-Fluorobenzyl Furan-2-yl


56 N CH 3-Methylbenzyl Furan-2-yl


57 N CH 4-Methylbenzyl Furan-2-yl


58 N CH 2-Chlorobenzyl Furan-2-yl


59 N CH Benzyl Thiophen-2-yl


60 N CH Benzyl Phenyl


61 N CH Benzyl Thiazol-5-yl


62 N CH Benzyl Furan-2-yl


63 N CH Benzyl Furan-2-yl


64 N CH Benzyl Furan-2-yl


65 N CH Benzyl Furan-2-yl

et al.,11 published subsequent to our patent disclosure.12


Appropriate substitution on the phenyl ring led to in-
creased potency, with some examples displaying affinity
for A2A at a similar level to their pyrazolo[3,4-d]pyrim-
idine counterparts, as well as greater selectivity over
A1. The 2,6-difluorophenyl analogue 45 was the most
potent example in this sub-series (A2A Ki 3 nM, A1 Ki


612 nM). Whilst several analogues were active in vivo
following ip administration, the 3-aminobenzyl
analogue 42 was the only example which showed
in vivo efficacy, when dosed orally at 30 mg/kg.


With the intention of further optimising the in vivo pro-
file of the 6-arylpurine series, it was noted that the urea
analogue 9 of the pyrazolo[3,4-d]pyrimidine series had
an A2A Ki of 1 nM and was 13-fold selective over A1.
The analogous 6-arylpurine compound 48 was synthes-
ised, and was found to have a very similar level of po-
tency for A2A and selectivity over A1 (Table 3). The
phenyl analogue 49 had a similar in vitro profile to the
unsubstituted compound 34, but the introduction of
an extra two methylene spacers (50) led to improved
selectivity over A1 and incorporation of an (S)-a-meth-
ylbenzyl substituent (51) enhanced A2A potency whilst
maintaining >100-fold selectivity over A1. A range of
heteroaryl and substituted phenyl analogues (53–58)
was shown to be highly potent at A2A, selective for A1


and active in vivo when dosed ip. Additionally, com-
pounds 53, 54 and 56 were shown to be orally active
in vivo at 30, 10 and 30 mg/kg, respectively.


SAR at the 6-position of the purine ring was investi-
gated, with the furan-2-yl ring of compound 48 being re-
placed with thiophen-2-yl, phenyl or thiazol-5-yl groups

and 6-aryl-9H-purin-9-ylcarboxamides 48–65


N


2


R3


R3 A2A Ki (nM)8 A1 Ki (nM)8 HaloLMA activity4–6


NH2 1 13 Active


NH2 1 17 Active


NH2 206 4960 Active


NH2 6 624 Active


NH2 2 231 Active


NH2 26 1856 Inactive


NH2 1 28 Active


NH2 2 170 Active


NH2 1 70 Active


NH2 1 26 Active


NH2 1 76 Active


NH2 1 26 Active


NH2 13 127 Inactive


NH2 17 60 Active


NH2 56 835 Active


OMe 8 534 —


SMe 13 547 Inactive


NMe2 23 748 Inactive


Me 102 2726 —
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Scheme 1. Reagents and conditions: (i) Boc2O, Et3N, DMAP, DMF,


rt, 23%; (ii) 2-(tributylstannyl)furan, PdCl2(PPh3)2, DMF, rt, 99%; (iii)


Me2NH(aq) (40% w/v), D, 70%; (iv) NaH, DMF, 0 �C; RCH2Br, rt, 34–


100%; (for 20 and 21) SnCl2Æ2H2O, concd HCl, EtOH, 50–70 �C, 94%;


(for 22) 1 M NaOH(aq), MeOH, D, 95%; (v) PhCH2NCO, DMAP,


DMF, rt, 24%.
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Scheme 2. Reagents and conditions: (i) 9 M H2SO4(aq), 60 �C, 47%; (ii)


CO(NH2)2, 180 �C, quant.; (iii) PhPOCl2, 165 �C, 23%; (iv) 2-(tribu-


tylstannyl)furan, PdCl2(PPh3)2, DMF, rt, 99%; (v) (for 10)


HO(CH2)2NH2, NMP, 100 �C, 57%; (for 11) Me2NH(aq) (40% w/v),


i-PrOH, D, 67%.
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(59–61). In all cases, potency at A2A and selectivity over
A1 was reduced. Replacement of the 2-amino group of
compound 48 with OMe, SMe, NMe2 or Me (62–65)
was detrimental to A2A potency, but gave enhanced
selectivity over A1.


Selected pyrrolo[2,3-d]pyrimidine analogues were also
prepared, allowing comparison with the direct
analogues in the pyrazolo[3,4-d]pyrimidine series
(Table 4). Examples 66 and 67 showed that replacement
of N-2 with CH resulted in a significant drop in potency
at A2A, along with a smaller drop in selectivity over A1.


Pyrazolo[3,4-d]pyrmidines were prepared using the fol-
lowing methodology.13 4-Chloro-1H-pyrazolo[3,4-
d]pyrimidin-6-ylamine 6814 underwent Boc-protection
and then arylation with 2-(tributylstannyl)furan in the
presence of bis(triphenylphospine)palladium(II) dichlo-
ride, followed by deprotection to afford compound 2
(Scheme 1). Subsequent treatment with sodium hydride,
followed by a benzyl or alkyl bromide, afforded com-
pounds 3–8, 12–19 and 23–26 as largely the desired
N1-substituted regioisomer.15 Reduction of the
nitrobenzyl analogs 17 and 18 with tin(II) chloride affor-
ded the aminobenzyl analogs 20 and 21, respectively,
and hydrolysis of the methyl ester 16 afforded the
carboxylic acid 22. The benzyl urea 9 was synthesized
by treatment of 4-(furan-2-yl)-1H-pyrazolo[3,4-d]pyrim-
idin-6-ylamine 2 with benzyl isocyanate and 4-
dimethylaminopyridine.


An alternative synthetic strategy (Scheme 2) involved
hydrolysis of 5-amino-1-phenethyl-1H-pyrazole-4-car-
bonitrile 6916 with sulfuric acid, followed by cyclocon-
densation of the resulting acid with urea and treatment
with phenylphosphonic dichloride, which afforded 4,6-
dichloro-1-phenethyl-1H-pyrazolo[3,4-d]pyrimidine 70.
Subsequent arylation with 2-(tributylstannyl)furan in
the presence of bis(triphenylphospine)palladium(II)
dichloride afforded compound 71. The 6-Cl of 71 under-
went displacement by primary and secondary amines to
afford 10 and 11.


Scheme 3 outlines the synthesis of compounds 27–33. 4-
Chloro-1H-pyrazolo[3,4-d]pyrimidin-6-ylamine 68 was
treated with sodium hydride, followed by 1-bromo-

Table 4. Comparison of in vitro binding activity and in vivo activity of


pyrazolo[3,4-d]pyrmidines 2 and 23, and pyrrolo[2,3-d]pyrimidines 66


and 67


N


NN
X


NH2
R


O


Compound R X A2A Ki


(nM)8
A1 Ki


(nM)8
HaloLMA


activity4–6


2 H N 48 647 Active


66 H CH 242 2765 Active


23 2-Fluorobenzyl N 4 264 Active


67 2-Fluorobenzyl CH 16 709 —
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R = 2-F-PhCH2


+


Scheme 3. Reagents and conditions: (i) NaH, DMF, 0 �C; 1-bromo-


methyl-2-fluorobenzene, 0 �C to rt, 34%; (ii) (for 27), ArB(OH)2,


Pd(PPh3)4, satd NaHCO3(aq), THF, D, 20%; (iii) (for 28) 2-bromopyr-


idine, n-BuLi, THF, �78 �C; 1 M ZnCl2 in Et2O, �78 �C to rt; 72 and


73 (as 1:1 mixture), Pd(PPh3)4, D, 19%; (iv) (for 30 and 32) ArH, n-


BuLi, THF, �78 �C; 1 M ZnCl2 in Et2O, �78 �C to rt; 72 and 73 (1:1


mixture), Pd(PPh3)4, D, 19–21%; (iv) (for 29, 31 and 33) N-SEM-ArH,


n-BuLi, THF, �78 �C; 1 M ZnCl2 in Et2O, �78 �C to rt; 72 and 73 (1:1


mixture), Pd(PPh3)4, D, 2 h, 31%; 4 M HCl in 1,4-dioxane, rt, 23–40%.
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methyl-2-fluorobenzene, to give a 1:1 mixture of N1 and
N2 benzylated derivatives 72 and 73. This mixture then
underwent a range of Suzuki couplings with an aryl
boronic acid or Negishi couplings with an aryl zinc re-
agent. The desired N1-benzylated regiosomers 27–33
were then isolated from the undesired N2-benzylated
regioisomers of type 74.15


6-Aryl purines were prepared as follows.12 2,6-Dichloro-
purine 7517 underwent Boc-protection followed by 6-
arylation with 2-(tributylstannyl)furan (Scheme 4). Dis-
placement of the 2-Cl with veratrylamine followed by
TFA deprotection afforded compound 34. Alkylation
of 34 with a benzyl bromide afforded compounds 35–
41 and 44–47. Reduction of the 3-nitrobenzyl analogue
40 with tin(II) chloride afforded the aniline 42, and basic
hydrolysis of the methyl ester 39 afforded the carboxylic
acid 43. Treatment of compound 34 with the appropri-
ate isocyanate afforded ureas 48–58.


THP-protection of 2-amino-6-chloropurine 76, followed
by Suzuki or Stille arylation and then deprotection,
afforded compounds of type 77, which underwent treat-
ment with benzyl isocyanate to afford ureas 59–61
(Scheme 5).


2,6-Dichloropurine 75 underwent Boc- or SEM-protec-
tion and subsequent arylation with 2-(tributylstan-
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Scheme 5. Reagents and conditions: (i) 3,4-dihydro-2H-pyran, 1 M


HCl in Et2O, DMF, 60 �C, 78%; (ii) (for 59 and 60) ArB(OH)2,


Pd(PPh3)4, satd NaHCO3(aq), THF, D, 51–72%; (iii) (for 61) ArSnBu3,


Pd(PPh3)2Cl2, DMF, 80 �C, 75%; (iv) Amberlyst, MeOH, D; NH3,


MeOH, rt, 72–89%; (v) PhCH2NCO, DMAP, DMF, 70 �C, 76–87%.
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Scheme 4. Reagents and conditions: (i) Boc2O, Et3N, DMAP, THF,


rt, quant.; (ii) 2-(tributylstannyl)furan, PdCl2(PPh3)2, DMF, 96%; (iii)


veratrylamine, NMP, 120 �C, 50%; (iv) CF3CO2H, 60 �C, 57%; (v)


NaH, DMF, 0 �C; ArCH2Br, 20–88%; (for 42 only) SnCl2Æ2H2O,


concd HCl, EtOH, 50 �C, 22%; (for 43 only) 1 M NaOH(aq), MeOH, D,


95%; (vi) RNCO, DMAP, DMF, 65 �C, 28–97%.

nyl)furan to give intermediates 78 or 79 (Scheme 6). 2-
Chloro displacement, followed by deprotection and sub-
sequent treatment with benzyl isocyanate afforded 62–
65.


4-(Furan-2-yl)-7H-pyrrolo[2,3-d]pyrimidin-2-ylamines
66 and 67 were prepared as follows (Scheme 7).18 2,4-Di-
chloro-7H-pyrrolo[2,3-d]pyrimidine 8019 underwent
Boc-protection and then 4-arylation with 2-(tributyl-
stannyl)furan to give compound 81. Displacement of
the 2-chloro substituent of 81 with veratrylamine, fol-
lowed by treatment with trifluoracetic acid, gave com-
pound 66. Compound 67 could be prepared by
benzylation of 80, followed by arylation to give interme-
diate 82 and then subsequent amine displacement and
treatment with trifluoracetic acid.


In conclusion, a series of pyrazolo[3,4-d]pyrimidine, pyr-
rolo[2,3-d]pyrimidine and 6-arylpurine adenosine A2A


antagonists was described. Many examples were highly
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NaSMe, NMP, 110 �C, 61%; (iv) 4 M HCl in 1,4-dioxane, 1,4-dioxane,


rt, 87%; (v) PhCH2NCO, DMAP, THF, DMF, 35–82%; (vi) SEMCl,


NaH, THF 0 �C to rt, 78%; (vii) (for 62) MeONa, MeOH, D, 67%;


(viii) (for 64) NHMe2, i-PrOH, D, 86%; (ix) (for 65) Me3Al, Pd(PPh3)4,


Cl(CH2)2Cl, D, 30%; (x) 1 M TBAF in THF, THF, D, 43–76%.
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Table 5. Comparison of binding affinity and in vivo activity (following


ip and po dosing) of selected 6-arylpurines


Compound A2A Ki


(nM)8
A1 Ki


(nM)8
HaloLMA activity4–6


MED


(mg/kg) ip


MED


(mg/kg) po


34 261 4951 10 1


42 23 4027 10 30


53 1 28 �30 30


54 2 170 <30 10


56 1 26 1 30
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selective against the human A1 receptor sub-type and
showed efficacy in a mouse haloperidol-induced hypolo-
comotion model of Parkinson’s disease, following ip
administration. 6-Arylpurines 42, 53, 54 and 56 showed
efficacy in this model following oral administration, but
each had an MED greater than that for the parent pur-
ine 34 (Table 5). In comparison with 34, the urea and
benzyl derivatives are more lipophilic and, although
rat PK studies showed good brain penetration, they
had low oral bioavailability. Studies also showed that
the urea side-chains were vulnerable to cleavage
in vivo, and so these compounds were not progressed
further. Subsequent work in this area will be disclosed
in due course.
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Abstract—Novel 2-imidazoles have been identified as potent partial agonists of the a1A adrenergic receptor, with good selectivity
over the a1B, a1D and a2A receptor sub-types. Sulfonamide 23 possessed attractive drug-like properties with respect to physicochem-
ical and ADME properties and wide ligand selectivity.
� 2008 Elsevier Ltd. All rights reserved.

a1-Adrenoceptors are members of the 7TM super family
of G-protein-coupled receptors, and three sub-types of
a1-adrenoceptors have been cloned (a1A, a1B, a1D), ex-
pressed and characterized.1 Sub-type selective agonists
of the a1A receptor have been shown to be efficacious
in in vivo models of stress urinary incontinence (SUI).2


However, full a1A agonists possess a narrow therapeutic
index over a1A mediated cardiovascular effects.3 Re-
cently, workers at Roche disclosed in vitro, in vivo
and PhIIa clinical data on the a1A partial agonist Ro-
115-1240 (Dabuzalgron) 1, that demonstrated its poten-
tial as a treatment for SUI with minimal effects on car-
diovascular parameters.4 The selectivity of 1 for its
urological endpoint over cardiovascular and other side
effects was postulated, in part, to be due to partial a1A


agonism.5 We now wish to report our own work in the
area of a1A partial agonists for the treatment of SUI.


Compounds 1, A-61603 26 and ABT-866 37 are reported
to be potent and selective a1A agonists (Fig. 1). How-
ever, imidazolines have known hydrolytic stability is-
sues,8 and 4-linked imidazoles can suffer from potent
P450 inhibition.9 To circumvent these issues we decided
to introduce a 2-linked imidazole such aas 4,10 reasoning

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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that (i) imidazoles are hydrolytically stable fragments
and (ii) flanking imidazole nitrogen atoms with a 2-sub-
stituent is a precedented strategy for reducing P450 inhi-
bition.11 Some evidence of 2-linked imidazoles with
adrenergic receptor agonist activity had also been re-
ported, with simple naphthalenes 5 showing weak a1


agonist activity.12 Encouraged by this finding, our strat-
egy focused on inserting the 2-imidazole fragment into a
conformationally constrained template 4 which would
incorporate functional groups, such as sulfonamides,
that were known to confer a1A agonist activity.


The target compounds were synthesized according to the
general route outlined in Scheme 1. Reduction of the
cyclic ketone 6 to benzylic alcohol 7 was followed by
chlorination and cyanide displacement to give the ben-
zylic nitrile 9. The nitrile was then converted to the imi-
no-ether 10 by reaction with ethanol saturated with HCl
gas. Displacement of 10 with a glycine aldehyde equiva-
lent followed by cyclization under acidic conditions
afforded the required imidazoles.13


When heterocyclic substituents were introduced in the 4-
position, the 4-Br indanyl nitriles 24 were employed as
key intermediates. Palladium mediated cross-coupling
with the required heterocyclic coupling partner (boronic
ester/acid, stannane or cuprate) afforded the desired
intermediates 25. Transformation to final compounds
then followed the same procedure as in previous exam-
ples. Test compounds were assessed in vitro for their
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Scheme 1. Reagents and conditions: (a) NaBH4, MeOH, 0 �C to rt; (b) SOCl2, CH2Cl2, 0 �C; (c) NaCN, DMSO, rt to 50 �C; (d) saturated HCl/


EtOH, 0 �C; (e) H2NCH2CH(OEt)2, EtOH, rt; (f) aq 2 M HCl, 100 �C; (g) HetB(OH)2, Pd(PPh3)4, PhMe, reflux; or HetZnCl, Pd(PPh3)4, dioxane,


reflux; or HetSnR3 (R = Me or n-Bu), Pd(PPh3)4, CuI, LiCl, dioxane, reflux.


Table 1. In vitro functional a1A, a1B, a1D and a2A agonist activity for compounds 1, 3, 12–23


N
H


NR1


R2


(  )n


Compound n R1 R2 a1AEC50
a,b


(nM)


a1A Emax


(%)


a1B EC50


(Emax)a,b (nM)


a1D EC50


(Emax)a,b (nM)


a2A EC50


(Emax)b,c (nM)


1 — — H 25d 60 >10,000 >10,000 >10,000


3 — — H 9 96 >10,000 >10,000 >10,000


12 1 H H 473 54 >10,000 >10,000 NT


13 2 H H 385 71 791 (58%) 364 (74%) 722 (105%)


14 1 MeSO2NH H 70 87 >10,000 >10,000 >10,000


15 1 EtSO2NH H 32 86 >10,000 >10,000 >10,000


16 1 n-PrSO2NH H 1340 54 >10,000 >10,000 NT


17 2 MeSO2NH H 234 79 >10,000 >10,000 >10,000


17a 2 MeSO2NH H 142 79 >10,000 >10,000 >10,000


17b 2 MeSO2NH H 2150 47 >10,000 >10,000 >10,000


18 1 MeNHC(O) H 2200 59 >10,000 >10,000 4340 (44%)


19 1 MeO H 32 65 >10,000 >10,000 27 (100%)


20 1 MeO Me 167 40 >10,000 >10,000 327 (89%)


21 1 MeO Cl 451 24 >10,000 >10,000 NT


22 1 MeSO2NH Me 33 83 >10,000 >10,000 NT


23 2 MeSO2NH Cl 43 61 >10,000 >10,000 >10,000


NT denotes not tested.
a See Ref. 14 for description of assay conditions.
b Values are geometric means of at least three experiments.
c See Ref. 15 for description of assay conditions.
d Data on Ro-115-1240 1 are in good agreement with published data (Ref. 5).
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Table 2. In vitro functional a1A, a1B, a1D and a2A agonist activity for compounds 26–38


N
H


NR1


R2


Compound R1 R2 a1AEC50
a,b


(nM)


a1A


Emax (%)


a1BEC50


(Emax)a,b (nM)


a1DEC50


(Emax)a,b (nM)


a2AEC50


(Emax)b,c (nM)


26 NN
H


H 52 83 600 (32%) 336 (57%) >10,000


27 N


N


H
H 14 84 >10,000 319 (52%) >10,000


28
N


N


H


Me


H 3 91 902 (14%) 634 (66%) >10,000


29 NN
Me


H 278 58 >10,000 >10,000 >10,000


30 N


N


Me
H >2900 12 >10,000 >10,000 >10,000


31 N
N


Me H >1300 19 >10,000 >10,000 >10,000


32


N
H 1150 53 >10,000 >10,000 >10,000


33
N


H 2060 36 >10,000 >10,000 4580 (25%)


34


N


O
H 170 63 >10,000 1390 (38%) >10,000


35


N


S
H 426 64 >10,000 3190 (27%) >10,000


36
N


O
Me


H 111 63 >10,000 >10,000 >10,000


37 NN
H


Cl 322 40 >10,000 >10,000 >10,000


38 N


N


H
Cl 78 52 >10,000 >10,000 >10,000


NT denotes not tested.
a See Ref. 14 for description of assay conditions.
b Values are geometric means of at least three experiments.
c See Ref. 15 for description of assay conditions.
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Table 3. Physicochemical, pharmacological and ADME properties of


23


23


c logP 2.3


LogD7.4 1.5


HLM, Cli lL/min/mg <7


Hheps, Cli lL/min/million cells <5


CaCO-2 flux, AB/BA 18/19


hERG activity 0% activity @ 10 lM


Cerep/BioprintTM panel


(170 assays across receptor, enzyme


and ion channel targets)


>50· selectivity against


all targets


CYP2C9, 2C19, 2D6, 3A4 inhibition <25% inhibition @ 10 lM
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functional agonist activity at human a1A, a1B, a1D and
a2A receptors (see Tables 1 and 2).14,15


Indane 12 and tetrahydronaphthalene 13 demonstrated
weak a1A functional agonism in vitro, however, 12
was more selective over a1B and a1D. Introduction of
the methanesulfonamide in compound 14 led to an
increase in a1A potency. Extension of the sulfonamide
to the ethyl analogue 15 improved potency slightly,
but n-propyl example 16 reduced potency significantly.
Ring size also affected potency, with the tetrahydro-
naphthalene sulfonamide 17 showing threefold weaker
a1A activity than 14. To determine whether the a1A


activity resided in a single enantiomer, analogue 17
was separated into enantiomers 17a and 17b.16 It
was found that enantiomer 17a retained the potency,
Emax and selectivity of the racemic mixture whereas
17b had far weaker activity. Following this result
all further analogues were screened as racemic
mixtures.


Replacement of the sulfonamide was then investigated.
Secondary amide 18 was poorly tolerated, indicating
the positioning of H-bond donor and acceptor groups
was important for activity. In contrast, the methoxy
substitution in 19 gave equivalent a1A potency, and be-
gan to confer partial agonism by reducing Emax. How-
ever, this change also conferred poor selectivity over
a2A.


Introduction of a 5-substituent in examples 20–23 gave
interesting and quite different results. In the case of
methoxy examples 20 and 21 there was a decrease in
a1A potency but Emax also dropped to a level below that
for Ro-115-1240 1. Unfortunately, the additional methyl
substituent did not improve a2A selectivity. In the case
of sulfonamides 22 and 23 the 5-substituent had the
opposite effect, and increased a1A potency. Emax


remained high for compound 22 at 83%, however, the
tetrahydronaphthalene 23 had an attractive pharmaco-
logical profile, combining excellent potency, low Emax


and good selectivity.


From this investigation we concluded that a sulfon-
amide N–H coupled with a small lipophilic group in
the 5-position was crucial for tuning potency, Emax


and selectivity. To test this hypothesis further, we then
investigated additional replacements for the sulfon-
amide. We reasoned that polar heterocyclic substitu-
ents may act as effective sulfonamide bioisosteres.17


A series of compounds was then synthesized, with
a focus on the indane template for synthetic
expedience.


Heterocycles which included a hydrogen-bond donor,
exemplified by pyrazoles 26, 27 and 28, retained potent
a1A agonism, however, the 2-linked isomer 26 had
poorer selectivity than 27 or 28. Removal of the hydro-
gen-bond donor by N-methylation in examples 29, 30
and 31 led to a significant loss of a1A agonist activity.
Further five and six-membered heterocycles 32–36,
which just contained hydrogen-bond acceptors, were
also investigated but did not deliver the required a1A po-

tency and Emax levels. Again, this SAR suggested a
hydrogen-bond donor was important for a1A agonist
potency. We then re-introduced a 5-substituent into
the most promising heterocyclic compounds to deter-
mine if this would reduce a1A Emax, as had been the case
for sulfonamide 23. We were pleased to find that a 5-
chloro group in compounds 37 and 38 reduced a1A Emax


to below that for Ro-115-1240 1, but with a concomitant
decrease in a1A potency. The compound from this series
that had the best combination of potent a1A EC50, low
Emax and good selectivity was analogue 38, however,
this compound was not superior to sulfonamide 23 with
respect to a1A potency.


Compound 23 was then progressed to further screening
to assess its overall drug-like properties, and these data
are summarized in Table 3.


These data showed that 23 had attractive drug-like
properties; combining low lipophilicity, excellent selec-
tivity over the hERG channel and P450 enzymes and
against a wide panel of receptors, enzymes and ion chan-
nels. In addition, 23 had excellent in vitro metabolic sta-
bility combined with good membrane permeability
along with no evidence of P-gp mediated efflux in
CaCO-2 cells.


In summary we have discovered a novel series of 2-
substituted imidazole a1A adrenoceptor partial agonists
with excellent selectivity over a1B, a1D and a2A. In par-
ticular, sulfonamide 23 and pyrazole 38 were identified
as having the best balance of pharmacological proper-
ties. This work also demonstrated the use of heterocycles
with hydrogen-bond donors as effective bioisosteric
replacements of sulfonamides. Additional screening
highlighted the attractive drug-like properties of sulfon-
amide 23. Further advances in the SAR of this series
along with in vivo efficacy and pharmacokinetic data
will be reported in the near future.
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Abstract—A new series of amino-acetonitrile derivatives (AAD) have been discovered that exhibit high anthelmintic activity against
parasitic nematode species such as Haemonchus contortus and Trichostrongylus colubriformis. Significantly, these compounds also
demonstrate activity against nematode strains resistant to the currently available broad-spectrum anthelmintics. The discovery, syn-
thesis, structure–activity relationship and biological results are presented.
� 2008 Elsevier Ltd. All rights reserved.

Figure 1.

Parasitic nematodes, apart from being one of the most
frequent sources of human infections particularly in
tropical countries are also a major cause of disease
and productivity loss in farmed livestock. While only
three classes of broad-spectrum anthelmintic drugs are
widely used at present (benzimidazoles, imidazothiaz-
oles and macrocyclic lactones), resistance against the
pertinent compounds has become a serious concern in
veterinary medicine.1 Thus, the discovery of novel mol-
ecules able to control multi-resistant nematodes is of
prime importance.2


In the course of our search for new anthelmintics, the
amino-acetonitrile derivative 13 (Fig. 1) was identified
as a lead compound in a larval development assay4


(LDA) against a benzimidazole-resistant isolate of Hae-
monchus contortus (H.c.). Certain N-acyl amino-aceto-
nitriles had been associated with diverse biological
properties (e.g. insecticides,5 fungicides, 6 antibacterials7


as well as cysteine cathepsin inhibitors8), but have never
been described as nematocides.

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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Anthelmintic efficacy was also confirmed in a rodent
model.9 Compound 1 showed a significant reduction in
the number of H.c. but no reduction of Trichostrongylus
colubriformis (T.c.) following oral administration as a
racemate at 10 mg/kg bodyweight. These encouraging
biological results prompted a chemical optimization
program with the aim of increasing the potency and
spectrum of activity.


Analogues were readily prepared by the alkylation of a
phenol with chloroacetone, followed by Strecker reac-
tion on the resulting ketone and a final acylation step
of the amino group using an acid chloride (Scheme
1).10,11 Although it was anticipated that the enantiomers
would exhibit different levels of efficacy, synthesis and
initial biological evaluations were mainly performed
with the racemates.


Alternatively, in case starting phenols were not easily
accessible and the R1 substituents were electron-with-
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Table 1. Activity of compounds 1–36 against H. contortus and T.


colubriformis in LDA


Compound R1 R2 H.c.


EC100
a,b


(ppm)


T.c.


EC100
a,b,c


(ppm)


Thiabendazole — — 10 1


Levamisole — — 0.32 10


Ivermectin — — 0.001 0.01


1 2-Cl 4-CF3 0.032 0.032


2 2-Cl 4-OCF3 0.032 0.032


3 2-CF3 4-OCF3 0.01 0.01


4 2-Br 4-OCF3 0.032 0.032


5 2-F 4-CF3 1 1


6 H 4-CF3 >10 >10


7 2-Et 4-OCF3 0.32 0.32


8 2,3-diCl 4-CF3 0.1 0.1


9 3-F 4-OCF3 0.32 1


10 4-CF3 4-CF3 >10 >10


11 2,4-diCl 4-OCF3 0.1 0.1


12 2-Cl, 4-F 4-OCF3 0.032 0.032


13 2,5-diCl 4-OCF3 0.01 0.032


14 2-Cl, 5-F 4-OCF3 0.01 0.032


15 2,6-diCl 4-CF3 >10 >10


16 2,4,6-triF 4-OCF3 >10 >10


17 2-Br, 5-F 4-OCF3 0.01 0.1


18 2-Br, 4,5-diF 4-OCF3 0.01 0.032


19 2-CF3, 4,5-diF 4-OCF3 0.01 0.032


20 2-CF3, 4,5-diF 4-CF3 0.032 0.032


21 2-CF3, 4-CN 4-CF3 0.1 0.1


22 2-CF3, 4-CN 4-OCF3 0.032 0.1


23 2-CF3, 5-CN 4-CF3 0.032 0.1


24 2-CF3, 5-CN 4-OCF3 0.01 0.032


25 2-Cl 2-CF3 >10 >10


26 2-Cl 2-F, 4-CF3 0.32 0.32


27 2-Cl 3-OCF3 >10 10


28 2-Cl 4-Me >10 >10


29 2-Cl 4-F 3.2 1


30 2-CF3 H 10 >10


31 2-Cl 4-Cl 0.32 0.32


32 2-CF3 4-Ph >10 >10


33 2-CF3 4-SCF3 0.032 0.032


34 2-CF3, 4,5-diF 4-SCF3 0.032 0.032


35 2-CF3, 4-CN 4-SCF3 0.032 0.032


36 2-CF3, 5-CN 4-SCF3 0.01 0.032


a Values are means of three experiments.
b Benzimidazole-resistant isolate.
c Levamisole-resistant isolate.


Scheme 2. Reagents and conditions: (a) NH4Cl, NaCN, NH3/MeOH;


(b) 1 M NaHCO3, EtOAc, R2ArCOCl; (c) t-BuOK, 2-CF3-R1ArF,


THF.


Scheme 1. Reagents and conditions: (a) K2CO3, KI, chloroacetone,


acetone, Rfl.; (b) NH4Cl, NaCN, NH3/H2O; (c) DIPEA, 4-DMAP,


R2ArCOCl, CH2Cl2.
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drawing, a second route via aromatic nucleophilic sub-
stitution (SNAr) was used (Scheme 2). Strecker reaction
of hydroxyacetone followed by chemo selective N-ben-
zoylation with substituted benzoyl chlorides gave the
corresponding hydroxy-benzamide derivatives. Finally,
aromatic substitution of activated fluorobenzenes affor-
ded the targeted analogues.12,13


In order to understand the structural requirements, a
first series of compounds bearing different R1 substitu-
ents on the phenoxy moiety was prepared (2–24) and
evaluated in the LDA (Table 1). At the 2-position elec-
tron-withdrawing groups (1–4) afforded better activity
than electron donating groups. An increased potency
was observed in the case of CF3 compared to Cl. No
substituent at this position led to decreased activity in
any cases (6, 9 and 10). For this reason, the 2-Cl group
was kept at first for optimization of the other positions
on this ring. Position 6 was very sensitive to substitution
and steric hindrance, yielding to a loss of activity with
any group except for H (15 and 16). Slight decrease of
intrinsic activity and no improvement of efficacy in ger-
bils were observed with groups at position 3 (8) (Table
2). Remarkably, the small electron-withdrawing groups
F and CN at positions 4 and/or 5 (12, 14 and 17–24)
led to a moderate increase of in vitro efficacy along with
a strong increase of in vivo efficacy.


To further explore the SAR, another series of com-
pounds (25–36) with modifications of the R2 substituent
on the benzamide moiety was synthesized. Substitutions
at ortho and meta positions led to inactive compounds
(25, 27) or to a decreased activity in case the para
CF3-substituent was present (26). At the 4-position the
substituents could be ranked as follows: CF3 ffi OCF3 ffi
SCF3 > Cl� F > H = Me.

Compounds active following oral application in gerbils
at 1 mg/kg bodyweight (19–20, 22–24 and 34–36) were
also evaluated in the gerbil model after subcutaneous
injection to investigate their systemic efficacy (Table 3).


Systemic activity was indeed observed, with slight differ-
ences between these analogues. These may be due to
small changes in the compounds’ polarity and thus, in
their pharmacokinetic profiles in rodents.


Racemic 19 and 36 were separated using chiral HPLC.
The most active enantiomers showed at least a 300-fold







Table 3. Activity of selected analogues of compound 1 against H.


contortus and T. colubriformis in gerbils after subcutaneous treatment


Compound Dose


(mg/kg)


H.c. (% worm


count reduction)


T.c. (% worm count


reduction)


Ivermectin 0.32 99 85


19 1 99 75


20 1 94 90


22 1 91 97


23 1 90 72


24 1 97 75


34 1 73 90


35 1 92 86


36 1 99 84


Table 2. Activity of selected analogues of compound 1 against


H. contortus and T. colubriformis in gerbils after oral treatment


Compound Dose


(mg/kg)


H.c. (% worm


count reduction)


T.c. (% worm


count reduction)


Ivermectin 0.1 98 97


1 10 88 19


3 10 98 97


4 10 97 99


8 10 84 67


11 10 94 100


12 3.2 98 77


13 3.2 68 89


14 3.2 92 79


17 3.2 90 99


18 3.2 100 97


19 1 99 73


20 1 89 91


21 1 97 91


22 1 95 98


23 1 97 87


24 1 95 85


33 10 77 99


34 1 84 98


35 1 90 98


36 1 100 100


Figure 2. Structure of compound 3615 in the crystal.14b For the (S)-


enantiomer shown the Flack x parameter refined to �0.02(2).14c


Scheme 3. Reagents and conditions: (a) resolution with enantiopure


chiral acid; (b) CuSO4, EtOH, Rfl.; (c) NH4Cl, NaCN, NH3/MeOH;


(d) standing in MeOH.
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higher potency in the LDA (Table 4). Trace amount of
the (�)-enantiomers may be the cause of the residual
efficacy of the (+)-enantiomers. These results tend to
demonstrate enantiospecificity of these compounds
against nematodes.


The absolute configuration (S) of the most active enan-
tiomer of 36 was established by single crystal X-ray
structure determination (Fig. 2).14a

Table 4. Activity of separated enantiomers of 19 and 36 against H.


contortus and T. colubriformis in LDA


Compounda H.c. EC100
b,c (ppm) T.c. EC100


b,c,d (ppm)


(+)-19 1 3.2


(�)-19 0.0032 0.01


(R)-(+)-36 10 >10


(S)-(�)-36 0.0032 0.01


a ee > 99.0% as determined by analytical chiral HPLC.
b Values are means of three experiments.
c Benzimidazole-resistant isolate.
d Levamisole-resistant isolate.

Several routes leading to the desired enantiomers were
analyzed. Although efficient enantioselective Strecker
reactions have been reported,16 the use of often expen-
sive metal catalysts was not considered practical in view
of future scale-up and large scale production. Thus, we
decided to investigate resolution options. Intermediate
compounds 38 were obvious candidates since diastereo-
meric salts of amino nitriles with chiral acids had been
described17 and used industrially (Scheme 3). Further-
more, the unwanted enantiomers could easily be race-
mized either spontaneously (standing in MeOH) or via
a retro-Strecker using CuSO4/Strecker sequence. In the
case of R1 = 2-CF3, 5-CN the amine (S)-38 was obtained
in 95–98% ee and 40% yield using (+)-di-O,O 0-p-toluyl-
DD-tartaric acid as the chiral acid. This approach looks
promising for large scale production.


In this letter, we have described the discovery of a new
series of amino-acetonitrile derivatives (AAD) with sig-
nificant nematocidal activity. Despite intensive efforts in
medicinal chemistry over the past 25 years,18 merely two
new classes of broad-spectrum anthelmintics have
emerged, the cyclodepsipeptides19 and the paraherqua-
mides,20 both derived from fermentation. However, nei-
ther class has resulted in a marketed product for
livestock as yet. Several of the compounds disclosed
above are currently under evaluation as drug develop-
ment candidates for use in ruminants. Since the ami-
no-acetonitrile derivatives also possess a new mode of
action,21 they could offer farmers a sought-after solution
to overcome current anthelmintic resistance issues. If the
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favorable tolerability of this class of compounds ob-
served in ruminants can be confirmed for humans, hu-
man medical practice may also benefit from this new
alternative to current treatments.
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Abstract—We found 4-pyridylmethylthio derivative 1 to be very effective in using antiangiogenesis activity to prevent proliferation
of HUVECs (Human Umbilical Vein Endothelial Cells), which was induced by vascular endothelial growth factor (VEGF). Com-
pound 1 was equally effective in inhibiting VEGF receptor2 tyrosine kinase (KDR, IC50 = 26 nM). We deduced that the inhibition
was the result of binding the catalytic domain of VEGF receptor2 tyrosine kinase in a similar fashion to both phthalazine derivative
PTK787 2 and anthranylamide derivative AAL993 3. In this report, we will describe the conformational analyses, from ab initio MO
calculation and X-ray crystallographic analyses, of compound 1 and the analogs, which include non-active 9, all in comparison with
2 and 3. The conformation–activity relationships suggest that a nonbonded intramolecular interaction between the sulfur and the
carbonyl oxygen of 1 was very important in inhibiting KDR.
� 2008 Elsevier Ltd. All rights reserved.

Stimuli to the VEGF/VEGF-receptor signaling pathway
can result in angiogenesis, which is closely linked to the
development of cancer, rheumatoid arthritis and aged


macular degeneration. The clinical studies of AvastinTM,
a humanized anti-VEGF monoclonal antibody, revealed
that the VEGF/VEGF-receptor signaling inhibitor
could be used in treating cancer.1 A variety of VEGF
receptor tyrosine kinase (RTK) inhibitors of low molec-
ular weight have been developed in clinical trials. These
VEGF-RTK inhibitors can be classified into chemical
structure classes such as indolinones,2 quinazolines,3


and phthalazines.4 PTK787 2 is a phthalazine, which
has been under PIII clinical development for the treat-
ment of cancer.5 An anthranylamide derivative
AAL993 36 is a selective VEGF-RTK inhibitor of the
same chemical class as phthalazines.7 This compound
was identified by a database search with a substructure
query for 4 which listed phthalazines with an intramo-
lecular hydrogen bond.8 Although 4-pyridylmethylthio
derivative 1 does not have an intramolecular hydrogen

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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bond, it has a structure that is similar, it is a member
of the same chemical class as phthalazines and may be
effective.9 Therefore, we synthesized it and found it to
have potent inhibitory activities in a cell-based angio-
genesis assay (IC50 = 250 nM) and in a KDR assay
(IC50 = 26 nM) (Table 1 and Fig. 1).


We have previously reported the syntheses and the bio-
logical activities of compounds 1 and 5–7 elsewhere.9


This time, in addition to compounds 1 and 5–7 reported
previously, compound 9 was obtained from 8 by revers-
ing the positions of sulfur in 7 (Scheme 1).10 Their bio-
logical activities are described in Table 1. The 4-
pyridylmethylamino derivative 5 had potent inhibitory
activities with KDR (IC50 = 20 nM) as did the 4-pyridyl-
ethyl derivative 6b (IC50 = 200 nM).11 Compounds 1
and 7, which are also members of the 4-pyridylmethyl-
thio group, showed similar potency against KDR. On
the other hand, neither compound 8 nor 9 displayed
such potent activity (Table 1). From these data, we be-
lieved that the stable conformations by the intramolecu-
lar nonbonded interaction of 1, 3, and compounds 5–7
were similar to those of phthalazine PTK787 2 (Fig. 2).


Compounds V–IX in Figure 3 are the models of 5–9,
respectively, used for the MO calculation at the RHF/
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Table 1. Inhibitory activities (IC50 value, nM)


Compound KDRa HUVECs


proliferationb


1 26 250


2 37 (Ref. 5) 6 (Ref. 5)


3 23 (Ref. 6) N.D.


5 20 (Ref. 8) N.D.


6b 200 (Ref. 11) N.D.


7 46 530


8 >1000 (54% inhibit. at 10lM) >2000


9 >1000 (0% inhibit. at 10lM) N.D.


a IC50 of a KDR assay was measured with a kinase assay development


kit purchased from CARNA BIOSCIENCE Co. Ltd.12


b IC50 of HUVECs proliferation inhibitory assay was determined by


the method described in Ref. 13.
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6-31G* level. Relative potential energies (DE) to the
conformation (v = 0�) of the compound were obtained
for structures whose torsional angle, C1–C2–C3–Y was
rotated at +30� intervals from 0� to 180� (Fig. 3).
Figure 4 shows the energy profiles.14 The most stable
conformations of compounds V and VI were con-
formers C (v = 30�), being structurally similar to
PTK787 (2), which would be caused by an intramo-
lecular hydrogen bond between either NH or CH2


and carbonyl oxygen. In compound VII, although
conformer C (v = 30�) was again a major component
in the conformation, conformer B (v = 180�) was
slightly more stable (5 kJ/mol). In compounds VIII
and IX, conformer B (v = 180�) and conformer D
(v = 150�) were found to be the most stable confor-
mations. These results suggest that the stable confor-
mations of compounds 5 and 6 are different from
those of 8 and 9, and that compound 7 has two sta-
ble conformers.

We assumed a relevance between the stable conforma-
tion and the inhibition of KDR among compounds 1–
3 and 5–9, and this was consistent with the results of
ab initio MO calculations. We, then, carried out X-ray
crystallographic analyses of compounds 1 (monohy-
drate) and 9.15 Analysis of compound 1 (monohy-
drate) revealed that the torsion angle of C1–C2–C3–
O moiety (v) was 35�, and that the S–O distance
(2.82 Å) was shorter than the sum (3.32 Å) of van
der Waals radii of sulfur and oxygen,16 thus suggest-
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Table 2. Summary of X-ray crystallographic analyses of compounds 1


(monohydrate) and 9


1 (monohydrate) 9


Formula C18H16ClN3O2S C19H15ClN2OS


Formula weight 373.86 354.85


Crystal color, habit Brown, platelet Yellow, prism


Crystal system Triclinic Monoclinic


Space group P�1 (#2) P21/c (#14)


Lattice constants


a (Å) 7.561(5) 9.655(5)


b (Å) 9.586(6) 12.530(4)


c (Å) 13.363(10) 14.799(7)


a (�) 98.73(3)


b (�) 95.74(3) 102.832(20)


c (�) 110.10(2)


Volume (Å3) 886.8(10) 1745.6(13)


Z 2 4


Density (calcd) (g/cm3) 1.400 1.350


Residual R, Rw 0.0425, 0.0499 0.0360, 0.1123
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ing an intramolecular nonbonded S–O interaction.17


Compound 1 had a conformation similar to PTK787
2 and AAL993 3 with the same interaction. On the
other hand, such S–O close contact was not observed
in compound 9 (the torsion angle of the C1–C2–C3–S:
108�, S–O distance 3.79 Å). Thus the most stable con-
formation of 9 would be different from that of 1.
These results suggest that a conformation, which
forms a pseudobicyclic ring through intramolecular
nonbonded interaction,18 such as hydrogen bonding
or nonbonded S–O interaction, is necessary to exert
inhibition of KDR (Fig. 5).


In summary, we analyzed novel 4-pyridylmethyl deriv-
atives 1–9 and evaluated their KDR inhibitory activi-
ties to investigate the relationship with conformation–
activity. The IC50 of 1 and 7 was approximately 10�7


nM, which is comparable to anthranylamide deriva-
tives 2 or 5. The conformational analysis of the model

und 1 (monohydrate) (S–O; 2.82 Å, v = 35�); right, ORTEP drawing of
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compounds V–IX of 4-pyridylmethyl derivatives 5–9
suggests that the major conformations of the active
derivatives 5–7, apparently shaped pseudobicyclic rings
through intramolecular hydrogen bonding/S–O non-
bonded interaction, were similar to each other, and
thus to PTK787 2. This conformation was found in
the crystal of 1 monohydrate, in which an intramolec-
ular nonbonded S–O interaction was indicated. X-ray
crystallography of an inactive 9 crystal revealed that
the conformation was very different from that of 1.
An intramolecular nonbonded interaction, such as
hydrogen bonding or S–O interaction, is a critical
structural property for compounds in this class for
the inhibition of KDR (Table 2).
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Abstract—Several C-1 homologated GlcNAc- and GalNAc-thiazolines, as well as a related GalNAc-thiazole, have been prepared.
The compounds are analogues of GlcNAc-thiazoline, a potent transition-state-mimicking inhibitor of retaining b-N-acetylglycos-
aminidases. Kinetic evaluation of these fused pyranose-heterocycles against the bacterial N-acetylhexosaminidase SpHex suggests
active site steric restrictions around the substrate anomeric carbon.
� 2008 Elsevier Ltd. All rights reserved.

Glycosidases mediate a variety of important cellular
functions. As an example, retaining N-acetyl-b-hexos-
aminidases of families 18 and 20 are a class of glycosyl
hydrolases that are responsible for the removal of 2-
acetamido-2-deoxy-DD-glucopyranosyl and -galactopyr-
anosyl residues from glycoconjugates, and that utilize
a mechanism featuring substrate-assisted catalysis.1 An
inherited abnormality in the human glycosidases Hex
A and Hex B results in the accumulation of certain
gangliosides, causing the neurodegenerative disorders
Tay-Sachs and Sandoff’s diseases, respectively.2 The
hydrolysis of the terminal GlcNAc/GalNAc residue
from the aglycon polysaccharide features an oxazolini-
um intermediate held noncovalently in the active site
(Fig. 1).


The remarkable binding properties of GlcNAc- and
GalNAc-thiazolines 1 and their resistance to enzymatic
hydrolysis has facilitated the determination of the co-
crystal structure of 1a intact and bound in the active site
of the N-acetylhexosaminidase from Streptomyces plica-
tus (SpHex; Ki for 1a = 20 lM and 270 nM vs SpHex
and human b-hexosaminidase A, respectively; Ki for
1b = 100 lM and 820 nM vs SpHex and human b-hex-

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


doi:10.1016/j.bmcl.2008.03.067


Keywords: Glycosidase; O-GlcNAcase; Streptomyces plicatus; Pyra-


nose conformation; Transition state mimic.
* Corresponding author. Tel.: +1 732 445 2627; e-mail: spencer.knapp


@rutgers.edu

osaminidase A, respectively).3,4 A schematic of H-bond-
ing interactions of SpHex with 1a indicated by the
crystallographic analysis is shown in Figure 2. A hydro-
phobic pocket surrounds the thiazoline ring of 1a, pro-
tecting the iminium carbon from water. Within this
pocket, Tyr393 and Asp313 residues can position the
2-acetamido group of the substrate for nucleophilic par-
ticipation at the anomeric center and diffuse the positive
charge distributed into the oxazolinium ring as it forms.
The normal role of the general acid residue Glu314 (cir-

Figure 1. Mechanism for retaining N-acetylhexosaminidases that use


substrate assistance.
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Figure 2. Schematic showing interactions between 1a and the active


site of SpHex.
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cled) is to assist binding and departure of the aglycon
oxygen from C-1. However, Glu314 does not interact
with 1a, as the latter lacks a hydrogen bond donor in
this position.


Human O-GlcNAcase (OGA) is a critical enzyme
for post-translational modification of intracellular
proteins.5 OGA is a family 84 glycoside hydrolase
responsible for the cleavage of GlcNAc from b-O-Glc-
NAc-modified serine and threonine residues. The afore-
mentioned polysaccharide glycosidases exhibit little
sequence similarity to OGA; however, GlcNAc-thiazo-
line 1a has also been shown to inhibit OGA
(Ki = 70 nM),4 implicating this enzyme as a hydrolase
with the 2-acetamido substrate-assisted catalytic mecha-
nism as well.6

Past efforts towards glycosidase inhibitor design have
included the synthesis and evaluation of inhibitors that
superficially resemble posited electrostatic and confor-
mational changes within the transition state, including
a flattened substrate (4H3) pyranose ring and a much
debated glycosyl cation-like structure (sp2 hybridized
and partially positively charged at C-1). Free energy
correlation studies7 have recently demonstrated, how-
ever, that strong adventitious binding by many glycosi-
dase inhibitors does not in itself indicate transition state
mimicry.8 Vocadlo and coworkers have homologated
the acetamido group of 1a, and shown that this family
of inhibitors [sp3 hybridized at C-1 (pyranose number-
ing), 4C1 pyranose pseudo-chair conformation when
bound in the active site] displays excellent correlation
of free energy of activation calculated from enzymatic
substrate hydrolysis relative to inhibitor binding, sug-

gesting that 1a is a true transition state mimic for
OGA and presumably also for the mechanistically re-
lated hexosaminidases.9


Unlike OGA, the hexosaminidases do not tolerate sub-
strate or inhibitor amide groups much larger than acet-
amido in the binding pocket.3,9,10 Whether groups at C-
1 (see methylated analogue 2) would be tolerated has not
yet been established. Crystallographic studies of the
piperidine carbohydrate analogue GalNAc-isofagomine
(Ki = 21 lM vs SpHex)11 bound in the active site of
SpHex show a key noncovalent interaction between
the equatorial piperidine N–H and the general acid res-
idue Glu314, an interaction absent3 in the case of the
SpHexÆ1a complex. A thiazoline related to 1, but which
might additionally possess a group capable of hydrogen
bonding or other interaction with Glu314, ought to be
an even more effective inhibitor. Therefore, we also set
out to enable this additional enzyme(Glu314)–inhibitor
interaction through the preparation of functionally elab-
orated thiazolines such as 3. The evaluation of 2 and 3
as a means to probe glycosidase tolerance of substitu-
tions (shown in boxes) for –H at the anomeric center
of parent inhibitors GlcNAc- and GalNac-thiazolines
1 is the subject of this report. The route to 2 was de-
scribed earlier,12 and an unusual fragmentation leading
to the fused GalNAc-thiazole 11 was also reported.13


Lactone 4 (Scheme 1),13 treated with tert-but-
oxycarbonylmethylenetriphenylphosphorane, reacted
slowly under reflux, but at 140 �C in a sealed reaction
tube gave a mixture of thiazoline ester 5 and the chain
extended vinylogous carbonate 6 in 55% combined iso-
lated yield (respective ratio 2.6:1). The 1H NMR signal
for the thiazoline CH3 of 5 at 2.17 ppm (br s, long
range coupled to H-2)14 and the downfield thioaceta-
mide CH3 singlet (2.47 ppm) of 6 are indicative of their
structures. Deprotection of the mixture of 5 and 6 with
trifluoroacetic acid in dichloromethane gave 7 in 86%
yield (Scheme 1). Compounds 5 and 6 were both con-
verted to 7 in this reaction, as the amount of either
alone is insufficient to account for the isolated yield.
Some hydrolysis of 7 to the mercapto amide under
these conditions might be expected.14,15 However, with
exclusion of moisture, 7 was stable to the reaction con-
ditions, concentration without workup, and spectro-
scopic characterization in chloroform solution.
Installation of nitrogen was carried out by first convert-
ing 7 to the acyl azide. Attempts to convert 7 directly
by using diphenylphosphoryl azide (DPPA)16 were
unsuccessful. The conversion of 7 to the mixed anhy-
dride was followed by addition of aqueous sodium
azide. After concentration of the organic layer, the acyl
azide was verified by infrared spectroscopic analysis, as
this intermediate is not stable to chromatography on
silica gel. The product shows a strong stretch at
2135 cm�1 due to the azide, but there was also partial
rearrangement to isocyanate 8 (2257 cm�1). Heating
the crude azide for 2 h in toluene solution completed
the rearrangement to 8. The isocyanate was also unsta-
ble to silica gel, although 1H and 13C NMR spectra of
the crude concentrated reaction mixture provide evi-
dence for an efficient and reliable conversion to 8.







Figure 3. Unit cell of crystalline GalNAc-thiazoline 1b, showing the
4C1 pseudo-chair pyranose conformation.


Chart 1. Inhibition studies of the new C-1 homologated thiazolines (2,


and 10 and 3 and thiazole 11 against SpHeX.


Scheme 1. Synthesis of elaborated GaINAc-thiazolines 10 and 3.
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Trapping 8 with tert-BuOH to form the stable carba-
mate was extremely slow, giving 10 in only 28% yield
after 48 h.


Thiazoline 9 was deprotected with n-Bu4NF to carba-
mate triol 10. After treatment of 10 with TFA in dichlo-
romethane solution, aminomethyl thiazoline triol 3 was
isolated as the trifluoroacetate salt. TFA salt 3 is some-
what unstable in acidic methanol; therefore,3 was char-
acterized by 1H NMR in dry CD3CN: the diagnostic
ABq (3.42 and 3.57 ppm, J = 14 Hz each) for the
–CH 2NH3


þ unit, the broad singlet at 2.21 ppm for the
thiazoline CH3, and the electrospray mass spectrum
(m/z 249 MH+) confirm the structure.


The parent GalNAc-thiazoline 1b adopts a pseudo-chair
4C1 conformation in D2O solution according to 1H
NMR analysis, with J2,3 = 7.8 Hz.14 In the single crystal,
1b also exists as a 4C1 chair conformation, as shown in
Figure 3. Likewise, the homologated analogue N-Boc-
aminomethyl GalNAc-thiazoline 10 has a chair-like
pyranose conformation in CD3OD solution, according
to its 1H NMR spectrum (J2,3 = 8.4 Hz). In contrast,
the GlcNAc-thiazoline 1a exists primarily in a
pseudo-boat conformation in CD3OD solution
(J2,3 = 4.0 Hz).10 Both GlcNAc- and (presumably) Gal-

NAc-thiazolines bind in hexosaminidase active sites as
pyranose pseudo-chairs,3,4,9 which conformations most
closely match the substrate-derived transition state (see
Fig. 1). Thus, more conformational change upon en-
zyme binding is required of 1a compared with 1b, which
is already in a chair.


Inhibition studies3 of the new C-1 homologated thiazo-
lines (2, 10, and 3) and thiazole 11 against SpHex reveal
greatly reduced affinities relative to the parent thiazo-
lines 1a and 1b (Chart 1). The relatively small C-1
methyl group of 2 reduces binding by a factor of 10 rel-
ative to 1a, but larger groups (i.e., –CH2NH3


þ and
–CH2NHBoc) reduce the binding affinity by factors of
at least 100-fold. Thus, the kinetic studies on the amino-
methyl thiazoline 3 show no evidence of a binding inter-
action with the general acid Glu314. The decrease in
inhibition might be due to changes in inhibitor size,
shape, conformation, or, in the case of 3, a possibly
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unfavorable polar interaction. In particular, the portion
of the enzyme active site near the anomeric carbon and
the scissile bond, which must normally accommodate
the aglycon upon initial binding of the substrate, evi-
dently cannot accommodate bulky substituents at the
anomeric carbon when introduced in the context of
the GalNAc-thiazoline inhibitors. This is presumably a
consequence of the tightness of the enzyme binding
pocket surrounding the pseudo-equatorial C-1 b-substi-
tuent, which is H in the case of the best inhibitors 1a and
1b.
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Abstract—A series of 2-phenyl-1H-benzo[d]imidazole-4,7-diones were synthesized and tested for their inhibitory activity on the
PDGF-stimulated proliferation of rat aortic vascular smooth muscle cells. Among the tested compounds, 6-arylthio-5-chloro-2-phe-
nyl-1H-benzo[d]imidazole-4,7-diones exhibited an potent antiproliferative activity.
� 2008 Elsevier Ltd. All rights reserved.
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The proliferation and migration of vascular smooth
muscle cells (SMCs) play an important role in the pro-
gression of atherosclerosis and restenosis.1 Abnormal
arterial injury results in the migration of SMCs into
the intimal layer of the arterial wall, where they prolifer-
ate and synthesize extracellular matrix components.
Many growth factors induced the proliferation and
migration of arterial SMCs.2 Among them, platelet-de-
rived growth factor (PDGF) is one of the most potent
promoters of the proliferation and migration of SMCs.3


Quinonoid compounds represent an important class of
biologically active molecules.4 Therefore, we designed,
synthesized and evaluated the antiproliferative effects
of various quinone derivatives on PDGF-stimulated
SMC proliferation. Previously, we reported that benz-
imidazole-4,7-dione derivatives 1 exhibited a potent
inhibition for the smooth muscle cells (SMCs) prolifera-
tion as preliminary results. The arylamino, arylthio- or
phenyl-substituents of quinones have been improved
several biological activities.5 On this line, we further ex-
tended to synthesize 1H-benzo[d]imidazole-4,7-diones
2–4, which would be analogues of quinones 1, and eval-
uated their antiproliferative activity on the rat aortic
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SMCs (Fig. 1). We describe herein our results on the
synthesis of 2-phenyl-1H-benzo[d]imidazole-4,7-dione
series 2–3 and their antiproliferative activity on the rat
aortic SMCs. Additional data for the antiproliferative
activity of other 2-pyridyl-1H-benzo[d]imidazole-4,7-
diones 4 are also provided.


Additional data for the mechanism of SMCs antiprolif-
erative activity of one representative 1H-benzo[d]
imidazole-4,7-dione 3a was also performed. The mito-
gen-activated protein kinase (MAPK) cascade known
as the extracellular signal-regulated kinase (ERK) path-
way mediates mitogenic responses induced by a wide
variety of growth factor receptors in many cell types,

1 3: W = S;   X,Y, Z = CH
 4: W = NH or S;  X,Y, Z = N or CH


Figure 1. 1H-Benzo[d]imidazole-4,7-dione derivatives.
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Scheme 1. Synthesis of 2-phenyl-1H-benzo[d]imidazole-4,7-diones.


Reagents and conditions: (a) benzaldehyde (1 equiv)/toluene/reflux/


4 h/72%; (b) concd HCl/concd HNO3/reflux/0.5 h/46%; (c) arylamine


(1 equiv)/EtOH/reflux/5 h/75–92%/; (d) arylthiol (1 equiv)/EtOH/


reflux/24 h/65–90%.


Table 2. Structures and IC50 values of 2-pyridyl-1H-benzo[d]imida-
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including SMCs.6 MAPKs play an important role in
regulating cell growth and survival, and are also in-
volved in both mitogenic and stress responses of cells.7


MAPK is activated through a specific phosphorylation
cascade. In general, the ERK pathway plays a major
role in regulating cell growth and differentiation, being
highly induced in response to growth factors and cyto-
kines.8 The ERK pathway is required for cell cycle ar-
rest, apoptosis and growth of the SMCs.9 In order to
investigate the effect of the compound 3a on the prolif-
eration of SMCs and its mechanism of action, we exam-
ined the effect of the compound on ERK activation and
cell cycle regulation.

Table 1. Structures and IC50 values of 2-phenyl-1H-benzo[d]imida-


zole-4,7-diones for inhibition of SMC proliferation


O


O
H
N


N Cl


X


R2


R1


Compound X R1 R2 SMCa IC50
b (lM)


2a NH H OCH3 2.0


2b NH H CH3 3.0


2c NH H H 4.0


2d NH H OCF3 1.5


2e NH CH3 CH3 3.0


2f NH H CF3 9.4


2g NH H OCH2CH3 50.0


2h NH H Cl 5.3


2i NH H CH2CH3 10.7


3a S H OCH3 1.0


3b S H CH3 1.0


3c S H H 1.5


3d S H Br 1.5


3e S H OH 2.0


3f S CH3 H 2.0


MPA 1.0


a SMCs were isolated from rat thoracic aorta.
b The inhibitory activity against the PDGF-induced proliferation of


SMCs.

The method used to synthesize 6-arylamino-5-chloro-2-
phenyl-1H-benzo[d]imidazole-4,7-diones 2 is shown in
Scheme 1. 2,3-Diamino-1,4-dimethoxybenzene (5) was
prepared according to the known method.10 Cycliza-
tions of compound 5 with benzaldehyde gave 4,7-dime-
thoxy-2-phenyl-benzimidazole (6) resulting in 72%
yields. 5,6-Dichloro-2-phenyl-1H-benzo[d]imidazole-
4,7-dione (7) was synthesized by oxidizing compound 6
with HNO3/HCl variation resulting in 46% yields. 2-
Phenyl-1H-benzo[d]imidazole-4,7-diones 2a–i (Table 1)
were prepared by nucleophilic substitution on com-
pound 7 with appropriate arylamines. Most of these
substitutions went as expected and had overall high
yields of 75–92%.


In a similar manner, 6-arylthio-5-chloro-2-phenyl-1H-
benzo[d]imidazole-4,7-diones 3a–f (Table 1) were syn-
thesized by nucleophilic substitution on the compound
7 with appropriate arylthiols in good yields. 2-Pyridyl-
1H-benzo[d]imidazole-4,7-diones 4a–t (Table 2) were
prepared according to a method previously reported.5


The 1H-benzo[d]imidazole-4,7-diones 2–4 were tested
in vitro for their antiproliferative activity on the rat aor-
tic SMC proliferation. Inhibition of PDGF-stimulated
proliferation was determined by colorimetric assay.11


The IC50 values were determined by comparison to
mycophenolic acid (MPA)12 as a standard agent. As
indicated in Tables 1 and 2, 6-arylthio-2-phenyl-1H-

zole-4,7-diones for inhibition of SMC proliferation


O


O


H
N


N Cl R


WZY
X


Compound X Y Z W R SMCa IC50
b (lM)


4a CH CH N NH F 9.4


4b CH CH N NH Cl 12.1


4c CH CH N NH Br 6.5


4d CH CH N NH OCH3 20.0


4e CH CH N NH CH3 50.0


4f CH CH N NH CF3 1.0


4g CH CH N NH OCF3 20.0


4h CH N CH NH F 21.0


4i CH N CH NH Cl 20.0


4j CH N CH NH Br 50.0


4k CH N CH NH OCH3 42.0


4l N CH CH NH F 50.0


4m N CH CH NH Cl 25.0


4n N CH CH NH Br 100.0


4o N CH CH NH OCH3 50.0


4p CH CH N S Cl 4.0


4q CH CH N S Br 12.0


4r CH CH N S OCH3 4.2


4s CH CH N S CH3 2.5


4t CH CH N S CH2CH3 7.0


MPA 1.0


a SMCs were isolated from rat thoracic aorta.
b The inhibitory activity against the PDGF-induced proliferation of


SMCs.
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benzo[d]imidazole-4,7-diones 3a–f showed generally
good activity. Actually, many compounds of 6-arylami-
no-2-phenyl-1H-benzo[d]imidazole-4,7-diones 2a–i
exhibited the potent activity. In contrast, 2-pyridyl-1H-
benzo[d]imidazole-4,7-diones 4a–t did not show signifi-
cant their antiproliferative activity, although some com-
pounds of them exhibited good antiproliferative activity.
1H-Benzo[d]imidazole-4,7-diones 3a, 3b and 4f inhibited
the PDGF-stimulated proliferation of the SMC tested at
the IC50 of 1.0 lM. The activity of these compounds is
comparable to that of MPA.


In terms of structure–activity relationship, 2-phenyl-1H-
benzo[d]imidazole-4,7-diones 2 and 3 showed, in
general, more potent activity than 2-pyridyl-1H-benz-
imidazole-4,7-dione series 4. The 2-phenyl-substituted
compounds 2 and 3 exhibited the greatest activity, indi-
cating a correlation that may offer insight into the mode
of action of these compounds. The 2-pyridyl-moiety of
compounds 4 did not appeared to contribute partially
toward biological potency.


In addition, the quinone moiety in 1H-benzo[d]imidaz-
ole-4,7-diones 2–4 might be essential for the antiprolifer-
ative activity. For example, non-quinonoid compounds
6 lost the antiproliferative activity. The results of their
QSAR study would imply that alteration of R, R1,
and R2 on 1H-benzo[d]imidazole-4,7-diones 2–4 did

Figure 2. Morphological change in cultured SMCs treated with


compound 3a. SMCs treated with DMSO alone (control) or the


compound 3a (1 lg/mL) for 48 h were observed under the phase-


contrast microscope and photographed.


Figure 3. Effect of compound 3a on cell cycle progression in cultured SMCs.


the cell cycle was analyzed by flow cytometry analysis.

not greatly influence the inhibitory activity. This sug-
gests that 1H-benzo[d]imidazole-4,7-dione structure is
mainly responsible for the activities.


Further mechanistic study on the antiproliferative activ-
ity was performed using one representative compound
3a in cultured SMCs. As illustrated in Figure 2, when
SMCs were exposed to 1 lg/mL of the compound 3a
for 48 h morphological changes also revealed that the
cell density was decreased by observation under the
phase-contrast microscope.


To explore whether the antiproliferative effects on the
compound 3a were mediated by the modulation of the
cell cycle in SMCs, DNA contents were analyzed by flow
cytometry. As shown in Figure 3, when SMCs were trea-
ted with the compound 3a for 48 h, the DNA contents
were accumulated in the S phase of the cell cycle com-
pared to vehicle-treated control group.


To investigate whether cell cycle arrest mediated by test
compounds was related to the expression of regulatory
proteins, Western blot analysis was performed. As
shown in Figure 4, when SMCs were treated with

Cells were treated with the compound 3a (1 lg/mL) for 48 h and then


Figure 4. Effect of compound 3a on protein expression in cultured


SMCs. (A) Total cell lysates from SMCs treated with the compound 3a


(1 lg/mL) for 48 h were analyzed for pRb, cyclin D1, PCNA, cdk 2,


and cyclin A. (B) The compound 3a was exposed to SMCs for 1 h, and


the expression of phosphorylation of ERK and phosphorylation of


Akt was examined.
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1 lg/mL of the compound 3a for 48 h, the level of cdk 2
was markedly reduced. In addition, the down-regulation
of cyclin A, which binds to cdk 2 and promotes progres-
sion through the S phase of cell cycle, was observed in
compound 3a-treated cells. However, the expression lev-
els of pRb and cyclin D1, which promotes progression
through the G1 into S phase of cell cycle, was not ob-
served in compound 3a-treated cells. The cell-prolifera-
tion biomarker PCNA was down-regulated which is
well correlated with the antiproliferative effect of the
compound 3a. The expression of protein was not af-
fected by the compound 3a. These results indicate that
the compound 3a might affect the exit of S phase cell cy-
cle and thus accumulate the DNA contents of S phase in
the cells.


To better understand the molecular mechanisms in-
volved in the compound 3a on the proliferation of
SMCs, we investigated the possible involvement of
ERK and Akt cell signaling pathways. As shown in Fig-
ure 4, a remarkable decrease of ERK phosphorylation,
but not Akt, was detected with the treatment of the com-
pound 3a (1 lg/mL) for 1 h (Fig. 4B), indicating that the
ERK signaling pathway might be involved in the inhibi-
tion of SMC proliferation.


The ERK and Akt are major signal transduction mole-
cules regulating cell proliferation, differentiation, and
apoptosis. In particular, ERK pathway has been known
to play pivotal roles in controlling SMC proliferation.
Several studies have suggested that the inhibition of
SMC proliferation is ERK-dependent. In the present
study, the regulation of ERK by test compound 3a was
manifested, but not much related to the regulation of Akt.


In conclusion, the antiproliferative effect of the com-
pound 3a in SMCs is associated with its blockade of cell
cycle progression which appears to be attributable in

part to suppression of ERK signaling activation. Fur-
ther pharmacological investigations of these compounds
and the structural optimization are in progress.
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Abstract—A new targeting potentially intravenous conjugate Amphotericin B (AMB)–star poly(ethylene glycol) (sPEG)
(M = 25,160) has been synthesized and characterized. It contains a b-DD-glucopyranoside molecular switch which is sensitive to b-
glucosidases (E.C.3.2.1.21). The b-glucosidase-catalyzed release of AMB from the polymeric carrier was proved in vitro by means
of spectrophotometry and HPLC.
� 2008 Elsevier Ltd. All rights reserved.

Amphotericin B (AMB) (Fig. 1) is a polyene macrocyclic
membrane-active antifungal antibiotic drug used in
treatment of system fungal infections.1 It is a potent sal-
vaging medical drug that is applied in the cases of immu-
nosuppressive patients after transplantations of organs,
those with acquired immune deficiency syndrome
(AIDS) or with tumors and hematological malignities.
However, the clinical application of AMB is restricted
by both its poor solubility in water and some side effects,
particularly nephrotoxicity.1 The pharmaceutical dosage
forms used in practice are non-covalent complexes of the
type Amphotericin B lipid complex (ABLC), which are
colloidal systems composed of biodegradable phospho-
lipid matrixes.2 These types of formulations represent
a solution to the solubility problems of AMB, but the re-
lease of AMB takes place already in the patient’s blood
circulation system, which results in a general impact on
his/her organism inclusive of the undesirable side effects.


The efforts to increase the therapeutic index of AMB led
to development of conjugates with polymeric carriers:
polysaccharides,3a poly(ethylene glycol)3b,c and
poly(ethylene glycol)-b-poly(LL-lysine).3d The last men-
tioned types of conjugates3c,d were suggested with the
aim to achieve the release of AMB from polymeric car-
rier in a targeted way, that is, in the areas having locally

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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lowered pH value due to pathological processes.4 The
rate of release of AMB (acid-catalyzed hydrolysis of
imine linkage) is controlled by the pH value of the milieu
and by substitution of benzene ring attached to the poly-
meric carrier.3c,d


The aim of this work was to prepare and characterize a
conjugate that would release AMB selectively—only in
the area of the attacked organ. The proposed structure
of conjugate (AMB4–sPEG) (Fig. 1) was inspired by
the finding that many parasitic fungal pathogens, such
as species of Aspergillus, Candida or Trichosporon fami-
lies possess specific hydrolases b-glucosidases
(E.C.3.2.1.21) in their enzymatic outfit.5


In the case of human organism, b-glucosidases only oc-
cur in some bacteria present in intestinal micro-flora.6


This finding was previously used for achieving con-
trolled release of some drugs from per oral intestinal
pro-drugs.6 However, there exists no natural occurrence
of b-glucosidases in healthy human tissues.7 The basic
linker in AMB4–sPEG is the b-glucosidic bond of a
substituted phenyl-b-DD-glucopyranoside molecule. With
regard to its biocompatibility and binding capacity, we
chose star poly(ethylene glycol) [pentaerythritol
poly(ethylene glycol)ether, M = 20,000] (sPEG) as the
polymeric carrier.8 The AMB4–sPEG conjugate involves
two types of carbamate bond: the connecting units is
linked to polymer by stable carbamate bond, while
AMB is linked to the phenyl-b-DD-glucopyranoside frag-
ment by unstable carbamate bond. The enzymatic
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M. Sedlák et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2952–2956 2953

hydrolysis of b-glucosidic bond should produce glucose,
and the subsequent 1,6-elimination should give the car-
bamic acid of Amphotericin B, which is quickly decom-
posed to release free Amphotericin B. The remaining
molecule of polymeric carrier with covalently bound
fragment of substituted 4-hydroxybenzylalcohol is then
excreted from the organism (Scheme 1).


Similar principle of activation for low-molecular pro-
drugs was described earlier in the case of hydrolysis of
b-DD-glucuronides, where b-DD-glucuronic acid is split off
by action of b-DD-glucuronidases (E.C.3.2.1.31). This
principle is being used in the so-called Antibody Direc-
ted Enzyme Prodrug Therapy (ADEPT).9


The key part of the AMB4–sPEG molecule is the en-
zyme-sensitive linker derived from substituted b-DD-
glucopyranoside, which was prepared by the following
reaction sequence.10–12 First, the Koenigs–Knorr reac-
tion10 of 2,3,4,6-tetra-O-acetyl-a-d-glucopyranosyl bro-
mide with 4-hydroxymethyl-2-nitrophenol9c was used
to prepare 1-(4-hydroxymethyl-2-nitrophenyl)-(2,3,4,6-
tetra-O-acetyl)-b-DD-glucopyranoside (1).11 The hydroge-
nation of glucopyranoside 1 on Adams catalyst gave 1-
(2-amino-4-hydroxymethylphenyl)-(2,3,4,6-tetra-O-acet-
yl)-b-DD-glucopyranoside (2)12 (Scheme 2).
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Scheme 1. Principle of release of Amphotericin B form AMB4–sPEG.

The b-configuration of glucopyranosides 1 and 2 was
confirmed by 1H–13C HMQC NMR spectra.13 The ano-
meric carbon atom in derivative 1 exhibits a shift at
98.4 ppm, which corresponds with the doublet of ano-
meric hydrogen atom at 5.68 ppm with the coupling
constant J = 7.9 Hz. Derivative 2 exhibits the anomeric
carbon atom at 99.1 ppm, which corresponds with the
doublet of anomeric hydrogen atom at 5.33 ppm
(J = 7.9 Hz). The values of coupling constant of ano-
meric hydrogen atom coupled with the neighboring vic-
inal hydrogen atom indicate that the two atoms are in
axial positions, that is, the glucose fragment of both
derivatives 1 and 2 assumes the b-configuration [b-
4C1(D)].


The next reaction step involves reaction of pentaerythri-
tol tetra(4-nitrophenyl carbonyl) poly(ethylene glycol)
(sPEG–O–CO–O–C6H4–NO2) with glucopyranoside 2
to form a carbamate bond.14 The hydroxymethyl group
of polymer 3 was then activated with 4-nitrophenyl chlo-
roformate and resulting intermediate reacted with
Amphotericin B. The polymer 4 obtained in this way
contains four AMB molecules linked by labile carba-
mate bond.15 Due to the instability of AMB it was
impossible to deprotect the hydroxyl groups of glucose
by means of carboxyesterase (pH 5; 40–50 �C).16 There-
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Figure 2. Record of time changes of spectrum for enzymatic hydrolysis


of AMB4–sPEG conjugate (3 · 10�6 M) catalysed by b-glucosidase


(2 mg/1 mL; 66.6 U/g) in phosphate buffer (pH 7.4, 2 · 10�2 M) at


37 �C. The inset represents time dependence of absorbance at 409 nm


[s1/2 = (103 ± 4) s].
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fore, the deprotection of acetylated hydroxyl groups of
polymer 4 was carried out by catalytic amount of potas-
sium cyanide. Potassium cyanide was removed using of
an ion exchanger after the reaction17 (Scheme 2). The
course of deprotection was monitored by 1H NMR spec-
troscopy. The multiplet of CH3– in acetyl groups at
2.02 ppm gradually disappeared. The final conjugate
AMB4–sPEG was characterized18 by microanalysis
and GPC19 was adopted for determination of Mw. The
HPLC19 was used for estimation of conjugate purity.
The content of free AMB was below 1 mol %. Further-
more, by means of UV–vis spectroscopy (typical max-
ima corresponding to polyene system of AMB18) it
was proved that the content of AMB in the conjugate
AMB4–sPEG corresponds to the molar ratio of 1:4
(sPEG/AMB). The prepared conjugate is very well solu-
ble in water and forms finely opalescent solutions.


The next part of our work was focused on preliminary
in vitro testing of the conjugate synthesized in various
media. First, the stability of conjugate was studied in
phosphate buffer.19 The monitoring of UV–vis spectra
showed no observable spectral changes in the phosphate
buffer of pH 7.4 during a period of 18–20 h. For a model
medium imitating the tissue attacked by fungal patho-
gen we chose b-glucosidase (E.C.3.2.1.21) (Aspergillus
niger) in phosphate buffer with pH 7.4. Spectral record-
ing of the conjugate showed an increase in the absor-
bance at the wavelengths of 367, 386 and 409 nm
(Fig. 2). Formation of substituted 1,4-quinonemethide
(Scheme 1) should be visible in the wavelength range
of 280–320 nm20; however, this region is overlapped by
the absorption band of b-glucosidase (245–330 nm).
The spectral records clearly show an increase in the
absorption band at 409 nm, which is specific21 for

monomeric AMB. Such increase with time corresponds
with the rate of release of AMB from the carrier. The
rate of release of AMB under the experimental condi-
tions adopted19 obeys the kinetic equation of the pseu-
do-first order, and the half-life of release of AMB is
s1/2 = (103 ± 4) s. The release of AMB from the conju-
gate was also confirmed by means of HPLC.21 The re-
sults described indicate that the behavior of the
AMB4–sPEG conjugate in the presence of buffered solu-
tion of b-glucosidase corresponds to Scheme 1.
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In contrast to the pharmaceutical dosage forms of AMB
used for intravenous application nowadays, we have de-
signed a fundamentally new targeting AMB conjugate
that selectively releases AMB by enzymatic action of
b-glucosidase. The results of preliminary study in vitro
allow the presumption that targeted release of AMB will
take place in the area of expected activity of fungal path-
ogen. This new system which we have suggested can be
used more generally, that is, also for other antifungal
medicaments. However, its practical applicability will
need further tests on animal models and their critical
evaluation.
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Abstract—First synthesis of gemcitabine triphosphate (dFdCTP) as a tris(triethylammonium) salt is reported.
Published by Elsevier Ltd.

Gemcitabine (2 0, 2 0-difluoro-2 0-deoxycytidine) is regis-
tered as a clinical anti-cancer agent for the treatment
of a number of solid tumor types including pancreatic,
non-small cell lung (NSCL), ovary, bladder, and breast
cancer.1 Gemcitabine is metabolized intracellularly by
nucleoside kinases to the active diphosphate (dFdCDP)
and triphosphate (dFdCTP) nucleoside metabolites.1


The NCI Cancer Imaging Program needed gemcitabine
triphosphate (dFdCTP), to be used as a standard in
imaging studies using a radiolabeled probe for assessing
the uptake and retention of gemcitabine in tumors and
potentially identifying tumors sensitive to the drug. To
facilitate such biochemical, pharmacological, and other
detailed studies of the metabolism of gemcitabine, a
steady supply of authentic gemcitabine triphosphate
(dFdCTP) was essential.2


Here, we wish to report the first synthesis of gemcitabine
triphosphate (dFdCTP), as shown in Scheme 1.
Although several methods have been reported for the
general synthesis of nucleoside triphosphates,3 many of
these approaches did not produce the desired triphos-
phate (dFdCTP) in our hands. Our synthesis incorpo-
rates the method described by Bogachev,4 using a
modified purification procedure to give gemcitabine tri-
phosphate as the tris(triethylammonium) salt.

0960-894X/$ - see front matter Published by Elsevier Ltd.
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Gemcitabine hydrochloride was phosphorylated by por-
tionwise addition to a mixture of phosphorus oxychlo-
ride (POCl3) in trimethyl phosphate at 5 �C.5 The
reaction was warmed to room temperature and stirred
for 2 h. The progress of the reaction was followed by
HPLC (small aliquots were worked up by treatment
with aqueous NaHCO3). Workup of the reaction affor-
ded monophosphate 2 (dFdCMP), as a white solid
(105%). This material was used in the next step without
further purification. 1H NMR (500 MHz, CD3OD): d
7.95–7.93 (d, 1H); 6.25–6.22 (m, 1H); 6.01 (m, 1H);
4.39–4.32 (m, 1H); 4.25–4.23 (m, 1H); 4.14–4.10 (m,
1H); 4.00–3.98 (m, 1H). An impurity related to trimethyl
phosphate is seen at d 3.57 (s) and 3.55 (s). MS: Electro-
spray (negative), Calcd for C9H12F2N3O7P = 343.
Found: (M�H)� 342 (100%). HPLC: Luna C-18 col-
umn (4.6 · 150 mm, 5 l), isocratic 10% MeOH/90%
20 mM NH4OAc, flow rate: 1 mL/min at 20 �C, detec-
tion: UV at 254 nm, results: the compound elutes at
1.837 min with 92.77% area.


Monophosphate 2 (dFdCMP) was treated with trifluo-
roacetic anhydride in the presence of triethylamine and
N, N-dimethylaniline in acetonitrile at �5 �C. The reac-
tion mixture was warmed to room temperature and stir-
red for 20 min until the formation of a clear solution
indicating the completion of the reaction. This reaction
mixture was then evaporated in vacuo to complete dry-
ness (TFA free) to yield crude 3, which was used in the
next step without further purification. Crude 3 was dis-
solved in acetonitrile containing 1-methylimidazole and
triethylamine. The mixture was stirred at 0 �C for 5 min,
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Scheme 1. Reagents and conditions: (a) POCl3, (MeO)3PO; (b) H2O; (c) (CF3CO)2O; (d) 1-methylimidazole; (e) (nBu4N)3HP2O7; (f) DEAE


Sephadex A25, Et3NHCO3 (pH 7.5).
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when TLC analysis of an aliquot showed no presence of
3. The reaction mixture containing 4 was allowed to
warm to 20 �C and then was treated with a solution of
tris(tetrabutylammonium) hydrogen pyrophosphate in
acetonitrile. After stirring for 7–10 min at room temper-
ature, the reaction mixture was quenched by the addi-
tion of water. Following an aqueous workup, the
crude gemcitabine triphosphate (dFdCTP) was purified
by chromatography on DEAE Sephadex A25
(1.6 · 20 cm bed volume) eluted with deionized water
(one column volume), followed by elution with a linear
gradient from deionized water (500 mL) to 0.4 M trieth-
ylammonium bicarbonate (pH 7.5, 500 mL). Fractions
containing pure dFdCTP as a tris(triethylammonium)
salt were combined and concentrated in vacuo to give
the desired triphosphate 5 (dFdCTP)(140 mg, 17%).
The reproducibility of the above procedure was con-
firmed by repeating the reaction sequence several times.


1H NMR (500 MHz, D2O): d 8.17–8.15 (d, 1H); 6.39–
6.38 (d, 1H); 6.28–6.26 (m, 1H); 4.66–4.57 (m, 1H);
4.44–4.42 (m, 1H); 4.32–4.25 (m, 2H); 3.23–3.19 (q,
18H); 1.30–1.27 (t, 27H); 31P NMR (202.456 MHz,
D2O): d �10.35 to �10.54 (m, 1P); �10.94 to �11.03
(d, 1P); �22.79 (m, 1P). HRMS: TOF Electrospray
(negative): Calcd for M�H = C9H13F2N3O13P3 =
501.9629, Found: m/z (relative intensity) 501.9611
(100%), (M�H)�. HPLC: Bio Basic column and step
gradient elution using ammonium acetate buffer and
acetonitrile eluted 52 with a retention time of 4.17 min
showing 97.03% purity.


Milligram quantities of this material (dFdCTP, NSC
746306) for the use as a standard can be obtained from
the NCI (http://dtp.nci.nih.gov).
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Abstract—Using a combination of traditional Medicinal Chemistry/SAR analysis, crystallography, and molecular modeling, we
have designed and synthesized a series of novel, highly potent NNRTIs that possess broad antiviral activity against a number of
key clinical mutations.
� 2008 Elsevier Ltd. All rights reserved.

Since their discovery in the early 1990s, non-nucleoside
reverse transcriptase inhibitors (NNRTIs) have been
shown to be a key component of highly active anti-ret-
roviral therapy (HAART). These compounds target an
allosteric binding pocket that lies close to the catalytic
site, and their binding is non-competitive with respect
to dNTP’s and template/primer.1 There are currently
three commercially available NNRTIs: efavirenz, nevi-
rapine, and delavirdine (Fig. 1). The use of efavirenz
and nevirapine has become a part of standard combina-
tion antiviral therapies producing clinical outcomes with
efficacy comparable to other antiviral regimens.2 Despite
the demonstrated clinical efficacy of combination antivi-
ral regimens using NNRTIs, the emergence of clinical
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resistance has become a key issue for this class of com-
pounds and has become a major cause of treatment fail-
ure. A number of important resistant variants have

Figure 1. Currently marketed NNRTIs.
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Figure 3. Molecular modeling comparison of compound 2 (blue) and


compound 3 (yellow) in the WT-NNRTI binding site. Key active site


residues are labeled in black. Details of the molecular modeling


methodologies are provided in Ref. 5.
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emerged, with the Lys103Asn (K103N) mutation con-
ferring clinical resistance to most known NNRTIs and
the Tyr181Cys (Y181C) mutation conferring clinical
resistance to nevirapine.2 Therefore, an urgent need
has arisen for NNRTIs that possess both a broad spec-
trum of antiviral activity against key mutant strains and
a high genetic barrier to the selection of new mutant
strains. Using a combination of traditional Medicinal
Chemistry/SAR analysis, molecular modeling, and crys-
tallographic studies, we have designed and synthesized a
series of novel, highly potent NNRTIs that possess
broad spectrum antiviral activity. In this manuscript,
we describe the design, synthesis, and biological profile
of this series of novel NNRTIs.


Our early efforts in this series focused on the synthesis of
analogs of 1 (Fig. 2), which were discovered by high
throughput screening.3 However, disappointing phar-
macokinetic results with compounds of this class forced
us to retarget our efforts.3 Using 1 as a lead structure,
and comparing the compound with the known NNRTI
2 (Fig. 2)4 via a molecular modeling analysis,5 we pro-
posed to hold the common features of the two com-
pounds constant and replace the western (A ring)
portion of 2 with a novel biaryl sub-structure. Using a
rapid analog approach, we examined a number of biaryl
replacements, arriving at the novel diphenyl ether sub-
structure of 3 (Fig. 2) that became a next generation lead
for further efforts in our project. Direct molecular mod-
eling comparison of 2 and 3 (Fig. 3)5 suggested that the
biaryl regions of the two molecules likely fit the NNRTI
site in a highly similar manner, and also suggested that
the amide carbonyl of 3 likely maintained a critical
hydrogen bonding interaction with the backbone NH
of Lysine 103 similar to that seen with 2.5 It is thought
that direct interaction with the backbone of Lysine 103
is critical for maintaining good potency against muta-
tions at this position such as K103N.6 This modeling
comparison strongly suggested (by analogy to 25) that
the addition of di-meta substitution on the western aryl
ring (A ring) as well as a 2 or 3 substituent on the central
aryl ring (B ring) of 3 might help to optimize interac-
tions with the binding site and help to further improve
potency in this series. The model further suggested that
the aryl sulfonamide eastern ring (C ring) lied along the
enzyme/water interface with the sulfonamide group fully

Figure 2. Design paradigm for novel diaryl ether lead structures.

solvent exposed, indicating the potential for various po-
lar substitutions in this region. Using this modeling
study as a guide, we moved forward to prepare a series
of analogs of 3 in an effort to enhance the potency of this
series.


Analogs in this series were synthesized via the route de-
tailed in Scheme 1.7 The lead structure 3 was prepared
via a two-step synthesis. Acylation of aniline 4 with acid
bromide 5 provided the alpha-bromo amide intermedi-
ate 6. Alkylation of 3-phenoxyphenol with 6 provided
3 in low yield. SNAR reaction of the commercially avail-
able phenols 7 and fluoride 8 provided the diaryl ether
intermediates 9 in good yield. The methyl protecting
group of intermediates 9 was removed in nearly quanti-
tative yield by treatment with boron tribromide to give
the key diaryl ether–phenol intermediate 10. Alkylation
of 10 with tert-butyl bromoacetate provided the tert-bu-
tyl ester, which was cleaved with TFA and the crude
acid refluxed with thionyl chloride to provide the acid
chloride 11 in 40% yield for the three step transforma-
tion. Treatment of the acid chloride with the requisite
aniline derivative in refluxing benzene gave the desired
amide derivatives 12–17 in moderate to good yield.
Alternatively, the key phenol intermediate 10 was alkyl-
ated with the desired chloromethyl or bromomethyl







Scheme 1. Synthesis of amide analogs 3, 12–17 and heterocyclic analogs 18–22. Reagents and conditions: (a) NaHCO3, CH2Cl2, rt (88%); (b) NaH,


2-phenoxyphenol DMF, rt, 2 h (20%); (c) K2CO3, NMP, 120� (75%); (d) BBr3, CH2Cl2 (95%); (e) i—NaH, tert-butylbromoacetate, DMF; ii—neat


TFA; iii—SOCl2/reflux (40% for the three steps); (f) HNR1R2, benzene, reflux overnight (30–90%); (g) i—NaH, XCH2Het, DMF, 2–4 h; ii—


deprotection (if needed) (70–90% for two steps). Full experimental details and analytical data are provided in Ref. 7.
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heterocycle derivative (purchased commercially or pre-
pared according to standard literature methods) to pro-
vide the desired heterocyclic products 18–22. In the case
of the indazole derivative 22, it was necessary to use the
N1-Boc protected 3-bromomethyl indazole in the
alkylation, and the Boc protected product was treated
with neat TFA to remove the Boc group and provide 22.


Table 1 details the data for the amide series of analogs.
Compounds were evaluated for intrinsic enzyme inhibi-
tory potency versus WT RT (wild type HIV-1 reverse
transcriptase), as well as the K103N and Y181C mutant
RTs.8 Compounds were also evaluated for antiviral po-
tency (CIC95) against WT and the key mutant viruses in
the presence of 10% FBS (Fetal Bovine Serum; WT and
mutants) as well as 50% NHS (Normal Human Serum;
WT) to evaluate the effects of protein binding.9 Adding
the 3-chloro substituent to the central aryl ring (12) re-
sulted in an increase in activity versus WT and the
Y181C mutant RT enzyme. Addition of a meta cyano
substituent to the A ring resulted in a large enhancement
of potency (13) versus WT and both the K103N and
Y181C enzymes, and the further addition of a second
meta chloro substituent provided a more moderate
enhancement in potency versus the K103N mutant
(14). This di-meta substitution on the A ring appears
to provide excellent potency versus WT and the key mu-
tant enzymes, similarly to the SAR seen with 2.4 Crystal-
lographic studies with 14 (Fig. 4)10 confirmed the
predictions of our earlier molecular modeling studies.
The crystal structure of 1410 demonstrated (as suggested
by the modeling study depicted in Fig. 3) that the A ring
was indeed filling the large lipophilic Y181–Y188–W229
binding pocket of the NNRTI site, while the chlorine

atom on the central ring fit tightly in a small lipophilic
pocket below the Y181 residue and behind V179. The
Y181 side chain is rotated by approximately 90� relative
to its position in most first generation NNRTI crystal
structures,6 and is sandwiched between the meta chlo-
rine atom of the A western ring and the 3-chlorine atom
of the central B ring. The observed rotation of the Y181
side chain may be important for attaining the high levels
of potency versus the Y181C mutant seen with this ser-
ies, as the direct stacking interaction between the A ring
of the inhibitor and the aryl ring of the Y181 side chain
is minimized. In some first generation NNRTIs such as
nevirapine, this pi-stacking interaction is critical for
attaining potency but becomes a key liability versus
the Y181C mutant.6 The amide carbonyl group of the
inhibitor makes a direct H-bonding interaction with
the backbone NH of K103, another key interaction that
contributes to the high levels of potency observed
against the K103N mutation. The C ring and its ortho-
chlorine substituent make lipophilic interactions with
Y318, F227, P236, and V106. The entire eastern edge
of the C ring lies along the solvent interface, with the
4-sulfonamide group completely solvent exposed. The
crystal structure suggested that moving the chlorine
atom on the B ring to the neighboring 2-position might
provide an even better fit in the active site, since the
chlorine atom of 14 appeared to be making very close
contact with the side chain of V179. Moving the 3-chlo-
rine substituent on the central aryl B ring one position to
the 2-position (15) resulted in an increase in potency ver-
sus WT and the key mutant enzymes, providing a com-
pound with sub-nanomolar enzyme inhibitory potency
and high levels of antiviral potency in our cell based as-
say. Replacement of the aryl sulfonamide of 15 with a







Table 1. Data for reference compounds 1–2 and amide derivatives 3, 12–17


O


Z


O


YX


O
R


3
2


3, 12-17 


Compound X Y Z R Inhibition of RT


polymerase, IC50 (nM)a


Antiviral activity in cell culture, CIC95 (nM)b


WT K103N Y181C WT


(10% FBS)


K103N


(10% FBS)


Y181C


(10% FBS)


WT


(50% NHS)


1 — — — — 4.05 10.37 34.52 16 ND ND 62


2 — — — — 2.16 3.16 2.48 2.65 6.98 3.28 30.48


3 H H H N
H Cl


SO2NH2


51.70 192.4 722 ND ND ND ND


12 H H 3-Cl N
H Cl


SO2NH2


10.50 218 25 ND ND ND ND


13 H CN 3-Cl N
H Cl


SO2NH2


0.96 14.4 1.2 8 ND ND 160


14 Cl CN 3-Cl N
H Cl


SO2NH2


2.11 3.48 2.66 16 ND ND 125


15 Cl CN 2-Cl N
H Cl


SO2NH2


0.14 0.21 0.28 7.56 9.52 14.85 23.91


16 Cl CN 2-Cl N
H Cl


SO2CH3


0.99 1.33 0.91 31 ND ND 78


17 Cl CN 2-Cl


SO2CH3


N
0.86 0.33 1.7 3.68 5.26 14.26 29.74


a Compounds were evaluated in a standard SPA assay. Values are the geometric mean of at least two determinations. ND, not determined. Assay


protocols are detailed in Ref. 8.
b CIC95 (Cell culture inhibitory concentration) is defined as the concentration at which the spread of virus is inhibited by >95% in MT-4 human


T-lymphoid cells maintained in RPMI 1640 medium containing either 10% FBS or 50% NHS. Details of the assay protocols are provided in Ref. 9.


Values are the geometric mean of at least two determinations. ND, not determined. No cytotoxicity was observed for any of the compounds up to


the upper limit of the assay (8.3 lM).
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methyl sulfone provided 16, which was essentially equi-
potent with 15. Unfortunately, 15 and 16 are rapidly
cleared in rats and dogs after iv administration, and
metabolic profiling confirmed that the anilide underwent
rapid metabolic hydrolysis.11


In an effort to prevent the metabolic hydrolysis of this
critical amide, we examined cyclic amide derivatives.
Cyclization from the ortho position of the aromatic ring

back to the nitrogen of the amide appeared to be a rea-
sonable approach, allowing the aliphatic carbons to fill
the same space as the chloro substituent, while also
allowing the amide carbonyl to maintain the key hydro-
gen bonding interaction with the NH of K103. The cyc-
lic amide analog 17 (Table 1) retained excellent intrinsic
and cell based potency, and showed enhanced stability,
longer half-live and lowered clearance after iv dosing
to rats and dogs.11 Unfortunately, the compound also







Figure 4. The X-ray crystal structure of compound 14 (salmon) bound


to the NNRTI binding site (2.7 Å resolution). Details of the crystal-


lographic studies are provided in Ref. 10.
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showed low oral bioavailability in both rats and dogs
(<3%), and had low solubility.


Given the issues we had encountered with amides 12–17
(Table 1), we proceeded to alter the structure to obtain
compounds with more favorable profiles. We hypothe-
sized that it might be possible to replace the C-ring
amide portion of the molecules with a series of heterocy-
cles that would use a heteroatom to maintain the key
hydrogen bond acceptor role of the amide carbonyl
(Fig. 5).12 Replacement of the amide functionality with
a series of heterocycles provided 18–22 (Table 2). The
simple benzthiazole analog 18 showed somewhat re-
duced but still encouraging enzyme potency in compar-
ison to the previously prepared amide analogs. Addition
of the chlorine atom (19) to mimic the chlorine of the
amide series resulted in an increase in enzyme potency;
however, antiviral potency remained low. The com-
pound was shifted in the presence of 50% NHS, suggest-
ing high levels of protein binding. In an effort to lower
the lipophilicity and protein binding of these com-
pounds, the benzoxazole analog 20 was prepared, and
showed excellent enzyme potency; however, the modest
cell based potency remained an issue. Moving to the
more polar benzimidazole core (21) provided a com-
pound with enhanced physical properties. However,
the more polar heterocyclic nucleus was not well toler-
ated by the enzyme active site, leading to losses in en-
zyme and antiviral potency. Interestingly, 21 showed
moderate clearance (13.6 ml/min/kg) and a long half life

Figure 5. Proposed binding mode for heterocyclic derivatives 18–21.

(10.8 h) after iv dosing in rats.11 These results taken in
combination suggested that there was indeed some via-
bility to the concept of replacing the amide functionality
with a heterocycle, however, it was clear that more po-
tency and solubility combined with less lipophilicity
would be needed to make molecules of this type attrac-
tive for further investigation. In an effort to develop no-
vel amide replacements with better physical properties
and the potential for increased potency, we began to
look toward other heterocyclic motifs that might be suit-
able as replacements for the aryl amide. After careful
consideration of the modeling and crystallographic data,
we rationalized that an indazole moiety (Fig. 6) might
provide a novel replacement for this region of the mol-
ecule. The indazole nucleus would have the added po-
tential of making two hydrogen bonding interactions
with both the backbone NH and the backbone carbonyl
of K103 while maintaining many of the lipophilic inter-
actions provided by the aryl amide moiety. Incorpora-
tion of the indazole moiety into the molecule provided
22 (Table 2), which showed high levels of enzyme and
cell-based potency. Compound 22 (Table 3) demon-
strated moderate pharmacokinetics after iv dosing to
rats, dogs, and rhesus macaques and showed low levels
of oral bioavailability after dosing in rats. Various
manipulations of the dosing vehicle formulation have
enhanced this number to 10%, however, this is still less
than desired for further development. The compound
possesses low solubility which appears to be responsible
for the low oral bioavailability. Compound 22 was also
evaluated for its antiviral potency versus a panel of clin-
ical mutations13 (Table 4) in the presence of 40% NHS,
and was shown to possess broad potency versus most of
the mutations tested. Only the rare mutation Y188L (oc-
curs in 0.6% of clinical isolates)14 provided notable de-
creases in potency; this is presumably due to the
intimate interaction between the Western A ring of 22
and the aryl ring of the Y188 residue. When the residue
is mutated to a leucine, much of the interaction between
the inhibitor A ring and the sidechain is lost due to the
decreased size of the sidechain as well as the loss of the
pi-stacking interaction. Crystallographic studies with 22
(Fig. 7)15 confirmed the binding mode proposed earlier
(Fig. 6) for the compound. All of the key lipophilic
interactions of the western A ring and central B ring
are maintained as in previous compounds. The Y181
side chain is rotated by 90� as seen in the earlier crystal
structure of 14. As theorized, the two pyrrolo nitrogens
of the indazole moiety appear to make two direct hydro-
gen bonding interactions with the NH and carbonyl of







Table 2. SAR for heterocyclic derivatives 18–22


OO


CNCl


Het


Cl
18-22


Compound Het Inhibition of RT


polymerase, IC50 (nM)a


Antiviral activity in cell culture, CIC95 (nM)b


WT K103N Y181C WT(10% FBS) K103N(10% FBS) Y181C(10% FBS) WT(50% NHS)


18
N


S
19.29 79.24 54.92 312 ND ND 1250


19


N


S


Cl


3.06 5.98 5.15 156 ND ND 1250


20


N


O


Cl


0.59 1.41 6.38 78 ND ND 312


21


N


H
N


Cl


3.2 7.30 50 103 ND ND 2778


22


N NH
1.35 1.12 2.62 22.57 33.44 101.5 114.4


a Compounds were evaluated in a standard SPA assay; values are the geometric mean of multiple determinations. ND, not determined. Assay


protocols are detailed in Ref. 8.
b CIC95 (Cell culture inhibitory concentration) is defined as the concentration at which the spread of virus is inhibited by >95% in MT-4 human T-


lymphoid cells maintained in RPMI 1640 medium containing either 10% FBS or 50% NHS. ND, not determined. Details of the assay protocols are


provided in Ref. 9. Values are the geometric mean of multiple determinations. No cytotoxicity was observed for any of the compounds up to the


upper limit of the assay (8.3 lM).


Figure 6. Proposed binding mode for indazole derivative 22.


Table 3. Pharmacokinetic data for compound 22


Rata Dogb Rhesusc


T1/2 (h) 4.7 1.5 8.10


Cl (ml/min/kg) 13.6 28.9 24


AUC (lM h) 6.2 0.4 1.7


Vd (l/kg) 2.9 1.2 7.1


F (%) 3.3 ND ND


a Average of three Sprague–Dawley rats dosed at 10 mpk po (methocel


susp.) and 2 mpk iv (DMSO). All values are within 25% of the mean.
b Average of two beagle dogs dosed at 0.25 mpk iv (DMSO).
c Average of two rhesus macaques dosed at 1 mpk iv (DMSO).
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the backbone of K103. The phenyl ring of the indazole
makes a stacking interaction with Y318, and also ap-
pears to make lipophilic interactions with the side chains
of F227, P236, and V106A. The bottom edge of this phe-
nyl ring lies directly along the enzyme–solvent interface
and appears to be amenable to further polar
substitution.


In summary, we have designed and synthesized a series
of novel diaryl ether based NNRTI lead structures
which have excellent potency versus WT and key mutant







Table 4. Antiviral potency of compound 22 versus various clinically


isolated mutant viruses (NL4-3 isolate)a


Mutation IC50 (nM, 40% NHS)


WT 4.7


G190A 9.4


G190S 23.4


L100I 2.6


K103N 7.9


Y181C 13.8


Y188L >1000


K101E/G190A 21


K103N/G190A 21.7


K103N/P225H 29.3


K103N/V179E 20.3


K103N/Y181C 141


Y181C/G190A 35.8


K103N/Y181C/G190A 171


a Compounds were analyzed in a Monogram Bioscience Phenoscreen


assay in the presence of 40% NHS. The IC50 is defined as the con-


centration of compound in cell culture required to block 50% of viral


replication. Details provided in Ref. 13.


Figure 7. The X-ray crystal structure of compound 22 (blue) in the


WT-NNRTI binding site (2.7 Å resolution). Details of the crystallo-


graphic studies are provided in Ref. 15.
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viruses. Further systematic manipulation of the lead
structures guided by SAR, modeling, and crystallogra-
phy have resulted in the discovery of compound 22,
which has become the prototype of a potent and novel
NNRTI platform. Synthesis in this series is continuing
in an effort to modulate physical properties and prepare
a more soluble and bioavailable analog of compound
22. Taking advantage of the solvent exposed region of
this molecule as a means to incorporate solubilizing
groups is a key ongoing effort in our laboratories, and
our further efforts in this area will be detailed in subse-
quent publications.
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Abstract—Modification on a lead series of [1,4]oxazino[3,2-g]quinolin-7-ones at the 2-position led to selective androgen receptor
modulators with improved in vivo activity. The most potent analog (�)-33a exhibited full maintenance of levator ani muscle at
3 mg/kg and reduced activity on ventral prostate weight in a 2-week orally-dosed and orchidectomized rat maintenance assay.
� 2008 Elsevier Ltd. All rights reserved.
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Figure 1. AR Ligands.

The androgen receptor (AR) is a member of the super
family called nuclear receptors.1 Androgens, which in-
clude testosterone (T) and dihydrotestosterone (DHT,
Fig. 1), are the endogenous ligands that bind to AR.
Androgens, when bound to AR, control the develop-
ment, differentiation, and function of male reproductive
and accessory sex tissues (such as seminal vesicle, pros-
tate, and epididymis),2 which are called androgenic ef-
fects. Some other tissues and organs such as skeletal
muscle and bone are also under the influence of andro-
gens,2 which are anabolic effects. Other organs/tissues
that are affected by androgens are skin, hair follicles,
and brain.2 The main mechanism of androgen action
is to regulate gene expression through binding to the
androgen receptor, changing the levels of specific pro-
teins in cells, and controlling cell behavior.3 Androgens
can help both male and female patients with their frailty
and osteoporosis. However, hormone replacement ther-
apy (HRT) for prevention or treatment of osteoporosis
has caused concerns about the safety of HRT in long
term use, especially stimulation of the prostate for males
and virilization for females.2 Therefore, the concept of
non-steroidal selective androgen receptor modulators
(SARM) emerged as an attractive target for drug
discovery.4,5
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SARMs are expected to be orally available, potent and
efficacious in anabolic effects while having reduced
androgenic activity. Research on SARMs aimed to alle-
viate androgen deficiency symptoms has been reported.6


The reported pharmacophores include tetrahydroquino-
line,7 hydantoin and hydantoin-derived compounds,8


bicalutamide derivatives,9 and our quinolinone deriva-
tives.10,11 More recently, we disclosed the discovery of
our LGD2226 (2, Fig. 1)12 series, LGD2941 (3),13 4
based on 8H-[1,4]oxazino[2,3-f]quinolin-8-ones14 and 1
based on 7H-[1,4]oxazino[3,2-g]quinolin-7-ones.15 With
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1a as the lead in this series, we performed additional
SAR studies on the C-2 position. This effort led to com-
pounds with tissue-selectivity, and significantly im-
proved in vivo potency, which we report in this letter.


We previously15 examined the SAR study at N-1 and C-
3 position of 1, and the optimal substituents proved to
be 2,2,2-trifluoroethyl and hydrogen, respectively. This
current effort concentrated at the C-2 position with the
concept of introducing a broader array of functional
groups, since conceptually, this position was amenable
to the addition of a variety of different substituents. In
our previous work, we developed an enantiospecific syn-
thesis to prepare 2-alkyl-substituted analogs. However,
this method was not suitable to prepare our desired tar-
gets, so we utilized different methods of the synthesis.
Generally, racemates were prepared and selected com-
pounds were separated into their individual enantiomers
by chiral HPLC.16 The preparation of several of the tar-
get compounds required common intermediate 7, the
synthesis of which started from 517 (Scheme 1). Com-
pound 5 was treated with methyl bromoacetate, yielding
6, which under Tebbe reaction conditions, followed by
hydroboration, afforded 7. Compound 7 was alkylated
with an alkyl iodide and sodium hydride, followed by
deprotection under strong acidic conditions, leading to
targets 8–11. Alternatively, the hydroxyl group in 7
was mesylated, allowing for the nucleophilic replace-
ment by sodium thiomethoxide and sodium cyanide,
affording 12 and 13, respectively, after deprotection.
The hydroxyl group in 7 can directly be replaced by fluo-

N


NH


O


CF3
CF3


OH N


N


O


CF3
CF3


O


O


N


N


O


CF3
CF3


O


OH


N
H


N


O


CF3
CF3


O


OR


N
H


N


O


CF3
CF3


O


R


N
H


N


O


CF3
CF3


O


F


N


N


O


CF3
CF3


O


CHO


N
H


N


O


CF3
CF3


O


F


F


a


b
5 6


c, d


8, R = H
9, R = Me
10, R = Et
11, R = Pr


e, d


12, R = SMe
13, R = CN


7


f, d


14


7 g f, d


15


Scheme 1. Reagents and conditions: (a) methyl bromoacetate, K2CO3,


DMF, 110 �C, 86%; (b) Tebbe reagent, THF, then BH3, THF, H2O2,


NaOH; (c) NaH, R-I, THF, 0 �C to rt; (d) HOAc:concd. HCl (3:1), 60–


80 �C, 75–95%; (e) MsCl, NEt3, ether, then NaR, DMF, 80 �C; (f)


DAST, CH2Cl2; (g) Moffatt–Swern oxidation.

rine with DAST, producing 14 after deprotection. Final-
ly, Moffatt–Swern oxidation of the primary hydroxyl
group in 7 formed an aldehyde intermediate that was
fluorinated in situ by DAST, leading to 15 after acidic
hydrolysis.


Compounds 21a–23a were prepared (Scheme 2) in opti-
cally pure form starting from known compound 16.
Regioselective bromination and pyridone protection,
followed by demethylation afforded hydroxyquinoline
17. The hydroxyquinoline was alkylated by either the
replacement of the tosylate group (R@CH2CF3) under
basic conditions or utilizing Mitsunobu conditions
(R@CH2Ph and R@CH2CH2SCH3) to afford the Boc
protected aminoethers (20). The amine of 20 was un-
masked with TFA, cyclized under Buchwald amination
conditions,18 and subsequently deprotected under acidic
conditions to provide 21a–23a.


Scheme 3 shows the preparation of aryl-substituted
racemic analogs. Compound 25 was obtained by the
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treatment of 2415 with methyl bromoacetate and
K2CO3, then was subjected to excess amount of an aryl
Grignard reagent, affording 26. The hydroxyl group was
reductively removed with sodium cyanoborohydride in
TFA, in which concomitant reductive alkylation of the
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Scheme 4. Reagents and conditions: (a) NaBH4,TFA, rt; (b)


BrCH2COCF3, K2CO3, DMF; (c) NaBH4, HOAc; (d) Pd/C, H2,


EtOAc; (e) CF3COCH2CO2Me, toluene, reflux; (f) conc. H2SO4,


95 �C.


Table 1. Cotransfection (hAR in CV-1 cells) and competitive binding data f


N
H


O


CF3


Compound R CV-1 agonist


Efficacyb (%) EC50
a (nM) E


(�)-(R)-8a CH2OH 92 ± 11 11 ± 3 24


(+)-(S)-8b CH2OH 67 ± 7 6.6 ± 0.6 39


(�)-(R)-9a CH2OMe 71 ± 5 2.0 ± 0.4 24


(+)-(S)-9b CH2OMe 27 ± 5 77 ± 34 67


(±)-10 CH2OEt 61 3.2 —


(±)-11 CH2OPr 111 4.2 —


(±)-12 CH2SMe 66 ± 30 28 ± 12 23


(±)-13 CH2CN 106 ± 24 30 ± 18 31


(�)-(R)-14a CH2F 125 ± 14 3.8 ± 2.0 33


(+)-(S)-14b CH2F 83 ± 11 35 ± 12 30


(±)-15 CHF2 127 ± 19 1.3 ± 0.2 29


(�)-(R)-21a CH2CF3 51 ± 3 23 ± 6 —


(�)-(R)-22a CH2Ph 12 ± 3 — 83


(�)-(R)-23a CH2CH2SMe 89 ± 0.3 23 ± 17 38


(�)-(R)-27a Ph 121 ± 16 5.3 ± 0.9 42


(+)-(S)-27b Ph 13 — 94


(�)-(R)-28a m-Tol 86 ± 10 19 ± 8 33


(+)-(S)-28b m-Tol — — 91


(�)-(R)-29a p-Tol 105 36 41


(+)-(S)-29b p-Tol — — 86


(±)-33 CF3 104 ± 7 5.9 ± 1.2 —


(�)-(R)-33a CF3 87 ± 10 2.0 ± 0.6 31


(+)-(S)-33b CF3 23 ± 13 42 ± 24 64


(�)-(R)-1a Me 82 ± 5 1.1 ± 0.2 28


DHT 100 ± 0.0 5.7 ± 0.1 —


Bicalutamide — — 89


a Values with standard errors represent the mean value of at least 2 separate


efficacy of <20% and/or a potency of >10000 nM). ‘na’ means not availab
b Agonist efficacies were determined relative to DHT (100%).
c Antagonist efficacies (%) were determined as a function of maximal inhibit
d Competitive binding assay conducted as described in Ref. 15.
e All optical rotations were measured in ethanol at 589 nm with sodium arc lam

nitrogen with trifluoroethyl group took place. After
removal of the protecting isopropyl group, compounds
27–29 were obtained.


Scheme 4 describes the preparation of the racemic tri-
fluoromethyl analog 33. The treatment of aminophenol
30 with a reductive alkylation condition (NaBH4 in
TFA) selectively alkylated the amino group with a tri-
fluoroethyl and then treatment with a bromoacetone un-
der basic conditions selectively alkylated the phenolic
oxygen to give intermediate 31. Compound 31 was re-
duced by NaBH4 to form the benzoxazine ring that
was hydrogenated to provide aniline 32. A two step
Knorr cyclization reaction of aniline 32 afforded final
compound 33.


The compounds synthesized were evaluated in a tran-
scriptional activation assay with hAR in mammalian cell
background (CV-1).10 The results from this assay and a
competitive receptor binding assay15 are shown in Table
1. Consistent with the results of the analogs of structure
1,15 most of the AR agonist modulating activity and

or the new analogs and reference compounds


N


O


CF3


R


CV-1 antagonist AR bindingd Optical rotatione


fficacyc (%) IC50
a (nM) Ki


a (nM)


± 14 60 ± 0 15 ± 3 �62.9


± 17 165 ± 120 22 +60.0


— 9.4 �43.8


± 11 17 ± 9 109 +40.0


— na


— na


± 18 25 na


± 31 — 18


± 9 — 2.6 ± 0.3 �67.2


± 9 199 32 ± 4 +66.2


± 13 — 6.6 ± 0.0


— 18 na


± 3 51 ± 12 na na


± 6 — 2.4 ± 0.0 na


± 11 — 1.3 ± 0 na


340 150 na


± 11 — 1.1 ± 0.2 �38.7


± 7 574 ± 156 180 +38.4


— na na


44 na na


— 8.3 ± 1.6


± 6 — 5.9 ± 2.2 �60.4


± 11 34 ± 17 281 ± 73 +62.7


± 7 70 ± 6 0.9 ± 0.1 �81.7


— 0.9 ± 0.1


± 9 162 ± 99 151 ± 36


experiments with triplicate determinations. ‘—’ indicates not active (an


le.


ion of DHT at the EC50 value.


ps at 20 �C. The sample concentration ranges from 2.45 to 2.90 mg/ml.







Figure 2. Effects of compounds 14a and 33a and testosterone


propionate treatment on levator ani muscle and ventral prostate


weights in a 2-week orchidectomized rat maintenance assay. 100%


identifies intact animals (sham), whereas 0% denotes levels for vehicle-


treated animals. Testosterone propionate was dosed subcutaneously


because it is rapidly metabolized when dosed orally.
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binding affinity reside on the enantiomers with the R-
configuration at the C-2 position, although not all of
the pairs of enantiomers were prepared. The enantio-
mers with the S-configuration tend to have weaker ago-
nist activity or more AR antagonist activity in our
assays. As a result, the following SAR discussion by
using the data from both enantiomers and racemates
should not change the conclusions for the agonist
activities.


SAR study on C-2 position (Table 1) suggested that the
binding pocket in this region is rather large, tolerating a
variety of functional groups, which is different from the
paralleling bicyclic series exemplified by LGD2226. This
conclusion is supported by the following three observa-
tions. First, the compounds are still potent and effica-
cious AR agonist modulators when larger hydroxyl
(8a) and methoxyl (9a) groups are attached to the parent
compound 1a with R configuration at C-2 substitution.
Tests on the racemic mixtures with even larger ethoxyl
(10) and propoxyl (11) attached revealed that these com-
pounds were still potent and efficacious. Replacing this
C-2 side chain with sulfur containing chain structure
at approximately equivalent length (23a and 12, respec-
tively) led to about 10-fold reduction in agonist potency
relative to their oxygen containing analogs (10 and 9a).
The same potency reduction was observed in compari-
son of compound 13 and compound 9a. The second sup-
porting evidence for steric tolerance off C-2 site is that
when a large aromatic group was attached directly at
C-2 carbon (compounds 27a, 28a, and 29a), they still
exhibited very good agonist efficacy, potency, and recep-
tor binding affinity. However, the binding pocket ap-
peared to reach its limit in steric tolerance when one
methylene is placed between the newly introduced aro-
matic ring and the linear tricyclic structure (compound
22a). This compound turned into an antagonist that is
equally efficacious but more potent than bicalutamide,
which is a rather large change for a small structural
modification. When the same modification was made
to 33a, the resulting compound 21a showed significant
reduction in agonist efficacy, potency, and binding
activity.


While the SAR of this linear tricyclic series was ongo-
ing, the studies on our LGD2226 series12 established
the importance of an additional halomethyl substituent
at the 6-amino position, especially 2,2,2-trifluoroethyl,
as being critical to increasing the in vivo activity of
our SARMs. This suggested that the trifluoromethyl
group on C-2 position would be an attractive target
to increase in vivo activity of the current series. Indeed,
the SAR results showed that the trifluoromethyl group
did lead to a compound (33a) that is equally potent
and efficacious in vitro as lead compound 1a. Changing
the number of fluorine atoms in this group (com-
pounds 14 and 15) appeared to increase the agonist
efficacy without affecting its potency and binding. To
our advantage, compound 33a demonstrated half life
of 100 min in rat liver microsomal study at 5 lM, while
that of 14a is only 34 min. The difference suggested
that additional fluorine atoms led to more metabolic
stability.

In order to evaluate the in vivo activity, compound 14a
and 33a were orally dosed to SD rats in a 2-week cas-
trated rat maintenance bioassay.12a,15 The ventral pros-
tate (VP) is an androgen-dependent male sexual
accessory organ, and is an endpoint to evaluate andro-
genic side effects of our non-steroidal SARMs. Over
stimulation of the prostate for an androgen is not de-
sired because of the risk of prostatic disease. The levator
ani muscle (LA) is a skeletal muscle that also demon-
strates androgen-dependent growth.19 The LA weight
is utilized as an endpoint to determine the anabolic ef-
fects. The eugonadal levels on both the androgenic side
effect (VP) and the anabolic (LA) endpoints were main-
tained when treated with 1.0 mg/kg testosterone propio-
nate (TP) (Fig. 2). Hence, testosterone is considered to
have no tissue selectivity in this model, as can be ob-
served by the overlap of the VP and LA dose-response
curves. In contrast, the VP dose response curves for
both 14a and 33a are right-shifted compared to the
LA. Compound 14a demonstrates full efficacy in LA
at 10 mg/kg, while 33a is fully efficacious at 3 mg/kg.
In comparison, compound 1a is less potent in this as-
say,15 maintaining the LA to the intact level at a dose
of 100 mg/kg. Hence, 33a is significantly more potent
than 1a, although the muscle-prostate selectivity profile
is similar, which indicates that the activity enhancement
may be the result of increased metabolic stability.


These new SARMs demonstrate good steroid hormone
binding selectivity, just as most other SARMs in our
quinolinone series.12–15 Selected compounds were evalu-
ated in the progesterone, glucocorticoid, and mineralo-
corticoid receptor binding assays (PR, GR, and MR,
respectively)20 and no significant cross-reactivity was
observed.


In conclusion, we have discovered tissue and receptor
selective, and orally available SARMs with improved
in vivo potency based on 1-(2,2,2-trifluoroethyl)-7H-
[1,4]oxazino[3,2-g]quinolin-7-ones.
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Abstract—A series of hydrochloride derivatives 2a–9a and quaternary ammonium derivatives 3b–9b of diphenidol have been syn-
thesized and characterized in receptor binding and cellular functional assays versus human muscarinic M1–M5 receptors expressed
in CHO cells. Compound 8b, a methiodide derivative with a bipiperidinyl moiety and a second diphenidol framework, showed a
potent and selective M4 activity as competitive antagonist. Moreover 8b, acting as an allosteric modulator, was able to retard
the dissociation rate of [3H]-N-methylscopolamine from CHO-M4 cell membranes exposed to atropine. Taken together, these data
suggest that 8b might open new avenues to the discovery of novel multivalent antagonists for the muscarinic receptors.
� 2008 Elsevier Ltd. All rights reserved.

Five distinct gene sequences coding for muscarinic M1–
M5 receptors, members of the superfamily of G-protein
coupled receptors, have been cloned. Muscarinic recep-
tors are expressed in a complex, overlapping fashion in
most tissues and modulate the activity of a large number
of functions. These receptors display a high degree of se-
quence identity, and subtype-selective binding of ago-
nists and antagonists is likely based on conformational
dissimilarities.1 Studies using knockout mice have at-
tempted to clarify the main role of each muscarinic
receptor subtype in different physiological functions.
However, the loss of one of these subtypes can be com-
pensated as a result of functional redundancy.2 These
complications have contributed to slow the discovery
of selective and reversible M4 antagonists, since so far
only PD 1028073 and few other benzoxazine analogues4


have been described. The need of M4-selective ligands is
crucial to better explore the role played by this receptor
subtype in the central nervous system5 and in the periph-
eral tissues6 and to investigate them as potential, novel
drugs that may overcome the limitations of available,
non-selective compounds.

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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In our recent work, we have synthesized novel musca-
rinic antagonists derived from diphenidol (1,1-diphe-
nyl-4-piperidin-1-yl-butan-1-ol, 1), an antiemetic agent
used in the treatment of vomiting and vertigo and bind-
ing to M1–M4 receptors with superimposable affinity.
Appropriate structural modifications of 1 led us to ob-
tain M2, M3 as well as M4 antagonists.7 On the basis
of the findings described in our previous works, we syn-
thesized a novel series of diphenidol derivatives and
characterized them in receptor binding and cellular
functional assays versus human muscarinic M1–M5


receptors expressed in CHO cells. Thereon, we turned
our attention to the basic centre and replaced the piper-
idine ring with some diamines, in order to evaluate the
influence on affinity and/or selectivity of a second basic
centre. At first, we considered the piperazine moiety,
which may be used as a suitable basic portion for mus-
carinic antagonists,8 and introduced some substituents
on the second nitrogen atom, including a second diphen-
idol framework. Thereafter, we modified the flexibility
and the length of the spacer linking the nitrogen atoms
of the two diphenidol frameworks (Fig. 1).


The title compounds 2–9 were synthesized by direct
mono- or di-alkylation with 4-chloro-1,1-diphenyl-bu-
tan-1-ol9 (10) of the proper diamine (piperazine for 2
and 5, 1-methylpiperazine for 3, 1-phenylpiperazine
for 4, N,N 0-dimethyl-ethane-1,2-diamine for 6, N,N 0-
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Figure 1. Structure of diphenidol and target compounds.
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dimethyl-propane-1,3-diamine for 7, 4,4 0-bipiperidine
for 8 and 1-methyl-4,4 0-bipiperidine10 for 9). The ob-
tained tertiary amines11 were converted to hydrochlo-
rides 2a–9a with hydrochloric acid12 and to the
corresponding methiodides 3b–9b, bearing permanent
positive charges, with methyl iodide13 (Scheme 1). It
was not possible to obtain compound 2b in a pure form
suitable for pharmacological assays.


All the synthesized compounds were tested for affinity
versus human M1–M5 stable transfectants of CHO-K1
cells, using [3H]-N-methylscopolamine chloride ([3H]-
NMS) as labeled ligand. Binding profile of the reference
diphenidol hydrochloride (1a) and methiodide (1b)7b


was also investigated in the present study. Binding data
are reported as pKi values (affinity) in Table 1. All the
competition curves obtained with assayed compounds
were compatible with the competitive inhibition of tra-
cer binding.


Reference compound 1a showed a moderate affinity to
human M1–M5 muscarinic receptors; however, it was
not able to discriminate among the different muscarinic
receptor subtypes. An appreciable increase of binding
affinity to all muscarinic receptor subtypes was evi-
denced for the corresponding quaternary ammonium
salt 1b.


Replacement of the piperidine moiety with the pipera-
zine ring (2a) did not cause any significant change in
binding affinity at human M1–M5 subtypes, and the
introduction of a substituent on 4-nitrogen atom of
the piperazine (compounds 3a–5a) was detrimental and
led to drastic decrease of the binding affinity at all the
five muscarinic subtypes.


Opening the piperazine ring, while maintaining the sec-
ond diphenidol framework (6a), resulted in slight differ-

ences in affinity at human M1–M5 receptors, compared
with 5a. Interestingly, one-carbon homologation of the
chain linking the two nitrogen atoms (7a) increased
affinity of about or more than 2 orders of magnitude
at human M1–M5 receptor subtypes. With respect to
methiodide derivatives 3b–7b, when compared to the
corresponding tertiary amines, compounds 3b–6b
showed higher binding affinity at human M1–M5 recep-
tors, while 7b was less active. The better profile of the
activity of quaternary ammonium derivatives is a com-
mon feature for most of the muscarinic antagonists.14


Compound 8a, bearing a bipiperidinyl moiety and a sec-
ond diphenidol framework, displayed a relevant affinity
at the human M4 receptor subtype (pKi = 7.13), with a
12-fold enhanced affinity with respect to 1a at this recep-
tor subtype. Compound 8a maintained a moderate affin-
ity at the other receptor subtypes, comparable to those
of 1a. The corresponding quaternary derivative 8b was
the most interesting compound of this series, since it
exhibited a noteworthy affinity at human M4 receptor
(pKi = 7.90), similar to that found for the reference M4


antagonist PD 102807 (ethyl 9-methoxy-2-methyl-
3,11,12,14-tetrahydro-6aH-indolo[40,50:5,6][1,3]oxazino[2,
3-a]isoquinoline-1-carboxylate),3,4 maintaining a moder-
ate affinity at the other muscarinic receptor subtypes.
The following selectivity ratios were found: M4/
M1 = 48, M4/M2 = 29, M4/M3 = 30 and M4/M5 = 47. A
decrease in binding affinity was observed in derivative
9a, where 4,4 0-bipiperidine was preserved as diamine
and a methyl group replaced the second diphenidol
framework. The corresponding quaternary derivative
9b showed affinity values similar to 9a.


The affinity profile of derivatives 8a and 8b towards the
human M4 muscarinic receptor subtype was confirmed
in functional assays. First, we investigated the effects
of these compounds on GTP binding in membranes ob-
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Table 1. Binding affinities (pKi) of the antagonists 1a, 1b, 2–9a, 3–9b and PD 102807 to human muscarinic receptors M1–M5


Compound pKi ± SEMa


hM1 hM2 hM3 hM4 hM5


1a 6.37 ± 0.09 5.55 ± 0.26 5.95 ± 0.13 6.04 ± 0.08 5.89 ± 0.25


1b 6.70 ± 0.05 6.56 ± 0.21 6.56 ± 0.21 6.54 ± 0.09 6.15 ± 0.20


2a 6.22 ± 0.07 5.14 ± 0.24 6.18 ± 0.12 5.93 ± 0.28 5.85 ± 0.30


3a 5.11 ± 0.24 4.45 ± 0.11 5.13 ± 0.34 5.01 ± 0.15 4.87 ± 0.21


3b 5.53 ± 0.27 4.63 ± 0.19 5.39 ± 0.26 5.32 ± 0.19 5.02 ± 0.22


4a 3.44 ± 0.34 3.34 ± 0.53 4.15 ± 0.23 4.00 ± 0.25 3.91 ± 0.31


4b 4.76 ± 0.10 4.59 ± 0.19 5.12 ± 0.47 4.64 ± 0.14 5.16 ± 0.26


5a 3.07 ± 0.26 3.75 ± 0.43 4.06 ± 0.19 4.65 ± 0.10 4.63 ± 0.21


5b 5.15 ± 0.26 5.64 ± 0.39 5.26 ± 0.35 5.91 ± 0.30 5.81 ± 0.18


6a 3.61 ± 0.16 3.67 ± 0.23 3.42 ± 0.53 3.79 ± 0.20 3.64 ± 0.26


6b 4.58 ± 0.17 4.32 ± 0.09 4.36 ± 0.23 4.95 ± 0.14 4.74 ± 0.45


7a 5.87 ± 0.14 5.26 ± 0.14 5.76 ± 0.19 6.21 ± 0.15 6.08 ± 0.13


7b 5.14 ± 0.14 4.92 ± 0.26 4.91 ± 0.29 4.95 ± 0.14 5.12 ± 0.16


8a 6.10 ± 0.16 6.06 ± 0.11 6.14 ± 0.32 7.13 ± 0.09 6.11 ± 0.33


8b 6.22 ± 0.06 6.44 ± 0.22 6.43 ± 0.09 7.90 ± 0.07 6.23 ± 0.25


9a 5.24 ± 0.17 5.40 ± 0.20 5.28 ± 0.15 5.93 ± 0.11 5.54 ± 0.25


9b 5.08 ± 0.15 5.36 ± 0.23 5.44 ± 0.11 5.57 ± 0.11 4.59 ± 0.32


PD 102807 5.64 ± 0.16 5.96 ± 0.27 6.14 ± 0.09 8.19 ± 0.15 5.74 ± 0.22


a Obtained in CHO-K1 cells stably expressing the human muscarinic M1–M5 receptors (mean of three experiments performed in triplicate). Further


details are reported in Supplementary data.
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tained from CHO cells stably expressing human M1–M5


receptors. We used a concentration-ratio analysis to esti-
mate functionally the affinity constants (pKb) of 8a and
8b and of the M4 antagonist PD 102807,3,4 at human
M1–M5 receptors. The functional response was the stim-
ulation by fixed concentrations of carbachol (10�12–
10�4 M) in the presence of europium-labeled GTP ana-
logue (Eu-GTP) binding to cell membranes. The Eu-
GTP assay measures the level of G-protein activation
following agonist occupation of a G-protein coupled
receptor, by determining the binding of the non-hydro-
lyzable analogue Eu-GTP to Galpha subunits. Thus,

the assay measures a functional consequence of receptor
occupancy at one of the earliest receptor-mediated
events. The assay allows for traditional pharmacological
parameters of potency, efficacy and antagonist affinity.15


As reported in Table 2, 8b displayed a noteworthy po-
tency to prevent carbachol-stimulated binding of Eu-
GTP in CHO/human M4 cells. Compound 8b showed
a potency superimposable to that observed for PD
102807 whereas 8a was less effective. As expected, in
agreement with receptor binding data, 8a, 8b and PD
102807 were less effective in antagonizing carbachol-in-
duced Eu-GTP binding to human M1, M2, M3 and M5







Table 2. Affinity constants (pKb values) of 8a, 8b and PD 102807 in antagonizing carbachol-induced stimulation of Eu-GTP binding to CHO-M1–M5


cell membranes


Compound pKb ± SEMa


hM1 hM2 hM3 hM4 hM5


8a 5.92 ± 0.21 5.82 ± 0.27 6.14 ± 0.32 7.21 ± 0.14 6.40 ± 0.13


8b 6.04 ± 0.11 6.10 ± 0.22 6.25 ± 0.13 7.83 ± 0.18 6.02 ± 0.16


PD 102807 5.74 ± 0.18 5.55 ± 0.35 5.63 ± 0.16 7.90 ± 0.12 5.84 ± 0.21


a Obtained in CHO-K1 cells expressing the human muscarinic M1–M5 receptors (mean of three experiments performed in triplicate). Further details


are reported in Supplementary data.
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receptors. Compounds 8a, 8b and PD 102807 failed to
affect basal Eu-GTP binding to CHO cell membranes
expressing human M1–M5 (data not shown). Thereafter,
to confirm the antagonist profile of 8a and 8b towards
the human M4 receptor, we evaluated the regulation of
cAMP formation in CHO cells expressing the human
M4 receptor. Forskolin itself (10 lM) increased the rate
of cAMP more than 12-fold in these cells. The musca-
rinic agonist carbachol (10�12–10�4 M) inhibited, in a
concentration-related manner, the forskolin-stimulated
synthesis of cAMP (EC50 = 1870 nM). As shown in Ta-
ble 3, 8b and PD 102807 were very potent to reverse the
inhibitory effect elicited by 5 lM carbachol whereas 8a
was less potent. All the other compounds were less effec-
tive (IC50 > 1 lM; data not shown). Compounds 8a and
8b or PD 102807 (from 0.1 nM to 1 lM), added to CHO
cells, expressing human M4 receptor, in the absence of
carbachol did not modify forskolin-stimulated cAMP
accumulation; thus, they do not exhibit any activity as
muscarinic agonists (data not shown). Taken together,
functional assay data confirmed the M4-selective profile
of compounds 8a and 8b and showed that they behave
like competitive antagonists at M4 receptor subtype.


The M4 receptor binding affinity of compounds 8a and
8b, with a bipiperidinyl moiety and a second diphenidol
framework, suggests that supplementary pharmaco-
phores, such as bulky hydrophobic groups and a hydro-
xyl group, enhance the affinity by interaction with
additional binding sites at M4 muscarinic receptor sub-
type. In fact, compounds 9a and 9b, lacking the second
4-hydroxy-4,4-diphenyl-butyl moiety, showed a 16- and
214-fold decrease in affinity, respectively. Moreover, a
proper spacer linking the two nitrogen atoms is crucial.
Compounds 6a and 6b, which present a two-carbon
chain as link between the nitrogen atoms of the two
diphenidol units, exhibited very low affinity values. A
one-carbon chain elongation (7a and 7b) resulted in
higher affinity values, even if modest. Considering M1,
M2, M3 and M5 subtypes, the presence of the second
diphenidol skeleton does not influence receptor interac-
tion with respect to diphenidol, both as tertiary base and
quaternary salt.


Interestingly, compound 8b shows structural sim-
ilarity to several alkane-bis-ammonium compounds, as
W84 (hexamethylenebis[dimethyl(3-phthalimidopropyl)
ammonium] dibromide), dimethyl-W84, the related
DuoW and the eptane analogue C7/3 0-phth, which have
been characterized as allosteric modulators of musca-
rinic receptors,17 including M4 muscarinic receptor.18

Indeed, muscarinic receptors can be modulated by li-
gands capable to interact with the acetylcholine binding
pocket (the orthosteric site) and/or with allosteric sites.19


The above-mentioned alkane-bis-ammonium com-
pounds share a common pharmacophore consisting of
two positively charged nitrogens, bridged by six or seven
methylene groups, and two lateral aromatic moieties as
crucial elements to obtain a high allosteric potency.
Based upon these considerations, we evaluated the bind-
ing of 8b to any allosteric site of the M4 receptor. We
measured the dissociation rate of [3H]-NMS at the hu-
man M4 muscarinic receptor, expressed in CHO cells,
in experiments in which cell membranes were incubated
with the radioligand and 8b before radioligand dissocia-
tion was revealed by atropine (5 lM). In fact, an altered
dissociation rate of the radioligand is unequivocally
indicative of an allosteric action.20 As expected, 8b
(10 nM), added to membranes incubated for 60 min in
the presence of [3H]-NMS, acted as a competitive antag-
onist and at this concentration almost halved the bind-
ing of [3H]-NMS at the M4 muscarinic receptor;
interestingly, it was also able to retard the observed dis-
sociation rate of the radioligand produced by atropine
(Fig. 2). Under control conditions, the apparent dissoci-
ation rate constant of [3H]-NMS (k�1 = ln2/t1/2) was
0.03 ± 0.004 min�1 (mean ± standard error; n = 4) and
it was decelerated in the presence of 8b (k�1 = 0.01 ±
0.003 min�1; mean ± standard error; n = 4). These re-
sults are consistent with an allosteric interaction be-
tween 8b and the M4 muscarinic receptor.


In summary, we have synthesized a series of diphen-
idol derivatives, which were evaluated both as hydro-
chlorides and as methiodides for their in vitro
activity as muscarinic M1–M5 antagonists. Com-
pounds 8a and 8b, bearing a bipiperidinyl moiety
and a second diphenidol framework, showed an inter-
esting selective M4 antagonist activity. The quater-
nary ammonium derivative 8b was the most potent
M4 antagonist and displayed, in receptor binding
and in functional assays, a potency superimposable
to that elicited by the reference M4 antagonist PD
102807. Considering this also the corresponding
hydrochloric salt 8a exhibited a similar receptor pro-
file, and the results obtained in our study provide the
basis for further drug development. In addition, this
idea is strengthened by the observation that 8b, bind-
ing to the orthosteric and to a distinct allosteric site
of the M4 muscarinic receptor, might open new ave-
nues to the discovery of novel multivalent antago-
nists21 for the muscarinic receptors.







Table 3. EC50 values and their 95% confidence limits (CL95) of 8a, 8b


and PD 102807 in antagonizing carbachol-induced inhibition of


forskolin-stimulated cAMP accumulation in CHO cells stably express-


ing hM4 receptors


Compound EC50 (nM) and CL95
a


8a 138 (82–163)


8b 67 (42–82)


PD 102807 54 (22–78)


The EC50 values and their 95% confidence limits (CL95) were generated


from dose–response curves using a computer program based on the


method of Litchfield and Wilcoxon16 (see also Supplementary data).
a Data are means (±SEM) of three experiments with incubations per-


formed in triplicates.


Figure 2. Effect of 8b (10 nM) on the rate of [3H]-NMS dissociation


from CHO cell membranes expressing the human M4 muscarinic


receptor. Membranes were preincubated with 0.5 nM [3H]-NMS for


120 min at 25 �C; then, radioligand dissociation was measured after the


addition of 5 lM atropine (s). 8b was added to the tubes 60 min before


atropine (d). Data points represent means ± SEM of four experiments


conducted in duplicate. [3H]-NMS specific binding was calculated by


subtracting the non-specific binding from the total binding as reported


in Supplementary data. For the sake of clarity, error bars are not shown


where they do not exceed 10% of the respective mean value.
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A novel pyrene-guanidiniocarbonyl-pyrrole cation
efficiently differentiates between ds-DNA and ds-RNA
by two independent, sensitive spectroscopic methods
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Abstract—At micromolar concentrations and equimolar conditions in respect to basepairs, a novel pyrene-guanidiniocarbonyl-pyr-
role cation 1 exhibited a strong ICD signal at about k = 300 nm specifically upon the interaction with ds-DNA, while under the same
conditions a new fluorescence maximum at k = 480 nm appeared exclusively upon the addition of ds-RNA.
� 2008 Elsevier Ltd. All rights reserved.

H O
H


NH2

Up till now only few small molecules are known which
are able to specifically differentiate between simple dou-
ble stranded (ds-) DNA (B-helix) and ds-RNA (A-helix),
independently of their basepair sequence. Such a sensing
is often based on the specific binding of molecules exclu-
sively in the minor groove of ds-DNA.1 Consequently,
to the best of our knowledge, there is no small molecule
known so far which gives different spectroscopic signals
for ds-RNA and ds-DNA, respectively. We report here a
new type of a molecular probe by combining a pyrene
moiety with a guanidiniocarbonyl pyrrole cation. Pyrene
is a well-known polarity-sensitive fluorescence probe of-
ten employed for probing microheterogeneous sys-
tems,2a,b especially DNA.2c–f In compound 1 a pyrene
moiety was covalently linked via a flexible alkyl chain
to a guanidiniocarbonyl pyrrole cation, known to be a
highly efficient oxoanion binding site even in aqueous
solutions.3 The combination of an planar aromatic fluo-
rescent probe with an efficient oxoanion binding site
should allow for multiple non-covalent interactions with
DNA/RNA such as H-bonds, electrostatic interactions
and aromatic stacking. For example, guanidinium cat-
ions just recently have been used to increase the affinity
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of the antibiotic neomycin to RNA.4 The linker between
the pyrene and the guanidiniocarbonyl pyrrole cation
should be long enough to allow for both intercalation
of the pyrene into the nucleic acid double strand and
ion pairing of the guanidiniocarbonyl pyrrole cation
with the sugar phosphate backbone in the groves of
either DNA or RNA, respectively. In preliminary exper-
iments, smaller aromatics than pyrene (benzene or naph-
thalene) proved not to be efficient for intercalation. The
linker length of four carbons was based on the hope to
provide enough flexibility without loosing too much
binding energy due to an unfavourable entropy. The lin-
ker was not yet optimized based on modelling studies
for example and leaves way for further improvement
of the compound (Scheme 1).


Due to the significant differences between the grooves of
ds-DNA and ds-RNA, different combinations of non-
covalent interactions of 1 with either nucleic acid type

N


O
N
H


N


O


HN
NH2


CF3CO2
1


Scheme 1. Structure of the studied compound 1.
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was expected. This could allow for the occurrence of dif-
ferent spectroscopic signals upon complex formation
with either ds-DNA or RNA. Furthermore, the binding
features of the guanidinocarbonyl pyrrole cation are
easily tunable by pH since oxoanion binding requires
the protonation of the guanidinium cation. The pKa-va-
lue of the acyl guanidium group in 1 is around 6 so in
aqueous solution 1 can either be protonated or deproto-
nated. The synthesis of 1 is described in the Supporting
Information.


The interactions of 1 with either ds-DNA or ds-RNA
were therefore studied at pH 7 and pH 5, respectively.
At pH 7 compound 1 is mainly present in the deproto-
nated form whereas at pH 5 it is mainly present as the
protonated cation. As only the protonated cation is an
oxoanion binding site, different interactions with the an-
ionic nucleic acids was expected at both pHs. And in-
deed, the addition of 1 at pH 7 did not influence the
thermal denaturation of either calf thymus (ct-) DNA
or polyA–polyU (ds-RNA) even close to equimolar con-
ditions (r[1]/[polynucleotide] = 0.3). In contrast, at pH 5 com-
pound 1 stabilized ct-DNA by DTm = +7.3 �C but
weakly destabilized poly A–poly U (DTm = �1.5 �C).
These results not only confirm that the protonation state
of 1 controls its interactions with nucleic acids but also
revealed different modes of interaction of 1 with either
ds-DNA or ds-RNA, respectively. Unfortunately, the
changes in the UV/Vis spectra of 1 upon the addition
of ct-DNA were rather small in the region of
k > 300 nm, thus hampering the use of UV/Vis titrations
for further studies. However, the changes of the fluores-
cence spectrum of 1 are strongly dependent on both the
type of polynucleotide added and the pH of the solution.
At pH 7, titration of 1 with DNA (ct-DNA, poly dA–
poly dT) or RNA (polyA–polyU, polyG–polyC)
resulted in an efficient quenching of its fluorescence
independent of the type of nucleic acid used. The excel-
lent fit of the titration data to Scatchard equation6


suggested that only one dominant complex is formed.
The calculated values for the binding constants show a
rather high affinity of 1 for all types of ds-DNA and
RNA (log Ks = 5.1 � 6.0). However, the high Scatchard
ratios n[bound 1]/[polynucleotide] = 0.6�3.6 do not support an
intercalative binding mode. This is in agreement also
with the lack of any thermal stabilization at this pH.12


These results suggest an unspecific hydrophobic-driven
agglomeration of 1 which is neutral at pH 7 with either
DNA or RNA, perhaps additionally stabilized by some
intermolecular p-stacking of aromatic moieties in the
nucleic acid and 1.


In contrast to the situation at pH 7, at pH 5 fluores-
cence titrations of 1 with all types of ds-DNA studied
yielded two opposite tendencies of fluorescence changes
(Fig. 1)�, most likely due to the coexistence of at least
two different types of complexes. For ct-DNA, the
observed ‘break point’ between these two opposite

� Electronic Supplementary Information (ESI) available: Synthesis


and characterization of compound 1, fluorimetric and CD titrations,


details about modeling studies.

spectroscopic changes around a ratio r[1]/[ct-DNA] = 0.14
is consistent with an intercalative binding as such a
behaviour is also seen for many other aromatic interca-
lators.7,12 Namely, at excess of intercalator over interca-
lation binding sites the non-intercalated molecules of 1
tend to unspecifically stack on the polynucleotide caus-
ing a strong quenching of the fluorescence of 1. How-
ever, during the titration the ratio changes to finally
an excess of binding sites over 1. The intercalative
binding mode then becomes dominant. With increasing
numbers of molecules of 1 being intercalated, one
observes an increase in the fluorescence emission of the
pyrene moiety of 1 at k = 398 nm, which differs
significantly from the fluorescence maximum of free 1
at k = 382 nm. The excellent fit of the experimental data
collected at an excess of ds-DNA (ct-DNA and poly
dA-poly dT) over 1 (r[1]/[ds-DNA] < 0.2) to the Scatchard
equation6 also supports the presence of only one
dominant binding mode under these conditions. The
resulting binding constants (log Ks = 5.9 � 6.8)� and
ratio n[bound 1]/[ds-DNA] = 0.01–0.09, as well as the results
of viscometry measurements (a(1) = 0.75)�, are in excel-
lent agreement with an intercalative binding mode.


In the fluorimetric titrations of 1 with ds-RNA (polyA–
polyU, polyG–polyC) again two opposite tendencies of
fluorescence changes are observed with a break point
at about r[1]/[ds-RNA] = 0.3 (Fig. 1)�. However, in sharp
contrast to the titration of 1 with ds-DNA, a new
fluorescence maximum at k = 480 nm appeared specifi-
cally in titrations of 1 with ds-RNA (Fig. 1 bottom). It
is important to stress that this new maximum at
480 nm is dominant at excess of 1 over ds-RNA
(r > 0.5), decreasing with increased concentrations of
ds-RNA. The presence of an isoemissive point (Fig. 1
bottom) in the range of r[1]/[poly A–poly U] = 0.32 � 0.09
points again towards the co-existence of only two dom-
inant species in this concentration range. It is known
that pyrene exhibits a fluorescence maximum around
k = 450–480 nm either as a consequence of (a) photoin-
duced intermolecular excimers formed by two or more
pyrenes;8 or (b) by exciplex emission resulting from the
strong association of the intercalated excited state of
the pyrene with adjacent nucleobases.5,9 Latter possibil-
ity can be excluded in this case because if the intercala-
tion is responsible for this new maximum, its intensity
should increase with the increasing concentration of
the polynucleotide due to the increasing number of
intercalated molecules of 1. However, this maximum
(k = 480 nm) is associated with the dominant binding
mode at high excess of 1 over ds-RNA intercalation
binding sites and its intensity decreases with an increas-
ing concentration of ds-RNA. This is exactly the oppo-
site behaviour which is expected if intercalation was
responsible for this emission maximum. Furthermore,
also the destabilization of the ds-RNA upon the addi-
tion of 1in the thermal denaturation experiments does
not agree with an intercalative binding mode.12Thus,
the fluorescence maximum at k = 480 nm can not result
from intercalation but must be due to a photoinduced
intermolecular pyrene-excimer8 formed by two or more
molecules of 1 aggregated somehow within a complex
formed with the ds-RNA.







Figure 1. Fluorimetric titration (kexc = 320 nm) of 1 (c = 3.3 · 10�6 M) with poly dA–poly dT (top), or with poly A–poly U (bottom) at pH = 5


(buffer citric acid/NaOH, I = 0.03 M).
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However, it is interesting to note that fluorimetric titra-
tion of 1 with some natural tRNA’s did not yield fluo-
rescence signal at 480 nm.� That would imply specific
interaction of 1 with double stranded RNA necessary
to yield 480 nm fluorescence, most likely due to the spe-
cific properties of a-helical structure of duplex, while
other RNA forms present in tRNA also bind 1 but
not in a form of pyrene-excimer responsible for the fluo-
rescence at 480 nm.


Thus, at pH 5 both fluorimetric and thermal denatur-
ation studies pointed towards different interaction
modes of 1 with either ds-DNA or ds-RNA, respec-
tively. To get more information about the structural
properties of these different complexes, we have used
CD experiments. At pH 5, the addition of 1 resulted
in a pronounced decrease of the CD bands of all
ds-DNA studied (Fig. 2)�. Additionally, a strong in-
duced CD (ICD) band appeared in the range
k = 290–330 nm. Since 1 does not have any intrinsic
CD spectrum, the ICD band strongly suggests the uni-
form orientation of 1 with respect to the chiral axis of
the ds-DNA.10 According to the UV/Vis spectrum of
1, the strong positive ICD band at about k = 300 nm
can only be attributed to the guanidiniocarbonyl pyr-
role moiety which has an absorption maximum in this

region. Furthermore, a weak negative ICD band at
k > 330 nm observed for poly dA–poly dT,� could cor-
respond to the intercalated pyrene moiety of 1.11 The
decrease of the CD bands of the ds-DNA as well as
the increase of the ICD of 1 have a strong non-linear
dependence on the ratio r (Fig. 2) reaching saturation
at about r = 0.2 � 0.3.12 This is in good agreement
with the ratio r at which the break point of the
fluorescence titration was observed.� In addition, clear
isoelliptic points observed in the 1/ct-DNA CD
titration experiment (Fig. 2), confirm the co-existence
of only two species—free ct-DNA and one complex
with 1.


According to these CD results, the complex between 1
and ds-DNA has the following structural features: the
guanidiniocarbonyl pyrrole tail of 1 is uniformly ori-
ented in the minor groove of ds-DNA, giving rise to
the strong positive ICD band,11 which is in accord to
a variety of other small molecules structurally related
to the guanidiniocarbonyl pyrrole moiety that are
known to selectively or even specifically bind into the
minor groove of ds-DNA.1 Furthermore, the pyrene
moiety of 1 is intercalated into the ds-DNA, additionally
stabilizing the complex (as seen in the thermal denatur-
ation study).12







Figure 2. CD titration of ct-DNA (c = 3.01 · 10�5 M) with 1 (top left: changes in complete spectra. top right: increase of the ICD band of 1 at


k = 298 nm). CD titration of poly A–poly U (c = 2.0 10�5 mol dm�3) with 1 (bottom left: changes in complete spectra. bottom right: decrease of the


CD band of ds-RNA at k = 264 nm). Done at pH 5 (buffer citric acid/NaOH, I = 0.03 M).
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The interaction of 1 with ds-RNA’s yielded changes in
the CD spectra (Fig. 2 bottom) completely different
from those observed for ds-DNA’s.� The addition of 1
caused only a steady decrease of the CD bands of the
ds-RNA but no induced CD signals of 1 in the region
k = 300–360 nm are observed. The changes in the CD
spectra of the ds-RNA are almost proportional to the
ratio r, showing no saturation even at excess of 1 over
ds-RNA (Fig. 2 bottom). Therefore, it is obvious that
1 interacts in a completely different way with ds-DNA
and ds-RNA, most likely due to the significantly differ-
ent secondary structures of these two polynucleotides.1


The A-helix formed by ds-RNA has a much wider and
shallow minor groove, which normally does not support
interactions with small molecules as does the minor
groove of B-helix of ds-DNA.1 Therefore, most likely
the guanidiniocarbonyl pyrrole tail of 1 is not as uni-
formly oriented within the complex with ds-RNA and
accordingly does not give an ICD signal.


To get an idea of the feasibility of possible binding
modes for the interaction of 1 with either ds-DNA or
ds-RNA we performed molecular modelling calcula-
tions. In these calculations, compound 1 was manually
docked to a double stranded polynucleotide, either ds-
DNA or ds-RNA, in various different starting orienta-
tions. Those structures with the lowest strain and the
largest number of interactions were subjected to further

analysis. The solvated and energy optimized complexes
were subjected to molecular dynamics (MD) simulations
and changes in conformation and fluctuation of hydro-
gen bonds were monitored. The calculations showed
that indeed 1 can form a p-stacked dimer that nicely fits
into the major groove of ds-RNA where it forms several
intermolecular hydrogen bonds with the nucleotide
phosphate groups (Fig. 3). The complex between ds-
DNA and intercalated 1 was built by removing a base
pair from the ds-DNA and then inserting the pyrene
moiety of 1 into the gap with the guanidiniocarbonyl
pyrrole tail positioned in the minor groove. In order
to allow the ligand to properly adjust to the DNA the
system was subjected to a MD simulation with the
DNA geometry kept fixed. The resulting low energy
conformations were selected, energy minimized and ana-
lyzed. In most cases 1 adjusted its flexible guanidiniocar-
bonyl pyrrole tail in a uniform orientation into the
minor groove of the ds-DNA, forming 5-6 H-bonds with
neighbouring nucleobases of the intercalated pyrene.
Hence, the calculations confirm that in principle the
two different binding modes deduced from the spectro-
scopic studies for the interaction of 1 with either
ds-DNA (intercalation of the pyrene and uniform orien-
tation of the guanidiniocarbonyl pyrrole moiety within
the minor groove) or ds-RNA (no intercalation, but a
p-stacked excimer of two molecules of 1 bound in the
major groove) are indeed feasible.







Figure 3. Example of one of the low energy complexes of a dimer of 1


(stick representation) bound into the ds-RNA major groove. H-bonds


are broken lines; RNA atoms (oxygens) participating in H-bonds are


shown in CPK representation (d).
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In conclusion, at pH 5 and close to equimolar conditions
with respect to polynucleotide basepairs, 1 binds to ds-
DNA by intercalation of its pyrene moiety into the double
helix and by selective H-bonds and ion pair interactions of
the guanidiniocarbonyl pyrrole cation within the DNA
minor groove. In contrast to this, with ds-RNA two or
more molecules of 1 form a p-stacked excimer, most likely
the within major groove of ds-RNA. Consequently, at
equimolar conditions with respect to basepairs, 1 exhibits
a strong ICD signal at about k = 300 nm specifically for
interaction with ds-DNA, while under the same condi-
tions an excimer fluorescence maximum at k = 480 nm ap-
peared exclusively upon the addition of ds-RNA to 1.
Ongoing studies are focused on shifting the pKa of 1 to en-
able a spectroscopic discrimination between ds-DNA and
ds-RNA also at pH 7. Interestingly, compound 1 also
shows promising antiproliferative activity in preliminary
tests with human tumor cell lines which might be due to
such interactions with polynucleotides.
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Abstract—Evaluation of antiangiogenic activity of marine sponge derived azumamides by the in vitro vascular organization model
using mouse induced pluripotent stem (iPS) cells was carried out. Azumamide E (5) strongly inhibited in vitro angiogenesis from iPS
cells at 1.9 lM while azumamide A (1) showed only weak inhibition at 19 lM. These results were well correlated with HDAC inhib-
itory activity of these compounds, revealing the prospect of azumamides as the probe molecules useful for stem cell chemical
biology.
� 2008 Published by Elsevier Ltd.

The establishment of mouse induced pluripotent stem
(iPS) cells1 followed by the success in reprogramming of
differentiated human somatic cells into a pluripotent
state2,3 gave a significant impact on the life sciences not
only because of the possibility of regeneration therapy
without rejection associated with traditional transplanta-
tion but also because of the prospect for application to the
assay systems evaluating efficacy and toxicity of drugs
against the individual SNP. Therefore, it seems to be an
urgent issue to verify the biological activity of the probe
molecules found by the assay using ES cells in the iPS sys-
tems for further development of stem cell biology by
means of chemical biological strategy.


Azumamides A–E (1–5) are the histone deacetylase
(HDAC) inhibitors isolated from the marine sponge
Mycale izuensis.4,5 Consistent with the former report
that HDACs can be the promising target of antiangio-
genic therapy,6,7 azumamide A (1) was also found to in-
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hibit vascularization in the in vitro vascular
organization model using mouse ES cells at 19 lM.8


Since the following studies9,10 revealed that the HDAC
inhibitory activity of synthetic 1 was not as potent as
that of originally reported while synthetic 5 retained
the equivalent potency, we re-evaluated inhibitory activ-
ities of 1–5 against HDAC1, HDAC4, and HDAC6, as
well as p21 promotion activities. Then, the antiangio-
genic activities of azumamides A (1) and E (5) by the
in vitro vascular organization model using mouse in-
duced pluripotent stem (iPS) cells were tested. As a re-
sult, we found a dose-dependent antiangiogenic
activity in the iPS cell system of 5, while 1 showed only
a moderate effect.


These results were well correlated with their HDAC
inhibitory activities, and therefore, azumamide E (5) is
presumed to be the promising probe molecule for the
chemical biology of angiogenesis and stem cell
differentiation.


Azumamides A–E were assayed for HDAC inhibitory
activity using HDAC1, HDAC4, and HDAC6 enzymes
prepared from 293T cells.11 Azumamides A (1) and D
(4) showed only a very weak inhibitory activity against
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these subtypes at 50 lM, while B (2), C (3), and E (5)
showed inhibitory activities against HDAC1 and
HDAC4 with IC50 values ranging from 1.17 to
3.66 lM. None of 1–5 showed remarkable activity
against HDAC6. Promotion of p21 expression was also
evaluated12 and only azumamide E (5) showed a moder-
ate activity with EC1000 value of 17.0 lM (Table 1).

Figure 1. Effects of azumamide A (1) on in vitro vascular organization


of mouse iPS cells. (a–d) ·4, bar = 500 lm. (e–h) ·10, bar = 100 lm. (a


and e) 0.19 lM of 1. (b and f) 1.9 lM of 1. (c and g) 19 lM of 1. (d and


h) 0 lM of 1.


Figure 2. Effects of azumamide E (5) on in vitro vascular organization


of mouse iPS cells. (a–d) ·4, bar = 500 lm. (e–h) ·10, bar = 100 lm. (a


and e) 0.19 lM of 5. (b and f) 1.9 lM of 5. (c and g) 19 lM of 5. (d and


h) 0 lM of 5.
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These results suggested that azumamide E (5) is the most
active among 1–5, therefore, 1 and 5 were tested for their
antiangiogenic activity in the in vitro vascular organiza-
tion model using mouse iPS cells.13


Evaluation of antiangiogenic activity was carried out
basically following the procedure using mouse ES
cells,4,8 except that mouse iPS cells derived from mouse
skin fibroblasts were used instead of mouse ES cells.


In this model, azumamide A (1) did not show or showed
only a weak inhibition even at 19 lM (Fig. 1c and g),
which is inconsistent to the former result but consistent
with the HDAC inhibitory activity (IC50 > 50 lM) ob-
tained in this assay.


On the other hand, azumamide E (5) showed dose-
dependent inhibition of angiogenesis in this model at
as low as 0.19 lM (Fig. 2). The observed antiangiogenic
activity of 5 was again well consistent with the inhibitory
activity against HDAC1 and HDAC4.

Table 1. Biological activity of azumamides A–E (1–5)


Compound HDAC1a HDAC4a


1 >50 lM >50 lM


2 1.83 lM ± 0.11 3.66 lM ±


3 1.17 lM ± 0.16 3.16 lM ±


4 >50 lM >50 lM


5 1.22 lM ± 0.13 2.28 lM ±


TSAc 0.0366 lM 0.0629 lM


a IC50 values (±standard deviation).
b EC1000 values.
c Trichostatin A.

In the present study, we have tested inhibitory activity of
azumamides A–E (1–5) against HDAC1, HDAC4, and
HDAC6, as well as p21 promotion activity. In the
HDAC inhibitory assay system used in this study, azu-
mamides showed weaker activities than those obtained
in the previous report.4 Inhibitory activities obtained
for the synthetic azumamides by Ganesan10 also showed
a weaker activity of 1. From the results of De Riccardis9


and Ganesan,10 it seems that assay conditions may lar-
gely affect the HDAC inhibitory activities. However,
the results of HDAC inhibition assay for azumamides
A and E in the present study were well correlated with
the antiangiogenic activity in the iPS cells system.


It will be a valid strategy for the stem cell chemical biol-
ogy, to compare gene expression or epigenetic states
during the cell differentiation processes under the differ-
ent culture conditions prepared by the administration of
positive or negative probe molecules, respectively. Azu-
mamides A (1) and E (5) can be such a probe molecule

HDAC6a p21 promotionb


>50 lM >25 lM


1.34 >50 lM >25 lM


0.21 >50 lM >25 lM


>50 lM >25 lM


0.16 >50 lM 17.0 lM ± 3.91


0.0833 lM 0.0115 lM
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set ideal for the chemical biological study of stem cell
differentiation and angiogenesis using iPS cells.
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Abstract—We report herein a series of substituted N-(1H-pyrrolo[2,3-b]pyridin-5-yl)pyrrolo[2,1-f][1,2,4]triazin-4-amines as inhibi-
tors of vascular endothelial growth factor receptor-2 tyrosine kinase. Through structure–activity relationship studies, biochemical
potency, pharmacokinetics, and kinase selectivity were optimized to afford BMS-645737 (13), a compound with good preclinical
in vivo activity against human tumor xenograft models.
� 2008 Elsevier Ltd. All rights reserved.

Angiogenesis, the formation of new blood vessels from
preexisting microvasculature, is a complex process that
normally occurs during wound healing, organ regenera-
tion, and the female reproductive cycle.1 It can also oc-
cur in cancer whereby the newly created capillaries
supply growing tumors with nutrients and allow waste
removal.2 Vascular endothelial growth factor (VEGF)
is a key pro-angiogenic cytokine released by many tu-
mors and the angiogenic activity of the VEGF family
of proteins is mediated by three VEGFR receptors
(VEGFR-1, VEGFR-2, and VEGFR-3). The VEGFR-
2 receptor, the principal kinase involved in multiple
processes of angiogenesis, has therefore become an
attractive cancer target for which many small molecule
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inhibitors have shown promising results in preclinical
and clinical studies.3


We recently disclosed a series of potent indole-based
VEGFR-2 kinase inhibitors from which emerged
BMS-540215, a compound with excellent enzymatic po-
tency against VEGFR-2, a good kinase selectivity pro-
file, an acceptable safety profile, and robust preclinical
in vivo activity against a variety of human tumor xeno-
graft models.4 Our clinical prodrug candidate BMS-
582664 was subsequently developed to improve the
pharmaceutic and pharmacokinetic properties of the
parent indole BMS-540215 (1).4 This report now de-
scribes the synthesis, structure–activity relationship
(SAR), and antitumor activity of the corresponding 7-
azaindoles.


We first investigated a series of 7-azaindoles bearing
C-6 ether side-chains. The 7-azaindole analog 2 and
BMS-540215 (1) were essentially equipotent against
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Table 1. SAR at the R20, R40, R5, X and L positions of (R)-1-(4-(1H-pyrrolo[2,3-b]pyridin-5-yloxy)-5-alkyllpyrrolo[2,1-f][1,2,4]triazin-6-


yloxy)propan-2-ol and (R)-1-(4-(1H-pyrrolo[2,3-b]pyridin-5-ylamino)-5-alkyllpyrrolo[2,1-f][1,2,4]triazin-6-yloxy)propan-2-ola


X H
N


R2'


R4'
L


N
N


N


R5


OHO
4


6


3'


Compound X L R2 0 R40 R5 VEGFR-2,


IC50
a (lM)


Mouse 4-h oral exposure AUCc (lM h)


1 CH O Me F Me 0.025 136.0


2 N O Me F Me 0.019 29.6


3 N O H F Me 0.027b 11.1


4 N O Me H Me 0.122 NDd


5 N NH Me H Me 0.223 ND


6 N NH H H i-Pr 0.165 ND


a IC50 values are reported as the mean of at least three individual determinations. Variability around the mean was <20%. For assay conditions see


Ref. 5a.
b Value reported from two experiments (var. <10%).
c Compounds were evaluated in 4-h exposure study in mice at 50 mg/kg and formulated as solutions of 1:1 PEG(poly(ethylene glycol))400:water.
d ND, data not determined.


Table 2. SAR at the R6, R5, R20 and R4 0 positions of N-(1H-


pyrrolo[2,3-b]pyridin-5-yl)pyrrolo[2,1-f][1,2,4]triazin-4-amine


N H
N


R2'


R4'
HN


N
N


N


R5


4
3'


R6


Compound R6 R5 R2 0 R40 VEGFR-2,


IC50
a (lM)


7
COOMe


Me H H 0.121


8 i-Pr H H 0.017


9
N


O N


i-Pr H F 0.030


10 i-Pr H H 0.096


11 i-Pr Me H 0.113


12
O


N N


i-Pr H H 0.031


13 i-Pr Me H 0.025


14 i-Pr Me F 0.013b


15
O


N N


Et i-Pr Me H 0.036


16
O


N N


SMe i-Pr Me H 0.150


17
O


N N


NHMe i-Pr Me H 0.025


a IC50 values are reported as the mean of at least three individual


determinations. Variability around the mean was <35%. For assay


conditions see Ref. 5a.
b Value reported from one experiment.
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VEGFR-2 but the azaindole analog showed decreased
plasma exposure upon oral administration in mice
(Table 1). Removing the R2 0 methyl substituent retained
high biochemical potency but 3 also showed poor plas-
ma exposure. A number of other structural modifica-
tions including: (i) removal of the R4 0 fluorine, (ii) the
oxygen to amine linker replacement, and (iii) the R5 iso-
propyl substitution, provided compounds 4–6 respec-
tively, which showed 6- to 12-fold decreases in potency
against VEGFR-2 kinase.


Related 4-phenylaminopyrrolo[2,1-f][1,2,4]triazine-
based VEGFR-2 kinase inhibitors bearing C-6 esters, es-
ter isosteres and amides have been studied previously.5


This study showed that, with respect to biochemical po-
tency, an isopropyl group was the optimum C-5 alkyl
substitution with pyrrolotriazines bearing C-4 amino
substitution. Consistent with these findings, introduc-
tion of a R5 isopropyl group in ester 8 indeed gave a
10-fold increase in potency against VEGFR-2 compared
to the R5methyl analog 7 (Table 2). Compounds 9–17
described in Table 2 represent a selection of various ester
isosteres studied in this series. Oxadiazole 9 was a more
potent (�4-fold) inhibitor of VEGFR-2 (IC50 = 30 nM)
than the corresponding des-fluoro analogs 10 and 11.
However, the chemical stability of fluoro analogs related
to 9 was a concern since we had observed ring forming
reactions leading to pentacyclic intermediates under
acidic conditions. For example, ester 18 gave rise to
the pentacyclic compound 19 when treated with acid
(Scheme 1). Likewise, the potential for the formation
of a pentacyclic intermediate derived from 14 precluded
any further investigation on this and related fluoro ana-
logs. The des-fluoro analogs 12 and 13 bearing regioiso-
meric oxadiazole rings, in turn, were found to be more
potent than 10 and 11. Finally, oxadiazole analogs
15–17 were prepared and tested against VEGFR-2. In
essence, these analogs bearing various C-2 substituents
off the oxadiazole ring were equipotent to 13 except

for the thiomethyl analog 16 which showed about 5-fold
decrease in potency. An activated sulfoxide intermediate
was prepared from 16 and used to introduce various







N H
N


F
HN


N
N


NMeOOC
pH < 7


18
VEGFR-2 IC50 = 16 nM


N
N


NMeOOC


19
VEGFR-2 IC50 > 400 nM


N
N


NH


Scheme 1. Formation of pentacyclic intermediate 19 from 4-fluoro-5-amino-7-azaindole precursor 18 under acidic conditions.


Table 5. Kinase selectivity profile of compounds 12 and 13


Enzyme 12 IC50
a (nM) 13 IC50 (nM)


VEGFR-2 (human) 31 25


Flk-1 (mouse) NDb 53


VEGFR-1 ND 268


FGFR-1 61 78


PDGFR-b 389 >2000


EGFR 150 >1000


HER-2 500 >5000


LCK 185 >2000


PKCac >50,000 >50,000


JAK-3c >50,000 >50,000


a IC50 values are reported as the mean of at least three individual


determinations. Variability around the mean was <20%.
b ND, data not determined.
c Value reported from one experiment.
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nucleophiles into this region of the inhibitor which
should be solvent exposed according to molecular mod-
eling.5 Attempts to modulate the properties of the com-
pound using this strategy afforded various analogs from
which the aminomethyl derivative 17 stood out,
although 13 was still a superior compound overall based
on additional profiling provided below.


Additional profiling data of compounds 12, 13, and 17
are provided in Tables 3–5. These potent VEGFR-2
inhibitors were further profiled with respect to CYP3A4
and hERG patch-clamp inhibit,ion (Table 3).6 Increased
inhibition of CYP3A4 activity was observed with the
R2 0-Me analogs 13 and 17. However, although substitu-
tion on azaindole ring indeed resulted in higher
CYP3A4 inhibition (13 vs 12), it also afforded com-
pounds with improved kinase selectivity profile (vide in-
fra). Likewise, the des-methyl azaindole analog 12 was
further differentiated by its lower activity in hERG
patch-clamp assay.


Compounds 12, 13, and 17 were also evaluated in mouse
pharmacokinetic studies6 (Table 4). The unsubstituted
azaindole 12 showed decreased exposure, higher clear-

Table 4. Parameters for 12, 13, and 17 in a 24-h PK study in micea,b


Compound Dose (mg/kg) AUCtot (lM h) t1/2 (h)


12 iv, 5 12.4 1.2


po, 30 21.7 4.5


13 iv, 5 25 2.9


po, 30 182 2.5


17 iv, 5 46 2.8


po, 30 272 2.8


a Data taken from a composite serum-concentration profile of nine mice (ma
b Vehicle: iv: 12: PEG400:sodium phosphate buffer, 0.1 M, pH 2 (70:30). Co


MCM. 13 and 17: 0.5% methocel.


Table 3. CYP3A4 and hERG Inhibition of compounds 12, 13, and 17a


Compound CYP 3A4 IC50
b (lM) hERG inhibitionb


12 >40 29% at 10 lM


13 11.5 64% at 10 lM


(IC50 = 6.6 lM)


17 6.4 64% at 10 lM


a IC50 values are reported as the mean of at least three individual


determinations. Variability around the mean was <50%.
b For assay details, see Ref. 5a.

ance and lower bioavailability in comparison with the
R2 0-Me analogs 13 and 17. When 13 was administered
at 30 mg/kg orally as a suspension in 0.5% methocel
and at 5 mg/kg intravenously in PEG400:0.01 N HCl
(1:1), the compound was rapidly absorbed with a Tmax


of 0.5 h, a favorable half-life of 2.9 h, and mean resi-
dence time (MRT) of 2.7 h. The measured oral bioavail-
ability (Fpo) in this experiment was high (>100%) and 13
had low clearance (Cl) and a moderate volume of distri-
bution (Vss). In vivo exposure from solid dosage formu-
lation was assessed in the rat as well. At a similar dose
(30 mg/kg) the measured oral bioavailability in the rat
was 68% and AUC was 287 lM h for a crystalline sus-
pension of 13 in 0.5% methocel. Aqueous solubility for
compound 13 was found to be low at pH 6.5 (2.8 lg/
mL) and increased with a decrease in pH to 400 lg/
mL at pH 2; however despite low solubility and poten-

MRT (h) Cl (ml/min/kg) Vss (L/kg) Fpo (%)


1.7 18 1.9 29


2.7 8.5 1.4 >100


4.3 4.5 1.2 99


le, Balb-c). For assay details see Ref. 5a.


mpounds 13 and 17: PEG400:0.01N HCl (1:1). po: 12: 100% Capmul







Table 6. Cell proliferation data of compound 13


Cell 13 IC50
a (nM)


VEGF-HUVECb 13


bFGF-HUVEC 138


L-2987 tumor >2500


N87 tumor >10,000


H1993 tumor >10,000


GTL-16 tumor >10,000


a IC50 values are reported as the mean of at least three individual


determinations. Variability around the mean was <20%.
b Human umbilical vein endothelial cells stimulated by VEGF.


2988 R. Ruel et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2985–2989

tial for pH-dependent absorption, rodents consistently
showed satisfactory exposure.


By comparison with the des-methyl analog 12, the R2 0


methyl analog 13 showed a better kinase selectivity pro-
file. The substituted analog 13 indeed showed decreased
activity versus EGF, HER-2, LCK, and PDGFR-b ki-
nases (Table 5). Furthermore, 13 had moderate potency
against VEGFR-1 and FGFR-1, two other kinases
implicated in angiogenesis. It also showed good potency
against Flk-1, the mouse homolog of VEGFR-2.


The inhibition of proliferation of HUVEC cells (human
umbilical vein endothelial cells) by 13 was measured
(Table 6). The cellular potencies of 13 against VEGF-
and bFGF-stimulated HUVECs were high (IC50 = 13
and 138 nM respectively) but 13 showed low anti-prolif-
erative potency against a panel of tumor cell lines. In
particular, activity of 13 against L2987 human lung car-
cinoma cell line used in the in vivo tumor xenograft
mouse efficacy model was low (IC50 > 2.5 lM).


Compound 13 was therefore tested for anti-tumor activ-
ity in vivo against the human L2987 xenograft solid tu-
mor in athymic mice at two dose levels (7.5 and 15 mg/
kg) (Fig. 1). The treatment and control group size con-
sisted of 9–10 mice. Once daily oral administration of
13 in Capmul for 14 days (day 21 to day 34 post-im-
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Figure 1. In vivo antitumor activity of 13 versus L-2987 human


xenograft in athymic mice with dosing for 14 days from day 21 to day


35 post-implant (shown by black dots).

plant) inhibited tumor growth in a dose-dependent man-
ner. Tumor growth inhibition was indeed observed at
both doses over the dosing period, with a slightly greater
delay in tumor growth observed at the higher dose. No
overt toxicity (weight loss, morbidity) was observed at
either dose. Pharmacokinetic analysis using multiple
time points during a 24-h-period after the last dose
(i.e., at day 15) revealed a Cmax of 1.03 lM and
AUC = 11 lM h at the minimum efficacious dose level
of 7.5 mg/kg. The higher dose level resulted in a slightly
higher than proportional increase in these blood levels
(Cmax of 2.64 lM and AUC = 30 lM h). Antitumor
activity was evident at both doses as demonstrated by
P50% tumor growth inhibition over one tumor volume
doubling time which was 4 days in this study. Rather
than directly affecting the tumor, the robust in vivo
activity of 13 is likely driven by its antiangiogenic prop-
erties based on the high cellular potencies of VEGF- and
FGF- stimulated HUVECs combined with weak cellular
potency in multiple tumor cell lines, most notably L2987
(IC50 > 2.5 lM). The activity of 13 in this tumor
xenograft model (MED = 7.5 mg/kg) was therefore
significantly higher than the first generation inhibitor
BMS-540215 (1) for which the minimum efficacious dose
was 60 mg/kg using the same model and dosing regimen.
Other tumor xenografts of different histological origins
were also used to assess the broad spectrum in vivo effi-
cacy of 13. The latter was found active in all models used
(e.g., H3396, HCT-116VM, and colo-205) and systemat-
ically showed good in vivo activity at modest dose.
Plasma protein binding, which was found to be 97.2%
for 13 in human sera, did not represent a problem with
these inhibitors.


The synthesis of 13 outlined in Scheme 2 starts with the
palladium-catalyzed reaction between commercially
available aminopyridine 20 and isopropenyl acetate
which, after catalytic hydrogenation, provided azaindole
21. Intermediate 21 was then coupled with chloroimi-
date 225 in DMF in the presence of diisopropylethyl-
amine to provide 13 in 93% yield.7


In summary, a novel series of N-(1H-pyrrolo[2,3-b]pyri-
din-5-yl)pyrrolo[2,1-f][1,2,4]triazin-4-amine VEGFR-2
inhibitors was identified. Biochemical potency and ki-
nase selectivity optimization afforded 5-isopropyl-6-(5-

N H
N


H2N


N
N


N


22


O


N N


Cl


N


O2N


NH2


Br


20 21


c


N
N


N
O


N N


HN


N H
N


13


+ 21


a,b


Scheme 2. Synthesis of 13. Reagents and conditions: (a) isopropenyl


acetate, Pd2dba3, Bu3SnOMe, 2-dicyclohexylphosphino-20-4 0-6 0-triiso-


propyl biphenyl, toluene, sealed tube, 135 �C; (b) H2, Pd/C, ethanol,


89%, two steps; (c) (i-Pr)2NEt, DMF, 93%.
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methyl-1,3,4-oxadiazol-2-yl)-N-(2-methyl-1H-pyrrolo[2,
3-b]pyridin-5-yl)pyrrolo[2,1-f][1,2,4]triazin-4-amine (13)
as an orally active compound in the L2987 xenograft
model of human lung carcinoma. This compound
demonstrated tumor growth inhibition during the
dosing period and was considered for further develop-
ment based on its favorable pharmacokinetic, potency
and kinase selectivity profile.
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(b) L’Heureux, A.; Thibault, C.; Ruel, R. Tetrahedron
Lett. 2004, 45, 2317.
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Abstract—Non-nucleoside inhibitors of HCV NS5b RNA polymerase were discovered by a fragment-based lead discovery
approach, beginning with crystallographic fragment screening. The NS5b binding affinity and biochemical activity of fragment hits
and inhibitors was determined by surface plasmon resonance (Biacore) and an enzyme inhibition assay, respectively. Crystallo-
graphic fragment screening hits with �1–10 mM binding affinity (KD) were iteratively optimized to give leads with �200 nM bio-
chemical activity and low lM cellular activity in a Replicon assay.
� 2008 Elsevier Ltd. All rights reserved.

Hepatitis C virus is the leading cause of chronic liver dis-
ease throughout the world. Patients infected with HCV
are at risk of developing cirrhosis of the liver and subse-
quent hepatocellular carcinoma, and hence HCV is one
of the major reasons for liver transplantation. HCV
NS5b polymerase has been the focus of many drug dis-
covery efforts,1 but has proven to be a difficult target as
evidenced by the small number of clinical candidates tar-
geting this enzyme to date.2


Fragment-based lead discovery has been recently re-
viewed.3 Crystallographic fragment-based screening
seemed particularly well suited for a challenging target
such as HCV polymerase, since previous work has
shown that the high screening hit rate for such small,
low MW compounds can often identify novel, tractable
hits that can be optimized into potent leads with good
‘drug-like’ properties.4 In particular, crystallographic
fragment screening can identify hits that may be too
weak to be identified in biochemical assays. Crystallo-

0960-894X/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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graphic fragment screening also provides unambiguous
proof of binding to the target site and reveals the details
of the hits binding mode, providing clear direction for
how they may be optimized into more potent lead com-
pounds. Cocrystal structures of HCV NS5b RNA
dependent RNA polymerase (NS5b) with small mole-
cule inhibitors have been previously reported.5 We
developed experimental protocols for growing NS5b
crystals that were suitable for determining inhibitor
cocrystal structures by soaking.


Fragments in the screening library were chosen to be
consistent with ‘lead-like’ properties,6 and also to in-
clude two or more substituents to facilitate analog syn-
thesis. The fragment library had a MW range of 100–
220D and an average MW of 160.7 About half of the
fragments contain an aromatic bromine, both as a con-
venient substituent for synthesis and to facilitate deter-
mination of bound hits by collecting X-ray data at the
bromine anomalous dispersion wavelength. Ninety-six
mixtures of 10 fragments (5 mM concentration each)
were incubated with the NS5b protein crystals for
24 h. Datasets were obtained for 89 of 96 mixtures at
a typical resolution of 1.7 Å (range 1.6–2.1 Å). Twenty
individual hits were identified, 17 of which were bound



mailto:nhebert@sgxpharma.com





S. S. Antonysamy et al. / Bioorg. Med. Chem. Lett. 18 (2008) 2990–2995 2991

at an allosteric site in the thumb domain.8 In most cases
the hit was unambiguously identified directly from the
mixture screen. Other hits with less well-defined electron
density were identified by soaking the individual com-
pounds from the mixture.


Surface Plasmon Resonance (SPR) technology as imple-
mented with BIAcore instruments was applied initially
to detect protein–protein interactions, followed by pro-
tein–ligand interactions with high affinity (e.g., sub-
lM). Recent hardware and software improvements have
enabled the determination of binding affinities of smal-
ler, weaker ligands, such that SPR analysis can be used
to detect fragment binding. Using this technique we
were able to measure equilibrium binding affinities
(KD) for fragments and elaborated molecules with mod-
est affinity.


The fragments found to bind to the thumb site had a
number of common features (Fig. 1), most notably the
frequent presence of an aryl or heteroaryl bromide, and
a preponderance of carboxylic acids. The hits tolerated
a range of substituents meta and para to the bromine.
Interestingly, the corresponding chloro substituted ana-
logs were not observed crystallographically.


A number of hits were observed to interact with the car-
boxylic acid binding site (S476 and Y477) in a manner
analogous to the published Shire inhibitor 6.9,10 For
example, 5 is involved in two hydrogen bonds to S476
and Y477 backbone NHs. These interactions were also
observed with other carboxylic acids. In the case of 2,
the carboxylic acid binds to S476 and Y477 while the

Figure 1. Some of the fragment hits observed at Thumb site in NS5b


crystal structures, and Reference inhibitor 6 from reference 2.

bromophenyl occupies a hydrophobic pocket in the
floor of the binding site. In a biochemical assay, which
measures the inhibition of 3H UTP incorporation into
RNA using a poly A RNA template,11 the IC50 value
of fragments discovered in the crystallographic screen
was in the 200–500 lM range, or was too weak to be
measured. The binding affinity of 1 and 4 to the NB5b
protein was in the millimolar range.12


In parallel, the biochemical assay was used to identify
hits from the same fragment library screened at high
concentration. None of the biochemical hits, which
had IC50 values ranging from 2 to >100 lM, were ob-
served to bind to the NS5b protein crystals in soaking
experiments. SPR analysis of the biochemical hits also
failed to detect any binding affinity.


The initial optimization efforts were focused on 1 which
offered a number of possibilities for elaboration. The
goal was to increase the affinity and biochemical activity
by creating additional interactions in the binding pocket
between R501 and S476 and Y477 (Fig. 2).


A second class of fragments was also discovered in the
initial crystallographic fragment screen (3 and 4 are rep-
resentative examples). In this case, the bromoaryl moi-
ety binds in the pocket as in 1, but the amide carbonyl
oxygen interacts with the S476 backbone NH in the car-
boxylic acid binding site. The succinic acid electron den-
sity is well defined, with the carboxylate interacting with
the S476 hydroxyl on the surface of the protein. Since
this is a surface residue, it was unclear how much bind-
ing affinity was due to this interaction and whether it
was critical for binding. An initial library of anthranila-
mides 7 was made using a diverse selection of primary,
secondary, and aromatic amines (Scheme 1). A second
set of amines, distinct from the first, was selected and
coupled to 5-bromo anthranilic acid 1, and then treated
with succinic anhydride to give the succinamide prod-
ucts 8 (Scheme 1).

Figure 2. Crystal structure of fragments 1 and 4 bound to NS5B.







Scheme 1. Reagents and condition: (a) 1, R1 Amine (1.2 equiv),


HATU (1.2 equiv), DIEA (1.2 equiv), DMF; (b) Succinic anhydride


(1.2 equiv) Toluene, 90 �C.
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The initial set of compounds was screened and a number
of derivatives showed biochemical inhibition in the 17–
500 lM range, with comparable SPR binding affinities
(Table 1). From this initial screening set, it was clear that
secondary amides were less active than tertiary, and that
cyclic amides were preferred over acyclic amides. The
measured binding affinities were generally in agreement
with the biochemical results. SPR analysis also allowed
us to identify and exclude compounds that displayed

Table 1. RNA polymerase inhibition of 5-bromoanthranilic acid


derivatives


Compound R1 IC50 (lM) KD (lM)


7a >500 nd


7b 178 nd


7c 57 ins


7d 132 210


7e 17 14


7f 170 192


7g >500 nd


7h >500 nd


7i 190 36


7j >500 nd


Values are means of duplicate experiments. KD was measured by


Biacore. Standard deviations are ±50% of the reported values.

non-ideal behavior such as aggregation, poor solubility,
or non-stoichiometric binding, which was presumed to
reflect non-specific inhibition (e.g., 7b and 7c).


Based on these initial results, we prepared additional
analogs of 7 to probe the binding site further. An ex-
panded set of R1, including substituted pyrrolidines,
piperidines, piperazines, and azepines, as well as bicyclic
amines, was coupled to 5-bromoanthranilic acid 1. The
second set of compounds retained the most active 3,5-
cis-dimethylpiperidine at R1, coupled to a series of 5-
and 6-substituted 3-bromo or 3-chlorobenzoic acids.
These were designed to probe the steric and electronic
preferences in the hydrophobic pocket, as well as
attempting to extend into the groove. Biochemical
screening of these second round arrays revealed no com-
pounds with greater inhibition than compound 7e.


Additional analogs of 7e with substitution ortho to the
aniline provided other insights. A number of small sub-
stituents were tolerated in crystal structures (Cl, CH3)
but all were less potent than 7e. To provide insight for
this lack of improvement, a number of compounds were
soaked into NS5b crystals. These crystal structures
showed that the 3,5-dimethylpiperidine amide makes a
number of critical interactions with the protein. The
amide carbonyl is twisted out of the plane of the aryl
group and interacts with the guanidine of R501
(Fig. 3). Both methyl groups on the piperidine appear
to be necessary, since removing one or both methyls
(e.g., 7f and 7g) reduces activity. The dimethyl piperi-
dine also seems to have optimal interactions with the
floor of the binding site, since no other amines profiled,
including substituted morpholines and thiomorpholines,
offered any improvement. Pyrrolidines, tetrahydroiso-
quinolines, azepines, and piperazines also did not im-
prove activity beyond 7e. Crystal structures reveal that
although several pyrrolidine derivatives (e.g., 7c) bind
to the site, their binding mode is different from 7e. In
these compounds, the amide carbonyl oxygen no longer

Figure 3. Crystal structures of 7c and 7e bound to NS5b.
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interacts with R501, but rather hydrogen bonds to the
backbone NH of S476. In this conformation, there is a
large portion of the site unfilled. In compounds with a
substituent ortho to the aniline, the aromatic ring ro-
tates to accommodate the substituent. This prevents
the ring from pushing down into the pocket to the same
extent as the unsubstituted analogs.

Table 2. RNA polymerase inhibition of succinate derivatives


Compound R1 R2 IC50


(lM)


KD


(lM)


8a >500 nd


8b >500 nd


8c 533 nd


8e 1.0 0.31


8f 11 1.7


8g 2.1 ins


8h 0.4 0.30


8i 0.25 0.46


8j 4.3 9.4


8k 9 nd


8l 11 nd


8m 7.5 nd


Values are means of duplicate experiments. KD were measured by


Biacore. Standard deviations are ±50% of the reported values.


ND, not determined; Ins, insoluble.

As can be seen in Table 2, incorporation of the succinic
acid group into the preferred compound 7e to provide
compound 8e showed a 17-fold improvement over the
parent, and was found to maintain the interactions of
the succinamide fragment 4. Interestingly, introduction
of the succinate into other anthranilamides (e.g., 8a–c)
led to a marked decrease in biochemical activity. We
therefore focused on determining which of the interac-
tions made by the succinamide moiety were responsible
for the gain in potency in going from 7e to 8e.


Truncation of the terminal acid and replacement with an
acetamide or sulfonamide (8f and 8m), or ester forma-
tion (8g) were found to be deleterious. Various amides
were also tested. The dimethyl amide 8h and the mor-
pholine amide 8i were 2.5- and 4-fold more active than
the carboxylic acid, respectively. Examination of the
cocrystal structures of acid 8e (Fig. 4) showed that the
carbonyl adjacent to the aniline nitrogen interacts with
the backbone NH of S476 as in fragment 4, while the
carboxylic acid binds to the S476 hydroxyl and the imid-
azole of H475. In the case of the morpholine amide 8i,
the interaction of the anilide carbonyl with S476 was un-
changed, but the morpholine stacks with the imidazole
ring instead of forming a hydrogen bond. The primary
amide 8j was 18-fold less active than the morpholine
amide 8i. A 1,4-dicarbonyl arrangement appears to be
preferred, since glutarate 8k and malonamide 8l were
both 10-fold weaker than parent 8e. It is likely that a
1 or 3 atom linker between the carbonyls does not allow
the terminal group to interact productively with S476
and H475.


At this point we focused our efforts in three directions: first,
optimizing the stacking interaction with H475; second,
reducing the rotational freedom of the succinate moiety;
and third, exploring other 1,4-dicarbonyl arrangements.


Starting from 7e, ketoamides such as 9a–c were obtained
by acylation of the aniline (Scheme 2). The results

Figure 4. Crystal structure of 8e and 8i bound to NS5b.







Scheme 2. Reagents: (a) 7e, RCOOH (1.2 equiv), HATU (1.2 equiv),


DIEA (1.2 equiv), DCM/DMF; (b) TFA/DCM, then, RCOOH (1.2


equiv), HATU (1.2 equiv), DIEA (1.2 equiv), DCM/DMF; (c) COCl2,


DCM, NaHCO3, then, RNH2.


Table 3. RNA polymerase inhibition of succinate derivatives


Compound R2 IC50 (lM) KD (lM)


9a 0.44 0.97


9b 0.54 1.85


9c 0.59 1.04


10a 0.60 0.46


10b 1.0 0.80


10c 0.36 0.35


10d 0.17 0.37


11a 0.13 0.54


11b 0.43 0.57


11c 0.25 1.02


11d 0.35 1.28


11e 1.03 0.15


Values are means of duplicate experiments. KD were measured by


Biacore. Standard deviations are ±50% of the reported values.
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showed that the terminal amide could be replaced with
an aryl ketone, and provide similar biochemical activity
(Table 3).


Replacement of C2 of the succinate with nitrogen main-
tained potency as can be seen comparing the urea deriv-
ative 10a with its direct analog 8h. Interestingly,
compounds such as 10b–d, which replaced the terminal
amide with an aromatic or heteroaromatic ring were
also active, indicating that the carbonyl is not essential,
but can be replaced by another group capable of p
stacking with the H475. The results of compounds 9
and 10 are consistent with the notion that the stacking
interaction with H475 is providing increased activity,
and that this is possible with a range of different substit-
uents. Since these interactions occur in a solvent exposed
region there is little steric discrimination to prevent
groups differing widely in size from binding efficiently.
As can be seen in the urea series, both electron-rich
and electron-poor rings interact favorably in this region.


Inspired by the positive results with 9 and 10, a series of
amino acid amide derivatives (11a–e) were also pre-
pared. Glycine derivatives 11a–c, which replaces a car-
bon in 9 with nitrogen, showed similar biochemical
potencies as well as binding affinities. Of the many cyclic
analogs prepared (not shown), only proline analogs such
as 11d and 11e exhibited less than 10 lM potency. These
observations indicate that analogs with restricted rota-
tion between the carbonyl moieties derived their potency
from a dependency on the conformation of the side
chain.


Based on both biochemical activity and binding affinity,
a set of compounds was selected for testing in the Rep-
licon assay (Table 4). Compounds with non-ideal behav-
ior in the SPR assay were discarded.


The most active was the proline analog 11e, possessing
an EC50 of 3.7 lM. The correlation of the replicon activ-
ity of these analogs with the SPR affinity and with the
biochemical activity is observed, although there are out-
liers in both cases. Nonetheless, both assays taken to-
gether were good predictors of Replicon activity.
Interestingly, these results demonstrate that compounds
without a charged group can interact strongly with the
carboxylic acid binding site, S476 and Y477.


In summary, this work demonstrates that fragments
with millimolar binding affinity discovered by crystallo-
graphic screening can be improved over 1000-fold

resulting in compounds with nanomolar affinity using
structure-based design. SPR analysis, using BIAcore
technology, was critical in the early stages of this work,
as most of the initial fragments showed undetectable







Table 4. Replicon activity for selected analogs


Compound Replicon activity EC50 (lM)


8e 22.8 ± 1.5


8h 6.1 ± 1.0


8i 7.4 ± 1.6


9a 4.3 ± 0.3


9c 7.9 ± 0.4


10a 5.6 ± 0.5


10b 4.9 ± 0.7


10c 6.9 ± 0.6


10d 4.6 ± 0.9


11a 5.5 ± 0.4


11b 5.7 ± 0.7


11c 8.7 ± 0.1


11d 12.9 ± 2.9


11e 3.7 ± 0.2


Values are the mean of at least n = 2 experiments.
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biochemical activity. SPR analysis also helped diagnose
biochemical false positives during fragment optimiza-
tion; several of these analogs did not bind to the enzyme
based on both SPR and crystallographic analysis. Using
these tools, neutral inhibitors of NS5b were discovered
and shown to possess interesting cellular activity. Fur-
ther progress on this series will be reported in due
course.
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Abstract—A series of tubulysin analogs in which one of the stereogenic centers of tubuphenylalanine was eliminated were synthe-
sized. All compounds were tested for antiproliferative activity towards ovarian cancer cells and for inhibition of tubulin polymer-
ization. The dimethyl analogs were generally more active than the desmethyl analogs, and four analogs have tubulin polymerization
IC50 values similar to combretastatin A4 and the hemiasterlin analog HTI-286.
� 2008 Elsevier Ltd. All rights reserved.

The tubulysins, represented by tubulysins A and D (1
and 2), have emerged as important anticancer lead com-
pounds.1 They possess impressive activity against
multidrug-resistant cancer cells that overexpress P-gly-
coprotein.1b,2 Mechanistically, tubulysins inhibit tubulin
polymerization3 and also have antiangiogenic effects.2


Their potential for the treatment of drug-resistant can-
cers has stimulated a flurry of research into the chemis-
try and biology of these natural products.


Limited availability of tubulysins from the producing
myxobacteria by fermentation1 has led to recent disclo-
sures for their total synthesis4 and the synthesis of novel
analogs.5 Tubulysins are mixed nonribosomal-polyketide
tetrapeptides that, in addition to isoleucine (Ile), contain
three unique amino acids: N-methylpipecolinic acid
(Mep), tubuvaline (Tuv), and tubuphenylalanine (Tup).
We recently reported the synthesis and initial biological
activity of simplified tubulysin analogs that lack the
N,O-acetal, and have the acetate group of tubuvaline re-
placed with a ketone.5d Systematic modification of the
N-methyl group, stereochemistry, and ring size of Mep re-
vealed preliminary structural requirements. Here we ex-
tend these structure–activity studies by reporting the
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synthesis and biological activity of tubulysin analogs 3
containing desmethyl and dimethyl tubuphenylalanine
derivatives. Both of these modifications result in the elim-
ination of a stereogenic center that further simplifies their
synthesis.

Synthesis of the key tripeptide intermediates commenced
with opening of lactams 45d and 55d and esterification to
give benzyl esters 66 and 7 (Scheme 1). Amine deprotec-
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Scheme 1. Synthesis of tripeptide intermediates 11 and 12.


Scheme 2. Synthesis of desmethyl tubulysin analogs 14a–d and 15a–d.


Scheme 3. Synthesis of dimethyl tubulysin analogs 16a and 16b.
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tion and coupling with tubuvaline fragment 85d afforded
dipeptides 9 and 10. Further deprotection and coupling
with N-Boc-LL-Ile produced tripeptides 11 and 12.


Desmethyl tripeptide 11 was deprotected at the N-termi-
nus, coupled with N-methyl amino acids 13a–d, and
deprotected to afford tubulysin analogs 14a–d (Scheme
2). Amino group deprotection and coupling of tripeptide
11 with N-Boc protected amino acids 13e–h gave pro-
tected tetrapeptides 14e–h. Removal of the Boc groups
and benzyl esters then gave N-desmethyl tubulysin ana-
logs 15a–d.


At this stage, antiproliferative and tubulin inhibition
screening established that tubulysin analogs lacking
the N-methyl group of Mep, or that have the unnatural
LL-configuration at this residue were dramatically less po-
tent.5d Therefore, the full complement of Mep analogs in
the dimethyl tubuphenylalanine series was not synthe-
sized. Deprotection of tripeptide 12, followed by cou-
pling with amino acids 13a and 13b and removal of
the benzyl esters afforded tubulysin analogs 16a and
16b (Scheme 3). Saponification of the benzyl esters re-
quired heating at reflux due to the increased substitution
at the a-position.


All tubulysin analogs were screened for antiproliferative
activity and inhibition of tubulin polymerization using
combretastatin A4 and the hemiasterlin analog HTI-
286/SPA110 as positive controls (Table 1). Their anti-
proliferative activity in 1A9 ovarian cancer cells and
the tubulin polymerization assay was conducted under
standard conditions as previously described.5d,7


The antiproliferative data closely adhere to the struc-
ture–activity relationship (SAR) trends found in our
previous series of tubulysin analogs.5d Within the desm-
ethyl series (14a–d and 15a–d), it is clear that the
N-methyl group and the natural DD-configuration of the

various Mep analogs are required for activity. The activ-
ity of analog 14a demonstrates that the ring size of Mep
can be changed to N-Me-DD-Pro, although this is accom-
panied with a slight loss of activity. Since these data are
consistent with other tubulysin analogs,5d we did not
synthesize the complete complementary series of di-
methyl analogs. Comparison of the antiproliferative
activity of tubulysin analogs 16a and 16b again shows
that while N-Me-DD-Pro can be substituted for Mep,
there is a loss of potency. New SAR trends for the
Tup fragment are also revealed here. Modification to
Tup by the incorporation of a geminal dimethyl group
(16a and 16b) results in comparable levels of antiprolif-
erative activity to the corresponding mono-methyl ana-
logs.5d However, unsubstituted Tup variants lacking







Table 1. Antiproliferative activity of tubulysin analogs in 1A9 ovarian cancer cells and inhibition of tubulin polymerization


Compound R1 R2a Antiproliferative activity IC50
b (lM) Tubulin Inhibition IC50


c (lM)


14a (FT-032) H N-Me-DD-Pro 24 2.3


14b (FT-030) H N-Me-DD-Pip 4 0.6


14c (FT-033) H N-Me-LL-Pro 50 11


14d (FT-031) H N-Me-LL-Pip >50 13


15a (FT-028) H DD-Pro >50 >20


15b (FT-026) H DD-Pip >50 4.4


15c (FT-029) H LL-Pro >50 >20


15d (FT-027) H LL-Pip >50 >20


16a (FT-034) Me N-Me-DD-Pro 3.2 2.7


16b (FT-035) Me N-Me-DD-Pip 0.3 1.5


Combretastatin A4 3.6 nM 1.1


HTI-286 (SPA110) 0.3 nM 0.7


a Pro, proline; Pip, pipecolinic acid; all compounds were isolated as their HCl salts.
b Values are means of two independent IC50 determinations against 1A9 ovarian cancer cells with a maximum drug concentration of 50 lM in DMSO


(See Supplementary Data).
c In vitro inhibition of tubulin polymerization (see Supplementary Data).
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an a-methyl group are an order of magnitude less active
(compare 14a and 14b to 16a and 16b).


Results from the in vitro tubulin polymerization inhibi-
tion assay closely mirror the antiproliferative data
(Table 1). In general, the most active tubulysin analogs
are also the most potent tubulin polymerization inhibi-
tors. Notably, all compounds that retain the natural
DD-configuration and the N-methyl group of Mep found
in the natural products (14a, 14b, 16a, and 16b) are
the most potent, with low or sub-micromolar IC50 val-
ues that are comparable to combretastatin A4 and
HTI-286. Comparison of analogs 14a and 14b to 16a
and 16b suggests that the lower antiproliferative activity
of 14a and 16a is due to decreased inhibition of tubulin
polymerization caused by the change from N-Me-DD-Pip
to N-Me-DD-Pro. Alkylation of the a-position of Tup also
influences the biological activity of tubulysin analogs.
While the tubulin polymerization inhibition IC50s of
the dimethyl substituted analogs 16a and 16b are com-
parable to the unsubstituted 14a and 14b, 16a and 16b
are an order of magnitude more active against 1A9 cells.
This suggests that the increased antiproliferative activity
of 16a and 16b is due to their higher lipophilicity which
enables better cell membrane permeability. The only
compound that does not follow these general trends is
analog 15b. It is unclear why 15b is not antiproliferative
despite its effective inhibition of tubulin polymerization.
One possible explanation is that the unsubstituted DD-Pip
residue decreases its lipophilicity and is unable to effec-
tively cross the cell membrane.


In summary, we have synthesized and evaluated a new
series of simplified tubulysin analogs that differ at the
Mep and Tup residues. Many functional groups in the
natural products were found to be unnecessary for anti-
proliferative activity and tubulin inhibition: (1) the stere-

ogenic a-methyl group of tubuphenylalanine, and the (2)
N,O-acetal and (3) stereogenic acetate groups of tubuv-
aline. Our previously published route to tubulysin ana-
logs enabled their efficient synthesis. Clear SAR trends
emerged with regard to antiproliferative activity and
inhibition of tubulin polymerization. Four of these ana-
logs (14a, 14b, 16a, and 16b) inhibit tubulin polymeriza-
tion comparable to the clinical agents combretastatin A4
and HTI-286. Their inhibition of tubulin polymerization
is also similar to the reported value for tubulysin A
(IC50 = 0.75 lM), although differences in assay condi-
tions preclude direct comparison of these values.3 The
reasons for the decreased antiproliferative activity of
these tubulysin analogs relative to combretastatin A4
and HTI-286 are unknown at this time. Further exami-
nation of the promising activity of these and other
tubulysin analogs will be reported in due course.
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Abstract—The identification of small molecule modulators of biological processes mediated via protein–protein interactions has
generally proved to be a challenging endeavor. In the case of the thrombopoietin receptor (TPOr), however, a number of small mol-
ecule types have been reported to display biological activity similar to that of the agonist protein TPO. Through a detailed analysis
of structure–activity relationships, X-ray crystal structures, NMR coupling constants, nuclear Overhauser effects, and computa-
tional data, we have determined the agonism-inducing conformation of one series of small molecule TPOr agonists. The relationship
of this agonism-inducing conformation to that of other series of TPO receptor agonists is discussed.
� 2008 Elsevier Ltd. All rights reserved.
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Over the past two decades, an understanding of protein–
protein interactions (PPIs) that play key roles in biolog-
ical processes has led to intense pursuit of small mole-
cules that can modulate these interactions.1,2 Often
this pursuit has focused on modulating interactions be-
tween the cell surface receptors and the proteins with
which these endogenously interact. Both antagonism
and agonism of receptor response have been sought
depending on the biological function of the protein of
interest. For example, in the type I cytokine receptor
family,3 small molecule antagonists of the ligand–recep-
tor interaction of interleukins-2,4–8 -5,9,10 and -6,11 and
tumor necrosis factor-a12 have been described. Exam-
ples of agonists in this receptor family include com-
pounds acting on the receptors of the hematopoietic
growth factors, granulocyte-colony-stimulating fac-
tor,13–15 erythropoietin,16–18 and thrombopoietin.19–25


Despite the effort expended on these and other PPIs, few
of the reported small molecule antagonists or agonists
constitute more than singular examples and fewer still
have progressed into development as potential drugs.
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Agonists of the TPOr are an exception in that a number
of drug-like small molecule agonists have been de-
scribed,19–31 one of which has been advanced into clini-
cal studies and whose registration is pending.32–35 Thus,
in contrast to the modulation of other PPIs, the prospect
is high that a TPOr agonist-based therapy will be intro-
duced. Herein, we analyze a series of pyrimidine benz-
amide-based agonists (represented by 1, Fig. 1),
relating the SAR to key structural features and to phys-
icochemical properties and computational data. The
structural features of this and other TPOr agonist series
are compared and discussed in the context of their inter-
action with the TPOr.


During analysis of the data generated with pyrimidine
benzamide-based agonists,25 we made a number of
observations, some of which appeared to be trends.
First, we noted that as the size of substituents at C-2

N
H


N
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O


N


S


N


N 1


Figure 1. Example pyrimidine benzamide TPOr agonist.
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Table 2. Tricyclic 2-aminothiazole derived agonistsa


N
H


N
H


O


N


S


N


N


O X


Compound X EC50 (lM)


30 H 0.52


31 F 1.5


32 Cl 0.53


33 CF3 0.14


a Ab initio calculations indicate a 10� dihedral angle between the thi-


azole and phenyl rings.
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of the pendant phenyl ring (Table 1, R2) increases,
potency decreases (trend 1). Second, the 2,6-difluoro
analog 10, showing no agonism at the highest concentra-
tion examined, is substantially less active than the
mono-fluoro analog 3 (‘trend’ 2). Third, the most potent
compounds, whether in a mono-, di- or tri-substituted
series, possess the largest lipophilic group at C-3 of the
pendant phenyl ring (R3) (trend 3). The latter trend
was also noted in a series of tricyclic analogs (Table
2). Lastly, in comparing each 3- or 4-mono-substituted
or 3,4-disubstituted analog with the corresponding com-
pound also possessing a 2-fluoro group, we noted that
the potency increases in all cases (trend 4).


The trends observed in analyzing the SAR of the pyrim-
idine benzamide series led us to formulate a hypothesis
that co-planarity of the thiazole/phenyl ring portion of
the molecules and the projection of a lipophilic group
along a particular vector are critical to agonist activity.
That co-planarity is important is supported by the first

Table 1. Structure—TPOr agonist activity trends


N
H


N
H


O


N


N


Compound R2 R3 R4 R6


2 H H H H


3 F H H H


4 Cl H H H


5 CF3 H H H


6 F Cl H H


7 Cl Cl H H


8 F H Cl H


9 Cl H Cl H


10 F H H F


11 H F H H


12 F F H H


13 H H F H


14 F H F H


15 H Cl H H


16 H H Cl H


17 H Br H H


18 F Br H H


19 H CF3 H H


1 F CF3 H H


20 H H CF3 H


21 F H CF3 H


22 H OCF3 H H


23 F OCF3 H H


24 H F F H


25 F F F H


26 H CF3 F H


27 F CF3 F H


28 H F CF3 H


29 F F CF3 H


a See Supplementary Materials for Table 1 sorted by the 3rd and 4th trends
b Activity at 10 lM: 3—58%, 5—38%, 10—0%, 11—45%.

and second trends in which larger C-2 substituents or
2,6-disubstitution, both of which would be expected to
induce a non-co-planar conformation, lead to dimin-

N


S
R2


R3


R4


R6


Trend comparison setsa EC50 (lM)


1st 2nd 3rd 4th


A1 — A1 — 3.4


A2 A B1 — 6.8b


A3 — C1 — 9.0


A4 — — — >10b


B1 — B3 A2 0.61


B2 — C2 — 1.3


C1 — — B2 0.23


C2 — — — 0.51


— A — — >10b


— — A2 C1 >10b


— — B2 C2 0.42


— — — D1 2.6


— — — D2 0.17


— — A3 A1 3.0


— — — B1 0.57


— — A4 E1 0.64


— — B4 E2 0.10


— — A5 F1 0.42


— — B5 F2 0.060


— — D1 G1 0.49


— — E1 G2 0.26


— — A6 H1 0.28


— — B6 H2 0.032


— — F1 I1 0.40


— — G1 I2 0.084


— — F2 J1 0.10


— — G2 J2 0.033


— — D2 K1 0.29


— — E2 K2 0.087


.
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ished potency. That a lipophilic group at C-3 of the pen-
dant phenyl group is important is supported by the third
trend in which the most potent analog in each sub-series
of compounds possesses the largest lipophilic group at
C-3. That this lipophilic group is most effective in induc-
ing agonism when it projects along a vector generally
anti to the thiazole ring N is supported by the fourth
trend in which each 2-F susbstituted analog is more po-
tent than the corresponding analog in which the 2-F
group is absent. In this case, we reasoned that, owing
to a local dipole effect, the 2-F group induces the confor-
mation in which the 2-F group, and thereby the C-3 sub-
stituent, is in an orientation anti to the thiazole ring N.
Our hypothesis is further supported by the tricyclic ana-
logs (Table 2), which are planar, have a lipophilic group
projecting along the proposed vector, and the analog
with the largest lipophilic group, 33, is the most potent.

N
H


O
S


N


S
HN


S


O H
F35


F


Figure 3. X-ray crystal structure of a thiazolidine-thiazole TPOr agonist 35


Br


N
H


O


N


S
CF3


34


F


Figure 2. X-ray crystal structure of 34 (co-crystallized with pyridine hydroc

Data from a number of other sources supported our
hypothesis. First, as is observed in the crystal structure
of 34, a bromobenzamide related to agonist
1(Fig. 2),36 the thiazole and its pendant substituted phe-
nyl group are nearly co-planar (dihedral angle 5.7�) and
oriented such that the 2-fluoro substituent is anti to the
thiazole ring N atom. The dihedral angle between the
amide and the thiazole is 6.7� and that between the
amide carbonyl and the benzene ring to which it is di-
rectly bonded is 21.2�. Thus, in the solid state, and at
least for this polymorph of 34, the proposed agonism-
inducing conformation is observed. The X-ray crystal
structure of 35, a TPOr agonist from the thiazolidine-
thiazole series,28,36 revealed similar features (Fig. 3);
the dihedral angle between the aryl rings is 17.5� and
that between the amide carbonyl and the directly-
bonded benzene ring is 22�.

(co-crystallized with dimethylformamide).


hloride).
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4-fluorophenanthrene
H-F distance: 2.17 Å


5JFH = 2.6 Hz, 4JFC(5) = 24.9 Hz


7
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7-fluorobenzo[b]fluoranthrene
H-F distance: 2.67 Å


5JHF = not detected, 4JFC(8) = 4.7 Hz
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4,5-difluoro-1,8-dimethylphenanthrene
F-F distance: 1.5 Å


5JFF = 170 Hz
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Figure 4. Examples of direct 5JHF and 4JCF couplings.34,36,37
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Solution state data, in the form of long range fluorine–
proton and fluorine–carbon couplings in the NMR spec-
tra, also supported the hypothesis. During the course of
our work, we noted that 4-(2-fluorophenyl)thiazole-con-
taining compounds generally display a long-range cou-
pling, 5JF–H, between the thiazole C-5 0 proton and the
2-fluoro group (Table 3, 36 and 38–41). An exception
to this was 37 which did not display a 5JF–H coupling.
That aminothiazoles 36 and 38–41 display 5JF–H cou-
pling constants, while 37 does not, indicates that in the
case of the former set the 2-F and 5 0-H are in close prox-
imity to each other. 5JF–H and longer couplings have
been observed in other systems and the magnitude of
the coupling has been shown to be dependent on the
proximity in space of the coupled atoms.37–41 For exam-
ple, 4-fluorophenanthrene displays a 5JF–H coupling of
2.6 Hz while 7-fluorobenzo[b]fluoranthrene displays no
corresponding 5JF–H coupling (Fig. 4).37,41 Since no
5JH–F coupling is observed in the 2,6-difluoro analog,
37, we conclude that the C-5 0 thiazole proton is not
proximal to either fluorine atom. Thus, the thiazole
and phenyl rings of 37 are not co-planar, which is not
unexpected for an ortho, ortho-disubstitued biaryl sys-
tem. A corollary to this conclusion is that an in-plane
fluorine atom syn to the thiazole ring N is destabilizing.


Examination of the 4JF–C couplings leads to the same
conclusions; systems expected to have co-planar biaryl
rings, 36 and 38–41, display significant couplings be-
tween the 2-fluoro group and C-5 of the thiazole, while
37 displays only a small coupling.38,41,42


The effects of conformation on 5JF–H and 4JF–C cou-
plings were further illustrated in analogs containing thi-
azole C-5 0 substituents, 42–43 and 45. Owing to the
ortho–ortho 0 biaryl substitution pattern and the destabi-
lization of an in-plane fluorine atom syn to the thiazole

Table 3. 5JX–Y and 4JF–C coupling constants of various 2-amino-4-phenylth


isonipecotic acid agonists (EC50 lM)


H2N N


S
X


5'


Thiazole X Y Z 5J2Y�50X ðHzÞ
36 H F H 1.6


37 H F 6-F ndc


38 H F 3-OCF3 1.7


39 H F 3-CF3 2.6


40 H F 4-CF3 2.5


41 H F 5-CF3 2.6


42 F F 3-CF3 43.6


43 CH3 F 3-CF3 —


44 H H 3-CF3–4-F ndc


45 F H 3-CF3–4-F �2


46 CH3 H 3-CF3–4-F —


a 5J2F�50H couplings were also observed in the agonists.
b Pyrimidine benzamide series.25


c nd, none detected.
d 0% agonist response at 10 lM.
e Isonipecotic acid series.26,27,46

ring N, the former two of these are expected to have
non-co-planar biaryl systems and in both cases none
of the possible 4JF–C couplings were observed. Further-
more, although 42 displays a 5JF–F coupling of
43.6 Hz, its magnitude also suggests that the biaryl sys-
tem is not co-planar; a 4,5-difluorophenanthrene dis-
plays a 5JF–F coupling of 170 Hz.37,40 In contrast, 45

iazolesa and BaF3 activity of corresponding pyrimidine benzamide or


Z
Y 2


4J2F�50C ðHzÞ 4JC2ð6Þ�50F ðHzÞ EC50 Agonist


11.3 — 6.8 3b


3.0 — >10d 10b


11.6 — 0.032 23b


14.7 — 0.060/0.057 1b/47e


15.8 — 0.260 21b


15.1 — 5.2 48b


ndc ndc (ndc) 0.70 49e


ndc — 0.54 50b


— — 0.10 51b


— �5 (�8) 0.089 52e


— — 0.18 53b
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τ1 τ2


54 (τ1 = 1.5o and τ2 = 1.0o)


Figure 5. Calculated low-energy conformations of a thiazole benzam-


ides (s1 and s2 � 0� as shown).
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displays 5JF–H and 4JF–C couplings indicating that con-
formations wherein the 5 0-F group is in close proximity
to either C-2 or C-6 are significantly populated. This is
consistent with this mono-ortho-substituted biaryl sys-
tem adopting a co-planar conformation.


Further corroboration of the conformational prefer-
ences was obtained through nuclear Overhauser effect
(nOe) experiments examining energy transfer between
proximal fluorine and hydrogen atoms. In the case of
36, a nOe was observed between the C-2 fluoro group
and both the adjacent C-3 proton and the C-5 0 proton
(ratio 5 0:3–1.1). That the magnitude of these nOe effects
are on the same order indicates that the two protons are
nearly equidistant in space from the 2-F group, consis-
tent with a co-planar biaryl system. In contrast,
although a nOe between the C-2 fluoro group and the
C-3 and C-5 0 protons was observed for 37, the effect
on the C-5 0 proton was much less than on the C-3 pro-
ton (ratio 5 0:3–0.30) indicating that the 5 0 proton was
more distant from the 2-F group than the C-3 proton,
consistent with a non-planar biaryl system. A nOe was
also observed between the C-2 fluoro group and the
C-5 0 proton of 39; however, in the absence of a proton
at C-3 its relative magnitude could not be assessed.


Having established the conformational preferences of
various 4-phenylthiazole systems, subsequent correla-
tion with the agonist activity of key compounds further
substantiated our hypothesis. Thus, 1 and 47, which
possess a co-planar biaryl system, are �10-fold more po-
tent than the corresponding analogs 50 and 49 which do
not have co-planar biaryl systems (Table 3). That the
loss of agonist potency in the latter two compounds in
not due to the thiazole C-5 0 substituent is indicated by
the relative potency of the 4-F–3-CF3 analogs, 52 and
53, which, respectively, have, or are expected to have,
co-planar biaryl systems. That a lipophilic group at C-
3 of the pendant ring is optimal is supported by the
activity trend of series 1, 21, and 48, in which potency
drops significantly as the lipophilic group is moved from
C-3 to C-4 and then to C-5. That agonism is best stim-
ulated when the lipophilic group has the steric bulk of at
least a CF3 group is supported by the potency trends of
two sets of analogs in which the C-3 substituent is varied
in size: H, F, Cl, CF3 (Table 1: 3, 12, 6 and 1 and Table
2: 30–33). In both sets, a significant difference in agon-
ism is observed between the C-3 Cl and CF3 substituted
compounds.


Owing to our desire to avoid a potential toxicity issue
with the 2-aminothiazole moiety in the pyrimidine benz-
amide series,25 during the course of those studies we pre-
pared a number of compounds in which the thiazole was
replaced with other five-membered ring heterocycles.
However, none of these provided as potent agonism as
the thiazoles. In an effort to better understand this, we
performed ab initio calculations on a series of benzam-
ides corresponding to various relevant thiazoles and
other heterocycles.43 These calculations were also con-
sistent with our hypothesis. For example, benzamide
54 (Fig. 5) was predicted to possess a single low-energy
conformation with the 2-fluoro group anti to the thia-

zole ring N and co-planar aryl rings. Other thiazole/phe-
nyl ring substituent patterns associated with potent
activity were also predicted to possess the proposed
agonism-inducing conformation. In contrast thiazole/
phenyl ring substitution patterns not associated with po-
tent activity were predicted to possess non-planar and/or
multiple low-energy conformations. The latter also ap-
plied to benzamides of various thiadiazoles, oxazoles,
pyrazoles, and isothiazoles (see Supplementary
Materials).


Having established the agonism-inducing conformation
of compounds from the pyrimidine benzamide series,
comparison with other reported TPO agonists, for
example, 35, eltrombopag, and NIP-004, revealed a
number of common elements. In addition to all being
relatively flat molecules containing a terminal lipo-
philic-substituted benzene ring, each contains a Lewis
basic group located approximately 15–17 Å away from
the terminal benzene ring (Fig. 6). This Lewis basic
group is likely key to the observation that these TPOr
agonists are effective against the human receptor but
not against the receptors of standard laboratory ani-
mals.24 In humans, residue 499, which is located in the
transmembrane domain, is histidine while in other spe-
cies the corresponding residue is a hydrophobic residue,
leucine or phenylalanine. Thus, a reasonable postulate is
that the low molecular weight agonists interact with the
receptor within the membrane and that hydrogen bond-
ing, or salt bridge formation, between the histidine moi-
ety and the Lewis basic group of the agonist is critical to
induction of activity. Indeed, NMR experiments have
revealed that an interaction between His-499 and the Le-
wis basic group of SB-394725 can be detected.44 Owing
to the low dielectric constant within the membrane,45


the energetic magnitude of the interaction between the
histidine and the Lewis basic group is likely to be sub-
stantial. Furthermore, owing to the low dielectric,
non-polar environment, intramolecular hydrogen bond-
ing, and local dipole effects will play a significant role in
defining the geometry of a membrane-embedded mole-
cule. Thus, the agonists as depicted (Fig. 5) may be
highly rigidified by such interactions and thereby have
the capacity to bind to and stabilize the higher energy,
active conformation of the receptor’s transmembrane
domain. That a specifically substituted aryl ring �15–
17 Å distant from the Lewis basic group is also appar-
ently required suggests that this portion is interacting
with a particular region of the receptor transmembrane
domain. Thus, in contrast to other attempts to modulate
PPIs, wherein disruption or promotion of multiple, rel-
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atively low affinity interactions occurring across a large
contact area has proven to be a challenge, the TPOr pro-
vides an example wherein a small molecule, through
binding to a specific, localized region, modulates a
receptor’s function by stabilization of the active confor-
mation. A more detailed understanding of the molecular
nature of the interaction between such agonists and the
TPOr is the subject of continuing studies that may reveal
the prospects for identifying small molecule agonists or
antagonists that interact in a similar fashion with other
proteins.

Supplementary data


(1) NMR/MS data for 30–33 and NMR data for 36–45,
(2) nuclear Overhauser experiments for 36, 37 and 39,
(3) Experimental Methods, (4) Discussion and table of
ab initio calculations, (5) Alternate sorting of Table 1
columns. Supplementary data associated with this arti-
cle can be found, in the online version, at doi:10.1016/
j.bmcl.2008.03.052.
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Abstract—N-Substituted cyclam–amino acid conjugates have been synthesised both in solution and on the solid phase. The DNA
binding affinity of these species has been studied: the nature of the amino acid strongly influences the change in melting temperature
suggesting that simple cyclam–peptide conjugates could interact with DNA in a highly selective manner.
� 2008 Elsevier Ltd. All rights reserved.

The interaction of small molecules1 and metal nucleases2


with DNA has attracted much attention in chemistry,
biology and medicine. In this context, tetraazamacrocy-
cles are of interest due to their ability to form stable
metal complexes which are able to hydrolytically cleave
DNA.3 There is even preliminary evidence that such
ligands are able to cleave DNA in the absence of metal
ions.4 The ligands also have potential applications as
anti-tumour and anti-HIV agents.5


Nature exquisitely controls the site-selective cleavage of
DNA with metal nucleases by employing peptide-based
interaction domains, for example, in restriction
enzymes.6 The introduction of such peptidic side chains
into azamacrocycles could permit sequence selectivity in
their interaction with DNA, as well as allowing the
fine-tuning of other parameters such as lipophilicity
and bioavailability, leading to sequence-selective small
molecule nucleases or binders, of which there are still
few examples.7 Such an approach could generate a
new class of molecular therapeutics based on selective
interactions with problematic DNA sequences, for
example, the TT(N5)AA consensus sequence that binds
to Stat-5, a transcription factor implicated in prostate
and breast cancers,8 or the G-rich sequence of telomeres,
associated with ‘immortalised’ cancer cell lines.9
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Among the various azamacrocycles, cyclam (1,4,8,11-
tetraazacyclotetradecane) and its N-substituted deriva-
tives have attracted much attention due to their wide
range of applications in medicine.10 Peptide nucleic
acids with a terminal cyclam have been synthesised
and their interactions with DNA have been studied.11


We sought to apply our recent synthetic experiences in
the synthesis of cyclam analogues functionalised with
biotin12 to the synthesis of cyclam–amino acid conju-
gates, although there are other literature examples of
the synthesis of cyclam–oligopeptide conjugates both
in solution and on solid phase supports, primarily for
radiolabelling applications.13 Whilst there have been
syntheses of cyclam–amino acid conjugates in which
the linking bond is the amide arising from a cyclam
nitrogen and the amino acid carboxylic acid,14 we, and
others, have found the metal complexes of such species
to be unstable with respect to hydrolysis.15 As our ulti-
mate goal of this research is the synthesis of functional-
ised azamacrocyclic complexes for the sequence-selective
cleavage of DNA that will rely on the presence of the
peptide chain, such behaviour would preclude the use
of this linker. As the first step, we report here the synthe-
sis of several novel cyclam–amino acid conjugates and
their interaction with calf thymus (CT) DNA.


Synthesis of cyclam–amino acid conjugates. Solution
phase synthesis. Commercially available cyclam 1
was treated with di-tert-butyldicarbonate to give the
tri-Boc derivative 2 using standard literature methodol-
ogy (Scheme 1).12,16 This was further coupled with ethyl
bromoacetate to give 3, which on hydrolysis under
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Scheme 1. Reagents and conditions: (a) R1 = Me; (b) R1 = Bn. (i) (Boc)2O, Et3N, DCM, �15 �C to rt, 12 h, 53%; (ii) BrCH2CO2Et, Na2CO3,


CH3CN, 85 �C, 16 h, 97%; (iii) NaOH, MeOH, rt, 5 h, 68%; (iv) NH2CHR1CO2Me, DCC, DMAP, DMF, DCM, rt, 12 h, 60–75%; (v) NaOH,


MeOH, rt, 6 h, 78–85%; (vi) TFA, DCM, rt, 12 h, 80–85%.


Scheme 2. Reagents and conditions: (a) R = Me; (b) R = Bn; (c)


R = CH2OBn. (i) Compound 4, DIPEA, HBTU, DCM, 12 h; (ii) TFA,


DCM, 10 h; (iii) H2SO4, MeOH, 5 h.
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standard conditions gave acid 4. This acid was coupled
with alanine or phenylalanine amino acid esters to give
the novel compounds 5a–b. Direct saponification of
the methyl esters in 5 was readily achieved to provide
the acid intermediates 6a–b from which the free
macrocycles 7a–b, respectively, could be liberated using
TFA. Analogous esters 8 were obtained by direct Boc
deprotection of 5 using TFA. This sequence, though
requiring protection and deprotection steps, is
experimentally quite simple and proceeds in an overall
yield of approximately 15% for the six steps. However,
one of the low yielding steps is the peptide coupling.
In our previous work on a related reaction we discov-
ered that HATU gave yields of 80% or more for this
kind of coupling reaction,12 but if we were to iterate this
coupling step in the synthesis of cyclam ligands func-
tionalised with oligopeptide arms, the final yield would
become unacceptably low. We consequently examined
an alternative solid phase synthetic approach to these
molecules.


Solid phase synthesis. Cyclam–amino acid conjugates
were synthesised on the solid phase by employing stan-
dard Fmoc methods using chlorotrityl resin. The resin
was loaded with an Fmoc protected amino acid, which
on deprotection gave the supported amine 9. The amine
could then be coupled to acid 4 to give the supported
conjugate 10. The free acid 7 could then be liberated
from the resin on treatment with TFA and converted
to their methyl esters 8 in solution on treatment with
H2SO4 in MeOH (Scheme 2). Using this method we
were also able to synthesise the serine analogues 7c
and 8c; these had given poor yields when synthesised
by the solution phase approach.

The solid phase synthesis of these compounds presents
considerable advantages over the solution phase as we
were able to prepare these compounds with high purity
and in higher yields than the corresponding solution
phase methods (Table 1, yields based on comparable
sequences for the two routes). The solid phase method
provided a significantly more expedient route to these
compounds than the corresponding solution phase
approach. All compounds synthesised by the solid phase
approach were consistently around 90% pure as judged
by HPLC analysis of the isolated material with no
further purification.17


DNA binding experiments. The DNA-binding ability of
these new cyclam–amino acid conjugates was investi-







Table 1. Comparative yields for solution versus solid phase synthesis


of cyclam–amino acid conjugates


Compound % Yield in


solution phasea


% Yield on


solid phaseb


7a 34 90


8a 51 90


7b 39 85


8b 52 82


7c — 84


8c — 78


a Yields based on yield of final product from 4.
b Yields based on steps between 9 and isolated product after removal


from resin.
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gated by thermal denaturation studies using calf thymus
(CT) DNA (Fig. 1). Melting studies show that these
compounds stabilize the thermal helix coil or melting
stabilization (DTm) for the CT-DNA duplex at pH 7.0.
The compound/DNA molar ratios measured were 1:3
and 1:5. For the acids (7a–c) the change in melting tem-
perature (DTm) is variable, showing that the extent of
stabilisation is governed by the amino acid employed.
The esters 8a–c in contrast exhibit far less stabilisation
of the helix. These results are particularly pleasing when
it is observed that cyclam itself does not appreciably sta-
bilise the helix, and the tri-Boc acid 4 does not stabilise
the helix at all. Further the magnitude of the increase in
melting temperature for compound 7c is approximately
8 �C, which is nearly as large as that observed for ethi-
dium bromide, our reference compound used for these
experiments.18 It is particularly surprising that a rela-
tively large increase in melting temperature can be gen-
erated with the addition of only one amino acid. This is
a significant result, and suggests it might be possible to
tune the stabilisation of the DNA helix with polypep-
tides on more elaborate cyclam-based structures. The
mode of interaction with DNA was electrostatic in nat-
ure, confirmed by a gradual lowering of the DTm when
the melting temperatures were measured after the addi-
tion of increasing quantities of 1 M NaCl solution to the
original buffer.


In conclusion, we have demonstrated the synthesis of
novel cyclam–amino acid conjugates in both solution

1 4
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Figure 1. Changes in calf thymus DNA melting temperatures upon


addition of varying molar ratios of cyclam, cyclam–amino acid


conjugates and ethidium bromide (errors in measurements approxi-


mately ±0.5 �C).

and solid phase. The solid phase approach has a num-
ber of distinct advantages in terms of yield and oper-
ational simplicity, and will be a powerful method for
the synthesis of more elaborate cyclam–peptide conju-
gates. These compounds have been further studied for
their ability to bind to DNA. It was found that the
nature of the amino acid employed greatly affected
the increase in melting temperature. We observed a
large increase in melting temperature for the cyclam
attached to O-benzyl-protected serine. It is possible
that the stabilisation arises from the intercalation of
the benzyl group with the DNA bases. However, the
stabilisation observed with the phenylalanine analogue
was considerably lower in magnitude. It is possible
that the protected oxygen of the serine is involved in
a favourable hydrogen-bonding interaction with the
DNA. The deprotected form of 7c is therefore of
further interest. The assessment of the ability of the
corresponding metal complexes of these derivatives
to bind DNA and cleave simple phosphate esters is
currently underway.

Acknowledgments


We thank the Sydney University Cancer Research Fund
for funding. We thank Taliesha Paine and Clement Pon-
toizeau for preliminary synthetic experiments towards
compounds 4 and 5.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2008.03.045.

References and notes


1. (a) Tse, W. C.; Boger, D. L. Chem. Biol. 2004, 11, 1607; (b)
Dervan, P. B. Bioorg. Med. Chem. 2001, 9, 2215.


2. (a) Boerner, L. J. K.; Zaleski, J. M. Curr. Opin. Chem.
Biol. 2005, 9, 135; (b) Hegg, E. L.; Burstyn, J. N. Coord.
Chem. Rev. 1998, 173, 133; (c) Liu, C. L.; Wang, M.;
Zhang, T. L.; Sun, H. Z. Coord. Chem. Rev. 2004, 248,
147; (d) Mancin, F.; Scrimin, P.; Tecilla, P.; Tonellato, U.
Chem. Commun. 2005, 2540; (e) Suh, J. Acc. Chem. Res.
2003, 36, 562.


3. (a) Jeung, C.-S.; Song, J. B.; Kim, Y.-H.; Suh, J. Bioorg.
Med. Chem. Lett. 2001, 11, 3061; (b) Hettich, R.;
Schneider, H.-J. J. Am. Chem. Soc. 1997, 119, 5638; (c)
Li, Q.-L.; Huang, J.; Wang, Q.; Jiang, N.; Xia, C.-Q.; Lin,
H.-H.; Wu, J.; Yu, X.-Q. Bioorg. Med. Chem. 2006, 14,
4151; (d) Kimura, E. Curr. Opin. Chem. Biol. 2000, 4, 207.


4. Wan, S.-H.; Liang, F.; Xiong, X.-Q.; Yang, L.; Wu, X.-J.;
Wang, P.; Zhou, X.; Wu, C.-T. Bioorg. Med. Chem. Lett.
2006, 16, 2804.


5. (a) Sibert, J. W.; Cory, A. H.; Cory, J. G. Chem. Commun.
2002, 154; (b) Liang, F.; Wan, S. L. Z.; Xiong, X.; Yang,
L.; Zhoux, X.; Wu, C. Curr. Med. Chem. 2006, 13, 711.


6. Pingoud, A.; Jeltsch, A. Eur. J. Biochem. 1997, 246, 1.
7. (a) Kikuta, E.; Murata, M.; Katsube, N.; Koike, T.;


Kimura, E. J. Am. Chem. Soc. 1999, 121, 5426; (b) Aoki,
S.; Kimura, E. Chem. Rev. 2004, 104, 769; (c) Fang, Y.-G.;



http://dx.doi.org/10.1016/j.bmcl.2008.03.045

http://dx.doi.org/10.1016/j.bmcl.2008.03.045





3010 A. Venkata Ramana et al. / Bioorg. Med. Chem. Lett. 18 (2008) 3007–3010

Zhang, J.; Chen, S.-Y.; Jiang, N.; Lin, H.-H.; Zhang, Y.;
Yu, X.-Q. Bioorg. Med. Chem. 2007, 15, 696.


8. Nelson, E. A.; Walker, S. R.; Alvarez, J. V.; Frank, D. A.
J. Biol. Chem. 2004, 279, 54724.


9. Bryan, T. M.; Cech, T. R. Curr. Opin. Cell Biol. 1999, 11, 318.
10. (a) Liang, X.; Sadler, P. J. Chem. Soc. Rev. 2004, 33, 246;


(b) De Clercq, E. Mini-Rev. Med. Chem 2005, 5, 805; (c)
Ellis, L. T.; Perkins, D. F.; Turner, P.; Hambley, T. W.
Dalton Trans. 2003, 2728.


11. Mokhir, A.; Zohm, B.; Fuessl, A.; Kraemer, R. Bioorg.
Med. Chem. Lett. 2003, 13, 2489.


12. Krivickas, S.; Tamanini, E.; Todd, M. H.; Watkinson, M.
J. Org. Chem. 2007, 72, 8280.


13. (a) Boschi, A.; Ucelli, L.; Bolzati, C.; Marastoni, M.;
Tomatis, R.; Spisani, S.; Traniello, S.; Piffanelli, A. Nucl.

Med. Biol. 2000, 27, 791; (b) Sprague, J. E.; Peng, Y.; Sun,
X.; Weisman, G. R.; Wong, E. H.; Achilefu, S.; Anderson,
C. J. Clin. Cancer Res. 2004, 10, 8674.


14. Schickaneder, C.; Heinemann, F. W.; Alsfasser, R. Eur. J.
Inorg. Chem. 2006, 2357.


15. (a) Geißer, B.; König, B.; Alsfasser, R. Eur. J. Inorg.
Chem. 2001, 1543; (b) Krivickas, S. J.; Ramana, A. V.;
Watkinson, M.; Todd, M. H. unpublished results, 2007.


16. Benniston, A. C.; Gunning, P.; Peacock, R. D. J. Org.
Chem. 2005, 70, 115.


17. Monitored at 254 nm with reverse phase HPLC. Only
minor other impurities were observed; no other single
impurity accounted for more than 5% of the total
absorbance in each injection.


18. Nelson, J. W.; Tinoco, I. Biopolymers 1984, 23, 213.





		Synthesis and DNA binding ability of cyclam - amino acid conjugates

		Acknowledgments

		Supplementary data

		References and notes








Available online at www.sciencedirect.com

Bioorganic & Medicinal Chemistry Letters 18 (2008) 3011–3015

Identification of acridinyl hydrazides as potent aspartic
protease inhibitorsq


M. Kamran Azim,a,* Waseem Ahmed,a,b Ishtiaq A. Khan,a


Nosheen A. Raoa and Khalid M. Khana


aH.E.J. Research Institute of Chemistry, International Center for Chemical and Biological Sciences,


University of Karachi, Karachi-75270, Pakistan
bDepartment of Biochemistry, Federal Urdu University, Karachi-75300, Pakistan


Received 10 September 2007; revised 5 February 2008; accepted 25 February 2008


Available online 29 February 2008

Abstract—We have identified acridinyl derivatives as potent aspartic protease inhibitors by virtual screening of in-house library of
synthetic compounds. Enzyme inhibition experiments showed that both compounds inhibit human cathepsin D and Plasmodium
falciparum plasmepsin-II in nanomolar ranges. The IC50 values against cathepsin D and plasmepsin-II of compound-Nar103 were
found to be 9.0 ± 2.0 and 4.0 ± 1.0 nM and of compound-Nar110 were 0.5 ± 0.05 and 0.13 ± 0.03 nM, respectively. Ligand docking
predicted the binding of acridinyl derivatives at the substrate-binding cleft, where hydrazide part of the inhibitors interact with the
S1–S1 0 subsite residues including catalytic aspartates. The phenyl ring and acridinyl moiety of the inhibitors were predicted to inter-
act with S2/S3 and S2 0/S3 0 subsite residues.
� 2008 Elsevier Ltd. All rights reserved.

The family of aspartic proteases is characterized by an
optimum pH in the acidic range and by their susceptibil-
ity to inhibition by Pepstatin, an acylated pentapeptide
isolated from Streptomyces.1 Aspartic proteases play
important roles in several diseases such as AIDS (HIV
protease),2 neoplastic disorders (cathepsin D and E),3,4


and malaria (plasmepsins).5 As an intracellular aspartic
protease, human cathepsin D functions primarily in pro-
tein degradation. However, over-expression of cathepsin
D has been correlated with breast cancer as well as neu-
rodegenerative conditions.3,6 The malarial parasites
(Plasmodium species; P. falciparum and P. vivax) pro-

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


doi:10.1016/j.bmcl.2008.02.060


Keywords: Virtual screening; Protease inhibitors; Cathepsin D; Plasm-


epsin; Acridines.
q Nomenclature for amino acid residues of substrate used in prote-


olytic enzymology is Pn, . . .P2, P1, P10, P20, . . .Pn 0, where P1–P10


denotes the scissile bond. Substrate/inhibitor amino acids extending


away from the scissile bond toward the amino terminus are denoted


P1, P2, . . .Pn, whereas those extending toward the carboxyl terminus


are denoted P10, P20, . . .Pn0. The corresponding binding sites in the


proteases are denoted as S1, S2, . . .Sn and S1 0, S2 0, . . .Sn0,
respectively.10
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duce a family of hemoglobin degrading aspartic prote-
ases termed as plasmepsins. These enzymes have been
identified as potential anti-malarial drug targets5 and
the blockage of these enzymes has been demonstrated
to result in parasites death.7a,b


The bilobal structure of aspartic proteases is made up of
nearly equivalent N- and C-terminal domains containing
predominantly b-sheets with small a-helical segments.
The active site located at the interface between the two
domains encloses two invariant aspartates.8 Despite the
overall primary and tertiary structural homology among
the members of aspartic proteases (cathepsin D exhibits
�35% sequence homology to plasmepsins); there are
subtle distinctions particularly at the extended
substrate-binding cleft which can accommodate at least
seven residues of substrate/inhibitor.9,10


Here, we report acridinyl derivatives as potent aspartic
protease inhibitors with the help of (a) virtual screening
for the binding of >600 synthetic compounds to the sub-
strate-binding sites of human cathepsin D and P. falci-
parum plasmepsin-II and (b) enzyme inhibition studies.
The acridines and their derivatives are well known for
their DNA-intercalating property.11 They have activities
against a number of solid tumors.12–14
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In this study, virtual screening was carried out by FlexX
ligand docking software (version 2.0)15 using crystal
structural coordinates of cathepsin D and plasmepsin-
II in complexed with Pepstatin-A (PDB id; 1LYB16


and 1M43,17 respectively). FlexX method of ligand
docking involves incremental construction of ligands
from smaller fragments in the cavity of a receptor. 3D
models of >600 compounds in SYBYL mol2 format
(from the in-house combinatorial library) were utilized
for binding to the active sites of both aspartic proteases.
The compounds in the virtual library represent thirty
chemical scaffolds that have been synthesized in our lab-
oratory. The ranking of the generated docking solutions
is performed using a scoring function similar to that
developed by Bohm18 which estimates the free binding
energy (DG) of the protein–ligand complex. After each
ligand docking run, 10 top ranking docking solutions
were saved and considered for detailed analysis.


The enzyme activities of cathepsin D (BioDesign Inter.,
USA) and plasmepsin-II were measured as described
earlier19 using a fluorescence resonance energy transfer
(FRET) based assay with the fluorogenic substrate
DABCYL-Glu-Arg-Nle-Phe-Leu-Ser-Phe-Pro-EDANS
(malaria FRET-1; AnaSpec Inc., USA) with an excita-
tion and emission wavelengths of 336 and 490 nm,
respectively. The assay was performed in 0.1 M Sodium
acetate buffer pH 5.0, containing 10% Glycerol and
0.01% Tween 20. The acridinyl derivatives (1.0 lM) dis-
solved in DMSO was added in the reaction mixture be-
fore the addition of a substrate. The assays were
performed with 5.0% final concentration of DMSO.

Table 1. FlexX docking scores and enzyme inhibition data of acridinyl deri


Acridinyl derivatives


and Pepstatin-A


FlexX docking sco


Docking


in CD


Nar103


N


HN NH
C


O
CH3


CH3


CH3


�27.7 ± 0.82


Nar110


N


HN NH
C


O


CH3


CH3


OH


�30.3 ± 0.93


Pepstatin-A �10.0


Docking scores of Nar-compounds are average values of 10 top ranking sco

The inhibition assays using Pepstatin-A (Sigma) and
IC50 values estimation in the same experimental manner
as for Nar-compounds were also performed. The con-
centration–response curves were plotted for IC50 deter-
mination by plotting the data as percentage inhibition
as a function of inhibitor concentration. The IC50 de-
fined by the midpoint (50% inhibition) of the inhibitor
titration. IC50 values of Pepstatin-A against both en-
zymes determined by us and reported in the literature21


are given in Table 1.


During this study, FlexX program was utilized to pre-
dict the binding sites for the compounds in the crystal
structures of cathepsin D16 and plasmepsin-II.17 To
determine potential aspartic protease inhibitors present
in our in-house database, we established a criterion
based on the FlexX binding scores of enzyme–Pepsta-
tin-A complexes which is mentioned below.


Similar to the FlexX scoring function; the SCORE com-
mand of FlexX searches for interactions and an energy
estimation for the ligand placed on a given set of coordi-
nates (termed as FlexX binding score). The calculated
binding score for cathepsin D–Pepstatin-A (PDB id;
1LYB) and plasmepsin-II–Pepstatin-A (PDB id; 1M43)
complexes are �10.0 and �18.0, respectively. Therefore,
we considered those docked compounds as ‘potentially
good’ inhibitors that were having FlexX docking
scores better than�20.0. Based on this ‘filtering criterion’,
we identified two acridinyl derivatives in the virtual
library screened; that is, Nar103 [N 0-(3,4-dimethyl-
9-acridinyl)-3-methylbenzohydrazide] and Nar110

vatives and Pepstatin-A


res IC50 (nM)


Docking


in P-II


Inhibition


of CD


Inhibition


of P-II


�28.0 ± 1.3 9.0 ± 2.0 4.0 ± 1.0


�26.5 ± 1.5 0.5 ± 0.05 0.13 ± 0.03


�18.0 0.55 ± 0.05 0.68 ± 0.07


0.6420 0.4420


res whereas values for Pepstatin-A are binding scores.
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[N 0-(3,4-dimethyl-9-acridinyl)-2-hydroxybenzohydraz-
ide] (Table 1). Synthesis of these acridinyl derivatives has
been reported elsewhere.20 The FlexX docking scores of
Nar103 and Nar110 for cathepsin D were �27.7 ± 0.82
and �30.3 ± 0.93 and for plasmepsin-II were
�28.0 ± 1.3 and�26.5 ± 1.5, respectively. The consistent
docking scores indicate that these compounds would inhi-
bit both aspartic proteases with similar affinities.


Results of enzyme inhibition assays are inline with dock-
ing predictions which demonstrated that both aspartic
proteases are inhibited by acridinyl compounds in the
nanomolar ranges. The IC50 values of Nar103 for
cathepsin D and plasmepsin-II are 9.0 ± 2.0 and
4.0 ± 1.0 nM; whereas, IC50 values of Nar110 for these
enzymes are 0.5 ± 0.05 and 0.13 ± 0.03 nM, respectively
(Table 1 and Fig. 1). Inhibition data pointed out (a) that
Nar110 is several times more potent as inhibitor com-
pared to Nar103 and (b) potencies of both inhibitors
are comparable with Pepstatin-A (Table 1 and Fig. 1).


Modeling of enzyme–inhibitor interactions provided the
basis of inhibition from a structural point of view. The
acridinyl compounds (Nar103 and Nar110) are com-
posed of three-ring acridinyl moiety attached to the phe-
nyl-hydrazide side chain. The only difference in
compounds Nar103 and Nar110 is the substitution in
the phenyl ring; Nar103 contains a meta-methyl and

Figure 1. Plasmepsin-II inhibition plots as a function of (a) Nar103 and (b)


Figure 2. (a) Comparison of Pepstatin-A, Nar103 and Nar110 binding at th


aspartates of both enzymes and Pepstatin-A are shown in stick and Nar-com

Nar110 has ortho-hydroxyl groups. Analysis of docking
solutions of acridinyl compounds revealed that the con-
formations of both compounds at substrate-binding
clefts of cathepsin D and plasmepsin-II are strikingly
different. In fact, the orientations of inhibitors docked
in the substrate-binding clefts of both enzymes are
approximately ‘anti-parallel’ to each other (Fig. 2).


Docking solutions showed that enzyme–inhibitor com-
plexes are stabilized primarily by hydrogen bonds between
hydrazide part of the inhibitors and both main chain and
side chain atoms of the enzymes. Regardless of different ori-
entations, Nar103 and Nar110 have docked at the center of
the extended substrate-binding cleft with charged-hydro-
gen bonds between hydrazine part of the inhibitors and
the residues forming S1–S10 subsites of enzymes which in-
cludes catalytic aspartates (Asps 33 and 231 in cathepsin
D; Asps 34 and 214 in plasmepsin-II) and the ‘flap region’
(the b-hairpin structure composed of residues 72–87;
cathepsin D numberings; Figs. 3 and 4). In cathepsin
D–inhibitor complexes, hydrazide group formed hydrogen
bonds with main chain atoms of Gly79 and Gly233 as well
as with Thr234 side chain. These amino acid residues inter-
act with P1/P10 and P2 side chains, respectively, of sub-
strates/peptide inhibitors (Fig. 3b and c). Likewise, in the
plasmepsin-II–inhibitor complexes, hydrazide group has
been predicted to form hydrogen bonds with P1/P10 side
chain binding residues Asp34 (or Asp214), Gly36, and

Nar110 concentrations.


e active site cleft of (a) Plasmepsin-II and (b) cathepsin D. Catalytic


pounds in ball-n-stick representation.







Figure 3. (a) Docking of acridinyl compounds in the substrate-binding cleft of cathepsin D. (a) Tertiary structure of cathepsin D is depicted in ribbon


and inhibitors in ball-n-stick representations. Interaction of enzyme residues with Nar103 (b) and Nar110 (b) are shown. Enzyme residues and


inhibitors are shown in stick and ball-n-stick representations, respectively. Hydrogen bonds are indicated as dashed lines. Positions of different


subsites are indicated.


Figure 4. Docking of acridinyl compounds in the substrate-binding cleft of plasmepsin-II. (a) Tertiary structure of plasmepsin-II is depicted in ribbon


and inhibitors in ball-n-stick representations. Interaction of enzyme residues with Nar103 (b) and Nar110 (b) are shown. Enzyme residues and


inhibitors are shown in stick and ball-n-stick representations, respectively. Hydrogen bonds are indicated as dashed lines. Positions of different


subsites are indicated.
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Val78 (Fig. 4b and c). In cathepsin D–inhibitor complexes,
acridinyl compounds are not predicted to form Hbond with
any of the catalytic aspartates, although the distance be-
tween the side chain carboxylate of Asp231 and one of
the two amino groups of hydrazide is 4.0 Å


´
.


Docking of hydrazine part at S1–S1 0 subsites placed the
inhibitors in cathepsin D binding site such that the phe-
nyl ring has formed hydrophobic and aromatic interac-
tions with Val31, Ile134, Phe131, and Phe126 residues
which form S1 subsite; whereas acridinyl moiety is in
contact with S1 0–S3 0 subsite residues, that is, Tyr205,
Ile320, and Ile311 and nearby residues including
Met307 and Met309 (Fig. 3b and c). On the contrary,
in plasmepsin-II–inhibitor complexes, phenyl ring has
been predicted to be accommodated in the S2 0 subsite
structured by Met75-Asn76-Tyr77, and Leu131 and
acridinyl moiety are predicted to interact with S1–S2–
S3 subsites (Fig. 4b and c). In plasmepsin-II, S1–S3 sub-

sites are made up of residues Ile32, Tyr77, Ile111, and
Ile123, whereas Threonines at positions 217 and 221
form S2 subsite. Therefore, the acridinyl moiety was
modeled to bind at opposite sites of the scissile bond in
the substrate-binding cleft of both proteases; a phenom-
enon termed as anti-parallel orientation of inhibitors
(i.e., in cathepsin D complex acridinyl moiety is in con-
tact with S1 0–S3 0 subsites whereas in plasmepsin-II it is
situated in S1–S3 subsites).


The ortho-hydroxyl group of Nar110 was predicted to
form additional Hbond in both enzymes. In the cathepsin
D complex, the hydroxyl group interacts with the main
chain of Gly233 (Fig. 3c), whereas in the plasmepsin-II
complex it forms Hbond with Tyr192 side chain
(Fig. 4c). Moreover, in cathepsin D complex, Nar110 can
form another polar interaction with Met309 (Fig. 3c).
These additional interactions provide structural basis for
enhanced inhibiting property of Nar110 (Table 1).
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In summary, we applied virtual screening by using an in-
house library of synthetic compounds to identify novel
aspartic protease inhibitors effective in nanomolar
range. Different substitutions and heterocyclic ring
extensions for the acridinyl ring system and phenyl
group may (a) improve the potency of these compounds
and (b) provide selective aspartic protease inhibitors
with therapeutic potential.
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