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Abstract—Dihydroxyacetone-phosphate and phosphonate derivatives were synthesized bearing a N-sulfonyl hydroxamate moiety.
The phosphate derivatives represent competitive inhibitors for the class II-FBP aldolase catalyzed reaction, while the phosphonate
isosteres are comparatively weaker inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

Aldolases are essential enzymes that catalyze carbon–
carbon bond formation (or cleavage) in living organisms.
Among the more extensively studied aldolases are fruc-
tose bisphosphate aldolases (EC 4.1.2.13) that partici-
pate in the metabolically important pathways of
gluconeogenesis and glycolysis. In gluconeogenesis, these
enzymes catalyze the aldol reaction of two triose-Ps,
dihydroxyacetone-phosphate (DHAP) and DD-glyceralde-
hyde 3-phosphate (G3P), to form fructose-1,6-bisphos-
phate (FBP). In glycolysis, FBP aldolases catalyze the
reverse cleavage reaction.1 Aldolases exist in two distinct
classes;2 class I aldolases are found in animals and higher
plants, and catalyze the formation of a Schiff-base inter-
mediate with substrate, whereas class II aldolases are
found in algae, bacteria, and yeasts, and require a biva-
lent metal ion as cofactor. In class I aldolases, the reac-
tion has the following features in the direction of FBP
synthesis: (i) Schiff�s base formation between DHAP
and a lysyl residue at the active site; (ii) pro-S proton
abstraction at C-3 in the immonium leading to an enam-
ine (so-called carbanion) whose condensation with G3P
yields FBP (new immonium ion intermediate) with an
S configuration at C-3 (Scheme 1). In class II aldolase,
a divalent cation (usually Zn2+) functions as a Lewis acid
to polarize the carbonyl bond of DHAP facilitating pro-
ton abstraction at C-3. The resulting endiolate, equiva-
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lent to the enamine intermediate, is stabilized by the
zinc ion.


Class II aldolases are not present in mammals and as
such they represent potential targets for the development
of anti-bacterial and anti-fungal drugs.3 Phospho-
glycolohydroxamic acid (PGH) was, for more than 30
years, the only known potent inhibitor of class II aldolas-
es.4 Recently, two new derivatives of phosphoglycolic
acid were synthesized and shown to be selective inhibi-
tors of this family of enzymes.3d These studies substanti-
ated the feasibility of developing new inhibitors of
therapeutic interest based on the PGH motif while also
affording insight into enzymology of glycolytic aldolases.


Based on these recent results, we prepared a new family
of inhibitors possessing the phosphoglycolate skeleton
bound to a sulfamate group (PGS, Scheme 2). Com-
pounds with a NHmoiety between carbonyl and sulfonyl
groups are very acidic; their pKa values are close to 2;5


the presence of a negative charge at physiological pH
at this position of PGS would be expected to improve
the interaction with the active-site metal ion. Additional-
ly, phosphonate isosteres of biologically important phos-
phates are of interest in biological chemistry, due to the
exceptional stability of the phosphorus–carbon bond
toward phosphatases as compared to a phosphorus–
oxygen bond.6 In order to gain understanding of the
influence of such a structural modification on the binding
of the N-sulfonyl hydroxamate inhibitors, we have also
prepared their phosphonate isosteres (p-PGA and
p-PGS, Scheme 2).
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Scheme 1. Aldolase catalyzed reaction: class I and class II-FBP aldolases.
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All compounds were synthesized in three steps starting
from dibenzyl ethyl phosphoglycolate or triethyl 3-phos-
phonopropionate according to Scheme 3. In the first
step, compounds are hydrolyzed under basic conditions
to furnish the corresponding sodium salt derivatives.
This is followed by reaction with the hydroxylamine or
sulfonamide in the presence of carbodiimide to yield
compounds 1a,b, 2, and 3a,b. Deprotection of the phos-
phonate or phosphate group yields the expected com-
pounds as the lithium salt.7
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The interaction of these products with class II aldolase
from Escherichia coli and class I aldolase from rabbit
muscle was analyzed by enzyme kinetics.8 Lineweaver–
Burk plots of enzyme inhibition show clearly that
PGS1 and PGS2 are fully competitive inhibitors for
the reaction catalyzed by the class II aldolase (see
Fig. 1 as an example). This result is an indication that
the two inhibitors act at the active site and chelate the
metal ion.9 No inhibition effect is observed at a concen-
tration up to 3 mM with aldolase from muscle or with
other DHAP-dependent enzymes such as triose phos-
phate isomerase or glyceraldehyde 3-phosphate dehy-
drogenase used in the coupled enzymatic essays.


It is interesting tonote that thePGScompounds areweak-
er inhibitors than those described previously. Their ac-
tive-site affinity appears to be dependent on the
chemical group used on the sulfonyl hydroxamate of the
inhibitor, PGS2 being more efficient than PGS1 indicat-
ing a specific accommodation of the aromatic moiety by
hydrophobic interaction of the enzyme toward the inhib-
itors (Table 1). This suggests chemical modification at the
sulfamate level (e.g., aromatic ring bearing a reactive elec-
trophile) may improve inhibitor efficiency or transform
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Table 1. Kinetic parameter values (lM)


Aldolase Km Ki


FBP PGS1 PGS2 p-PGS1 p-PGS2 PGH p-PGH


Rabbit 10 >104 >104 >104 >104 1 >103


E. coli 300 350 100 >104 >104 0.01 >103
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Figure 1. Lineweaver–Burk plots of class II-FBP aldolase inhibition


by different concentrations of PGS2.
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them into specific irreversible inhibitors by taking advan-
tage of the presence of nucleophilic residues (e.g., Asp-109
or Ser-61) in the active site or in its proximity.10


Surprisingly, the structural modification of converting a
phosphate into phosphonate significantly weakened
inhibitor binding (Table 1). These results strongly sup-
port the fact that stabilizing interactions made by ac-
tive-site residues with the O1 ester oxygen at the
phosphate binding site are critical for inhibitor binding,
which is not possible with a phosphonate moiety11 and
must be taken into account in the development of stable
intracellular inhibitors against class II FBP aldolases.
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Abstract—Chalcones 1–20, a new class of glycosidase inhibitors, were synthesized, and their glycosidase inhibitory activities were
investigated. Non-aminochalcones 1–12 had no inhibitory activity, however, aminochalcones 13–20 had strong glycosidase (a-glu-
cosidase, a-amylase, and b-amylase) inhibitory activities. In particular, sulfonamide chalcones 17–20 had more potent a-glucosidase
inhibitory activity than aminated chalcone 13–16. 4 0-(p-Toluenesulfonamide)-3,4-dihydroxy chalcone 20 (IC50 = 0.4 lM) was the
best inhibitor against a-glucosidase, and these sulfonamide chalcones showed non-competitive inhibition.
� 2005 Elsevier Ltd. All rights reserved.

O


Screening of glycosidase inhibitors is becoming increas-
ingly prevalent because glycosidases are responsible for
the processing and synthesis of complex carbohydrates,
which are essential in numerous biological recognition
processes.1 Inhibitors of these enzymes are important
molecular tools for glycobiology and can be used to
modulate cellular functions.2 Furthermore, in cases
where the control of oligosaccharide metabolism can
be linked to cellular dysfunction, they are potential
drugs.3 a-Glucosidases (EC 3.2.1.20) are exo-acting car-
bohydrases, catalyzing the release of a-DD-glucopyranose
from the non-reducing ends of various substrates,4 and
also these enzymes are key enzymes in the processing
of glycoproteins and glycolipids.1 Inhibitors can retard
the uptake of dietary carbohydrates and suppress post-
prandial hyperglycemia, and may be useful to treat dia-
betic or obese patients.5 This enzyme is a target for
inhibition by antiviral agents that interfere with the for-
mation of essential glycoproteins required in viral
assembly, secretion, and infectivity.6 Consequently,
many efforts have been made to develop a-glucosidase
inhibitors for the treatment of diseases such as diabetes,5


viral diseases,6 and cancer.7 However, most of developed
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glycosidase inhibitors are sugar mimics (aza sugars,8


isoxazoles,9 and aminosugars10) which require tedious
multi-steps from carbohydrate and non-carbohydrate
(Fig. 1).


Recently, we have found that aminated chalcones have
the potential to act as a new class of highly specific a-
glucosidase inhibitors, which can be obtained with the
simple steps economically.


Chalcones, considered as the precursor of flavonoids
and isoflavonoids, are abundant in edible plants,11 and
have also been shown to display a diverse array of phar-
macological activities, among which anti-protozoal,12


anti-inflammatory,13 immuno-modulatory,14 nitric
oxide inhibitory,15 anticancer,16 and anti-HIV activi-
ties,17 have been cited in the literature. But, to the best
of our knowledge there is, to date, no report that chal-
cone derivatives have any inhibitory activity against gly-
cosidase. Chalcone is a biosynthetic product of
shikimate pathway and can be easily obtained through
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Table 2. Inhibitory activities of chalcones


Compound IC50 (lM)


a-Amylase b-Amylase


13 NIa 206.5


14 NI NI


15 268.9 NI


16 NI 126.8


17 37.3 201.4


18 16.8 24.8


19 87.8 247.3


20 193.7 65.0


a NI means no inhibition (less than 20% inhibition at 200 lM).
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the Claisen–Schmidt condensation of hydroxy acetoph-
enone or carboxy acetophenone using either basic18 or
acidic catalysis.19 The chalcone products (1–8) described
were prepared from acetophenone and benzaldehyde
using catalytic amount of H2SO4 in MeOH and some
phenolic compounds (9–12) which were purchased from
Sigma Co. (Fig. 2).


The synthesized and purchased chalcones were tested for
their enzymatic inhibitory activities against three glyco-
sidases (a-glucosidase from baker�s yeast, a-amylase
from Bacillus licheniformis, and b-amylase from barley).
The glycosidases were assayed according to standard
procedures by following the hydrolysis of nitrophenyl
glycosides spectrophotometrically or by evaluating the
reducing sugar formed in amylase assays.8


Chalcone derivatives 1–12 had no inhibitory activities at
200 lM concentration, but aminated chalcones 15 and
16 had strong inhibitory activities at 200 lM concentra-
tion for three glycosidases. Anti-diabetic sulfonylureas20


have encouraged us to design and synthesize sulfon-
amide chalcones to develop a more potent new class of
glycosidase inhibitors. All sulfonamide chalcone prod-
ucts 17–20 were obtained through sulfonylation of
aminoacetophenone with p-toluenesulfonylchloride and
the condensation of sulfonylated acetophenone and
benzaldehyde using a catalytic amount of H2SO4 in
MeOH (Table 1).21 The synthetic sulfonamide chalcones
17–20 were tested for a-glucosidase inhibitory activities,
and the results of their inhibitory activities are summa-
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Figure 2. Target chalcones for glycosidase inhibition.


Table 1. Synthetic eight aminated chalcones


O


H
NR1


Compound R1 R


13 3-H 4


14 3-H 3


15 4-H 4


16 4-H 3


17 3-p-Tosyl 4


18 3-p-Tosyl 3


19 4-p-Tosyl 4


20 4-p-Tosyl 3

rized in Table 2. The a-glucosidase inhibitory activities
of sulfonamide chalcones 17 (IC50 = 12.4 lM), 18
(IC50 = 15.6 lM), 19 (IC50 = 1.0 lM), and 20
(IC50 = 0.4 lM) have improved progressively compared
with aminated chalcones 15 (IC50 = 41.0 lM), 16
(IC50 = 62.1 lM), 13 (IC50 = >200 lM), and 14
(IC50 = >200 lM). Especially, sulfonamide chalcone 20
showed 150-fold stronger inhibitory activity than acar-
bose (IC50 = 60.8 lM) as well-known a-glucosidase
inhibitor.


The type of inhibition was analyzed by Lineweaver–
Burk plots (Fig. 3), which showed that compound 20
behaves as a non-competitive inhibitor because Vmax
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Figure 3. Lineweaver–Burk plot analysis of the inhibition kinetics of


a-glucosidase inhibitory effects by compound 20 [j, 0.5 lM inhibitor;


� control].
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-Hydroxy >200
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-Hydroxy 41.0
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,4-Dihydroxy 15.6 (9.25), non-competitive


-Hydroxy 0.98 (0.58), non-competitive


,4-Dihydroxy 0.40 (0.24), non-competitive
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values were affected by increasing concentrations of 20,
while the Km were not. All compounds were screened for
two amylase inhibitory activities at 200 lM
concentration.


Compounds 1–12 did not have inhibitory activity
against a-amylase and b-amylase; however, sulfonamide
chalcones 17–20 were strong inhibitors against a-amy-
lase and b-amylase, and aminated chalcones (13, 16)
had mild inhibitory activity against b-amylase (Table 2).


In conclusion, the results show that sulfonamide chal-
cones represent a new class of strong glycosidase
inhibitors.
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Abstract—The selective antagonist radioligand [3H]2-propylthioadenosine-5 0-adenylic acid (1,1-dichloro-1-phosphonomethyl-1-
phosphonyl) anhydride ([3H]PSB-0413) was prepared by catalytic hydrogenation of its propargyl precursor with a high specific radio-
activity of 74 Ci/mmol. In preliminary saturation binding studies, [3H]PSB-0413 showed high affinity for platelet P2Y12 receptorswith a
KD value of 4.57 nM. Human platelets had a high density of P2Y12 receptors exhibiting a Bmax value of 7.66 pmol/mg of protein.
� 2005 Elsevier Ltd. All rights reserved.

The P2Y12 receptor belongs to the family of membrane
receptors that are activated by nucleotides.1 Two large
subfamilies of nucleotide receptors exist, the P2X family,
which are ligand-gated ion channels activated by ATP,2


and the P2Y family, which are G protein-coupled recep-
tors and may be activated by purine or pyrimidine nucle-
oside di- or triphosphates or even by dinucleotides or
nucleotide sugars, depending on the receptor subtype.3,4


The P2Y12 receptor is an ADP receptor expressed on
blood platelets (previous nomenclature: P2YT, T for
thrombocytes) and in a lower density in the brain.5 ATP
acts as an antagonist at the P2Y12 receptor.


In platelets, twomore P2 receptor subtypes are expressed,
the Gq-coupled P2Y1 receptor that is also activated by
ADP, and the ATP-activated P2X1 receptor subtype.


6


ADP is one of the major regulators of hemostasis and
thrombosis. P2Y12 receptors have been cloned and iden-
tified as the targets of antithrombotic thienopyridine
drugs, such as clopidogrel and ticlopidine.7


The platelet P2Y12 receptor has been extensively charac-
terized in functional assays. However, characterization
on the protein level has been hampered by the lacking of
a selective radioligand. The non-selective radioligands
[3H]2-methylthio-ADP,8 [b-32P]2-methylthio-ADP9, and
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[33P]2-methylthio-ADP10 have previously been used to la-
bel P2Y12 receptors, but they showed high affinity for
P2Y1 receptors as well, which are also expressed on plate-
lets.8–10 In addition, phosphoric acid esters, including
nucleotides, are metabolically unstable and may be
cleaved by a number of enzymes, such as alkaline phos-
phatase and ectonucleotidases.11


Our goal was to develop a stable, high-affinity, subtype-
selective antagonist radioligand for P2Y12 receptors.


Ingall et al. had synthesized a series of 2-substituted ATP
analogs stabilized by a PbPc-dichloromethylene bridge.12


One of the compounds, 2-propylthioadenosine-5 0-ade-
nylic acid (1,1-dichloro-1-phosphonomethyl-1-phospho-
nyl) anhydride (AR-C67085MX), was a potent and
selective P2Y12 antagonist exhibiting an IC50 value of
2.5 nM against ADP-induced aggregation of human
platelets.12 The compound was later shown to be an ago-
nist at P2Y11 receptors (EC50 = 1.5–8.9 lM),13 and an
antagonist at P2Y13 receptors (IC50 = 213–630 nM),14


but only at much higher concentrations than its affinity
for P2Y12 receptors.


Thus, we developed a strategy for the preparation of a
tritiated derivative of the potent and selective P2Y12


receptor antagonist AR-C67085MX. As a precursor
for tritiation we selected the corresponding 2-propargyl
derivative PSB-0412 (see Scheme 1).


The nucleosides 1a and 1b were synthesized according to
previously published procedures.15–17 Reaction of the
nucleosides 1 with phosphorus oxychloride in trimethyl
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Figure 1. Representative saturation curve for [3H]PSB-0413 binding to


membranes of human platelets and corresponding Scatchard plot. The


following binding parameters were calculated: KD = 4.57 ± 0.51 nM,


Bmax = 7.66 pmol/mg protein.
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phosphate18 followed by reaction with dichloromethy-
lenediphosphonic acid in DMF afforded the correspond-
ing triphosphate analogs, the propargyl-substituted
radioligand precursor PSB-0412 (4b), and its propyl
analog 4a (AR-C67085MX), which was needed as a con-
trol (Scheme 1).


The synthesized nucleotides were purified by anion ex-
change chromatography using FPLC (ÄKTA FPLC,
from Amersham Biosciences with Sephadex DEAE A-
25 gel, XK 26 mm/20 cm length column) to remove
nucleotides obtained as side-products, such as the corre-
sponding AMP, ADP, and ATP derivatives.


In a second step, the products were further purified by
reversed-phase HPLC19 to remove inorganic impurities
such as inorganic phosphates and buffer components.


The structures of the synthesized nucleotides were con-
firmed by 1H, 13C, and 31P NMR data, in addition to
LC/ESI-MS in both positive and negative modes.20

The propargyl precursor PSB-0412 was subsequently
subjected to catalytic hydrogenation using tritium gas
(Scheme 2).21 After HPLC purification,22 [3H]PSB-
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0413 was obtained with a specific radioactivity of
2.74 TBq/mmol (74 Ci/mmol).


Saturation experiments23 at P2Y12 receptors natively ex-
pressed in human platelets using 12 different concentra-
tions of [3H]PSB-0413 ranging from 0.047 to 50 nM
showed that the radioligand bound to a single class of
binding sites with limited capacity exhibiting a KD value
of 4.57 ± 0.51 nM (Fig. 1). The membrane preparation
showed a high expression level of P2Y12 receptors
(Bmax = 7.66 ± 0.69 pmol/mg of protein). Non-specific
binding was low and amounted to only 20% of total
binding at a concentration of 5 nM (close to KD).


Preliminary competition assays showed an expected rank
order of potency typical for P2Y12 receptors (data not
shown): PSB-0412 > 2-methylthio-ADP � ADPbS >
ATP P ADP.


In conclusion, we have developed a selective, high-affin-
ity radioligand for the P2Y12 receptor expressed on
blood platelets which should be useful for the character-
ization of the P2Y12 receptors on the protein level in dif-
ferent cells and tissues. It will allow experiments to
directly study interactions between the receptor protein
and its ligands. The new radioligand will enable us to
set up a screening assay in order to search for novel
P2Y12 receptor agonists and competitive antagonists.
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Abstract—Pyrimido-oxazepine based sub-micromolar inhibitors (2–4) for Aurora and FLT-3 were designed and synthesized. These
preliminary results supported the potential use of pyrimido-oxazepines as a versatile template for developing specific kinase
inhibitors.
� 2005 Elsevier Ltd. All rights reserved.
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In the past decade, the kinase targeted cancer therapy1


has gained increasing momentum, leading to the launch
of small molecule kinase inhibitors such as Gleevec,TM,2


Irresa,TM,3 and Tarceva.TM,4 Both Iressa and Tarceva
are quinazoline based chemical entities that target the
epidermal growth factor receptor (EGFR). The quina-
zolines, like most of the known kinase inhibitors, are
ATP competitive inhibitors. Due to the highly conserved
ATP binding pockets, and their less conserved neighbor-
ing sites, it is feasible to modify the substituents on a
common scaffold to target specific kinases. For example,
quinazoline as a structural class has been reported as
potent inhibitors of not only EGFR but also other ki-
nases.5 Recently, we disclosed the pyrimido-oxazepine
1 as potent EGFR inhibitors.6 We therefore envisioned
the possibility of extending this scaffold to inhibitors of
other selected kinases. In this letter, we want to report
our preliminary results that will serve to validate pyrim-
ido-oxazepine, such as 1–4 (Fig. 1), as a new versatile
scaffold for selected kinase inhibitors, upon modifica-
tions of its substitution pattern (e.g., R1 and R2).


Aurora7 and FLT-38 were chosen as the biological tar-
gets based on an overall evaluation of their clinical rel-
evance in cancer treatment and room for improvement
among the known inhibitors currently in development.
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Rational drug design and computer modeling generated
oxazepines 2 as potential inhibitor for Aurora, as well as
3 and 4 for FLT-3.


A convergent synthetic route toward 2 was developed,9


featuring a Buchwald-type coupling of weakly nucleo-
philic amines, such as 6,10 with 4-chloro oxazepine 59


(Scheme 1). Coupling of independently prepared 5 and
6 expedited SAR studies aimed at examining the influ-
ence of substitutions on either aryl ring. The Aurora
kinase inhibitory activity of 2 was determined with an
Aurora A kit (Table 1).11


Results in Table 1 indicate that as expected, variations
on R2 had dramatic effects on the Aurora A inhibitory
activity. When Ar was phenyl (2a–e), a methoxy
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Table 1. In vitro inhibition of Aurora A by 2


Compound R2 Ar Aurora A inhibition IC50
a (lM)


2a H Ph 1.9


2b 7-MeO Ph 2.2


2c 8-MeO Ph 0.97


2d 9-MeO Ph 0.60


2e 10-MeO Ph >10


2f 8-MeO Ph 0.47


9-MeO


2g 9-Et2N Ph 5.0


2h H p-MePh 3.7


2i 8-MeO p-MePh 3.5


2j 8-MeO p-MePh 1.2


9-MeO


2k 8-MeO m-F-Ph 1.1


2l 9-MeO m-F-Ph 0.32


2m 8-MeO m-F-Ph 1.1


9-MeO


2n 9-MeO p-F-Ph 0.33


a Average of three experiments with SD < 10%.
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substituent at C-9 (2d) or C-8 (2c) was preferred. Com-
pound 2f, with 8,9-dimethoxy substitution, had an IC50


of 0.47 lM. Switching methoxy to a diethylamino sub-
stituent resulted in diminished activity (2d vs 2g). When
R2 was 9-methoxy, a fluoro substituent at the meta posi-
tion of the Ar group of the amide moiety improved the
Aurora A inhibitory activity by about 1-fold (2l vs 2d).
A similar observation was made when Ar was substitut-
ed with a para-fluoro group (2n vs 2d). In contrast, when
R2 was 8,9-dimethoxy, a meta-fluoro substituent result-
ed in a loss of activity (2m vs 2f).


Encouraged by the results, and to further validate
pyrimido-oxazepine as a versatile scaffold for kinase
inhibition, we shifted our effort to the preparation of
the oxazepine based FLT-3 inhibitors 3 and 4. The prep-
aration of 3 is illustrated in Scheme 2. The nitro groups
in oxazepine 5 and 79 were reduced with indium in the
presence of ammonium chloride to afford anilines 8
and 9, respectively, in moderate to good yields.12 Since
the early phases of SAR studies indicated that the pre-
ferred substituents on the terminal Ar moiety were
para-chloro and meta-trifluoromethyl, 8 and 9 were then
reacted with 1-chloro-4-isocyanato-2-trifluoromethyl-
benzene (10) to afford 3a and 3b in good yields.


In order to obtain imine 4, an alternative route as shown
in Scheme 3 was developed. The aldehyde functionality
of 2-hydroxy-5-nitro-benzaldehyde (11) was first pro-
tected as its 1,3-dioxane derivative to afford 12.13 The

nitro group of 12 was then reduced under hydrogenation
conditions, followed by condensation with the isocya-
nate 10 to give urea 13 in good overall yield. Addition
of 13 to dichloro-pyrimidine 14 under basic conditions
provided 15 in a 50% yield. The protected aldehyde moi-
ety in 15 was then released in the presence of catalytic
amount of p-toluene sulfonic acid (p-TsOH), followed
by cyclization at 120 �C under vacuum, to afford imine
4a. Although this route worked well for 4a, which had
a 4-Cl substituent, it failed to provide the corresponding
2-Cl isomer.


Oxazepines 3 and 4 were tested in a homogeneous time-
resolved fluorescence (HTRF) assay,14 and the results
are summarized in Table 2. As expected, both 3b and
4a showed sub-micromolar activities against FLT-3,
with 4a having an IC50 of 0.45 lM. On the pyrimidine
ring, the preferred substitution position was C-2 instead
of C-4 (3a vs 3b), indicating a possible future SAR direc-
tion. In a further phase of the SAR study, we also re-
placed the chlorides in 3a and 4a with various primary
and secondary amines. However, this resulted in dimin-
ished FLT-3 inhibitory activity.15


Compound 4a was also screened against other kinases
including EGFR, KDR, ETK, FLT-1, IGF-1R, IR, c-
Met, and FGF-1R. It showed modest activities against
IR and KDR (IC50s of around 9.5 lM), and no activities
against the rest of the kinases even at 25 lM. Time
course studies also excluded the possibility of 4a acting
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Table 2. In vitro inhibition of FLT-3


N


N O


A
4


2


Cl
NH


NH
O


ClF3C


3 and 4


Compound Cl A FLT-3 inhibition IC50
a (lM)


3a 4-Cl –NHCH2– 13.7


3b 2-Cl –NHCH2– 0.9


4a 4-Cl –N@CH– 0.45


a Average of three experiments with SD <10%.
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as an irreversible FLT-3 inhibitor via covalent addition
to its imine bond.


In summary, pyrimido-oxazepine based sub-micromolar
inhibitors for Aurora and FLT-3 were designed and syn-
thesized (2–4). These preliminary results supported the
potential application of pyrimido-oxazepine as a versa-
tile template for the development of inhibitors of specific
kinases.
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Abstract—A series of N-8-substituted benztropinamines was synthesized and evaluated for binding at the dopamine (DAT), sero-
tonin (SERT), norepinephrine (NET) transporters, and muscarinic M1 receptors. In general, the isosteric replacement of the C-3
benzhydrol ether of benztropine by a benzhydryl amino group was well tolerated at the DAT. However, for certain N-8 substituted
derivatives, selectivity over muscarinic M1 receptor affinity was reduced.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of cocaine and benztropine (BZT).

Cocaine (1) is an effective psychomotor stimulant drug
that is subject to widespread abuse. Among the multiple
actions of cocaine, the inhibition of dopamine uptake
via the dopamine transporter (DAT) is thought to be
the primary mechanism underlying its stimulant and
reinforcing effects.1–4


The dopamine uptake inhibitor benztropine (2, BZT)
has structural similarities to cocaine (1), however, the
behavioral effects of BZT and many of its analogs differ
from those of cocaine.5 Structure–activity relationships
(SAR) for benztropine-based analogs have been devel-
oped in an attempt to provide insight into dopamine
transporter function and the neurobiological substrates
involved in cocaine abuse6,7 and these efforts may also
provide leads for the discovery of medications for the
treatment of cocaine abuse (see Fig. 1).


A variety of structural analogs of BZT have been syn-
thesized to improve affinity for the DAT and selectivity
among the sites at which the analogs bind. For example,
the effect of various substituents on the C-3 benzhydrol
ether moiety has been studied,8,9 an ester function has
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been introduced into the 2-position,10,11 and the conse-
quence of substituents at the 6,7-bridgehead has been
reported.12–15 Furthermore, the SAR of analogs bearing
different substituents on the N-8 nitrogen have been
explored.16–19


In continuation of the efforts to explore the SAR of BZT
analogs, this report examines the isosteric replacement
of the benzhydrol ether moiety by a benzhydryl amino
group. If such a modification is tolerated at the DAT,
it is expected that, compared to their corresponding
BZT analogs, the resulting benztropinamine derivatives
4a–m might be more chemically stable and the water sol-
ubility might be improved.


The synthesis of the N-8 substituted benztropinamine
analogs is depicted in Scheme 1. In short, the a-tropin-
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Scheme 1. Synthesis of the benztropinamine analogs. Reagents and conditions: (a) 1—1 eq. benzhydryl chloride analogue, acetonitrile, reflux, 34–
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amines 320 were alkylated with the appropriate benzhy-
dryl chloride to give the benztropinamines 4a–e in low
to moderate yields. The N-nor-derivative 4f was pre-
pared in excellent yield from 4a by N-demethylation
with 1-chloroethyl chloroformate followed by methanol-
ysis. The N-8 substituted derivatives 4g–j were prepared
from 4f by alkylation with the appropriate alkylbro-
mide. Side products resulting from potential alkylation
at the benzhydryl nitrogen were not observed, presum-
ably due to steric hindrance. Compounds 4k and 4l were
prepared using standard procedures. In order to test the
influence of the configuration at C-3 of the tropane moi-
ety on binding at the monoamine transporters and the
M1 receptors, the b analog 4m was synthesized from
the b-tropinamine 5.21 All final compounds were puri-
fied by column chromatography and crystallization of
their oxalate or tartrate salts.22


Binding affinities of the novel benztropinamines 4 and
selected BZT analogs 6 at the DAT in rat brain mem-
branes are depicted in Table 1. The benztropinamine
derivative 4a is the amine analog of the benzhydrol ether
derivative 6a. Compound 4a (Ki = 11.3 nM) demon-

strates a �3-fold lower affinity at the DAT than the
ether derivative 6a (Ki = 4.11 nM). Under these assay
conditions 6a exhibits DAT over SERT and DAT over
NET selectivities of 794- and 148-fold, respectively.14


For 4a the binding selectivities of DAT over SERT
and DAT over NET (Table 2) appear to be preserved.
4a (Ki = 7.81 nM) exhibits a very similar binding affinity
at the M1 receptor as 6a (Ki = 11.6 nM).14 Thus, due to
the lower binding affinity of 4a at the DAT, the DAT
over M1 receptor selectivity for this compound is some-
what reduced as compared to 6a.


A comparison between the aderivative 4a and the b deriv-
ative 4m reveals that configuration at C-3 plays a pivotal
role for the binding affinity at the DAT and theNET, and
to a somewhat lesser extent at the SERT and the M1
receptor. As such, compared to 4a, the binding affinity
of 4m at the DAT is reduced by 58-fold. A similar SAR
at the DAT concerning the configuration at C-3 has been
previously described for the benzhydrol ether analogs.8


The introduction of a methyl group at the benzhydryl
nitrogen, resulting in the tertiary amine 4e, reduces the







Table 1. Binding data at the DAT for the benztropinamines 4 and selected BZT derivatives 6 in rat brain membranesa


NR3


O


H


R2


R1


4 6


NR3


N


H


R2


R1


R4


Compound R1 R2 R3 R4 DAT [3H]WIN 35,428 Ki ± SEM (nM)


4a 4-F 4-F CH3 H 11.3 ± 1.61


4b 4-Cl 4-Cl CH3 H 38.1 ± 5.35


4c 4-Cl H CH3 H 36.5 ± 0.66


4d 3,4-Cl 3,4-Cl CH3 H 5.35 ± 0.25


4e 4-F 4-F CH3 CH3 123 ± 15.5


4f 4-F 4-F H H 8.45 ± 0.23


4g 4-F 4-F Allyl H 26.8 ± 3.43


4h 4-F 4-F n-Butyl H 21.5 ± 2.31


4i 4-F 4-F 4-Phenylbutyl H 11.7 ± 0.39


4j 4-F 4-F [3-(N-Phenyl)-propionamido]- H 4.61 ± 0.54


4k 4-F 4-F 2-Ethylamino H 12.5 ± 1.73


4l 4-F 4-F [2-(1H-Indol-3-yl)-ethyl]- H 64.5 ± 4.32


4mb 4-F 4-F CH3 H 661 ± 35


6a 4-F 4-F CH3 n/a 4.11 ± 0.5014


6b 4-F 4-F [3-(N-Phenyl)-propionamido]- n/a 6.22 ± 0.73


6c 4-F 4-F 2-Ethylamino n/a 5.59 ± 0.62


6d 4-F 4-F [2-(1H-Indol-3-yl)-ethyl]- n/a 29.2 ± 3.24


Cocaine 74.3 ± 5.42


a Each Ki value represents data from at least three independent experiments, each performed in triplicate. Ki values were analyzed by GraphPad


Prism. A detailed description of the binding assay methods has been previously published.23


b The configuration at C-3 is beta.


Table 2. Binding data and selectivities for the benztropinamines 4 at the SERT, NET and muscarinic M1 receptors


Compound SERTa NETa M1a SERT/DAT NET/DAT M1/DAT


[3H]Citalopram


Ki ± SEM (nM)


[3H]Nisoxetine


Ki ± SEM (nM)


[3H]Pirenzepine


Ki ± SEM (nM)


4a 8685 ± 436 1810 ± 269 7.81 ± 1.17 769 160 0.7


4b 4180 ± 623 7580 ± 325 50.0 ± 7.10 110 199 1


4c 13,600 ± 1040 3170 ± 233 9.3 ± 0.27 373 87 0.3


4d 3010 ± 332 259 ± 33.6 17.8 ± 2.27 563 48 3


4e 17,200 ± 2460 8410 ± 724 18.6 ± 2.48 140 68 0.2


4f 4150 ± 368 997 ± 107 154 ± 19.6 491 118 18


4g 3920 ± 581 5580 ± 821 130 ± 10.5 146 208 5


4h 2640 ± 27.6 2920 ± 209 454 ± 36.7 123 136 21


4i 502 ± 68.1 1630 ± 115 438 ± 56.2 43 139 37


4j 608 ± 41 2470 ± 83.3 2540 ± 124 132 536 551


4k 10,900 ± 1090 3550 ± 222 2110 ± 109 872 284 169


4l 347 ± 41.3 8250 ± 939 413 ± 6.55 5 128 6


4m 48,500 ± 6370 15,2000 ± 12,300 59.4 ± 7.3 73 230 0.1


6a 3260 ± 10814 844 ± 56.514 11.6 ± 0.9314 793 205 3


a A detailed description of the binding assay conditions have been previously published.18 Binding data were analyzed as described in Table 1.
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binding affinity at the DAT by 11-fold compared to the
secondary amine 4a. The binding affinities at the SERT
and the M1 receptor (�2-fold lower) are far less affected
by this modification than the binding affinity at the NET
(�5-fold lower).


The impact on the binding affinity at the monoamine
transporters and the M1 receptor of different substitu-

tion patterns on the benzhydryl moiety was evaluated
with analogs 4b–d. Compared to the 4,4 0-difluoro ana-
log, 4a, the 4,4 0-dichloro as well as 4-monochloro substi-
tution, compounds 4b and 4c, reduced binding affinity at
the DAT by approximately 3-fold. As with 4a, the M1
over DAT selectivity was reduced compared to the cor-
responding ether derivatives. Only the derivative 4d,
with a 3,4-dichloro substitution on both phenyl rings,
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has a somewhat higher binding affinity at the DAT (2-
fold) and a higher DAT over M1 selectivity than 4a.
However, with 4d DAT selectivity over NET was re-
duced by 3-fold.


In the benzhydrol ether (BZT) series, it has been shown
that N-demethylation at the N-8 nitrogen and alkylation
lead to higher DAT over muscarinc M1 selectivities.
Likewise, in compounds 4f–k this modification is gener-
ally well tolerated at the DAT and leads to a higher
DAT over M1 selectivity profile than the parent com-
pound 4a. Furthermore, these N-8 modified compounds
show a retained if not higher DAT over NET selectivity.
However, with the exception of 4k, all of these com-
pounds demonstrate a somewhat lower DAT over
SERT selectivity than 4a.


As such, the anilino amide derivative 4j exhibits the
highest DAT binding affinity (Ki = 4.61 nM) and the
highest DAT over NET and M1 selectivities in this series
(535- and 551-fold, respectively). Incidentally, the corre-
sponding ether derivative 6b (Ki = 4.61 nM) has a simi-
lar binding affinity at the DAT and a similar
selectivity profile over the NET and the muscarinic
M1 receptor.17 However, the benzhydrol ether deriva-
tive has a somewhat higher DAT over SERT selectivity
than 4j, (239-fold compared to 132-fold).17


The N-8 ethylamino derivative 4k shows a similar bind-
ing affinity at the DAT as the parent compound 4a. The
DAT over SERT and NET selectivity profile is retained,
if not somewhat improved. Compared to 4a, the binding
affinity at the muscarinic M1 receptor is greatly reduced
(170-fold).


The indole derivative 4l differs from the rest of the N-8
modified derivatives (compounds 4f–k) in that its bind-
ing affinity at the DAT is 6-fold lower than that of the
parent compound 4a. Further, its SERT affinity is the
highest within the series, presumably due to the indole
moiety as a serotonin-like pharmacophore, resulting in
only a 5-fold DAT over SERT selectivity. Indeed, the
DAT/SERT dual activity has been suggested to also
have promise as a cocaine-abuse medication target.24


Interestingly, the corresponding benzhydrol ether deriv-
ative 6d demonstrated a 5-fold lower binding affinity at
the DAT compared to that of 6a, but showed a 160-fold
DAT over SERT selectivity (Ki (SERT) = 4600 nM).


In summary, these 3-amino derivatives of BZT show a
novel structural approach to the development of DAT
selective compounds. In general, the isosteric replace-
ment of the benzhydrol ether moiety by an amino benz-
hydryl group is well tolerated at the DAT and compared
to their ether counterparts, these derivatives show a sim-
ilar SAR. In vivo studies are currently underway.
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Abstract—Heterodimeric compounds H-Dmt-Tic-NH-hexyl-NH-R (R = Dmt, Tic, and Phe) exhibited high affinity to d-
(Kid = 0.13–0.89 nM) and l-opioid receptors (Kil = 0.38–2.81 nM) with extraordinary potent d antagonism (pA2 = 10.2–10.4).
These compounds represent the prototype for a new class of structural homologues lacking l-opioid receptor-associated agonism
(IC50 = 1.6–5.8 lM) based on the framework of bis-[H-Dmt-NH]-alkyl (Okada, Y.; Tsuda, Y.; Fujita, Y.; Yokoi, T.; Sasaki, Y.;
Ambo, A.; Konishi, R.; Nagata, M.; Salvadori, S.; Jinsmaa, Y.; Bryant, S. D.; Lazarus, L. H. J. Med. Chem. 2003, 46, 3201), which
exhibited both high l affinity and bioactivity.
� 2005 Elsevier Ltd. All rights reserved.

The combination of two unnatural amino acids, 2 0,6 0-di-
methyl-LL-tyrosine (Dmt) and 1,2,3,4-tetrahydroisoquin-
oline-3-carboxylic acid (Tic), produced a new family of
d-opioid antagonists.1 This dipeptide H-Dmt-Tic-OH
not only had d-opioid receptor antagonism (pA2 = 8.2)
with high affinity [Kid = 0.022 nM] and extraordinarily
selectivity for d-opioid receptors [Kil/Kid = 150,800],1


but also exhibited in vivo antagonism following systemic
administration against deltorphin II-induced analgesia.2


Due to the unique biological properties of the Dmt-Tic
motif, intensive structure–activity studies were conduct-
ed in order to develop bifunctional or heterofunctional
opioid ligands.3 The extensive modifications included
N-alkylation,4 change of the position of hydroxyl and
methyl groups on the tyramine ring,5 introduction of a
b-methyl to the Dmt residue,6 modification of the 5–7
positions of Tic aromatic ring with various groups, such
hydroxyl, halogen, nitro, and phenyl,7 as well as substi-
tution of Tic with its DD-isomer, DD- or LL-Phe,8 heteroaro-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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matic or heteroaliphatic nuclei,9 the conversion of the C-
terminal carboxyl group to amide,1,4b ester,4b and alco-
hol,1,10 and conjugation of a third aromatic center at the
C-terminal with or without interposing linkers.4c,11


Many of the analogues exhibited the desired properties,
including enhanced d-opioid antagonism,1–11 conversion
from a d antagonist to a d agonist,11a the appearance
of opioids with mixed l agonist/d antagonist
properties,4b,c,11a,b and the development of an irrevers-
ible fluorescent d antagonist.11c


Recently, a series of homodimeric Dmt-Tic compounds
were prepared by covalent linkage through a diam-
inoalkane and a symmetric or asymmetric 3,6-diam-
inoalkyl-2(1H)-pyrazinone.12 The extraordinarily high
d-opioid-mediated antagonism (pA2 = 10.3–11.2) was
independent of the chemical nature or length of the
linker between the Dmt-Tic pharmacophores.12 Previ-
ously, Balboni et al.11a proposed that Dmt-Tic-medi-
ated antagonism in C-terminally extended analogues
containing benzimidazole or phenyl as the third aro-
matic center primarily depended on the length of the
interposing linker between Tic and to a lesser degree
on the aromatic moiety. In order to investigate the
effect of another type of aromatic pharmacophore
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Fmoc-NH-(CH2)6-NH-Boc Fmoc-NH-(CH2)6-NH-Xaa-Boc


Boc-Dmt-Tic-NH-(CH2)6-NH-Xaa-Boc


1 Xaa = Dmt
2 Xaa = Tic
3 Xaa = Phe


4 Xaa = Dmt
5 Xaa = Tic
6 Xaa = Phe


Dmt-Tic-NH-(CH2)6-NH-Xaa


7 Xaa = Dmt
8 Xaa = Tic
9 Xaa = Phe


i, ii


iii, iv i


Scheme 1. Synthesis of Dmt-Tic-NH-(CH2)6-NH-Xaa. Reagents: (i)


TFA/anisole; (ii) Boc-Xaa-OH, DIPEA, PyBop, DMF; (iii) 20%


piperidine/DMF; (iv) Boc-Dmt-Tic-OH, DIPEA, PyBop, DMF.
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and a longer alkyl spacer, heterodimers of H-Dmt-Tic-
NH-hexyl-NH-R (R = Dmt, Tic, and Phe) were pre-
pared (Scheme 1). These compounds had a biological
activity profile similar to that of the Dmt-Tic homodi-
mers, suggesting that the activity was affected predom-
inantly by the Dmt-Tic pharmacophore. Furthermore,
the third aromatic center (Dmt, Tic, or Phe) appeared
to enhance interaction with l-opioid receptors, but not
biological activity as observed in other Dmt-Tic ana-
logues containing C-terminal hydrophobic moieties3,4


and various enkephalin analogues.13


Dmt was prepared according to Dygos et al.14 and the
catalyst, (R,R)-(�)-1,2-bis[(O-methoxyphenyl)(phenyl)-
phosphino]ethane-(1,5-cyclooctadiene)rhodium(I) tetra-
fluorobroate,14 was a product of Strem Chemicals Inc.
Boc-Dmt-Tic-OH was prepared as described.4b Fmoc-
NH-(CH2)6-NH-Boc was prepared from Boc-NH-
(CH2)6-NH2


15 by the usual method. Asymmetric
bipharmacophoric compounds (7–9) were synthesized
as shown in Scheme 1. Removal of Boc-group of
Fmoc-NH-(CH2)6-NH-Boc with TFA/anisole and pre-
cipitation of the Fmoc-protected diaminohexane with
ether yielded an oily material; therefore, the solvent
was removed in vacuo and the oily material was used
directly for condensation with Boc-Xaa-OH
(Xaa = Dmt, Tic, and Phe) using PyBop as coupling re-
agent to give compounds 1–3. The Fmoc-group of 1–3
was removed with 20% piperidine in DMF. After

Table 1. Rat brain membrane opioid receptor binding affinity of Dmt-Tic h


Compound Peptide


7 H-Dmt-Tic-NH-(CH2)6-NH-Dmt-H


8 H-Dmt-Tic-NH-(CH2)6-NH-Tic-H


9 H-Dmt-Tic-NH-(CH2)6-NH-Phe-H


H-Dmt-Tic-NH-(CH2)6-NH-Tic-Dmt-Hd


H-Dmt-Tic-OHe


H-Dmt-Tic-NH2
e


aKi values reported as mean ± SE; the number of independent repetitions is
b Versus [3H]deltorphin II.
c Versus [3H]DAMGO.
dData cited from Ref. 12.
e Data cited from Ref. 1.

removal of solvent in vacuo, the residue was coupled
with Boc-Dmt-Tic-OH using PyBop as coupling reagent
in DMF to give compounds 4–6. The Boc-protecting
group was removed with TFA/anisole, and the crude
compounds (7–9) were precipitated with ether and puri-
fied by semi-preparative RP-HPLC.16


The d- and l-opioid receptor affinities of the heterodi-
mers were determined as previously published with rat
brain membranes17 (Table 1). The heterodimers 7–9
had quite high binding affinities to both d- and l-opioid
receptors, comparable to those of the Dmt-Tic homo-
dimers12 and other Dmt-Tic analogues.3b Relative to
the parent compound H-Dmt-Tic-NH2 (Table 1), the
heterodimers increased affinity to d-opioid receptors by
several fold, while l affinity rose by over two orders
magnitude. The third aromatic center interacted with
and enhanced the affinity toward l-opioid receptors as
seen consistently with other Dmt-Tic analogues
containing hydrophobic or aromatic groups at the
C-terminus.3b,4b Interestingly, the replacement of one
H-Dmt-Tic pharmacophoric unit from bis-[H-Dmt-
Tic-NH]-hexyl12 with H-Dmt (7) increased l-opioid
receptor affinity nearly 5-fold (Kil = 0.38 nM) (Table
1). This phenomenon supports the observations that
Dmt primarily improves the affinity to l-opioid recep-
tors more than to d-opioid receptors,18 although as a
single amino acid (H-Dmt-NH-CH3) it binds only to
l-opioid receptors.19 The combination of Dmt with
Tic, on the other hand, greatly enhanced the interaction
with d-opioid receptors.1 Furthermore, substitution of
Dmt (7) by Tic (8) or Phe (9) revealed a weaker l-opioid
receptor affinity than 7 demonstrating the efficacy of
Dmt in the interaction with opioid receptor binding
sites. Although Phe was observed to enhance the inter-
action with l-opioid receptors,4c,8 Tic and Phe had sim-
ilar Ki values to that of the homodimer,12 substantiating
earlier studies that Tic has a preference for d-opioid
receptors.1–11


The functional biological activities were evaluated
using classic pharmacological methods: isolated guin-
ea-pig ileum (GPI) for l-opioid receptors and mouse
vas deferens (MVD) for d-opioid receptors20


(Table 2). A third aromatic center in the heterodimers
(7–9) induced a greater than 50-fold increase in d-re-
ceptor antagonism comparable to that observed with
homodimers,12 and being 2–3 orders of magnitude
greater than the parent compounds and 10-fold greater

eterodimers


Kid (nM)a,b Kil (nM)a,c Kid/Kil


0.23 ± 0.02 (3) 0.38 ± 0.03 (3) 2


0.13 ± 0.03 (4) 2.81 ± 0.16 (3) 22


0.89 ± 0.10 (4) 1.91 ± 0.26 (5) 2


0.13 ± 0.03 1.79 ± 0.08 14


0.022 3320 150,780


1.22 277 227


noted in parentheses (n).







Table 2. Functional bioactivities of Dmt-Tic heterodimers


Compound Peptide MVDa GPIa


Agonism IC50, nM Antagonsimb pA2 Agonism IC50, nM Antagonism pA2


7 H-Dmt-Tic-NH-(CH2)6-NH-Dmt-H >10,000 10.2 5900 ± 780 ND


8 H-Dmt-Tic-NH-(CH2)6-NH-Tic-H >10,000 10.4 1600 ± 250 ND


9 H-Dmt-Tic-NH-(CH2)6-NH-Phe-H >10,000 10.3 5550 ± 900 ND


H-Dmt-Tic-NH-(CH2)6-NH-Tic-Dmt-Hc >10,000 10.6 2720 ± 1360 ND


H-Dmt-Tic-OH — 8.5 — —


H-Dmt-Tic-NH2
d 7.2 >10,000 —


Naltrindoled — 9.2 — 7.3


A dash (—) = none recorded; ND = not determined.
a The data are means of at least five to six independent repetitions using different isolated tissue preparations.
b Versus deltorphin II as the d agonist.
c Data cited from Ref. 12.
d Data cited from Ref. 1.
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than naltrindole (Table 2). Thus, while a single Dmt-
Tic pharmacophoric unit contributed to the d antago-
nism, the presence of a third aromatic center (Dmt,
Tic, or Phe) C-terminal to the hexyl linker in the het-
erodimers apparently played an auxiliary role in recog-
nition by the l-opioid receptor,3,4 or possibly acted in
the stabilization of the ligand within the receptor.18d In
contrast to the high l-opioid affinity, the heterodimers
7–9 exhibited very weak l agonism. In fact, while the
presence of a third aromatic center in H-Dmt-Tic-NH-
linker-R compounds generally enhances l-receptor
affinity with or without l-opioid receptor-associated
agonism,4c,11a,11b the lack of a biological response by
these analogues suggests a difference between receptor
binding and the triggering of l agonism as observed
previously.3,4,13 Although the argument has been advo-
cated that the difference in tissues used between assays
might account for the discrepancies observed, the liter-
ature is replete with complete correlations between
receptor affinity and functional bioactivity and consid-
ered sine qua non;6,7,10,19 however, in some notable
cases, a discrepancy occurs among these assays that
lacks a plausible answer.3,4,13c


In conclusion, we developed a new series of Dmt-Tic
heterodimers (H-Dmt-Tic-NH-hexyl-NH-R) in which
the R group is an aromatic or hydrophobic center that
contributes to their significantly increased l affinity,
although the compounds remained potent d antagonists.
Moreover, they should exhibit greater stability than the
original dipeptides, H-Dmt-Tic-OH and H-Dmt-Tic-
NH2, which spontaneously cyclize to diketopipera-
zines.21 Although the presence of a third aromatic center
permitted interaction with l-opioid receptor, that bind-
ing was insufficient to engage the tissue-bound receptor
(GPI) to initiate l agonism, presumably due to the con-
siderably more potent effect dictated by the Dmt-Tic
pharmacophore that is known to predominantly elicit
d antagonism.3–5,7
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Abstract—A family of differentially substituted poly(ethyleneglycol) building blocks has been assembled from commercially avail-
able material. Their utility is demonstrated by formation of amino acid conjugates, image contrast agents, gold nanoparticles, and
functional antibody conjugates. Application in the cellular trafficking of antitumoral agent conjugates is expected.
� 2005 Elsevier Ltd. All rights reserved.

One of the goals of targeted drug delivery is to enhance
uptake at the desired site of action using the minimum
effective dose of agent.1 In the case of many solid tu-
mors, it has been shown that derivatizing or encapsulat-
ing drugs with polymers including poly(ethyleneglycols)
1 can greatly improve their circulating half-lives and in
some cases enhance uptake in tumors by exploiting the
leaky vasculature.2 This strategy can also help overcome
immunogenic reactions to protein based drugs, and is
currently being employed in a clinical trial of an ened-
iyne–chromoprotein complex, with encapsulation in a
block-copolymer.3 In the field of prostate cancer, lipo-
some encapsulated drugs have been explored as have
polymer coupled agents. One of these, a poly(ethylene-
glycol) (PEG) linked doxorubicin, has shown enhanced
efficacy.4While PEG derivatives
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continue to be evaluated,2 there is considerable interest
in related polymers including lactic acids (2) and hy-
brids, e.g., the PEG—polylactic acids (PLA, 3), a nano-
particle conjugate of which has been shown to adhere to
prostate membrane specific antigen (PMSA) expressing
cells when coupled to aptamers that bind PMSA.5


Accordingly, there is considerable interest in derivatives
of reagent-grade polymers, which can be readily tailored
for specific purposes, e.g., attachment of aptamers, fluo-
rescent imaging agents, antibodies, and motifs to en-
hance nuclear uptake.6


Our initial objective was to demonstrate a route to
bifunctional building blocks commencing with commer-
cially available starting materials. An uncapped 1.5K
average molecular weight PEG diol 4 (Aldrich) was
selected and subjected to desymmetrization (Scheme
1). Bis tosylation to 5 can be avoided by use of silver
oxide/KI, and the resulting monotosylate was converted
to thioacetate 6 via nucleophilic displacement with the
potassium salt.7 Compound 6 proved highly versatile
for production of numerous derivatives, the thio group
selected on the basis of potential adduction to surfaces
using established thiol chemistry.8 Conversion to the
corresponding mesylate of 6 proved more efficient than
the tosylate, allowing azido displacement to give 7,
which may have application as a photoaffinity tag. Inter-
estingly, microwave displacement (CEM Navigator sys-
tem) was highly efficient giving an 80% yield of product
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Scheme 1. Preparation of bifunctional PEG building blocks.
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within 2 min. To introduce carboxaldehyde functional-
ity, addition of bromoacetal 8 to the alkoxide salt of 6
was conducted and then the aldehyde was unmasked
using Amberlyst resin. Product 9 was subjected to spec-
imen reductive amination, benzylamine giving amine 10

in good yield without compromise of the thioacetate
group. Despite numerous efforts, attempted Staudinger
reduction of azide 7 was unsuccessful,9 thus we sought
alternate means to introduce amine functionality. Rem-
edy was found by alkylation with bromide 11, which in
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unmasking gave reagent 12. Complementary reductive
amination using 12 was achieved, benzaldehdye giving
product 13 in good yield. More significantly, peptide
bond formation from 12 was also achievable, a protect-
ed lysine derivative giving adduct 14 in good yield via
use of the activated NHS ester. With seven different
derivatives accessible, we turned attention to the pro-
duction of bioconjugates and sought to demonstrate
the utility of the masked thiol terminus for conjugation
to biocompatible nanocarriers. Substrate 6 was coupled
with a coumarin derivative, and the product subjected to
careful deprotection (Scheme 2). The resulting thiol (15)
was coupled with freshly prepared gold nanoparticles,
prepared from reduction of HAuCl4 using de-ionized
citrate solution.10 The product conjugates 16 (approx.
10–15 nM based on Coulter analysis)11 were re-suspend-
ed and subjected to fluorescence assays. The coumarin
label showed characteristic properties (kEx 326 nm, kEm
396 nm, Fig. 1), and permitted cellular visualization as-
says, which confirmed trafficking into cytosol using
phase contrast microscopy (Keck 3D fusion micro-
scope). Given the apparent ease with which gold nano-
particles can be functionalized using thiol chemistry,
coupled with their bio-compatibility, we anticipate
many applications of this strategy will be forthcoming.10


The next objective was to demonstrate attachment to
antibodies.12 Accordingly, derivative 9 was successful-
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Scheme 3. Preparation of heterobifunctional Mab-PEG derivatives.

ly subjected to reductive amination with a commer-
cially available goat anti-mouse antibody (Scheme
3). The resulting adduct 17 was then converted to a
labeled substrate by unmasking the terminal thiol
group and coupling with an activated fluorescein
derivative, both of which proceeded without incident.
The adduct 18 displayed excellent fluorescence char-
acteristics, permitting cellular affinity studies. Spectro-
scopic analysis revealed a ratio of 2 moles of labeled
PEG per antibody (based on IgGabs 280 nm and
F5M Emax of 73,000 at 494 nm). Additionally, the
competency of the antibody conjugates could be ver-
ified by conventional gel (Coomassie stain, Fig. 2)
and by Western assay using an anti-FITC rabbit
IgG-HRP.13


In summary, a series of functionalized PEG building
blocks bearing reactive functionality have been assem-
bled. Their utility has been demonstrated in the prepara-
tion of bioconjugates and image contrast agents.
Application of this chemistry in drug carrier conjugates
is an immediate and ongoing priority which will be
reported in due course.14
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Abstract—We report here the synthesis, characterization and in vitro antiamoebic activity of 5-nitrothiophene-2-carboxaldehyde
thiosemicarbazones (TSC), 1–5, and their bidentate complexes [Ru(g4-C8H12)(TSC)Cl2] 1a–5a. The biological studies of these com-
pounds were investigated against HK-9 strain of Entamoeba histolytica and the concentration causing 50% cell growth inhibition
(IC50) was calculated in the micromolar range. The ligands exhibited antiamoebic activity in the range (2.05–5.29 lM). Screening
results indicated that the potencies of the compounds increased by the incorporation of ruthenium(II) in the thiosemicarbazones.
The complexes 1a–5a showed antiamoebic activity with an IC50 of 0.61–1.43 lM and were better inhibitors of growth of E. histoly-
tica, based on IC50 values. The most promising among them is Ru(II) complex 2a having 1,2,3,4-tetrahydroquinoline as N4


substitution.
� 2005 Elsevier Ltd. All rights reserved.

Amebiasis can be considered the most aggressive disease
of the human intestine, responsible in its invasive form
for clinical syndromes, ranging from the classic dysen-
tery of acute colitis to extra-intestinal disease.1 The pro-
tozoan parasite Entamoeba histolytica causes amebic
colitis and amebic liver abscess, diseases that afflict mil-
lions of individuals in developing countries.2,3 Approxi-
mately 90% of patients who present with mild-to-
moderate amebic dysentery have a response to nitroim-
idazole therapy and metronidazole is the drug of choice
for amoebiasis. However, in many cases, parasite per-
sists in the intestine of patients and resistance to metro-
nidazole in many pathogenic bacteria and protozoa4,5 is
known. Therefore, the need for new drugs with similar
therapeutic activity but lower toxicity prevails.


Thiosemicarbazones are a class of small molecules that
have been evaluated for their chemotherapeutic activity
against many diseases.6–11 The search for new antiamoe-
bic agents has led to the examination of representative 5-
nitrothiophene-2-carboxaldehyde thiosemicarbazones.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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These ligands coordinate with metal ions inside the cell
and act as true active species. Ru(II) complexes are cur-
rently used as antileukaemic and antiviral, agents and as
treatment against several types of other serious disorders
such as Crohn�s disease.12–15 Complexation with the
metal protects the drug against enzymatic degradation
because of the inertness of certain metal–ligand linkages.
Therefore, the activity can be reinforced by the combi-
nation of effects from ligands and metal residue.16–18


We have earlier reported the synthesis and antiamoebic
activity of 5-nitrothiophene thiosemicarbazones, their
palladium(II) and ruthenium(II) complexes, and found
very promising results,19–21 the compounds found ac-
tive, their in vivo and cytotoxicity studies are in pro-
gress. In continuation of our research to find small
molecule inhibitors for the parasite E. histolytica, we re-
port here the synthesis of 5-nitrothiophene-2-carboxal-
dehyde thiosemicarbazones and their Ru(II)
complexes. In vitro antiamoebic activity of these com-
pounds was carried out against HK-9 strain of E. his-
tolytica for their ability to inhibit the growth of
parasite, which showed that the chelation induces signif-
icant changes in the antiamoebic activity.


The synthesis of 5-nitrothiophene-2-carboxaldehyde thi-
osemicarbazones 1–5 and their Ru(II) complexes 1a–5a
is outlined in Scheme 1. All the cycloaminothiocarbonyl
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hydrazines were N4-substituted with aromatic amines
and were prepared by the literature method.22 Conden-
sation of cycloaminothiocarbonyl hydrazines in water
with 5-nitrothiophene-2-carboxaldehyde in ethanol at
25 �C, for 3 h, afforded 5-nitrothiophene-2-carboxalde-
hyde thiosemicarbazones in 63–71% yield. After cooling,
all the compounds were filtered and purified by crystal-
lization from appropriate solvent. The product of the
Ru(II) complexes was obtained by refluxing 1 equiv each
of the free ligands and [Ru(g4-C8H12)(CH3CN)2Cl2] in
dry methanolic solution for 4 h. After keeping the
reaction flask at room temperature for 2 h, the brown
solid was filtered, washed with methanol and dried
in vacuo over silica gel. The precursor [Ru(g4-
C8H12)(CH3CN)2Cl2] used for the synthesis of Ru(II)
complexes was synthesized by the literature procedure.23


The structure of all the complexes 1a–5a was established
by comparing the spectral data IR, UV–vis and 1H
NMR with their respective ligands 1–5.24,25 The com-
plexes were additionally characterized by thermogravi-

metric analysis. The analytical data of these
compounds are in agreement with their composition
Table 1.


The IR spectra show band in the region 3205–3309 cm�1


due to stretching frequencies for NH. No band due to
the SH group is observed between 2500 and
2600 cm�1, in agreement with the thione form of the li-
gand and with the presence of band in the region 1017–
1034 cm�1 for m(C@S). A band for m(C@N) appears in
the region 1598–1625 cm�1 in all the ligands. In all the
complexes, NH band shifts slightly due to probable
adjustment of current arising due to coordination of thi-
onic sulfur. The (C@S) and (C@N) band shift to lower
frequencies was observed due to coordinate covalent
bonding of ligands resulting in deprotonation and bond-
ing through S and N. The preferential coordination of
thionic sulfur over sulfur of thiophene is due to more
nucleophilic character of the former. The band due to
m(C–S–C) (ring) of thiophene moiety remains unaltered
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in 1a–5a, indicating non-participation of ring sulfur in
coordination.


The electronic spectra of all the thiosemicarbazones
showed a similar pattern, exhibiting three bands in the
region 28752–30120, 37945–38840 and 47619–
48490 cm�1. The probable assignment for these bands
is due to the n ! p* (thiosemicarbazones), n ! p* (thio-
phene) and p ! p* (thiophene) transitions. A careful
comparison of the bands of electronic spectral bands
of complexes with those of the free ligands showed that
there was little change in the energy of these bands due
to extended conjugation of ligands after complexation.
In the spectra of complexes, these bands appeared at
ca. 25000, 37000 and 49000 cm�1, respectively. A very
intense band at ca. 21500 cm�1 in the electronic spectra
of the complexes is reasonably assignable to a combina-
tion of ligand to metal charge transfer and metal d–d
band transitions.


Further evidence for the coordinating mode of the thi-
osemicarbazones 1–5 was obtained by 1H NMR spectra.
In the 1H NMR spectra of all the thiosemicarbazones 1–
5 in DMSO-d6 do not show any resonance at ca.
4.0 ppm which attribute to –SH proton resonance, while
the appearance of a broad peak at 9.35–11.02 ppm due
to –NH proton indicates that even in a polar solvent
such as DMSO they remain in the thione form. The –
NH proton signal of the thiosemicarbazones usually
shifts to upfield and appears at 3.49–4.32 ppm in their
respective complexes. However, in some complexes, we
are unable to locate the –NH proton signal. This either
merges with aromatic protons or resonate beyond
15 ppm. This information suggests the adjustment of
electronic current upon coordination of >C@S group
to the metal ion. Other protons viz. CH3 protons, CH2


protons and aryl protons in complexes resonate nearly
in the same region as that of free ligands.


The thermogravimetric analysis profiles of complexes
la–5a under nitrogen along with the percentage weight
at different temperatures are recorded. These complexes
do not lose weight up to 235 �C. Further increment of
temperature causes decomposition of the complexes in
two steps. The temperature range for the first step being
235–410 �C for the ruthenium(II) complexes where loss
of mixed fragments was observed. The second step starts
immediately after first one and continues until complete
decomposition of the ligand and formation of RuS as
the end product. Although decomposed fragments of
the ligands could not be approximated due to continu-
ous weight loss, the total percentage of weight loss cor-
responds to the loss of the respective ligand after
considering the transfer of one sulfur atom to the ruthe-
nium and residue corresponds to the metal sulfide.


In this study, 5-nitrothiophene-2-carboxaldehyde thiose-
micarbazones 1–5 and their Ru(II) complexes 1a–5a
were synthesized and tested as inhibitors of the parasite
E. histolytica by microdilution method.26 They were as-
sessed in vitro against Hk-9 strain of E. histolytica and
the concentration (in micromolar) causing the 50% cell
growth inhibition (IC50) relative to control was calculat-







Table 2. In vitro screening of antiamoebic activities of thiosemicarbazones and their Ru(II) complexes against Hk-9 strain of Entamoeba histolytica


S. no. Compound IC50 (lM) SD*


1 5-N-2-TCA-NPPTSC 4.40 0.624


1a [Ru(g4-C8H12)(5-N-2-TCA-NPPTSC)Cl2] 1.16 0.123


2 5-N-2-TCA-1,2,3,4-THQTSC 2.05 0.196


2a [Ru(g4-C8H12)(5-N-2-TCA-1,2,3,4-THQTSC)Cl2] 0.61 0.084


3 5-N-2-TCA-2-CBTSC 4.48 0.550


3a [Ru(g4-C8H12)(5-N-2-TCA-2-CBTSC)Cl2] 1.43 0.135


4 5-N-2-TCA-2,4-DFATSC 5.29 0.839


4a [Ru(g4-C8H12)(5-N-2-TCA-2,4-DFATSC)Cl2] 1.40 0.151


5 5-N-2-TCA-2,6-DFATSC 4.59 0.692


5a [Ru(g4-C8H12)(5-N-2-TCA-2,6-DFATSC)Cl2] 1.19 0.138


Metronidazole 1.87 0.455


* Standard deviation.
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ed. The results are calculated in Table 2. Metronidazole
was used as a reference amoebicidal drug and had an
inhibitory concentration (IC50) of 1.87 lM obtained
against E. histolytica.27 The results were estimated as
the percentage of growth inhibition compared with the
untreated controls and plotted as probit values as a
function of the drug concentration. The IC50 and 95%
confidence limits were interpolated in the corresponding
dose–response curve. The biological test was carried out
using DMSO as the solvent28,29 in which the compounds
are stable. The ligands exhibited antiamoebic activity in
the micromolar range (2.05–5.29 lM). Incorporation of
Ru(II) metal was found to be important for potent anti-
amoebic activity in the series. The complexes 1a–5a
showed antiamoebic activity with an IC50 of 0.61–
1.43 lM were better inhibitors of growth of E. histolyti-
ca, based on IC50 values. The most promising among
them is Ru(II) complex 2a having 1,2,3,4-tetrahydro-
quinoline as N4 substitution. The results were statistical-
ly evaluated by analysis of variance. The null hypothesis
was tested using t test. The significance of the difference
between the IC50 values of metronidazole and the com-
plexes 1a–5a was evaluated by t test. The values of the
calculated t were found to be higher than the table value
of t at the 5% level, thus concluding that the character
under study is said to be significantly influenced by the
treatment. The Ru-complex precursor [RuCl2(g


4–
C8H12)(MeCN)2] was also evaluated for antiamoebic
activity. The IC50 value of the metal precursor establish-
es that the metal precursor has no activity against E. his-
tolytica. The results indicate that the complexation to
Ru increases the activity of parent ligands. All the
Ru(II) complexes showed better amoebicidal activity
as compared to their ligands. Detailed studies on the
mechanism of action of these compounds as well as fur-
ther modifications of these and other related thiosemic-
arbazones are in progress.
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Abstract—Several novel 2-imino-5-hydroxymethyl-8-methyl-2H-pyrano[2,3-c]pyridine-3-(N-aryl) carboxamides were prepared by
reaction of pyridoxal hydrochloride with various N-arylcyanoacetamides. Reaction of these compounds with aromatic amines fur-
nished a wide series of 2-(N-R-phenyl) imino-5-hydroxymethyl-8-methyl-2H-pyrano[2,3-c]pyridine-3-carboxamides. Antibacterial
and antifungal activities of the synthesized compounds were studied. Most of the obtained compounds demonstrated significant
activity against bacterial or fungal strains (MIC in the range of 12.5–25 lg/mL), displaying comparable or even better efficacy than
the standard drugs.
� 2005 Elsevier Ltd. All rights reserved.

Variously substituted coumarines (2H-2-chromenones),
present in the core of many physiologically active
agents, display interesting therapeutic properties. In par-
ticular, 3-substituted 2-imino derivatives of coumarine
have been shown to inhibit several enzymes, as well as
to modulate the activity of many receptors. Thus, 2-im-
ino-2H-chromene-3-carboxamide I was reported as effi-
cient inhibitor of tyrosine kinases, potentially useful as
oncolytic agent.1 Compound II was described as prom-
ising anti-inflammatory agent.2 Compound III with
hidden 2-imino-2H-chromene-3-carboxamide fragment
possesses potent activity against several tumor cell
lines.3 These examples illustrate the ongoing interest to-
ward new 2-imino-2H-chromenes and have prompted us
to explore the synthetic route to their heterocycle-mod-
ified 7-azaanalogs, which can serve as a promising
source of bioactive molecules (see Fig. 1).


In this work, we describe synthesis and biological activity
for a series of novel 2-(N-aryl) imino-5-hydroxymethyl-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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8-methyl-pyrano[2,3-c]pyridin-3-(N-aryl) carboxamides
IV. These compounds appeared to be potent
inhibitors of several pathogenic bacterial and fungal
organisms.


There are only a few reported syntheses of 2H-pyr-
ano[2,3-c]pyridines. Cho et al. described synthesis based
on palladium-catalyzed cyclization of iodopyridine allyl
ethers.4 Mekheimer et al.5 and Stoyanov et al.6 obtained
2H-pyrano[2,3-c]pyridines using the reaction of 4-hy-
droxy-2(1H)-pyridone with arylmethylene cyanoacetic
esters. Recently, we developed an efficient approach
to 2-imino-5-hydroxymethyl-8-methyl-2H-pyrano[3,2-
c]pyridine-3-carboxamides and their 2-imino deriva-
tives.7 Key reaction, which led to assembly of the target
2H-pyrano[2,3-c]pyridine heterocyclic system, was inter-
action of pyridoxal hydrochloride with cyanoacetamide
in the presence of piperidine. The procedure is similar to
that we recently described for synthesis of substituted 3-
carboxamide-2H-benzopyran-2-imines,8–10 and can be
recommended as an efficient synthetic approach to their
heteroatom-containing analogs, which are useful syn-
thetic intermediates for a variety of further transforma-
tions. In this work, using the similar synthetic scheme,
we obtained a series of 2H-pyrano[3,2-c]pyridines 4a–j
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Figure 1. I–III Reported biologically active 3-substituted 2-imino-2H-chromene derivatives.1–3 IV Structures synthesized in this work.


5484 I. O. Zhuravel� et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5483–5487

(Scheme 1, Table 1). Reaction of equimolar amounts of
pyridoxal hydrochloride 1 and several substituted 2-cya-
no-N-arylacetamides 2a–j in the presence of piperidine
(2 equiv) afforded arylcarboxamides 4a–j.11 The reaction
proceeded smoothly in absolute methanol via 2-cyano-
acrylamide intermediates 3a–j and led to assembly of
the target 2H-pyrano[2,3-c]pyridine heterocyclic system.
The resulting products precipitated from the reaction
mixture. Recrystallization from ethanol gave 4a–j as
white crystals in 56–88% yield.


In the mentioned work,7 we demonstrated that 5-hy-
droxymethyl-2-imino-8-methyl-2H-pyrano[2,3-c]-pyri-
dine-3-carboxamide can readily react with nucleophilic
agents, such as N(4)-substituted thiosemicarbazides.
The reaction proceeded via an interesting intramolecular
recyclization mechanism leading to 3-heteroaryl-substi-
tuted pyrano[2,3-c]pyridin-2-ones. However, in our
recent studies we showed that the products of substitu-
tion at 2-imino nitrogen can also be formed upon the
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Scheme 1. Synthesis of 2-arylimino derivatives of 2H-pyrano[2,3-c]pyridines.


56–88%; (ii) AcOH, reflux, 20–30 min, yield 57–98%.

reaction of 2-iminocoumarin-3-carboxamides with
nucleophiles, such as aromatic amines.8,12 In this work,
we observed that their 7-aza analogs can react with aro-
matic amines in a similar manner. Reaction of 4a–j with
several substituted anilines in boiling acetic acid led to
formation of N-arylimino derivatives 5{1–35}.13 The
target compounds usually crystallized on cooling to
room temperature and could be isolated from the reac-
tion mixture by filtration to afford pure products in
57–98% yield.


Both elemental and spectral (1H NMR and IR) analysis
data of all the synthesized compounds are in full agree-
ment with the suggested molecular structures. The IR
spectra of pure products 5 {1–35} indicated the presence
of broadened O–H and N–H bands related to hydroxyl
and amide fragments, correspondingly, in the area of
3465–3011 cm�1. Strong C@O bands at 1671–
1719 cm�1 were also observed. The signals from C@N
fragments at 1632–1656 cm�1 were less expressed and
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Table 1. 2H-Pyrano[2,3-c]pyridine derivatives synthesized in this work


Compound R1 R2 R3 Yield (%)


5{1} H H 4-COOEt 61


5{2} H H H 83


5{3} H H 4-Et 64


5{4} H 3,4-(–OCH2O–) 93


5{5} H H 4-OPh 68


5{6} H H 4-MBTa 59


5{7} H 3-Me H 98


5{8} H 3-Et H 73


5{9} H 3-OMe 5-OMe 80


5{10} 2-Me 3-Me 4-Me 91


5{11} 2-Me 3-Me 5-Me 78


5{12} 2-Me 3-Me H 69


5{13} 3-Me H H 72


5{14} 3-Me 3-Me 4-Me 89


5{15} 3-Me 3-OMe 4-OMe 57


5{16} 3-Me 2-OMe 4-OMe 64


5{17} 3-Me H 4-Me 76


5{18} 3-Me H 4-OEt 77


5{19} 3-Me 3-OMe 5-OMe 83


5{20} 3-Me 3-Cl H 61


5{21} 4-Me 3-Cl 4-Cl 67


5{22} 4-Me 2-OMe H 91


5{23} 4-Me H 4-OPh 88


5{24} 4-Me 3-OMe H 85


5{25} 4-Me 2-I H 74


5{26} 4-Me 3-Cl H 72


5{27} 4-Me H 4-Br 70


5{28} 4-Me 2-Et H 81


5{29} H 2-Ph 4-MBTa 71


5{30} 4-Et 3,4(–OCH2O–) 72


5{31} 4-OMe 3-Cl 4-Cl 63


5{32} 3,5-DiOMe H 4-CONH2 65


5{33} 2,4-DiOMe 3-Cl 4-Cl 58


5{34} 2,4-DiOMe 3-OMe 4-OMe 74


5{35} 2-F H 4-CF3 60


a 4-MBT, 4-(6-methyl-1,3-benzothiazol-2-yl).
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usually were overlapped with the signals from aromatic
C@C bonds. 1H NMR spectra of compounds 5 {1–35}
showed characteristic signals from protons of the pyr-
ano[2,3-c]pyridin-2-one heterocycle in the range of d
8.50–8.67 (s, 1H, H-4) and d 8.21–8.28 (s, 1H, H-6).
All these spectra also contain resonances from methy-
lene fragment (doublet at 4.69–4.74 ppm), hydroxyl
(triplet at 5.37–5.44 ppm) and methyl group (singlet at
2.21–2.38 ppm). The protons of the amide group were
observed as broad singlets at 7.71–7.95 and at 8.79–
9.92 ppm.14


All the synthesized 2H-pyrano[2,3-c]pyridines 5 {1–35}
were submitted for preliminary evaluation of their in vi-
tro activity against P. aeruginosa, Staphylococcus aureus,
Escherichia coli, Proteus vulgaris, and Bacillis anthraco-
ides, and antimycotic activity against Candida albicans.
The antimicrobial activity was determined by the double
dilution method.14,15 Suitable solvent control (DMF),
positive growth control, and standard drug controls
were also run simultaneously. Ciprofloxacin was chosen
as a standard in antibacterial activity measurements, as
it has excellent activity against most Gram-negative and
Gram-positive bacteria, and is known as an important
antibacterial drug in the treatment of a wide range of
infections.16

Table 2 shows MIC values of the synthesized com-
pounds. In general, the obtained compounds were very
active in these in vitro experiments. As evident from
the antibacterial screening data, 28 compounds (80%
of the entire library) demonstrated significant activity
against at least one strain of Gram-positive or Gram-
negative microorganisms with MIC in the range of
12.5–25.0 lg/mL.


A total of 17 compounds were active against B. anthra-
coides; three of them displayed the same efficacy as the
fluoroquinolone drug ciprofloxacin (MIC 12.5 lg/mL).
The screening data revealed that except 5{12}, 5{29}
and 5{31} none of the obtained compounds were active
against P. vulgaris. Eight compounds displayed the same
efficacy as ciprofloxacin (MIC 12.5 lg/mL) in inhibition
of E. coli.


Only three compounds, 5{14}, 5{29}, and 5{31}, dem-
onstrated significant activity against both Gram-positive
and Gram-negative strains. Most of the synthesized
compounds were active against C. albicans; 14 of them
displayed even better efficacy than the standard anti-
fungal drug, fluconazole. The most active antifungal
compounds, 5{12}, 5 {19}, 5{23}, 5{30}, and 5{31},
displayed a 4-fold decrease in MIC (12.5 lg/mL) as







Table 2. Antimicrobal activity for 2H-pyrano[2,3-c]pyridine derivatives synthesized in this work


Compound MIC, lg/mL


Sa Ec Pa Pv Ba Ca


5{1} 50.0 50.0 50.0 50.0 50.0 50.0


5{2} 50.0 25.0 50.0 50.0 50.0 50.0


5{3} 50.0 50.0 50.0 50.0 25.0 50.0


5{4} 50.0 25.0 50.0 50.0 50.0 50.0


5{5} 50.0 25.0 50.0 50.0 50.0 50.0


5{6} 100.0 25.0 100.0 50.0 100.0 50.0


5{7} 100.0 100.0 100.0 100.0 100.0 100.0


5{8} 100.0 100.0 100.0 100.0 25.0 100.0


5{9} 50.0 50.0 25.0 50.0 50.0 100.0


5{10} 100.0 50.0 25.0 50.0 12.5 100.0


5{11} 100.0 100.0 50.0 100.0 100.0 100.0


5{12} 100.0 50.0 50.0 25.0 25.0 12.5


5{13} 100.0 50.0 25.0 50.0 25.0 12.5


5{14} 50.0 25.0 12.5 50.0 12.5 12.5


5{15} 50.0 50.0 100.0 100.0 50.0 50.0


5{16} 50.0 50.0 25.0 50.0 50.0 50.0


5{17} 50.0 50.0 50.0 50.0 50.0 50.0


5{18} 50.0 50.0 25.0 50.0 50.0 50.0


5{19} 25.0 100.0 50.0 100.0 50.0 12.5


5{20} 100.0 50.0 50.0 100.0 100.0 50.0


5{21} 100.0 100.0 50.0 50.0 25.0 25.0


5{22} 100.0 50.0 50.0 100.0 25.0 25.0


5{23} 50.0 50.0 50.0 50.0 50.0 12.5


5{24} 50.0 25.0 50.0 100.0 50.0 50.0


5{25} 25.0 50.0 50.0 100.0 50.0 50.0


5{26} 50.0 50.0 50.0 50.0 25.0 25.0


5{27} 25.0 50.0 50.0 50.0 25.0 25.0


5{28} 50.0 50.0 50.0 50.0 25.0 50.0


5{29} 50.0 25.0 50.0 25.0 12.5 25.0


5{30} 100.0 50.0 50.0 50.0 25.0 12.5


5{31} 12.5 25.0 25.0 25.0 25.0 12.5


5{32} 50.0 50.0 50.0 50.0 25.0 25.0


5{33} 50.0 50.0 50.0 50.0 25.0 50.0


5{34} 25.0 50.0 50.0 50.0 50.0 50.0


5{35} 50.0 50.0 50.0 100.0 25.0 25.0


Cipro 6.25 25.00 12.5 12.5 12.5 —


Fluc — — — — — 50.0


Sa, Staphylococcus aureus (ATCC 25923); Ec, Esherichia coli (ATCC 25922); Pa, Pseudomonas aeruginosa (ATCC 27853); Pv, Proteus vulgaris


(ATCC 4636); Ba, Bacillis anthracoides (ATCC 1312); Ca, Candida albicans (ATCC 885-653); Cipro, ciprofloxacin; Fluc, fluconazole; MIC,


minimum inhibitory concentration. The tests were performed in triplicate.
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compared to fluconazole. Seven compounds depicted in
Table 2 showed inhibition at 25.0 lg/mL concentration.
One compound, 5{31}, displayed high activity (MIC
12.5–25 lg/mL) against all six pathogenic microorgan-
isms studied in this work. Only five compounds synthe-
sized in this work were inactive against the studied
bacterial and fungal microorganisms.


Structure–activity relationships are not obvious for the
synthesized pyrano[2,3-c]pyridines. Obviously, bulky
substituents, such as phenyl, phenyloxy, and 1,3-ben-
zothiazol-2-yl, at position 4 of the N-arylimino fragment
are well tolerated among the active compounds. More-
over, compound 5{29}, one of the most active antibac-
terial and antifungal agents in the studied series, has
the largest N-arylimino group. As a rule, the introduc-
tion of halogen substituents in position 4 increased the
activity.


In conclusion, a series of novel 5-hydroxymethyl-8-
methyl-2-(N-arylimino)-2H-pyrano[2,3-c]pyridine-3-(N-

aryl)-carboxamides was synthesized and characterized,
and most of them proved to be potent antibacterial or
antifungal agents. It was observed that the antimicro-
bial activity in this class of compounds is dependent
on the nature of substituents at 2-(N-arylimino) and
3-(N-aryl)-carboxamide fragments. However, the struc-
ture–activity relationships are not clear yet for the
synthesized molecules. The synthetic method we
developed in this work is suitable for convenient
preparation of large compound libraries and in-depth
SAR exploration. Additional chemical sets around
the active compound are being studied to identify
compounds with improved in vitro antimicrobial
activities, and those results will be reported in due
course.
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Abstract—Bis(boronates) that utilize internal photoinduced electron transfer (PET) quenching mechanisms can specifically signal
the binding of chiro-inositol without responding to its epimer, myo-inositol.
� 2005 Elsevier Ltd. All rights reserved.

One important aspect of drug development, especially
for drugs involved in clinical trials, is the monitoring
of metabolism in vivo. Concentrations of the drug in
serum and measurements of the amount of secreted drug
are parameters that can be used to adjust the dosage of
administrated drug and drug delivery formulations so
that the full potential of the drug may be realized. The
compound DD-(+)-chiro-inositol (DCI, 1) has been inves-
tigated in clinical trials for two therapeutic applications:
as an oral sensitizer for type-2 diabetes1 and as a first
line therapy for polycystic ovarian syndrome (PCOS).
Currently, serum concentrations and excretion rates
for DCI are monitored using time-consuming HPLC as-
says. A fluorescence assay that is selective for DCI over
its biologically more-prevalent epimer myo-inositol (2)
would significantly increase the speed with which biolog-
ical samples could be screened for DCI, and work to
develop such a method is described here. To date, a
chemosensor that responds specifically to only one of
two cyclitol epimers has not been reported.


DCI is a naturally occurring cyclitol found in substan-
tial quantities in a number of plants including the pine
tree and soybean plant. It was first cited in 1993 that
there was a strong correlation between insulin resistance
and DCI deficiencies in the urine and serum of diabet-
ics.2 Furthermore, it was found that DCI excretion is
an index marker for insulin sensitivity.3 Similarly, the
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same deficiencies were observed for women diagnosed
with PCOS, which has a known relationship to insulin
resistance.4,5 Recently, a putative insulin mediator
(PIM) containing DCI linked through the 4-OH to a
b-galactosamine residue was reported by Insmed and
collaborators at the University of Virginia.6 It appears
to be the first known b-1,4-linked inositol glycan from
animals that displays insulin mimetic properties.


Cyclitols and their phosphates are abundant in nature
and fulfill many different biochemical roles and this
has inspired chemists to create synthetic receptors for
these systems.7,8 For example, in addition to his seminal
work on inositol triphosphate receptors,7 Anslyn and
co-workers have developed receptors with preorganized
hydrogen bonding sites that accommodate simple cycli-
tol guests.9 The chiro-inositols are two of nine possible
inositol isomers and the only chiral isomers, thus the
prefix indicating this.10 Contributing to its C2-symmetry
is the presence of contiguous cis-1,2-diols, a structural
feature that can be exploited by the affinity of boronic
acids for vicinal diols. Boronic acids have become widely
used as carbohydrate sensors due to their ability to ex-
change covalent bonds with polyols in aqueous solu-
tion.11 To date, these have not previously been
incorporated into the design of receptors for cyclitols.


Aminoboronates are useful photoinduced electron
transfer (PET) sensors of polyol binding. Upon esterifi-
cation, the boron generally becomes more electrophilic
and interaction with the nitrogen lone pair is strength-
ened.12 This interrupts the PET quenching pathway
and allows increased fluorescence that can be measured
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Figure 2. Fluorescent measurement of DD-glucose, DD-chiro-inositol (1),


and myo-inositol (2) affinities for rac-3.16
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quantitatively as a signal for binding. James et al. first
described the use of this method with a d-aminoboro-
nate coupled to an anthracene core13 and showed that
a bis(boronate) analog of this system displayed nearly
two orders of magnitude greater affinity for glucose.14


Using a similar strategy with the binaphthol receptor
3, they first reported chiral discrimination in the sensing
of DD-glucose with a single enantiomer of this bis(boro-
nate).15 Previously, we showed that Shinkai�s glucose
receptor 3 also has high affinity for tartaric acid16 and
sought to apply this compound to the fluorescent detec-
tion of DCI.


Use of a bis(boronate) such as 3 for sensing DCI offers
several advantages. First, the contiguous cis-1,2-diols of
DCI should allow it to bind two boronates quite readi-
ly.17 In addition, while myo-inositol contains two
hydroxyl groups that are in a cis relationship to the lone
axial hydroxyl group, binding of a single boronate at
this point of symmetry would leave a trans relationship
among all of the remaining free hydroxyl groups, virtu-
ally precluding formation of a second boronate ester.
This means a bis(d-aminoboronate) receptor would not
report the binding of a single boronate to myo-inositol
due to PET quenching from the amine adjacent to the
free boronate. Finally, initial molecular modeling results
suggested that 3 could bind DCI while allowing both
amines to coordinate their respective boronate esters.18


In total, this would allow for selective detection of
DCI in the presence of myo-inositol1.


Shinkai�s receptor 3 was synthesized in racemic form
using the modification described previously.16 The
fluorescent response of this compound to both DCI
and myo-inositol was monitored and as the results in
Figure 2 demonstrate, rac-3 responds to the presence
of DCI at millimolar concentrations (Ka = ca.
125 M�1) while remaining �silent� to myo-inositol at
concentrations as high as 1 M. We propose that the
aforementioned inability of myo-inositol to interact
with both boronates of 3 in a 1:1 complex likely ac-
counts for the lack of fluorescent response. While the
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Figure 1. Inositol epimers and receptors used herein.

affinity and fluorescent response of 3 are much larger
toward glucose, samples could be treated enzymatically
a priori to remove undesired sugars from a biological
sample. Thus, the indicated specificity between inositol
epimers is important as the proposed fluorescence
assays have the potential for higher throughput of
biological/clinical samples relative to time-intensive
HPLC methods. What remains is to develop a bis(bor-
onate) with a higher affinity for DCI.


Unlike 3, receptors such as 4 and 5 can distinguish be-
tween 1 and 2 selectively, but not specifically. Once a
single cis-diol binds to either of these receptors, PET
quenching will occur. Monovalent ligands such as malic
acid can generate a fluorescent response from 3 at high
millimolar concentrations, but a-hydroxyacids generally
have a higher affinity for boronates than diols do.16 The
interaction of myo-inositol with a single boronic acid
was confirmed with the simplified receptor 4. While it
lacks some of the steric constraints of the bis(boronate),
it maintains the d-aminoboronate PET sensing arrange-
ment. This compound was synthesized from 9-anthra-
ldehyde using consecutive reductive amination
reactions involving benzylamine (90%) and o-form-
ylphenylboronic acid (79%).16 The affinity of 4 for
myo-inositol is larger than that observed for galactose
and mannose, both of which are documented as having
a higher affinity for benzeneboronic acid than glucose
(Table 1).12 In addition, a-galactose has the same con-
tiguous cis-1,2-diol arrangement as DCI. This further
supports the argument that the bis(boronate) 3, while
possessing the ability to form a 1:1 complex with myo-
inositol by esterification of a single boronate, does not
signal this interaction through an increase in fluorescent
intensity since the second boronate cannot bind the
cyclitol and shut down PET from its proximal amine.
Such a feature makes 3, and presumably other
bis(aminoboronates), useful sensors for the detection
of DCI in the presence of myo-inositol even though its
affinity for both boronates in 3 is less than myo-inositol�s







Table 1. Association constants with 4 in 99:1 10 mM aq phosphate


(pH 7.8)/MeOH


Carbohydrate Ka (10
2 M�1) I/I0


myo-Inositol 3.5 1.5


DD-Galactose 2.3 1.7


DD-Mannose 1.8 1.4
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affinity for a monoboronate. Here, the mechanism of
signaling takes precedent over raw affinity for particular
guests.19 While further understanding of the exact nat-
ure of the binding event is needed, this is the first report
of epimer specific chemosensing with a synthetic
receptor.20
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Synthesis and in vitro anti-hepatitis B and C virus activities of
ring-expanded (�fat�) nucleobase analogues containing the
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Abstract—As part of our structure–activity relationship studies, we report here the synthesis and in vitro anti-HBV and anti-HCV
activities of a number of ring-expanded (�fat�) nucleobases containing the imidazo[4,5-e][1,3]diazepine-4,8-dione ring system. One of
the compounds, ZP-88, exhibited a good activity/toxicity profile against HBV by inhibition of the synthesis of extracellular virion
release (EC50 = 1.7 lM, CC50 = 286 lM, SI = 168) and intracellular HBV replication intermediates (EC50 = 8.4 lM,
CC50 = 286 lM, SI = 34) in cultured human hepatoblastoma 2.2.15 cells. By contrast, most of the compounds tested against
HCV had only marginal activity/toxicity profile, although that was still better than that of the reference compound ribavirin.
� 2005 Elsevier Ltd. All rights reserved.

Hepatitis B virus (HBV) and hepatitis C virus (HCV) are
two of the most dreadful viruses currently challenging
the global human health.1,2 HBV has infected over
two billion people worldwide and 1.5 million in U.S.,
and the infection from HCV stands at >175 and 5 mil-
lions, respectively.3–5 Although both cause chronic liver
diseases, including liver cirrhosis and hepatocellular car-
cinoma,6,7 they belong to two totally different viral
families. While HBV is a double-stranded DNA virus
classified under Hepadnaviridae,8,9 HCV has a single-
stranded, positive-sense RNA genome and is classified
under Flaviviridae.10 A recombinant vaccine is available
for treatment of human HBV infection, but no such vac-
cine exists as yet against HCV. Furthermore, while there
are a few, effective, FDA-approved oraltherapies, such
as Lamivudine (3TC)11 and Adefovir Dipivoxil,12 avail-
able for HBV infection, the clinical benefits of the exist-
ing treatment options against HCV infection are limited,
and include a far less effective treatment with a combina-
tion therapy including interferon-a and a non-selective
and/or toxic drug ribavirin.13,14 Although several potent
inhibitors of HCV replication have recently been report-

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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ed,15–18 their clinical efficacy and safety have yet to be
proven. Both HBV and HCV transmission occurs pri-
marily through blood and blood-related products,19,20


and is most efficient via percutaneous mode (needles),21


although HCV is also common in sexually promiscuous
individuals.22 In addition, both HBV and HCV are the
major co-infections in HIV patients and are the frequent
causes of the end-stage liver disease associated with
death of HIV patients.23 We report herein the latest re-
sults of our continued structure–activity relationship
studies against HBV24 and HCV25 based on ring-ex-
panded heterocycles and nucleosides, containing the title
imidazo[4,5-e][1,3]diazepine-4,8-dione ring system.


A number of ring-expanded (�fat�) heterocycles and nucle-
oside analogues containing the title ring system I have
been synthesized in this laboratory in recent years and
were biologically screened in vitro against both HBV24


andHCV.25 In the case ofHBV, the compoundswere spe-
cifically tested for inhibition of replication in cultured hu-
man hepatoblastoma 2.2.15 cells,24 whereas screening
against HCV involved the assessment of inhibition of
the viral NTPase/helicase,25 a crucial enzyme involved
in replication. A number of compounds exhibited potent
activities against both viruses with IC50 values in the
micromolar range, and little or low toxicity to the host
cells (HBV)24 or the host enzyme (HCV).25
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the mechanism of viral inhibition by ring-expanded mol-
ecules in general. To this end, we set out to synthesize
and screen a number of judiciously chosen heterocycles
bearing the structural skeleton I. In our previous studies,
most of the compounds screened contained substitutions
at positions 1 and 6 of the general structure I,25,26 while
position 2 remained largely unexplored. As it is not yet
known if a hydrophobic or a hydrophilic substituent at
position 2 would enhance the antiviral activity, we intu-
itively chose to put a bromo substituent at this position.
This was mainly for two reasons: one, bromine atom is
reasonably large and polarizable and thus can act as a
quick, albeit approximate, dimensional probe of enzyme
(or receptor) active site, and two, it can be easily manip-
ulated into either hydrophobic or hydrophilic substitu-
ents for further structure–activity relationship (SAR)
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studies. Therefore, keeping the 2-bromo group as a com-
mon functionality, we synthesized a series of compounds
with structural variations at the 1- and 6-positions, as
outlined in Scheme 1. The synthesis is straightforward
and involved condensation of the appropriate 1-substi-

Table 1. Anti-HBV activity of a ring-expanded heterocycle in vitroa


N
Br


O


O


N


N N


ZP-8


Compound ID Antiviral activity EC50 (lM)c Antiviral activit


Viriond HBV RIe Viriond


ZP-88 1.7 ± 0.2 8.4 ± 0.8 6.9 ± 0.7


3TC (Ref.) 0.048 ± 0.005 0.251 ± 0.029 0.151 ± 0.013


a Appropriate concentrations of the test compounds were added daily for nine


daily and tested for extracellular (virion) HBV DNA at days 0, 3, 6, and 9.


replication intermediates (HBV RI). HBV virion DNA and intracellular H


methods (Southern and dot blot) and [P]32 labeled HBV-specific probes.
b CC50, is the drug concentration at which a twofold reduction of neutral


observed.
c EC90and EC50 are concentrations which give 90% and 50% inhibition o


(±standard deviation) were calculated by linear regression analysis using d


calculated by using the standard error of regression generated from the lin
d Extracellular HBV virion DNA.
e Intracellular HBV DNA replicative intermediates.
f Selectivity index was calculated as CC50/EC50 ratio.


Table 2. Anti-HCV activity of ring-expanded heterocycles in vitroa


N


N


H3CO


Br


Compound ID No. of carbons present


at position-6 n


Antiviral ac


HCV RNA


ZP-31 (R = H) 0 62 ± 1


ZP-97 (R = CH3) 1 33 ± 3


ZP-30 (R = C2H5) 2 34 ± 4


ZP-33 (R = C8H17) 8 32 ± 13


ZP-81 (R = C10H21) 10 53 ± 6


ZP-54 (R = C12H25) 12 47 ± 7


ZP-61 (R = C14H29) 14 64 ± 4


ZP-62 (R = C16H33) 16 70 ± 10


ZP-76 (R = Benzyl) Benzyl group 55 ± 1


ZP-46 8 29 ± 7


ZP-88 8 78 ± 5


Interferon-a (10 IU/mL) Ref. 1 10 ± 1


Ribavirin Ref. 2 89 ± 10


a The antiviral activity is based on a primary assay employing 10 lM concentr


and toxicity. The assay was performed using an Huh7 ET cell line, which co
bHCV RNA-derived LUC activity is used as an indirect measure of HCV R
c b-Actin RNA level is used as a positive control for cellular RNA in order
d Selectivity index (SI) is represented as a ratio of the levels of b-actin RNA

tuted-2-bromoimidazole-3,4-dicarboxylic acid esters
with a variety of guanidine derivatives. The required 2-
bromo derivatives of imidazole 4,5-diesters were pre-
pared by bromination of the latter with N-bromosuccin-
imide (NBS) in the presence of a free radical initiator

N
H


C8 H17


H


8


y EC90(lM)c Toxicity CC50
b (lM) Selectivity index (SI)f


CC50/EC50


HBV RIe Viriond HBV RIe


28 ± 2.2 286 ± 20 168 34


0.648 ± 0.062 2159 ± 78 44,979 8602


days to the HBV producing 2.2.15 cells. Culture medium was collected


Cells were lysed 24 h after day 9 for the analysis of intracellular HBV


BV DNA RI levels in the cells were measured by blot hybridization


red dye uptake from the average value in the untreated cultures was


f viral replication in the cell cultures, respectively. Values presented


ata combined from all treated cultures; standard deviations (SD) were


ear regression analysis.


NH
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O


O


NHR


tivity
b % control


Toxicity b-actin
RNAc % control


Selectivity index SId


toxicity/antiviral activity


89 ± 4 1.435


48 ± 2 1.453


65 ± 9 1.912


69 ± 3 2.155


32 ± 1 0.604


47 ± 3 1


34 ± 7 0.532


3 ± 1 0.043


69 ± 2 1.255


61 ± 8 2.10


83 ± 6 1.06


108 ± 4 11.3


12 ± 1 0.42


ations of the test compound for determination of both antiviral activity
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NA levels.


to compute cytotoxicity.


/HCV RNA.
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azobisisobutyro-nitrile (AIBN), employing a literature
procedure.27 The necessary guanidine derivatives for
condensation, when not commercially available, were
synthesized by reaction of 3,5-dimethylpyrazole-1-car-
boxamidine nitrate with the appropriately substituted
amine in methanol at reflux, using the procedure of
Scott et al.28 All new intermediates and final products
were fully characterized by spectroscopic and microana-
lytical data.29,30


The target compounds were screened against HBV and
HCV through contractual arrangements with the
National Institute of Allergy and Infectious Diseases
(NIAID), employing standard protocols, published on
NIAID-AACF website.31 Anti-HBV activity and toxici-
ty against confluent 2.2.15 cells were determined by the
published procedure of Korba and Gerin.32 Anti-HCV
activity and toxicity were assessed by the HCV RNA
Replicon assay of Krieger et al.33 The biological screen-
ing results for anti-HBV and anti-HCV activities of the
target compounds are collected in Tables 1 and 2,
respectively. Out of the several compounds tested, only
ZP-88 exhibited promising anti-HBV activity/toxicity
profiles as shown. The compound was also found to
be active against the 3TC-resistant mutant L180M
(EC50 = 12 lM). On the other hand, all of the heterocy-
cles tested had at least some activity against HCV.


As is evident from the data in Table 2, the best HCV
activity/selectivity profile was obtained with an eight-
carbon chain at position-6 (compound ZP-33). All com-
pounds, but one (ZP-62), exhibited better toxicity/selec-
tivity ratio (selectivity index) than the reference
compound ribavirin that is currently being used in com-
bination with interferon-a to treat HCV infection. Nev-
ertheless, the observed activities are considerably lower
than that of interferon-a, the other reference compound
employed in the assay.


In conclusion, the heterocyclic aglycons of ring-expand-
ed nucleosides exhibit in vitro activity against both hep-
atitis viruses, HBV and HCV, despite the fact that the
two viruses have distinctly different genomes. Further
structure–activity relationship (SAR) and mechanistic
studies are warranted for enhancing the toxicity/activity
profile of these compounds, and such an endeavor is
currently in progress
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Abstract—UDP-GalNAc has been synthesised with high yield from GalNAc, UTP and ATP using recombinant human GalNAc
kinase GK2 and UDP-GalNAc pyrophosphorylase AGX1. Both enzymes have been prepared in one step from 1 L cultures of trans-
formed Escherichia coli and the UDP-GalNAc produced has been purified by a simple procedure. The method described is a rapid
and efficient means to produce UDP-GalNAc as well as analogues like UDP-N-azidoacetylgalactosamine (UDP-GalNAz).
� 2005 Elsevier Ltd. All rights reserved.

UDP-GalNAc is the donor substrate of many N-acetyl-
galactosaminyltransferases, enzymes which transfer
GalNAc from the nucleotide sugar to a saccharide or
peptide acceptor. Glycoconjugates synthesised by those
enzymes are of particular interest in therapeutic
approaches which require the production of blood
group or tumour antigens or of glycosaminoglycans.1


Understanding the precise mechanism of action of N-
acetylgalactosaminyltransferases would facilitate the
production of glycans with GalNAc residues crucial
for their biological activity. However, the main limita-
tion to most studies is the limited availability of labelled
sugar nucleotides and of sugar nucleotide analogues and
derivatives due to the difficulty of their synthesis.


UDP-GalNAc can be prepared in several ways. The
pure chemical approach2,3 is long, fastidious and yields
are low. As an alternative, enzymatic biosynthesis
avoids the use of protection and deprotection steps re-
quired for chemical synthesis and circumvents the diffi-
culties inherent to the formation of a pyrophosphate
bond. One of the enzymatic routes used starts from
UDP-GlcNAc which is converted into UDP-GalNAc
by a mammalian Gal-4 epimerase.4 The main drawback
of this method is the rather low yield (30% at the equi-
librium) and the difficulty to separate UDP-GalNAc
from the excess UDP-GlcNAc. Another biosynthetic
route starts from galactosamine and uses yeast moult
galactokinase to form galactosamine-1-phosphate (Gal-
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NH2-1-P) although with low yield.5 Then the GalNH2-
1-P is purified and can be coupled to UDP chemically2


or enzymatically6 using a yeast UDP-Glc uridyltransfer-
ase. In both cases, the UDP-GalNH2 formed has still to
be chemically N-acetylated and moderate overall yields,
not exceeding 20% of the starting product, are obtained
after purification. Another chemoenzymatic synthesis
was reported from UMP, sucrose, and GalNH2-1-P
through the help of seven enzymes and two cofactors
and a final step of N-acetylation.7 Besides the require-
ment of many enzymes, the overall yield was only
34%. Finally, an enzymatic method using a partially
purified GalNAc kinase (GK2) from pig kidney allowed
GalNAc-1-P formation with good yield.8 But the subse-
quent use of a bacterial GlcNAc pyrophosphorylase
(GlmU) with a poor specificity for GalNAc-1-P gave
only 10% UDP-GalNAc.


In order to obtain substantial amounts of UDP-Gal-
NAc, we developed a new low-cost strategy easier and
more efficient than the previous ones. Starting from Gal-
NAc, ATP and UTP we combined the activities of three
enzymes. The mammalian GK2 catalyses the phosphor-
ylation of GalNAc using ATP as phosphate donor.
Then, the mammalian UDP-GalNAc pyrophosphory-
lase (AGX1) uses UTP to convert GalNAc-1-P into
UDP-GalNAc. Yeast inorganic pyrophosphatase
(PPA) drives UDP-GalNAc production forward
(Scheme 1) by preventing the reverse reaction.


While PPA is commercially available, the two other en-
zymes have been produced by bioengineering. GK2 of
human or porcine origin had been previously extracted
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Scheme 1. Two-step enzymatic synthesis of UDP-GalNAc.


Table 1. Km of the recombinant enzymes


Km (mM) Specific activity (nmol/lg/min)


GK2 0.22 (0.14)10 1.80 (1.40)10


AGX1 0.67 (1.1)12 29.0 (14.9)12,13


Values from the literature are in parentheses.
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Figure 2. Kinetics of GalNAc-1-P (open squares) and UDP-GalNAc


(filled squares) production as a function of GalNAc concentration.
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from tissues or expressed in Saccharomyces cerevisiae.9–11


In this study, we expressed the GK2 of human origin
in Escherichia coli as a tagged protein which allows its
rapid and efficient purification. For AGX1, previous
studies had established that addition of a tag to the re-
combinant form of the enzyme reduced its activity and
expression without tag imposed the use of several protein
purification steps.12–14 Here, we describe the expression
of AGX1 in E. coli as a tagged protein which is as active
as the enzyme isolated from tissues and which was easily
purified through its tag.


Both cDNAs encoding the enzymes GK2 and AGX1
were cloned into a high expression plasmid, the proteins
were expressed in E. coli and purified by Ni-NTA affin-
ity chromatography.15 SDS-PAGE (Fig. 1) and Western
blot analysis (not shown) confirmed that the main pro-
teins obtained after purification were the expected ones
with an apparent molecular weight of 57 kDa for GK2
and of 61 kDa for AGX1. From 1 L cultures we ob-
tained 2.2 mg GK2 (82% purity) and 3.4 mg AGX1
(70% purity).


Enzymatic assays16 indicated that the specific activities
of the recombinant enzymes and the Km values for sub-
strates were close to those described in the litera-
ture10,12,13 for the enzymes purified from tissues (Table
1). Both enzymes were kept at 0.5 mg/mL in a buffered
(pH 7.5) solution containing 30% glycerol and showed
no loss of activity after one year at �20 �C.


The purified GK2 and AGX1 enzymes were used to syn-
thesise in one-pot UDP-GalNAc from GalNAc, ATP
and UTP. Small-scale assays were first performed to
optimise the reaction.17 The reaction catalysed by
AGX1 being reversible, addition of PPA was necessary
to drive the synthesis in the forward direction and to
reach maximum yield (68 ± 10%) after ion exchange

Figure 1. Coomassie-stained gel after SDS-PAGE of the soluble


proteins extracted from transformed bacteria by gentle lysis (lanes 1


and 3) and purified on Ni-NTA resin (lanes 2 and 4). Lanes 1 and 2:


GK2; lanes 3 and 4: AGX1.

chromatography. The optimal quantity of PPA was
determined to be 2 U/mL. Another adjustment was nec-
essary due to the difference in Km values (Table 1).
Experiments presented in Figure 2 indicate that the opti-
mal concentration of GalNAc engaged in the mixture is
3 mM. In addition, we determined optimal quantities of
enzymes for maximal formation of UDP-GalNAc in 6 h:
0.8 lg/mL AGX1 and 6.0 lg/mL GK2.


Finally, we evaluated optimal concentrations of other
substrates and found out that 3 mM GalNAc, 3 mM
ATP and 3 mM UTP were the lowest concentrations re-
quired to obtain after purification maximal amounts of
UDP-GalNAc. Apparition kinetics of UDP-GalNAc
under those conditions are presented in Figure 3. A
2 mL production of UDP-GalNAc was performed start-
ing from 1.33 mg GalNAc.18 Both purified enzymes
were incubated with substrates, necessary cofactors
and PPA for 6 h. After a two-step purification by ion ex-
change and gel filtration, the pure desired product,
UDP-GalNAc ammonium salt, was characterised by
mass spectrometry and NMR spectroscopy.19
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In order to test whether this enzymatic synthesis was
applicable to GalNAc derivatives, we chose N-azi-
doacetylgalactosamine (GalNAz)20 as starting sub-
strate since it was recently used to enable the
detection in the cells of mucin type GalNAc-bearing
glycoproteins.21 First, we determined the Km of GK2
for GalNAz to be 0.50 mM,16 a value in the same or-
der of magnitude as for GalNAc (0.22 mM). Under
the conditions described above18 GalNAz was very
efficiently converted into UDP-GalNAz (99% yield).
Previous studies had suggested21 that GalNAz was
processed in cells by the hexosamine salvage pathway
enzymes.11 Here, we provide evidence that GalNAz
and GalNAz-1-P, respectively, are substrates for
GK2 and AGX1 in vitro.


The paper describes an efficient method for the enzymat-
ic synthesis of UDP-GalNAc (68 ± 10%) from the inex-
pensive substrates GalNAc, ATP and UTP. With the
amount of enzymes isolated after 1 L E. coli cultures,
it is possible to obtain up to 500 mg of UDP-GalNAc.
The method proposed here was also successfully em-
ployed on GalNAz, showing that both GK2 and
AGX1 can accept substrates with modified N-acyl
groups. Surprisingly, GalNAz appeared to be an excel-
lent substrate for the three-enzyme system. Considering
the Km value of GK2 for GalNAz and the high specific-
ity of this enzyme for GalNAc, AGX1 must be respon-
sible for the high conversion into UDP-GalNAz
suggesting a broad acceptance for this latter enzyme.
Procedures using the same enzymatic system for the syn-
thesis of other UDP-GalNAc analogues are currently
under investigation. The same efficient method was also
applied to the synthesis of radioactive UDP-GalNAc, a
very useful substrate for enzymatic tests of N-acetyl-
galactosaminyltransferases and which is no longer com-
mercially available. By this procedure we have produced
[3H]-labelled UDP-GalNAc with the same overall yield
using [3H]GalNAc. It is noteworthy that the method
presented here offers, for the synthesis of radioactive
UDP-GalNAc, an appreciable alternative to a pure
chemical approach.
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Abstract—A series of 5,7-disubstituted quinazolines, bearing 4-heteroaryl substituents such as 2-pyridinylamine or 2-pyrazinyl-
amine, has been synthetised and evaluated as c-Src kinase inhibitors. Highly potent inhibition, high selectivity and physical prop-
erties suitable for oral dosing were achieved within this series: 23d and 42 were identified as sub-0.1 lM inhibitors in a c-Src-driven
cell proliferation assay and displayed adequate rat pharmacokinetics after oral administration.
� 2005 Elsevier Ltd. All rights reserved.
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The non-receptor tyrosine kinase c-Src is the best-under-
stood member of a family of closely related kinases, that
includes among its members c-Yes, Fyn and Lck. c-Src
is expressed at low levels in most cell types and, in
the absence of appropriate extracellular stimuli, is
maintained in an inactive conformation. c-Src gene
knock-out experiments in mice have shown that the only
phenotypic consequence is osteopetrosis, a defect in
osteoclast function.1


In contrast to its highly regulated role in normal cells,
there is significant evidence demonstrating deregulated,
increased kinase activity of c-Src in several human tu-
mour types, most notably colon and breast tumours.2


Recent data suggest deregulated c-Src tyrosine kinase
activity is associated predominantly with adhesion and
cytoskeletal changes in tumour cells, ultimately resulting
in a change to a motile, invasive phenotype.3 Increased
c-Src tyrosine kinase activity results in break down of
E-cadherin-mediated epithelial cell/cell adhesion,4,5


which can be restored by Src inhibition.5 c-Src activity
is also known to be essential in the turnover of focal
adhesions,6 a critical cell motility component.
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Evidence from the clinic also supports a link between
deregulated c-Src activity and increased invasive poten-
tial of tumour cells. In colon tumours, increased c-Src
kinase activity has been shown to correlate with tumour
progression, with the highest activity found in metastatic
tissue.2 Increased Src activity in colon tumours has also
been shown to be an indicator of poor prognosis.7


We have reported data on 6,7-substituted8 and
5,7-substituted9 4-anilinoquinazolines bearing a 2-chlo-
ro-5-methoxy aniline or a 4-amino-5-chloro-1,3-benzo-
dioxole (e.g., structures 1–5 pictured below in Fig. 1)
as potent and selective c-Src inhibitors. In this commu-
nication, we describe the synthesis of heterocyclic
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Figure 1. Stuctures of known Src inhibitors.
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analogues of the 4-(2-chloro-5-methoxyanilino)quinazo-
lines 4 and 5 such as 4-(pyridinylamino)quinazolines and
discuss their biological activities.


The synthesis of the 2-aminopyridine analogue of 4
starts from 610 (Scheme 1). Chlorination of 6 with
NCS gave two separable regioisomers 7a and 7b. The
previously described intermediate 89 was chlorinated
with triphenylphosphine/carbon tetrachloride to give
the chloroquinazoline 9, which afforded 10 after depro-
tection of the 7-acetoxy group with ammonia in metha-
nol. 10 was reacted with 3-chloropropanol under
Mitsunobu conditions to give 11, which was coupled11


with the anion of 7a to give 12. The chloro derivative
12 afforded 13 after heating with excess of morpholine
in the presence of KI.


Although the 5-isopropoxy analogue 22a could have
been prepared by a route similar to 13, an alternative
procedure (Scheme 2) was devised based upon the
sequential displacement of the C-5 and C-7 fluorine
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Scheme 2. Reagents and conditions: (a) iPrOH, NaH, DMF, 5 �C to


rt, 71%; (b) 2,4-(MeO)BnOH (3 equiv), tBuOK (6 equiv), THF, reflux,


68%; (c) POCl3, NEtiPr2, ClCH2CH2Cl, 75 �C, 62%; (d) NaHMDS (2


equiv), 7a (1 equiv), THF, 0 �C to rt, 76%; (e) 20% TFA, CH2Cl2,


quant; (f) Cl(CH2)3Br, Cs2CO3, DMF, 60 �C, 55%; (g) ClCH2CH2Cl,


K2CO3, DMF, 60 �C, 55%; (h) amine, KI, DMA, 90 �C, 38–79%.

atoms of the previously described quinazolone 149 with
alkoxides. Treatment with sodium isopropoxide fol-
lowed by reaction with potassium 2,4-dimethoxybenzyl
oxide gave the quinazolone 16, which was chlorinated
with POCl3. Reaction of 17 with the anion of 7a fol-
lowed by functional group manipulation at C-7 gave
compounds 22a–d and 23a–d.


The other regioisomeric pyridines were prepared accord-
ing to Scheme 3. Chlorination of 2412 gave the expected
chloropyridine 25a and the dichloro adduct 25b. N-Ox-
idation of pyridine 26 with peroxytrifluoroacetic acid
gave 27, which was nitrated to give the 4-nitropyri-
dine-N-oxide 28 and some 4-nitropyridine 29. This mix-
ture was reduced to the expected 4-aminopyridine 30
with Raney nickel.


The two anilines 25a and 30 were transformed into 31–
34 (Fig. 2) via similar procedures13 as described in
Schemes 1 and 2.


We also prepared the corresponding pyrazine and
pyrimidine as other heterocyclic replacements of the 2-
chloro-5-methoxyaniline. Chlorination of 3514 gave the
expected pyrazine 36a, along with the regioisomer 36b
and the dichloro adduct 36c. Reaction of 3715 with
ammonia in methanol followed by sodium methoxide
gave the expected pyrimidine 38 (Scheme 4).


The corresponding quinazolines 42 and 43 were assem-
bled as described below (Scheme 5): reaction of 15 with
potassium piperazine ethoxide gave 39, which was
acetylated to give 40. Chlorination of 40 followed by
coupling with the anion of the corresponding aminohet-
erocycle gave the expected quinazolines 42 and 43.







Table 2. Structure–activity relationship for the C–7 side chains


Compound Amine IC50 (lM)


Enzyme


inhibition


Cell inhibition


Srca KDRb Src 3T3c A549d


22a Morpholine <0.004 1.9 0.03 0.09


23a Morpholine 0.020 2.9 0.12 0.13


22b Pyrrolidine 0.006 0.9 0.07 0.14


23b Pyrrolidine 0.015 3.6 0.12 0.08


22c Piperazine-N-Me <0.004 0.68 0.06 0.09


23c Piperazine-N-Me 0.007 0.57 0.07 0.17


22d Piperazine-N-Ac <0.004 2.7 0.02 0.09


23d Piperazine-N-Ac 0.010 6.3 0.06 0.09


a,b,c,dSee details in Table 1.


Table 3. Biological activity of diazines 42–43


Compound IC50 (lM)


Enzyme inhibition Cell inhibition


Srca KDRb Src 3T3c A549d


42 0.008 2.8 0.07 0.14


43 0.015 15 0.28 0.27


a,b,c,dSee details in Table 1.
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As shown in Tables 1–3, the regioisomeric pyridines dis-
play different ranges of potency versus Src and selectiv-
ity versus KDR. The 3-pyridine (31 and 32) shows good
potency at the Src level with significant activity against
KDR, while the 4-pyridine (33 and 34) shows poorer
potency for Src and yet significant activity for KDR.
On the other hand, the 2-pyridine (13 and 22a) is the
most Src potent heterocycle both at the enzymatic and
the cellular levels without significant activity for KDR.


The isopropoxy group in C-5 of the quinazoline shows
better or at least equal potency compared to the 4-tetra-
hydropyranyloxy group: better potency for the 4-pyri-

Table 1. Biological activity of regioisomeric pyridines


Compound IC50 (lM)


Enzyme inhibition Cell inhibition


Srca KDR b Src 3T3c A549d


4 0.01 0.4 0.2 0.08


5 0.04 0.03 0.15 0.4


13 0.005 5.5 0.07 0.16


22a <0.004 1.9 0.03 0.09


31 0.007 0.03 0.14 0.29


32 0.005 0.03 0.15 n.d.


33 0.4 0.08 n.d. n.d.


34 0.035 <0.002 0.35 n.d.


These biological tests are described in Ref. 8. n.d. stands for �no
determined�.
a Inhibition of c-Src enzyme activity.
b Inhibition of KDR enzyme activity.
c Inhibition of constitutively active Src-transfected 3T3 cel


proliferation.
d Inhibition of A549 cell migration.

t


l


dine (see 34 vs 33), similar potency for the 2- or the
3-pyridine (see 22a vs 13 and 32 vs 31).


Optimisation of the C-4 and C-5 substituents culminat-
ed with 22a, which is significantly more potent than the
parent aniline 5.


To modulate the physical properties of 22a, C-7 varia-
tions were explored. The C-7 propoxy side chains ap-
pear slightly more active than the ethoxy analogues at
the enzymatic level (22a–d vs 23a–d) and possibly at
the cellular level (Src 3T3) too. Both moderately and
highly basic side chains are tolerated at C-7. Overall,
improvements of physical properties were seen in the
2-pyridine series compared to the parent aniline series.
As an example, 23d is 8% free in rat plasma, whereas
the C-7 acetylpiperazineethoxy analogue of 5 is only
0.5% free; solubility in phosphate buffer pH 7.4 is
respectively 43 lM compared to 3 lM.


Replacement of the 2-pyridine with the corresponding
pyrazine (see 42) and pyrimidine (see 43) gives also po-
tent and selective c-Src kinase inhibitors both at the
enzymatic and the cellular levels. The pyrazine 42 reach-
es comparable potency with the 2-pyridine analog 23d.


Finally, 23d and 42 were evaluated in rat for pharmaco-
kinetic properties (rat cassette dosing of 5 compounds
orally, 2 mg/kg each). Both compounds gave good blood
levels (cmax of 0.31 and 0.42 lM, and AUC0-6h of 0.64
and 0.61 lM h, respectively for 23d and 42).


In conclusion, we have shown that 5,7-disubstituted 4-
heteroarylaminoquinazolines such as 2-pyridinylamino-
or 2-pyrazinylamino- give good c-Src inhibition both
on the enzyme and in cells with a high degree of







B. Barlaam et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5446–5449 5449

selectivity associated with suitable physical properties
for oral dosing. Further evaluation of these compounds
for inhibiting c-Src in vivo is underway.
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Abstract—Two novel 8,6-fused bicyclic peptidomimetic ring systems were synthesized utilizing olefin metathesis as the key reaction
for the formation of the eight-membered ring. Both peptidomimetic scaffolds were further elaborated into potent ICE inhibitors,
with numerous compounds exhibiting caspase-1 IC50s less than 10 nM.
� 2005 Elsevier Ltd. All rights reserved.

Cytokines are important signaling molecules that are
essential to immune and inflammatory responses in
mammals. Much attention in recent years has been given
to interleukin-1b (IL-1b), a cytokine known to play an
important role in the pathophysiology of articular joint
destruction.1,2 Modulating the levels of IL-1b is there-
fore believed to be a promising strategy for the treat-
ment of inflammatory diseases such as rheumatoid
arthritis (RA) and osteoarthritis (OA). IL-1b converting
enzyme (ICE), also known as caspase-1, is known to be
involved in the processing of biologically inactive proIL-
1b to the mature cytokine.3,4 Therefore, direct inhibition
of ICE should provide a means of controlling IL-1b
levels therapeutically.


ICE is one member of a family of at least 12 human
enzymes referred to as �caspases.� The term caspase
was proposed to describe cysteine proteases sharing se-
quence homology and a preference for an aspartate res-
idue at the P1 position of their substrates.5,6 Since the
report of the potent reversible tetrapeptide ICE inhibitor
Ac-YVAD-CHO (1),7 numerous other reversible and
irreversible peptidomimetic inhibitors have been

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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reported.8 Pralnacasan� (2), a selective reversible ICE
inhibitor which progressed into late stage clinical trials
for RA before being withdrawn for toxicological issues,
is perhaps the most studied and successful inhibitor de-
signed to date.9 Pralnacasan� possesses a bicyclic core
which effectively constrains the P2–P3 region of the
inhibitor in a preferred conformation and utilizes a pro-
drug to mask the acidic character of the required aspar-
tic acid recognition element, making the compound
orally bioavailable. The lactone acetal prodrug of 2 is
reported to undergo enzymatic hydrolysis under physio-
logical conditions to provide the bioactive form of the
drug (3) (see Fig. 1).


We elected to follow a related approach for the synthesis
of ICE inhibitors, constraining the P2–P3 region in the
form of an 8,6-fused bicyclic ring system. We believed
that bicyclic peptidomimetic compounds such as 4
would possess all the necessary features to function as
ICE inhibitors, providing the desired conformational
constraint for properly orienting the P1 aspartate resi-
due and the P4 residue believed to impart selectivity be-
tween caspase isoforms.9,6 Inhibitors such as 4 should be
readily accessible from versatile bicyclic cores such as 5
(Scheme 1). We envisioned 5 coming from an eight-
membered ring closure on 6 via olefin metathesis.10


Compounds 5a and b (Scheme 2) are ideally functional-
ized for elaboration into potential inhibitors. Both
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dipeptide scaffolds possess an ester terminus that can be
easily hydrolyzed, providing a handle for attachment of
the required aspartic acid aldehyde recognition element.
Additionally, the nitrogen terminus can be deprotected
and derivatized to explore the P4 region of our inhibi-
tors. Furthermore, 5b, where X = NCbz, possesses one
additional site of diversification to explore further bind-
ing in the S2 pocket of the enzyme.


The synthesis of the bicyclic cores 5a and b commenced
from readily available allylated amino acids 7a11 and
7b,12 respectively (Scheme 2). Ozonolysis of 7a,b in
10:1 CH2Cl2/MeOH followed by reduction of the ozon-
ide with dimethylsulfide yielded a crude mixture of the
hemiaminal and 8a,b. The aldehyde was never observed,
due to rapid cyclization of the Boc protected nitrogen
onto the newly formed aldehyde. To drive the product
mixture to the desired methyl aminal 8a,b, the crude
reaction solution was concentrated and treated with
TsOH in MeOH, yielding crude 8a,b in 50–78% yield.
Although methyl aminals 8a,b were isolable, they were
rather labile and were typically used immediately with-
out purification. Allylation of 8a,b with BF3


.OEt2 and
allyltrimethylsilane in CH2Cl2 at �78 �C, and subse-
quent treatment of the crude product with TFA/CH2Cl2

or SOCl2/MeOH yielded a single stereoisomer (9a,b) in
each case in good yield (60–70%).13 The coupling of
morpholine 9a and piperazine 9b with N-Boc-allylgly-
cine was originally problematic under standard
carbodiimide coupling conditions. We were eventually
able to obtain acceptable yields of 6a,b (40–60%) in this
coupling by employing isobutyl 1,2-dihydro-2-isobut-
oxy-1-quinoline carboxylate (IIDQ) with excess N-Boc-
allyglycine (3-5 equiv.) in very concentrated THF solu-
tions.14 Completion of the bicyclic scaffolds (5a,b) was
accomplished via olefin metathesis. Typical metathesis
conditions involved refluxing 6a,b in CH2Cl2 (0.5–0.75
M) in the presence of first generation Grubbs catalyst
(15–30 mol%) and delivered the desired bicyclic core
(5a,b)15,16 in 50–60% yield after purification.


After removal of the Boc protecting group upon treat-
ment of 5a,b with TFA in CH2Cl2, the crude amines
were converted to a variety of aryl amides through either
carbodiimide mediated couplings with the required car-
boxylic acid or by reaction of the crude amine with com-
mercially available acid chlorides (Scheme 3). The
isolated yields for this two step sequence were generally
between 80% and 95%. Once the P4 aryl amide was
introduced, the piperazine nitrogen of 11b was deprotec-
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ted with accompanying olefin reduction upon treatment
with H2 and 10% Pd/C in MeOH. The crude amine (12)
was isolated upon filtration and concentration of the
reaction mixture, but was used without purification. A
small sampling of substitutions for the piperazine nitro-
gen was selected and crude amine 12 was elaborated by
standard alkylation, acylation, or sulfonylation proce-
dures leading to 13 in generally good yield. The methyl
esters of intermediates 11a and 13 were hydrolyzed with
LiOH in 3:1 THF/H2O to yield carboxylic acids 14a,b in
near quantitative yield.


The aspartic acid aldehyde residue was introduced utiliz-
ing intermediate 17. The free amine of compound 1717


was prepared in situ upon treatment of 17 with dimeth-
ylbarbituric acid and Pd(Ph3P)4 in CH2Cl2 at room tem-
perature. Once deprotection of the amine was complete
(typically <15 min), acids 14a,b were added as solutions
in either DMF or CH2Cl2, followed by the addition of
HOBt and EDCI. The coupling was generally complete
within 2 h and the isolated crude product was treated
with TFA in CH3CN/H2O to effect hydrolysis of the eth-
yl acetal to obtain final compounds 1518 and 16.19


It is well known in the area of ICE inhibitor synthesis
that caspase-1 has a strong affinity for large hydropho-
bic substituents in the P4 pocket, as well as the require-
ment for an aspartic acid residue at P1 previously
described. To evaluate the ability of our bicyclic dipep-
tide scaffolds to function as ICE inhibitor scaffolds, we
synthesized a small set of aromatic amides at P4. We
had previously established a preference for meta-substi-
tuted benzamides and fused bicyclic aromatic amides at
P420 and these trends were again observed for the mor-
pholine-containing ring system (15). Among the ten
compounds synthesized with P4 variations (15a–j), five

exhibited caspase-1 IC50s < 10 nM.21 These better per-
forming compounds were also screened in a THP-1
whole cell assay measuring IL-1b production.22 All five
compounds performed well in the whole cell assay, with
two exhibiting THP-1 IC50s < 100 nM. To explore the
effect of potential conformational changes invoked by
the unsaturation in the 8-membered ring on activity,
we hydrogenated compounds 15h–j to obtain 15k–m.
Direct comparison between these analogs and their
unsaturated counterparts showed only a slight improve-
ment in potency, perhaps indicating minimal conforma-
tional changes were induced by saturation of the
8-membered ring. This result was contrary to that
observed for a related 8,5-fused bicyclic scaffold.20


Next we decided to evaluate the effect of having a piper-
azine as the 6-membered ring of the bicyclic core. Com-
pounds 16a–h were synthesized and screened as
described previously. For our initial investigations on
the piperazine containing ring system (16), we elected
to hold the P4 substituent constant as a simple benzam-
ide. All eight of these compounds were found to be quite
potent, particularly in the caspase-1 enzyme assay
(IC50s < 10 nM), but significant fluctuations in activity
were observed in the THP-1 assay. Amides 16c and d,
urea 16g, and tertiary amine 16b all exhibited a 5–7
times loss in potency when compared to unsubstituted
16a. This result is probably not due to the inability of
the enzyme to accommodate substitution at this posi-
tion, because several substituents actually resulted in
slight increases in activity. Two different sulfonamides
(16e and f) and a benzyl carbamate (16h) were well tol-
erated. These fluctuations in the whole cell activity are
more likely related to changes in the cell permeability
of the inhibitors. We attempted to further optimize scaf-
fold 16 by incorporating a more potent P4 substituent in







Table 1. Biological activity for compounds 15 and 16


Compound Ar R1 C9–C10 olefin THP-1 (nM) Casp-1 (nM) Casp-3 (nM) Casp-8 (nM)


15a Ph — Yes — 130 >104 7900


15b 2-ClPh — Yes — 33 >104 448


15c 3-ClPh — Yes 118 7 >104 1550


15d 4-ClPh — Yes — 74 >104 3770


15e 2-CF3Ph — Yes — 50 >104 670


15f 3-CF3Ph — Yes 132 9 >104 4190


15g 4-CF3Ph — Yes — 135 >104 6450


15h 2-Benzothiophenyl — Yes 57 3 >104 1600


15i 2-Naphthyl — Yes 62 3 >104 2590


15j 1-Isoquinolinyl — Yes 182 3 >104 1585


15k 2-Benzothiophenyl — No 178 1 >104 429


15l 2-Naphthyl — No 60 1 >104 911


15m 1-Isoquinolinyl — No 101 1 >104 264


16a Ph H No 245 10 >104 384


16b Ph Me No 1820 5 >104 247


16c Ph Ac No 1260 6 >104 481


16d Ph COPh No 1420 7 8070 38


16e Ph SO2Me No 174 6 >104 384


16f Ph SO2Ph No 159 2 >104 106


16g Ph CONHPh No 1690 5 >104 601


16h Ph Cbz Yes 125 1 3260 13


16i 2-Naphthyl H No 75 1 >104 506


16j 2-Naphthyl SO2Me No 46 1 >104 283


16k 2-Naphthyl SO2Ph No 153 1 >104 50


16l 2-Naphthyl Cbz Yes 106 1 4850 5


16m 1-Isoquinolinyl H No 156 1 >104 595


16n 1-Isoquinolinyl SO2Me No 168 1 >104 917


16o 1-Isoquinolinyl SO2Ph No 87 1 >104 160


16p 1-Isoquinolinyl Cbz Yes 154 1 >104 4
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conjunction with the better performing piperazine P2
substituents (16i–p). For this investigation, we selected
the 2-naphthyl and 1-isoquinolinyl groups as our pre-
ferred P4 substituents, and hydrogen, methylsulfona-
mide, phenylsulfonamide, and Cbz as our preferred
piperazine substitutions. These efforts resulted in very
potent enzyme inhibitors, with all 8 analogs possessing
IC50s less than or equal to 1 nM. Unfortunately, only
modest improvements were observed in the THP-1
whole cell assay.


To establish that our compounds were selectively inhib-
iting caspase-1 over other caspases, we screened our
compounds against caspase-3 and caspase-8. Though
many of our compounds were low nanomolars inhibi-
tors of caspase-1, nearly all had little or no activity at
caspase-3 and most of them were fairly selective against
caspase-8 (>100·). It is worth noting though that the
selectivity over caspase-8 did fluctuate significantly with
certain structural changes. The morpholine-containing
inhibitors 15 were more selective for caspase-1 over cas-
pase-8 than the piperazine-containing inhibitors 16. Fur-
thermore, several R substituents (R = COPh and Cbz) in
16 were found to erode selectivity significantly, yielding
potent (<40 nM) caspase-8 inhibitors (16d,h,l,p) (see
Table 1).


In summary, we have synthesized two novel 8,6-fused
bicyclic dipeptide scaffolds (5) that possessed utility as
ICE inhibitors. The core bicyclic scaffold was easily
prepared utilizing an olefin metathesis reaction for

construction of the 8-membered ring. Multiple com-
pounds from both structural classes were identified with
good enzyme (<10 nM) and whole cell potency
(<150 nM). Further pharmacokinetic and in vivo evalu-
ation of these compounds will be reported elsewhere.
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A novel one-pot three-component reaction: Synthesis of
triheterocyclic 4H-pyrimido[2,1-b]benzazoles ring systems
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Abstract—A novel one-pot three-component condensation reaction of an aldehyde, b-ketoester and 2-aminobenzimidazole or
2-aminobenzothiazole in 1,1,3,3-N,N,N 0,N 0-tetramethylguanidinium trifluoroacetate as an ionic liquid is described. During the
course of this reaction 4H-pyrimido[2,1-b]benzimidazoles or 4H-pyrimido[2,1-b]benzothiazoles are formed in high yields at
100 �C. The ionic liquid can be recovered conveniently and reused efficiently.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction


Multicomponent condensation reactions (MCRs) have
recently been discovered to be a powerful method for
the synthesis of organic compounds, since the products
are formed in a single step and diversity can be achieved
by simply varying each component.1


The classic version of the Biginelli three-component con-
densation reaction,2 which combines an aldehyde, urea
or thiourea and an open-chain b-dicarbonyl compound
under acidic conditions in ethanol to give a monocyclic
3,4-dihydropyrimidin-2(lH)-one (DHPs), has extended
into widespread use for generating large collections of
molecules in combinatorial synthesis.3


In recent years, there has been increasing interest in the
design of new products for the synthesis of Biginelli and
Biginelli-like compounds,3b,4–8 which exhibit a wide
range of biological activities.


The bicyclic DHPs such as thiazolopyrimidines and imi-
dazopyrimidines 3, which have potent vasorelaxant
activity, are prepared in two steps by the Atwal modifi-
cation of Biginelli reaction.9 As indicated in Scheme 1,
in this approach, an enone type 3-benzylidene-2,4-pen-
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tanedione 2 is condensed with 2-aminothiazole or vari-
ous aminoheterocycles 1, reminiscent of the general
procedure for the synthesis of monocyclic Biginelli
compounds.


Very recently, Deniaud10 and co-workers have devel-
oped an annulation protocol for the synthesis of tricyclic
DHPs such as 4H-pyrimido[2,1-b]benzothiazoles 4
based on multi-step reaction strategy (Scheme 2).


Due to biological activity of a significant number of
compounds containing condensed pyrimidine ring sys-
tem11–19 and our interest in MCRs20 and Biginelli and
Biginelli-like reactions,8a,b,21 we wish to report the
synthesis of triheterocyclic DHPs such as 4H-pyrimi-
do[2,1-b]benzazoles ring systems by the one-pot
three-component condensation of an aldehyde 5 and
b-ketoester 6 in the presence of 2-aminobenzimidazole
or 2-aminobenzothiazole 1, instead of common urea or
thiourea in Biginelli reaction, in 1,1,3,3-N,N,N 0,N 0-
tetramethylguanidinium trifluoroacetate (TMGT) as an
ionic liquid at 100 �C (Scheme 3).
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2. Results and discussions


The reaction of aldehydes with b-ketoesters and 2-
aminobenzimidazole or 2-aminobenzothiazole afforded
triheterocyclic 4H-pyrimido[2,1-b]benzazoles ring sys-
tems in TMGT as a promoter in relatively high yields.
The structure of the products 4a–n was deduced from
their IR, 1H NMR and 13C NMR spectra. The mass
spectra of these compounds displayed molecular ion
peaks at appropriate m/z values.


The 1H NMR spectrum of 4a exhibited three sharp lines
readily recognized as arising from two methyl (d = 2.46
and 3.70) and a Ph-CH (d = 6.39) protons. A multiplet
appeared at d = 7.06–7.44 for the aromatic hydrogens.
The 1H decoupled 13C NMR spectrum of 4a showed

R1CHO +
R2 R3


O O


X


N
N+


X=NH,S R1=
Ph
4-MeO-C6H4
4-Br-C6H4
4-NO2-C6H4


R2=OEt,OMe
R3=Me, Ph


5 6 1


Scheme 3.


OR2


O


R1


O


OR2


O
R1


A


R1


O


H O


X


H2O


N
X


H2N
Ar


+


..


7


5 6


H


Scheme 4.

17 distinct resonances in agreement with the suggested
structures. The 1H and 13C NMR spectra of 4b–n are
similar to those of 4a, except for the R1, R2 and R3


groups, which exhibit characteristic signals with appro-
priate chemical shifts.


We have not established a mechanism for the formation
of 4H-pyrimido[2,1-b]benzazoles ring systems, but a rea-
sonable possibility is indicated in Scheme 4.


The reaction presumably proceeds in two steps: conden-
sation of aldehyde 5 and b-ketoester 6 by standard
Knoevenagel reaction produces 3-benzylidene-2,4-pen-
tanedione 2.22 Then 2-aminobenzimidazole or 2-amin-
obenzothiazole 1 is reacted with compound 2 through
a Michael addition and produces product type of 7
and after cyclisation to afford 4H-pyrimido[2,1-b]ben-
zazoles ring systems 4.9a


To explore the scope and limitations of this reaction fur-
ther, we have extended it to various para-substituted
benzaldehydes in the presence of 2-aminobenzimidazole
and 2-aminobenzothiazole. As indicated in Table 1, the
reaction proceeds efficiently with benzaldehyde and elec-
tron-withdrawing and electron-releasing para-substitut-
ed benzaldehydes.


One of the other advantages of this IL is its ability to be
recyclable as reaction medium. We were easily able to
separate TMGT from reaction medium by washing it
with water and evaporating the solvent under vacuum,
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Table 1. One-pot synthesis of triheterocyclic 4H-pyrimido[2,1-b]benzazoles by the condensation reaction of an aldehyde, b-ketoester and


2-aminobenzimidazole or 2-aminobenzothiazole in TMGT at 100 �C after 5 h


Product R1 R2 R3 X Yield (%)a Mp (�C)


4a C6H5 OMe Me S 58 143–145


4b 4-MeO-C6H4 OMe Me S 59 150–153


4c 4-NO2-C6H4 OMe Me S 57 78–81


4d C6H5 OEt Me S 66, 60b, 58b, 55b, 25c 173–175


4e 4-MeO-C6H4 OEt Me S 65 140–143


4f 4-Br-C6H4 OEt Me S 77 110–114


4g 4-NO2-C6H4 OEt Me S 53 150–152


4h C6H5 OEt Ph S 61 77–80


4i 4-NO2-C6H4 OEt Ph S 55 158 dec


4j C6H5 OEt Me N 73 >260


4k 4-MeO-C6H4 OEt Me N 67 250–253


4l 4-NO2-C6H4 OEt Me N 60 225 dec


4m 4-MeO-C6H4 OEt Ph N 56 117–120


4n 4-NO2-C6H4 OEt Ph N 61 248 dec


a Isolated yield.
b The same TMGT was used for each of the four runs.
c In the absence of TMGT.
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and reusing it for subsequent reaction. As indicated in
Table 1, no considerable loss of efficiency was observed
with regard to reaction time and yield after four times
(4d in Table 1). However, fresh IL can be added after
four reuses for comparison in subsequent runs.


It is important to note, in the absence of TMGT, the
yield of reaction decreased up to 25% after the 5 h (4d
in Table 1).


In conclusion, we have developed a novel three-compo-
nent condensation reaction of an aldehyde, b-ketoester
and 2-aminobenzimidazole or 2-aminobenzothiazole
for the efficient synthesis of 4H-pyrimido[2,1-b]benzaz-
oles ring systems. The one-pot nature and the use of
the ionic liquid as an eco-friendly promoter make it an
interesting alternative to multi-step approaches.9,10

3. Experimental


3.1. Typical procedure for the synthesis of ethyl-2-methyl-
4-(phenyl)-4H-pyrimido[2,1-b][1,3]benzothiazole-3-
carboxylate


A mixture of ethylacetoacetate (0.130 g, 1 mmol), benz-
aldehyde (0.106 g, 1 mmol), TMGT (0.080 g, 0.3 mmol)
and 2-aminobenzthiazole (0.150 g, 1 mmol) was succes-
sively added to a screw-capped vial containing a mag-
netic stirring bar and was heated at 100 �C in a
preheated oil bath for 5 h. Then the reaction mixture
was washed with cold water (2· 10 ml) and the solid res-
idue was crystallized from acetone/water 1:3 to yield
0.231 g of 4d as a yellow powder (66%).


All the products are new compounds, which were char-
acterized by IR and 1H NMR, 13C NMR and mass spec-
tral data.


3.1.1. Compound 4a: Methyl-2-methyl-4-(phenyl)-4H-
primido[2,1-b][1,3]benzothiazole-3-carboxylate. Yellow

powder; mp 143–145 �C; IR (KBr) (vmax, cm
�1): 3055,


1666, 1581, 1428, 1238, 742; 1H NMR (300 MHz,
CDCl3): dH 2.46 (3H, s), 3.70 (3H, s), 6.39 (1H, s),
7.06–7.44 (9H, m); 13C NMR (75 MHz, CDCl3): dC
166.96, 163.53, 154.87, 141.37, 137.94, 128.73, 128.41,
127.08, 126.68, 124.02, 123.80, 122.18, 111.78, 102.89,
57.73, 51.16, 23.71; MS (EI, 70 eV) (m/z, %) 337
((M+1)+, 11), 336 (M+, 40), 277 (35), 259 (100), 199
(21), 175 (12), 134 (12).


3.1.2. Compound 4b: Methyl-2-methyl-4-(4-methoxyphe-
nyl)-4H-primido[2,1-b][1,3]benzothiazole-3-carboxylate.
Yellow powder; mp 150–153 �C; IR (KBr) (vmax, cm


�1):
3060, 1660, 1576, 1400, 1242, 739; 1H NMR (300 MHz,
CDCl3): dH 2.46 (3H, s), 3.71 (3H, s), 3.72 (3H, s), 6.37
(1H, s), 6.76–7.44 (8H, m); 13C NMR (75 MHz, CDCl3):
dC 166.95, 163.22, 159.55, 137.95, 133.58, 128.38,
126.70, 124.10, 124.00, 122.23, 114.06, 111.95, 103.24,
57.30, 55.22, 51.15, 23.35; MS (EI, 70 eV) (m/z, %) 367
((M+1)+, 19), 366 (50), 307 (75), 259 (100), 199 (14),
134 (12).


3.1.3. Compound 4c: Methyl-2-methyl-4-(4-nitrophenyl)-
4H-primido[2,1-b][1,3]benzothiazole-3-carboxylate. Yel-
low powder; mp 78–81 �C; IR (KBr) (vmax, cm�1):
3420, 1698, 1514, 1492, 1238, 745; 1H NMR
(300 MHz, CDCl3): dH 2.45 (3H, s), 3.73 (3H, s), 6.53
(1H, s), 7.01–7.61 (8H, m); 13C NMR (75 MHz, CDCl3):
dC 166.73, 163.73, 147.82, 147.73, 137.39, 127.98,
127.02, 124.63, 124.18, 123.85, 122.59, 111.46, 101.93,
57.11, 51.51, 23.85; MS (EI, 70 eV) (m/z, %) 382
((M+1)+, 19), 381 (M+, 35), 322 (16), 259 (100), 199
(19), 150 (19), 43 (16).


3.1.4. Compound 4d: Ethyl-2-methyl-4-(phenyl)-4H-
pyrimido[2,1-b][1,3]benzothiazole-3-carboxylate. Yellow
powder; mp 173–175 �C; IR (KBr) (vmax, cm


�1): 3425,
3030, 1664, 1588, 1456, 1236, 746; 1H NMR
(300 MHz, CDCl3): dH 1.30 (3H, t, 3JHH = 7.1 Hz),
2.48 (3H, s), 4.17 (2H, m), 6.43 (1H, s), 7.12–7.46 (9H,
m); 13C NMR (75 MHz, CDCl3): dC 166.39, 163.24,
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141.16, 137.87, 128.65, 128.41, 127.17, 126.70, 124.08,
123.88, 122.20, 111.85, 103.09, 60.14, 57.82, 23.40,
14.33; MS (EI, 70 eV) (m/z, %) 351 ((M+1)+, 10), 350
(M+, 24), 321 (12), 273 (100), 245 (54), 199 (21), 175
(21), 150 (12), 134 (20), 77 (20).


3.1.5. Compound 4e: Ethyl-2-methyl-4-(4-methoxyphe-
nyl)-4H-pyrimido[2,1-b][1,3]benzothiazole-3-carboxylate.
Yellow powder; mp 140–143 �C; IR (KBr) (vmax, cm


�1):
3415, 1695, 1504, 1238, 745; 1H NMR (300 MHz,
CDCl3): dH 1.20 (3H, t, 3JHH = 9 Hz), 2.38 (3H, s),
3.62 (3H, s), 4.05–4.10 (2H, m), 6.26 (1H, s), 6.67–7.35
(8H, m); 13C NMR (75 MHz, CDCl3): dC 164.54,
161.15, 157.40, 152.12, 135.95, 131.67, 126.48, 124.59,
121.93, 121.81, 120.13, 111.87, 109.82, 101.24, 58.07,
55.19, 53.15, 21.54, 12.36; MS (EI, 70 eV) (m/z, %)
381((M+1)+, 25), 380 (M+, 70), 351 (26), 307 (100),
273 (90), 245 (45), 199 (15), 175 (15), 135 (19), 77 (12).


3.1.6. Compound 4f: Ethyl-2-methyl-4-(4-bromophenyl)-
4H-pyrimido[2,1-b][1,3]benzothiazole-3-carboxylate. Yel-
low powder; mp 110–114 �C; IR (KBr) (vmax, cm�1):
3405, 3110, 1665, 1497, 1238; 1H NMR (300 MHz,
CDCl3): dH 1.30 (3H, t, 3JHH = 7.1 Hz), 2.47 (3H, s),
4.16–4.21 (2H, m), 6.40 (1H, s), 7.09–7.51 (8H, m); 13C
NMR (75 MHz, CDCl3): dC 166.20, 163.14, 139.98,
137.51, 131.91, 128.84, 126.91, 124.50, 123.99, 122.56,
122.44, 111.85, 102.84, 60.38, 57.35, 23.21, 14.36; MS
(EI, 70 eV) (m/z, %) 430 (M+, 15), 429 ((M�1)+, 10),
401 (5), 355 (5), 273 (100), 245 (45), 199 (15), 175 (19),
150 (20), 134 (19), 75 (12), 43 (21).


3.1.7. Compound 4g: Ethyl-2-methyl-4-(4-nitrophenyl)-
4H-pyrimido[2,1-b][1,3]benzothiazole-3-carboxylate. Yel-
low powder; mp 150–152 �C; IR (KBr) (vmax, cm�1):
3410, 3105, 1576, 1497, 1341, 1237, 746; 1H NMR
(300 MHz, CDCl3): dH 1.31 (3H, t, 3JHH = 6.9 Hz),
2.50 (3H, s), 4.15–4.26 (2H, m), 6.57 (1H, s), 7.08–7.56
(4H, m), 7.61 (2H, d, 3JHH = 8.7 Hz), 8.15 (2H, d,
3JHH = 8.7 Hz); 13C NMR (75 MHz, CDCl3): dC
165.97, 163.25, 147.82, 147.32, 137.07, 128.08, 127.21,
124.98, 124.18, 124.07, 122.74, 111.71, 102.31, 60.71,
57.28, 23.07, 14.36; MS (EI, 70 eV) (m/z, %) 396
((M+1)+, 5), 395 (M+, 5), 366 (10), 322 (20), 273 (100),
245 (50), 199 (25), 175 (15), 134 (16).


3.1.8. Compound 4h: Ethyl-4-(phenyl)-2-phenyl-4H-
pyrimido[2,1-b][1,3]benzothiazole-3-carboxylate. Yellow
powder; mp 77–80 �C; IR (KBr) (vmax, cm�1): 3055,
1669, 1504, 1476, 1211, 744; 1H NMR (300 MHz,
CDCl3): dH 0.85 (3H, t, 3JHH = 7.1 Hz), 3.86–3.94 (2H,
m), 6.58 (1H, s), 7.22–7.56 (14H, m); 13C NMR
(75 MHz, CDCl3): dC 166.36, 163.06, 140.74, 137.52,
130.13, 128.99, 128.79, 128.30, 127.83, 127.13, 124.54,
122.41, 112.20, 103.40, 60.24, 58.47, 13.51; MS (EI,
70 eV) (m/z, %) 412 (M+, 21), 339 (45), 307 (16), 134
(21), 105 (100), 77 (64), 43 (40).


3.1.9. Compound 4i: Ethyl-4-(4-nitrophenyl)-2-phenyl-
4H-pyrimido[2,1-b][1,3]benzothiazole-3-carboxylate. Yel-
low powder; mp 158 �C dec; IR (KBr) (vmax, cm�1):
3440, 1608, 1514, 1346, 1267, 1218; 1H NMR
(300 MHz, CDCl3): dH 1.08 (3H, t, 3JHH = 7.0 Hz),

4.16–4.27 (2H, m), 7.18 (1H, s), 7.26–8.21 (13H, m);
13C NMR (75 MHz, CDCl3): dC 168.36, 165.07,
132.74, 130.52, 130.13, 128.99, 128.79, 128.30, 126.83,
126.13, 124.55, 122.41, 112.20, 101.40, 61.24, 58.47,
12.5; MS (EI, 70 eV) (m/z, %) 456 (M+, 19), 427 (100),
398 (28), 351 (64), 323 (21), 305 (75), 277 (16), 237
(70), 190 (12), 150 (40), 129 (42), 104 (66), 76 (64), 50
(30).


3.1.10. Compound 4j: Ethyl-2-methyl-4-(phenyl)-4,10-
dihydropyrimido[1,2-a][1,3]benzimidazole-3-carboxylate.
Yellow powder; mp >260 �C; IR (KBr) (vmax, cm�1):
3400, 3105, 1693, 1567, 1451, 1396, 1249; 1H NMR
(300 MHz, CDCl3): dH 1.13 (3H, t, 3JHH = 7.0 Hz),
2.62 (3H, s), 4.01–4.04 (2H, m), 6.32 (1H, s), 6.90–7.38
(9H, m), 10.80 (1H, br s, NH); 13C NMR (75 MHz,
CDCl3): dC 165.91, 146.51, 146.12, 141.35, 140.37,
131.37, 128.54, 128.15, 127.44, 122.74, 121.24, 116.14,
109.95, 99.43, 60.14, 57.05, 1950, 14.31; MS (EI,
70 eV) (m/z, %) 334 ((M+1)+, 30), 333 (M+,100), 304
(30), 256 (90), 228 (35), 182 (14), 133 (14), 77 (16), 43
(23).


3.1.11. Compound 4k: Ethyl-2-methyl-4-(4-methoxyphe-
nyl)-4,10-dihydropyrimido[1,2-a][1,3]benzimidazole-3-
carboxylate. Yellow powder; mp 250–253 �C; IR (KBr)
(vmax, cm�1): 3410, 3105, 1698, 1396, 1239, 751; 1H
NMR (300 MHz, CDCl3): dH 1.29 (3H, t,
3JHH = 7.1 Hz), 2.75 (3H, s), 3.74 (3H, s), 4.13–4.21
(2H, m), 6.42 (1H, s), 6.78–7.51 (8H, m), 10.40 (1H, br
s, NH); 13C NMR (75 MHz, CDCl3): dC 165.94,
159.28, 146.36, 145.62, 139.97, 133.55, 131.23, 128.62,
122.79, 121.30, 116.00, 113.84, 110.04, 99.79, 60.14,
56.50, 55.19, 19.46, 14.33; MS (EI, 70 eV) (m/z, %) 364
((M+1)+, 21), 363 (M+, 70), 334 (50), 290 (35), 256
(100), 228 (45), 182 (25), 133 (12), 115 (28), 77 (23).


3.1.12. Compound 4l: Ethyl-2-methyl-4-(4-nitrophenyl)-
4,10-dihydropyrimido[1,2-a][1,3]benzimidazole-3-carbox-
ylate. Yellow powder; mp 225 �C dec; IR (KBr) (vmax,
cm�1): 3105, 1693, 1566, 1433, 1249, 753; 1H NMR
(300 MHz, CDCl3): dH 1.29 (3H, t, 3JHH = 7.0 Hz),
2.74 (3H, s), 4.13–4.23 (2H, m), 6.59 (1H, s), 7.14–8.16
(8H, m); 13C NMR (75 MHz, CDCl3): dC 166.93,
156.94, 146.94, 145.62, 139.97, 133.55, 131.23, 127.62,
123.79, 121.30, 116.00, 113.84, 109.04, 98.80, 60.14,
55.19, 20.46, 13.33; MS (EI, 70 eV) (m/z, %) 378 (M+,
64), 349 (26), 308 (14), 256 (100), 228 (64), 182 (30),
133 (31), 90 (28).


3.1.13. Compound 4m: Ethyl-4-(4-methoxyphenyl)-2-
phenyl-4,10-dihydropyrimido[1,2-a][1,3]benzimidazole-3-
carboxylate. Yellow powder; mp 117–120 �C; IR (KBr)
(vmax, cm�1): 3120, 1675, 1554, 1450, 1248, 740; 1H
NMR(300 MHz, CDCl3): dH 0.69 (3H, t,
3JHH = 7.05 Hz), 3.61 (3H, s), 3.68–3.75 (2H, m), 6.36
(1H, s), 6.68–7.39 (13H, m); 13C NMR (75 MHz,
CDCl3): dC 165.33, 159.63, 145.43, 145.22, 135.06,
132.67, 129.82, 128.63, 128.59, 128.28, 123.30, 122.16,
115.66, 114.19, 109.98, 101.38, 60.23, 56.86, 55.25,
13.55; MS (EI, 70 eV) (m/z, %) 426 ((M+1)+, 95), 425
(M+, 100), 396 (74), 352 (85), 318 (77), 129 (54), 105
(35), 77 (80).
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3.1.14. Compound 4n: Ethyl-4-(4-nitrophenyl)-2-phenyl-
4,10-dihydropyrimido[1,2-a][1,3]benzimidazole-3-carbox-
ylate. Yellow powder; mp 248 �C dec; IR (KBr) (vmax,
cm�1): 3405, 1675, 1558, 1341, 1249, 752; 1H NMR
(300 MHz, CDCl3): dH 0.82 (3H, t, 3JHH = 6.13 Hz),
3.85–3.87 (2H, m), 5.87 (1H, s), 6.65–8.19 (13H, m),
9.30–10.30 (1H, br s, NH); 13C NMR (75 MHz, CDCl3):
dC 165.38, 147.95, 147.73, 145.80, 135.33, 130.27,
129.84, 128.70, 128.65. 128.16, 124.12, 122.97, 121.80,
116.79, 109.01, 99.24, 60.28, 56.53, 13.47; MS (EI,
70 eV) (m/z, %) 393 (70), 367 (19), 318 (100), 291 (30),
278 (22), 244 (30), 172 (20), 111 (10), 87 (23), 69 (50).
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Abstract—Structure–activity relationship (SAR) studies on the tricyclic isoxazole series of MRP1 modulators have resulted in the
identification of potent and selective inhibitors containing cyclohexyl-based linkers. These studies ultimately identified compound
21b, which reverses drug resistance to MRP1 substrates, such as doxorubicin, in HeLa-T5 cells (EC50 = 0.093 lM), while showing
no inherent cytotoxicity. Additionally, 21b inhibits ATP-dependent, MRP1-mediated LTC4 uptake into membrane vesicles prepared
from the MRP1-overexpressing HeLa-T5 cells (EC50 = 0.064 lM) and shows selectivity (1115-fold) against the related transporter,
P-glycoprotein, in HL60/Adr and HL60/Vinc cells. Finally, when dosed in combination with the oncolytic MRP1 substrate vincris-
tine, 21b showed tumor regression and growth delay in MRP1-overexpressing tumors in vivo.
� 2005 Elsevier Ltd. All rights reserved.

The effective treatment of many types of cancer contin-
ues to be a significantly unmet medical need. Oftentimes,
the failure of a specific course of therapy is a result of the
tumor cells developing resistance to the agent(s) used in
the therapy.1 In the clinic, it is quite common for cancer
patients to initially respond to chemotherapy, but ulti-
mately experience relapse, due to the fact that their tu-
mors have developed resistance. In some cases,
patients develop multidrug resistance (MDR). These pa-
tients are resistant to several classes of oncolytics in
addition to the treatment drug.1 We have been interested
in understanding the molecular mechanisms by which
tumor cells become resistant to chemotherapeutic
agents.2,3 One mechanism involves the efflux of the
oncolytic (or a metabolite) out of the tumor cell, result-
ing in a lower intracellular concentration of the agent. It
has been shown that P-glycoprotein (Pgp, ABCB1)4 and
the multidrug resistance protein (MRP1, ABCC1)5,6 can
transport a variety of chemotherapeutics out of cancer
cells and these transport proteins are often overexpres-
sed in MDR tumors. Thus, one approach to improving
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treatment would be to inhibit the action of these trans-
porters, thus restoring sensitivity to the tumor cells.
This should result in an improved response to therapy.


The Pgp transporter has been studied over the past two
decades and numerous modulators of Pgp have been de-
scribed.7 Many of these agents are presently being tested
in the clinic to determine the role of Pgp in clinical resis-
tance. The related transporter, MRP1, was discovered
much later.8 Thus, the number of selective modulators
of MRP1 is far less than for Pgp.9 We recently reported
on a novel class of selective MRP1 modulators called tri-
cyclic isoxazoles, characterized by 1 and 2.3 These com-
pounds demonstrated reversal of MRP1-mediated drug
resistance (in the presence of a sublethal dose of doxoru-
bicin) in the MRP1-transfected cell line, HeLa-T5
(EC50 = 0.90 and 1.13 lM, respectively). This is a direct
measure of a compound�s ability to reverse the MRP1-
mediated resistance in a relevant cell line which overex-
presses MRP1. Additionally, 1 demonstrated selectivity
for MRP1 versus Pgp in cells and inhibited ATP-depen-
dent, MRP1-mediated uptake of LTC4 into membrane
vesicles (Fig. 1). Finally, when dosed in combination
with the MRP1 substrate vincristine, 1 delayed the
growth of MRP1-overexpressing tumors in vivo. This
was the first description of an enhanced antitumor effect
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with a selective MRP1 modulator and represented the
beginning of an SAR effort to find molecules which dem-
onstrated greater potency and selectivity at the target.
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TFA, 1 h; ii—3,4,5-trimethoxybenzoyl chloride, Et3N, CH2Cl2, 25 �C, 1 h (8

One can imagine this class of molecules as having
three specific regions: tricyclic, linker, and aryl regions
(Fig. 2). Our early SAR efforts indicated that the aryl
substitution had very significant effects on the activity
of these compounds. Additionally, we have shown
that the tricyclic functionality is required for activity.
Thus, we have hypothesized that the primary purpose
of the linker region is to present the aryl and tricyclic
moieties in the proper three-dimensional space for
optimal binding to the MRP1 protein. At first, we
tried the simplest linker replacements—straight carbon
chains. The chemistry to prepare these compounds is
shown in Scheme 1.10 Beginning with either 5-amino-
valeric acid–HCl (3) or BOC-1,4-diaminobutane (7),
the targets (6 and 10) were prepared as previously de-
scribed,3 with the key synthetic step being an intramo-
lecular nucleophilic aromatic substitution reaction to
form the tricyclic isoxazole. Interestingly, these flexible
linker analogs 6 and 10 had HeLa-T5 EC50 values
similar to those of the phenyl linker compounds 1
and 2.


In an effort to continue to explore alternative linker
functionalities, we considered saturated, 1,3-disubstitut-
ed carbocyclic linkers. We envisioned that these mole-
cules would be significantly less flexible than the
straight chain linkers 6 and 10, but with a slightly differ-
ent presentation of the aryl and tricyclic moieties, rela-
tive to the aryl linkers, such as 1 and 2. Additionally,
due to the sp3 nature of the saturated carbocyclic link-
ers, we sought to explore both cis and trans analogs of
the cyclohexyl linkers. Due to the expected 1,3-diequato-
rial orientation of the cis and 1,3-axial/equatorial orien-
tation of the trans isomers, we felt that the cyclohexyl
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Table 2. In vitro properties of 19–22a
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linkers would provide a significant harvest of ligand
orientation information.


We prepared the cyclohexyl analogs 14 and 15, starting
with ethyl 3-nitrophenylacetate (11, Scheme 2).11 Satu-
rating hydrogenation conditions provided the cyclohex-
yl amino ester 12 as a 3:1 mixture (syn:anti) of
inseparable isomers.12 Acylation of the amine mixture,
followed by intramolecular nucleophilic aromatic substi-
tution, produced the tricyclic ester 13. Standard sapon-
ification conditions, followed by acid chloride
formation and amide preparation, provided the targets
14 and 15 as a 3:1 mixture of diastereomers. These mate-
rials were easily separated by flash chromatography.
Additionally, each diastereomer was separated into its
pure enantiomers (14a and b; 15a and b) via chiral
HPLC (Chiralpak AD).


The in vitro data on cyclohexyl-linked compounds 14
and 15 are shown in Table 1.13 While all four com-
pounds inhibited MRP1, 14b showed greater potency
in the HeLa-T5 assay and significantly greater activity
in the transport assay, which is a direct measure of the
compound�s ability to inhibit the ATP-dependent trans-
port of an MRP1 substrate into membrane vesicles.
Additionally, we noted a clear enantiospecificity in the
in vitro results. Specifically, 14b was �4· more potent
in cells and up to 23·more potent in the LTC4 transport
assay, relative to 14a.

Table 1. In vitro properties of 14 and 15a


Compound EC50 (lM) HeLa-T5 IC50 (lM) LTC4 transport


14a 1.10 (±0.13) 1.86 (±0.545)


14b 0.256 (±0.021) 0.079 (±0.038)


15a 1.63 0.849


15b 0.344 0.637


a Standard errors are shown in parentheses. Others tested in duplicate.

We became interested in pursuing a different amide ori-
entation in the linker region. Thus, we prepared targets
19–22 (Scheme 3) in a similar fashion and separated
the enantiomers of the more active cis analogs.11,12


The in vitro data are shown in Table 2.13


Once again, cis diastereomers 19 and 21 proved more
potent than the trans isomers 20 and 22 in both
HeLa-T5 and LTC4 transport assays. Additionally,
we found that in this amide series, simple phenyl
was more potent than the trimethoxyphenyl substitu-
tion. For both series, the cis diastereomers were sepa-
rated into their enantiomers 19a/b and 21a/b.14 In
addition to its exquisite activity in these assays, the
more active phenyl substituted enantiomer 21b showed
excellent selectivity (>1000-fold) in the HL60 panel of
MRP1- overexpressing (HL60/Adr) and Pgp-over-
expressing (HL60/Vinc) cells.15

Compound EC50 (lM) HeLa-T5 IC50 (lM) LTC4 transport


19 (racemic) 0.25 0.27


20 (racemic) 0.42 NT


21 (racemic) 0.18 (±0.016) 0.038 (±0.004)


22 (racemic) 0.64 1.014


19a 0.56 0.78


19b 0.16 0.17 (±0.07)


21a 0.43 (±0.015) 0.545 (±0.159)


21b 0.093 (±0.004) 0.064 (±0.022)


a Standard errors are shown in parentheses. Others tested in duplicate.
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21b

HL60/Adr

 EC50 = 0.002 lM


HL60/Vinc

 EC50 = 2.23 lM


Selectivity = 1115·

Due to its interesting in vitro properties, we decided to
explore 21b in our in vivo model for MRP1-mediated
drug resistance. As previously described,3 we have devel-
oped an MRP1-dependent in vivo model by implanting
the drug resistant HeLa-T5 cell line into nude mice, pro-
ducing tumors which are resistant to the MRP1-associ-
ated oncolytic, vincristine.13 The vector control cell
line HeLa-C1, which does not overexpress MRP1, was
similarly implanted into nude mice and found to be
responsive to vincristine treatment. Thus, a successful
MRP1 inhibitor should have a synergistic effect on
reducing tumor growth when dosed in combination with
vincristine in the HeLa-T5 in vivo model. Figure 3
shows the results of an in vivo study using 21b and vin-
cristine. Animals were dosed orally with 8, 4, 2, and
1 mg/kg 21b, 30 min before and after a bolus iv infusion
(0.5 mg/kg) of vincristine, for five days. Additionally,
several controls were included in this study. The vehicle
control shows the tumor growth with no therapy, while
the vincristine-treated animals (0.5 mg/kg, iv) showed
the effect of drug without inhibitor. A final control
was performed where the animals were dosed with inhib-
itor alone. This curve indicates that the inhibitor has no
antitumor activity of its own. As shown in Figure 3, the
combination treatment of vincristine and 21b gave a sta-
tistically significant improvement in efficacy, relative to
the controls, at all doses. The effect was dose responsive.
Even more noteworthy is the demonstration of tumor
regression at the higher doses of 21b: 63% regression
at the 8 mg/kg dose (green line) and 40% regression at
the 6 mg/kg dose (blue line).


In conclusion, we have shown that tricyclic isoxazoles
continue to be a promising scaffold for selective MRP1
modulation. Specifically, compounds, such as 21b, are

useful tools, which may hasten the understanding of
MRP1-mediated drug resistance.
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Abstract—In this paper, the effects of some chemical and physical factors such as temperature, pH values, glycerol, and divalent
metal cations on the protease activity of venom from jellyfish, Rhopilema esculentum Kishinouye, were assayed. Protease activity
was dependent on temperature and pH values. Zn2+, Mg2+, and Mn2+ in sodium phosphate buffer (0.02 M, pH 8.0) could increase
protease activity. Mn2+ had the best effects among the three metal cations and the effect was about 20 times of that of Zn2+ or Mg2+


and its maximal protease activity was 2.3 · 105 U/mL. EDTA could increase protease activity. PMSF had hardly affected protease
activity. O-Phenanthroline and glycerol played an important part in inhibiting protease activity and their maximal inhibiting rates
were 87.5% and 82.1%, respectively.
� 2005 Elsevier Ltd. All rights reserved.

The jellyfish, Rhopilema esculentum Kishinouye, a cni-
darian of the class Scyphozoa, the order Rhizostomeae,
and the family Rhopilema, is distributed widely off the
coasts of China, Japan, and Korea, and is abundant in
late summer to early autumn.1 Painful R. esculentum
Kishinouye stings to swimmers and fishermen are com-
mon and result in local edema, tingle, and paresthesia in
extremities. Such effects arise from the complex mixture
of biologically active molecules that make up jellyfish
venoms.2


Proteinous venom from jellyfish nematocyst has a unique
structure and many bioactivities such as cardiac toxicity,
netro-toxicity, protease activity, hemolysis, hepatocyte
toxicity, myotoxicity, and antioxidant activity.3–8 The
bioactivities of Chironex fleckeri and Chrysaora quin-
queeirrha are studied more than other jellyfish.9–13


Ramasamy reported C. fleckeri produced a transient
hypertensive response followed by hypotension and car-
diovascular collapse within 4 min administration in
anaesthetized rats.7 C. quinqueeirrha nematocyst venom
which had netro-toxicity was lethal to rainbow killifish
when injected intraperitoneally or topically applied to
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the exposed brain or denuded epithelium.13 Scholars
have studied on biochemistry, pharmacology, and toxi-
cology of jellyfish venom since 1960s, and tried to extract
its active components as a new source of medicine. It is
reported that jellyfish venom can have promising appli-
cations in cardiovascular medicine and target medicine
of nerve molecular biology.14 So, it is useful to study jel-
lyfish venom to benefit human health. However, further
study on jellyfish venom has been complicated by many
factors including thermal instability, the aggregation of
heterogeneous proteins and peptides, and the presence
of protease during purification.15


Protease can degrade some active proteins resulting in
the loss of bioactivities of jellyfish venom.16 Choosing
optimal conditions such as temperature, pH values, addi-
tives, and so on to inhibit protease activity is very neces-
sary for enhancing the stability of the active components
and simplifying its purification. Many proteases isolated
from bacterium had already been investigated, but the
study on the protease activity of jellyfish was compara-
tively deficient.17–20 Long-Rowe reported the effects of
pH on protease activity of C. quinqueeirrha venom and
employed boronic acid column to excise protease. O-
Phenanthroline and PMSF could inhibit the protease
activity and 0.5% EDTA could enhance the protease
activity.15 Gusmani reported 5 mM EDTA and 2 mM
PMSF could inhibit the protease activity of Rhopilema
nomadica venom.5 But there is no report about the
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Figure 1. The effects of temperature on protease activity.
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protease activity of venom from jellyfish R. esculentum
Kishinouye and the effects of glycerol on protease activ-
ity of the venom from jellyfish. Furthermore, they only
researched the effects of additives of one concentration
on protease activity, which couldn�t choose the optimal
concentration of protease inhibitor to inhibit protease
activity. Moreover, jellyfish venoms clearly vary in activ-
ity and composition, and different results of some factors
affecting protease activity were obtained because of spe-
cies differentia.21 In the present study, protease activity
of venom from jellyfish R. esculentum Kishinouye and
the effects of temperature, pH values, additives including
glycerol, metal cations, PMSF, O-phenanthroline and
EDTA on it were first investigated.


Crude protein was prepared as follows. The jellyfish
Rhopilema esculentum Kishinouye (R. esculentum) was
collected in the Shazikou Bay in Qingdao, Shandong
Province, China, in August 2004. The oral arms with
tentacles were manually excised in vivo, packed in poly-
thene bags, and frozen immediately at �20 �C. The fro-
zen oral arms were autolyzed in cold (4 �C) seawater for
2 days. After filtering some residual tentacles, they were
sonicated 15 times for 3 s each time at 100 mV. The
resultant fluids were clarified by centrifugation at
13,000 rpm for 20 min at 4 �C and used as crude protein
(CP). Sample protein concentrations were determined
by the method of Bradford,22 using bovine serum albu-
min (BSA) as a standard.


LL-Tyrosine standard curve was protracted: 1 mL LL-tyro-
sine of different concentrations (10–60 lg/mL) was
incubated with 3 mL of 0.55 M Na2CO3 and 1 mL
Folin-phenol solution at 37 �C for 20 min and then the
absorbance at 640 nm was determined.


Protease activity was carried out by the method of Fo-
lin-phenol of Bakhtiar with a slight modification.23


Briefly, 1 mL of 1% (w/v) casein in sodium phosphate
buffer (PBS, 0.02 M) and 1 mL CP were pre-incubated
at 37 �C, respectively. After 5 min, the casein was incu-
bated with the CP at 37 �C for 10 min, and then unhy-
drolyzed protein was precipitated with 3 mL of 10%
trichloroacetic acid (TCA) and softly shaken. After
centrifugating at 13,000 rpm for 10 min, 3 mL Na2CO3


was added to 1 mL supernatant followed by 1 mL Fo-
lin-phenol reagent and then immediately shaken up.
The reaction mixture was allowed to stand for
20 min at 37 �C before measuring the absorbance at
640 nm by a spectrophotometer against blank samples.
One unit of protease activity was defined as 1 ng tyro-
sine released from casein hydrolyzed by protease of
1 mL CP at 37 �C, pH 8.0, for 1 min. Inhibiting rate
I% = (1 � Ai/Ao) · 100%, where Ai is the absorbance
of inhibitor added and Ao is the absorbance of inhib-
itor unadded.


The effects of temperature on protease activity were as-
sayed as follows. 1 mL of 1% casein in PBS (0.02 M, pH
8.0) was incubated with 1 mL CP at 4, 30, 37, 50, and
60 �C for 10 min, respectively, and then the protease
activity of venom was determined according to the
method described above.

The effects of pH on protease activity were assayed as
follows. 1 mL of 1% casein in pH 6.0, 6.5, 7.0, 7.5, 8.0,
8.5, 9.0, and 9.5 PBS, respectively, was incubated with
1 mL CP at 37 �C for 10 min, and then the protease
activity of venom was determined according to the
method described above.


The effects of additives on protease activity were assayed
as follows. 1 mL additive of different concentrations was
added to 1 mL CP before pre-incubation and then the
mixture was incubated with 1 mL of 1% casein in PBS
(0.02 M, pH 8.0) at 37 �C for 10 min. Then the protease
activity of venom was determined according to the
method described above.


Figure 1 shows that protease activity was obviously
influenced by temperature. When the temperature chan-
ged from 4 to 37 �C, protease activity was increased
quickly and reached the maximum at 37 �C, so it was
regarded as the optimum reactive temperature of prote-
ase. Protease activity was markedly reduced at tempera-
ture over 50 �C. Carrette reported that at temperatures
greater than or equal to 43 �C, venom lost its lethality
more rapidly,24 so it should be at lower temperature to
research other characters of R. esculentum venom, in or-
der to reduce the degradation effect of the protease to
protein. The effects of temperature on protease activity
could be explained as follows: when the temperature
was below 50 �C, activity energy was consequently de-
creased with the incubation temperature increasing,
inducing the reactive rate, namely protease activity
enhancement. As the nature of protease was protein,
when the temperature was above 50 �C, protease was
denatured with the incubation temperature increasing,
resulting in the rate of reaction getting decreased.25


Protease activity was consequently decreased.


Protease activity was influenced by pH and showed an
obvious peak (Fig. 2), implying that at least one prote-
ase was present in CP.26 At pH 7.5, protease activity
was minimal and R. esculentum venom had a higher
hemolytic activity at this pH, confirming that protease
activity could affect hemolytic activity.27 Protease activ-
ity was maximal at pH 8.0 and apart from incubation at
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Figure 2. The effects of pH on protease activity.
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pH 8.0, protease activity obviously decreased. This find-
ing was in accordance with Lane�s research showing that
the optimum pH of protease from jellyfish Physalia ven-
om was 7.8–8.0.28 According to the research, PBS at pH
7.5 should be chosen to make jellyfish venom stable
when studying other activities of jellyfish R. esculentum
venom. The reasons that pH influenced protease activity
may be explained as follows: (1) more acid or alkali
could damage the spatial structure of protein with
changing the proteinaceous conformation, so protease
activity got reduced. (2) When pH values did not change
greatly, protease did not denature, but its activity was
influenced, since pH values could affect the dissociated
state of substrates, intermediate complexes, and some
groups of protease active sites. (3) pH values influenced
the decomposition of the relative groups which kept spa-
tial structure of protease molecular stable, resulting in
the conformation of protease active sites, so protease
activity was affected consequently.25


As shown in Figure 3, protease activity was inhibited by
glycerol. when the concentration was 1%, the inhibitory
effect was the greatest and the inhibiting rate was 82.1%.
When the concentration was higher than 1%, the inhib-
itory effect began to decreased and protease activity con-
sequently improved. The inhibitory effect was the lowest
at the concentration of 6% glycerol which could induce
the subunit of protease to aggregate,29 destroying the
active site of protease resulting in protease activity
decrease. Su investigated that glycerol could effectively
reduce the hydrolyzation of protease.30 However,
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Figure 3. The effects of glycerol on protease activity.

glycerol is a co-solvency and it can change the thermo-
dynamic feature of solution. A balance can be estab-
lished when hydration of protein surface completes
and combines the co-solvent entirely. The balance would
stabilize the protein. When the concentration was above
1%, the effect of stabilization on protease may be higher
than that of 1%. So, protease activity gradually in-
creased compared to the activity at 1%.


Three familiar metal cations Zn2+, Mg2+, and Mn2+ in
animals were chosen in this work to study their effects
on protease activity of jellyfish R. esculentum. As shown
in Figure 4, the presence of Zn2+, Mg2+, and Mn2+ could
enhance protease activity. Zn2+ had hardly any effect on
protease activity when the concentration was below
0.1 mM. When the concentration changed from 0.1 to
0.2 mM, protease activity went from 5.5 · 103 to
1.2 · 104 U/mL. Protease activity reached the maximum
1.4 · 104 U/mL at 0.5 mM. When the concentration was
above 0.5 mM, with the concentration of Zn2+ increas-
ing, protease activity consequently decreased. Mg2+


could increase protease activity, but the effects were very
minimal and had little concentration-dependence. Mn2+


could significantly activate the protease and had the
greatest effect among the three metal cations; at 8 mM,
protease activity (2.3 · 105 U/mL) was about 40 times
greater than the control (6.0 · 103 U/mL). Protease
activity had a better linear relation with the concentra-
tion of Mn2+. The effects of Zn2+, Mg2+ were similar
and the effects of Zn2+ were greater than those of
Mg2+. With regard to metal requirements of protease
activity, on the basis of the data obtained from addition
of metal cations, we would predict the relative metal ion
requirements to be Mn2+ >> Zn2+ > Mg2+. The results
suggested that Zn2+ and Mg2+ had broad, but weak,
metal ion binding capacity and a probable participation
of these cations in jellyfish R. esculentum protease activ-
ity, similar to what was observed in the sea urchin em-
bryo.31 Mn2+ was probably tightly bound at the active
site and was required to stabilize the protease from jelly-
fish R. esculentum.32 Metal cations were necessary for
activity of a part of enzyme, and Zn2+, Mg2+, and
Mn2+ were usually used as activators of enzyme.25,33 It
was consistent with the results of this experiment.


PMSF was a serine protease inhibitor and it had been
reported that PMSF could inhibit protease activity of
jellyfish C. quinqueeirrha.2,15 However, in this study,
PMSF had hardly affected protease activity (Fig. 5).
This result might be explained by the fact that there
was no serine protease in jellyfish R. esculentum venom
or PMSF was decomposed under the condition.


Protease activity was evidently influenced by O-phenan-
throline (Fig. 6) and it could inhibit the protease activi-
ty. When the concentration of O-phenanthroline was
below 0.5%, protease activity reduced with the concen-
tration increasing and there was a linear relation be-
tween them. 0.5% O-phenanthroline had a strong
inhibitory effect and the inhibiting rate reached the max-
imum (87.5%). The results showed that the CP probably
contained metal-activated proteases, since O-phenan-
throline was the inhibitor of metaloprotease.15 Metalo-
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Figure 4. The effects of bivalent metal cations on protease activity. (A) Zn2+. (B) Mg2+. (C) Mn2+.
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Figure 6. The effects of O-phenanthroline on protease activity.
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protease could utilize a metal ion such as the above-
mentioned Mn2+, Zn2+, and Mg2+ as a coordinator to
exert bond cleavage resulting in protein hydrolysis.


Figure 7 shows that EDTA could increase the protease
activity. When the concentration of EDTA was 1%, pro-
tease activity was improved by 3.74 times. As EDTA
was a chelator, it could chelate some heavy metal cat-
ions such as Fe2+, Hg2+, and Pb2+ to reduce the inhibi-

tory effects on protease activity.25 It was reported that
when the concentration of EDTA was higher than
2 mM, the hemolytic activity of R. esculentum venom re-
duced greatly,28 because EDTA could make protease
activity increase and protease could degrade the protein
with hemolytic activity.2 On the other hand, EDTA
could also chelate some metal cation activating protease
or metaloprotease. Maybe the effect of enhancement on
protease activity was stronger than that of inhibition, so
it showed that EDTA made protease activity increase.
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Figure 7. The effects of EDTA on protease activity.
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In conclusion, the results of this study showed that the
jellyfish R. esculentum had protease activity and was
affected by some factors. Protease activity was depen-
dent on temperature and pH values. At 37 �C, protease
activity reached the maximum and protease activity was
maximal at pH 8.0. Zn2+, Mg2+, and Mn2+ in sodium
phosphate buffer (0.02 M, pH 8.0) could increase prote-
ase activity. Mn2+ had the best effects among the three
metal cations and the maximal effect was about 20 times
of that of Zn2+ or Mg2+ and it could make protease
activity reach 2.3 · 105 U/mL. EDTA could increase
protease activity. PMSF had hardly any effect on prote-
ase activity. O-Phenanthroline and glycerol could signif-
icantly inhibit protease activity and their maximal
inhibiting rates were 87.5% and 82.1%, respectively.
According to the study, it is useful to inhibit protease
activity using optimal methods to make other active
proteins stable and it is significant to study the bioactiv-
ities of the venom from jellyfish R. esculentum. On the
other hand, protease has some toxicological actions
inducing hemagglutination holdback, local capillary
vessel, and the organization damaging.34 These investi-
gations can give us important references to research
the venom of the jellyfish R. esculentum in the future.
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Abstract—Two libraries of hMC4R agonists, X-Y-DPhe7-Arg8-2-Nal9-Z-NH2 and X-Y-DPhe7-Arg8-Trp9-Z-NH2, totaling 185 pep-
tides were prepared using Irori radiofrequency tagging technology and Argonaut Quest 210 Synthesizer, where X stands for N-caps,
Y for His6 surrogates and Z for Gly10 surrogates. As a result of this study, His-modified pentapeptides with Trp were found to be
more hMC4R potent than the corresponding 2-Nal analogs, novel N-caps and Gly surrogates were identified and 19 new peptides
which are potent hMC4R agonists (EC50 1–15 nM) and selective against hMC1R were discovered.
� 2005 Elsevier Ltd. All rights reserved.

In the last decade, five human melanocortin receptor
subtypes (hMC1R–hMC5R) have been cloned and char-
acterized.1] The melanocortin receptors are G-protein
coupled receptors (GPCRs) which mediate a wide range
of physiological functions including pigmentation
(MC1R), glucocorticoid production (MC2R), food in-
take and energy expenditure (MC3R and MC4R) as well
as exocrine gland function (MC5R).1 Recently, it was
suggested that MC4R also plays a role in sexual func-
tion.2 To better understand the physiological functions
of the melanocortin receptors in different animal species,
potent and highly subtype selective agonists and/or
antagonists are required. The identification of these
pharmacological agents remains one of the key challeng-
es in the melanocortin field.


We previously reported the use of potent but non-selec-
tive hMC4R peptide agonist 1 (Bu-His6-DPhe7-Arg8-
Trp9-Gly10-NH2) as the template in which each of its
five amino acid residues was systematically replaced by
other coding or non-coding amino acids.3–5 The above
structure–activity relationship studies of peptide 1
showed that there are relatively limited opportunities
at the DPhe, Arg, and Trp sites to improve hMC4R
potency and selectivity of peptide 1.3,5 On the other
hand, we found that the use of phenyl-containing
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rigid templates such as Apc6 and 5-BrAtc4 led to
pentapeptides 2 (Penta-Apc-DPhe-Arg-Trp-Gly-NH2)
and 3 (Penta-5-BrAtc-DPhe-Arg-Trp-Gly-NH2) with
good hMC4R potency and selectivity against hMC1R
(Table 1).
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Removal of Gly from peptide 2 gave peptide 4 (Penta-
Apc-DPhe-Arg-Trp-NH2) which drastically reduced
both hMC4R potency and selectivity (Table 1). The
importance of the Gly residue, together with the SAR
data at the DPhe, Arg, and Trp residues, led us in the
present work to concentrate on mixing and matching
His and Gly residues in an attempt to further improve
the potency and selectivity of peptides 2 and 3. A library
of the general structure X-Y-DPhe-Arg-2-Nal-Z-NH2


(15 Y · 11 Z = 165 members) was prepared where X



mailto:adrian.cheung@roche.com





Table 1. Agonist activity of the various linear peptides at the human melanocortin receptors


Peptide Amino acid sequence hMC4R EC50 (nM)a hMC1R EC50 (nM)a


1 Bu-His-DPhe-Arg-Trp-Gly-NH2
b 20 10


2 Penta-Apc-DPhe-Arg-Trp-Gly-NH2 2 25% at 50 lM
3 Penta-5-BrAtc-DPhe-Arg-Trp-Gly-NH2 (2nd isomer)c 35 50% at 50 lMe


4 Penta-Apc-DPhe-Arg-Trp-NH2 130 1300


5 Bu-His-DPhe-Arg-2-Nal-Gly-NH2 25 14


6 Bu-Apc-DPhe-Arg-2-Nal-Z2-NH2 44 25% at 10 lMe


7 Bu-Apc-DPhe-Arg-2-Nal-Z3-NH2 220 25% at 10 lMe


8 Bu-Apc-DPhe-Arg-2-Nal-Z4-NH2 90 25% at 10 lMe


9 Bu-Apc-DPhe-Arg-2-Nal-Z8-NH2 110 25% at 10 lMe


10 Bu-Apc-DPhe-Arg-2-Nal-Z9-NH2 39 50% at 10 lMe


11 Bu-Apc-DPhe-Arg-2-Nal-Z10-NH2 85 15% at 50 lMe


12 Bu-5-BrAtc-DPhe-Arg-2-Nal-Z9-NH2 (mixture)d 72 60% at 50 lM
13 Penta-Apc-DPhe-Arg-2-Nal-Gly-NH2 50 60% at 50 lMe


14 Penta-5-BrAtc-DPhe-Arg-2-Nal-Gly-NH2 (mixture)d 200 2900


a Concentration of peptide at 50% maximum cAMP accumulation or the % of cAMP accumulation (relative to NDP-MSH) observed at the highest


peptide concentration tested. The EC50 values are the average of at least two separate experiments.
b Bu stands for CH3CH2CH2C(@O) and Penta stands for CH3CH2CH2CH2C(@O).
c 1st isomer and 2nd isomer refer to the order in which the two diastereomers eluted under our HPLC conditions.13


d Tested as a 1:1 mixture of diastereomers.
e Not tested for antagonist activities.
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stands for N-caps, Y for His surrogates, and Z for Gly
surrogates. In an attempt to discover novel hMC4R po-
tent and selective peptides that do not contain Apc (Y1)
and 5-BrAtc (Y2), Y3-Y15 (Fig. 1) were also chosen as
His surrogates in this library. Amino acids Y3-Y9 gave
pentapeptides (Bu-Y-DPhe-Arg-Trp-Gly-NH2) with
moderate or good hMC4R potency but with no or low
hMC4R selectivity (data not shown); it is thought that
by matching them with different Gly surrogates, the
resulting peptides might possess improved hMC4R ago-
nist potency or selectivity. Y10-Y15 all contained phenyl
rings (similar to Apc and 5-BrAtc) and were chosen to
act as hybrids of His surrogates and N-caps.


The impact of replacing Gly10 in linear peptides on
hMC4R agonist activities, to the best of our knowledge,
has not been systematically studied. Our choice of Gly
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Figure 1. Structures of Y1-Y15.

surrogates (Z) was based on the SAR of dozens of pep-
tides with the structure Bu-His-DPhe-Arg-Trp-Z-NH2.
Although none of the above Gly-modified pentapeptides
showed any significant selectivity toward hMC4R over
hMC1R (data not shown), Z1-Z11 (Fig. 2) were chosen
for the library because they gave pentapeptides Bu-
His-DPhe-Arg-Trp-Z-NH2 with good or excellent
hMC4R potency (data not shown). It is thought that
by matching them with different His surrogates (Y),
the resulting peptides might possess improved hMC4R
agonist potency or selectivity. For the first library, 2-
Nal was used in place of Trp because of its higher chem-
ical stability and at the time of library construction, 2-
Nal and Trp were thought to be interchangeable based
on the comparable binding and agonist activities of
peptide 5 (Bu-His-DPhe-Arg-2-Nal-Gly-NH2) and pep-
tide 1 (Bu-His-DPhe-Arg-Trp-Gly-NH2).


5 This view
was shared by Haskell-Luevano et al., who stated that
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‘‘the chemically reactive Trp indole side chain may be re-
placed with the non-reactive naphthyl moiety in the de-
sign of peptide and non-peptide melanocortin receptor
ligands, as long as the naphthyl ring is in the correct ori-
entation (1 0 vs. 2 0)’’.7 1-Nal was not pursued in this
study because Bu-His-DPhe-Arg-1-Nal-Gly-NH2 was
much less potent than the corresponding 2-Nal analog,
peptide 5.5


165 peptides of the general structure X-Y-DPhe-Arg-2-
Nal-Z-NH2 were prepared using Irori radiofrequency
tagging technology8 as described in Ref. 9. The 165 puri-
fied peptides were initially screened in hMC1R and
hMC4R agonist assays at a single peptide concentration
of 100 nM using HEK293 cells transfected with hMC1R
and hMC4R as reported in detail elsewhere.10,11 In the
hMC4R assay, less than 10% of the library achieved
more than 30% stimulation at 100 nM concentration.
Only those hits (peptides 6–12) from the one-point ago-
nist assays which showed both good hMC4R potency
(>30% activation at 100 nM) and selectivity12 were fully
titrated to generate EC50 values (Table 1).


As shown in Table 1, the most hMC4R potent and selec-
tive peptides from the first library, peptides 6–12, all
contain either Apc (Y1) or 5-BrAtc (Y2), the two opti-
mized His surrogates. Although 143 peptides without
either Apc or 5-BrAtc were prepared, none of them
met our stringent criteria of hMC4R potency and selec-
tivity, thus demonstrating the challenges in discovering
hMC4R potent and selective peptides. Peptide 6, which
differs from peptide 2 in having 2-Nal instead of Trp and
n-butanoyl (Bu-) N-cap instead of n-pentanoyl (Penta),
is about 20-fold less potent at hMC4R and inactive at
hMC1R, compared to peptide 2 (the standard error in
our assays is about 2-fold). Slight modification of Gly
(Z2) in peptide 6 to Ala (Z3) and homoAla (Z4) gave
peptides 7 and 8, respectively, which displayed hMC1R
and hMC4R agonist potencies within 5-fold of those of
peptide 6. It is intriguing that peptides 9–11, containing
Gly surrogates with aromatic rings (Z8-Z10), are compa-
rable in hMC1R and hMC4R potencies to peptides 6–8.
Peptide 12, with 5-BrAtc as His surrogate and Z9 as Gly
surrogate, is comparable to peptide 3 in hMC1R and
hMC4R agonist activities. Of the 22 peptides bearing
either Apc or 5-BrAtc, only seven (peptides 6–12) met
our cut-off criteria of hMC4R agonist potency and selec-
tivity, clearly highlighting the influence of Gly surrogat-
es on the pentapeptides� overall hMC4R potency and
selectivity.


As mentioned earlier, when the first library was con-
structed, 2-Nal and Trp were believed to be interchange-
able based on the comparable hMC1R and hMC4R
activities of peptides 1 and 5. Later on, as more Apc
or 5-BrAtc containing linear peptides were prepared, it
became apparent that His-modified peptides bearing
Trp are more potent at hMC4R compared to their 2-
Nal counterparts. For example, peptide 2 (Penta-Apc-
DPhe-Arg-Trp-Gly-NH2) is 25-fold more potent as a
hMC4R agonist compared to peptide 13 (Penta-Apc-
DPhe-Arg-2-Nal-Gly-NH2); similarly, peptide 3 (Pen-
ta-5-BrAtc-DPhe-Arg-Trp-Gly-NH2) is about 6-fold

more potent as a hMC4R agonist compared to peptide
14 (Penta-5-BrAtc-DPhe-Arg-2-Nal-Gly-NH2).


To test the hypothesis that His-modified pentapeptides
with Trp are more potent than the corresponding 2-
Nal analogs, a follow-up library was carried out in
which peptides 6–12 were modified by substituting 2-
Nal with Trp. At the same time, to study the influence
of N-caps on the peptides� biological activities, 3 N-caps
(X1-X3, Fig. 3) were also incorporated into the second li-
brary giving a total of 21 possible peptides. As X1-Apc-
DPhe-Arg-Trp-Z2-NH2 is structurally very similar to
peptide 2, it was removed from the list giving a revised
total of 20 peptides.


These peptides (X-Y-DPhe-Arg-Trp-Z-NH2) were pre-
pared using a Quest 210 Synthesizer14 as described in
Ref. 15. The agonist activities of the 19 purified peptides
(one was lost during purification) from the second li-
brary are shown in Table 2.


Peptides 6–12, bearing 2-Nal, showed hMC4R EC50 val-
ues within the range of 39–220 nM. Peptides 17, 20, 23,
26, 29, and 31, which only differ from peptides 6–12 in
having Trp instead of 2-Nal, displayed much improved
hMC4R EC50 values within the range of 1–15 nM, vali-
dating our 2-Nal/Trp non-equivalency hypothesis. Spe-
cifically, peptide 17 (X1-Apc-DPhe-Arg-Trp-Z3-NH2) is
over 70-fold more potent as a hMC4R agonist com-
pared to peptide 7 (X1-Apc-DPhe-Arg-2-Nal-Z3-NH2);
similarly, peptide 23 (X1-Apc-DPhe-Arg-Trp-Z8-NH2)
is over 50-fold more potent as a hMC4R agonist com-
pared to peptide 9 (X1-Apc-DPhe-Arg-2-Nal-Z8-NH2).
It is interesting that Apc containing peptides, peptides
15–30, despite the variations in N-caps and Gly surro-
gates, all have EC50 values within a narrow range of
1–5 nM at hMC4R. Peptides 31–33, bearing 5-BrAtc,
possessed hMC4R EC50 values of 11–15 nM; separation
of these three peptide mixtures into individual diastereo-
mers should give more hMC4R potent peptides. None
of the new peptides described in this paper was charac-
terized in hMC1R binding or antagonist assays and we
cannot rule out the possibility of hMC1R antagonist
activities of some of these peptides.


In summary, two libraries of pentapeptides, X-Y-DPhe-
Arg-2-Nal-Z-NH2 and X-Y-DPhe-Arg-Trp-Z-NH2,
totaling 185 peptides were prepared using Irori radiofre-
quency tagging technology and Argonaut Quest 210
Synthesizer, in which N-caps, His and Gly residues were
modified. As a result of this study, His-modified penta-
peptides with Trp were found to be more hMC4R po-
tent than the corresponding 2-Nal analogs, novel N-
caps and Gly surrogates were identified, and 19 new







Table 2. Agonist activity of the various linear peptides at the human melanocortin receptors


Peptide Amino acid sequence hMC4R EC50 (nM)a hMC1R EC50 (nM)a


15 X2-Apc-DPhe-Arg-Trp-Z2-NH2 2 55% at 10 lMc


16 X3-Apc-DPhe-Arg-Trp-Z2-NH2 2 30% at 10 lMc


17 X1-Apc-DPhe-Arg-Trp-Z3-NH2 3 25% at 50 lMc


18 X2-Apc-DPhe-Arg-Trp-Z3-NH2 2 25% at 50 lMc


19 X3-Apc-DPhe-Arg-Trp-Z3
-NH2 3 30% at 10 lMc


20 X1-Apc-DPhe-Arg-Trp-Z4-NH2 5 50% at 50 lMc


21 X2-Apc-DPhe-Arg-Trp-Z4-NH2 2 50% at 50 lMc


22 X3-Apc-DPhe-Arg-Trp-Z4-NH2 5 45% at 10 lMc


23 X1-Apc-DPhe-Arg-Trp-Z8-NH2 2 50% at 50 lMc


24 X2-Apc-DPhe-Arg-Trp-Z8-NH2 2 60% at 10 lMc


25 X3-Apc-DPhe-Arg-Trp-Z8-NH2 2 60% at 10 lMc


26 X1-Apc-DPhe-Arg-Trp-Z9-NH2 2 60% at 10 lMc


27 X2-Apc-DPhe-Arg-Trp-Z9-NH2 2 75% at 10 lMc


28 X3-Apc-DPhe-Arg-Trp-Z9-NH2 3 75% at 10 lMc


29 X1-Apc-DPhe-Arg-Trp-Z10-NH2 1 50% at 10 lMc


30 X3-Apc-DPhe-Arg-Trp-Z10-NH2 1 70% at 10 lMc


31 X1-5-BrAtc-DPhe-Arg-Trp-Z9-NH2 (mixture)b 15 65% at 50 lMc


32 X2-5-BrAtc-DPhe-Arg-Trp-Z9-NH2 (mixture)b 15 50% at 10 lMc


33 X3-5-BrAtc-DPhe-Arg-Trp-Z9-NH2 (mixture)b 11 50% at 10 lMc


a Concentration of peptide at 50% maximum cAMP accumulation or the % of cAMP accumulation (relative to NDP-MSH) observed at the highest


peptide concentration tested. The EC50 values are the average of at least two separate experiments.
b Tested as a 1:1 mixture of diastereomers.
c Not tested for antagonist activities.
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peptides which are potent hMC4R agonists (EC50 1–
15 nM) and selective against hMC1R were discovered.
Further characterization of the new peptides disclosed
herein will be the subject of future communications.
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Abstract—This manuscript reports the identification of a novel series of mono- and bis- benzene sulfonamides with potent binding
affinity for bovine carbonic anhydrase II (bCAII). These compounds exhibited nanomolar equilibrium dissociation constants with
Ki�s ranging from 4.7 to 9.3 nM. All compounds were ester derivatives of the weak affinity bCAII inhibitor, 4-carboxybenzenesulf-
onamide. Structure–activity relationships for this novel series of compounds are discussed.
� 2005 Elsevier Ltd. All rights reserved.
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The carbonic anhydrase (CA) family of Zn(II) metalloen-
zymes (EC 4.2.1.1) catalyzes the reversible hydration of
CO2 toHCO3


�. This regulatory reaction underpins many
physiological processes associated with pH control, ion
transport, and fluid secretion.1,2 Classically, an aromatic
or heteroaromatic sulfonamide moiety (ArSO2NH2)
was the primary recognition element necessary for small
molecules to bind the active site of CA.1,2 Coordination
of the nitrogen atom of the ionized sulfonamide anion
(ArSO2NH�) to the active site Zn(II) ofCA facilitates this
protein–small molecule interaction.1,2 The inhibition of
CAs has been exploited clinically for several decades for
the treatment of a variety of conditions including glauco-
ma, epilepsy, and gastric ulcers.1,2 More recently, CA
inhibition has been implicated as playing an important
role in cancer tumor progression.3,4 Clinically used CA
inhibitors include acetazolamide (AAZ), methazolamide
(MZA), ethoxazolamide (EZA), dichlorophenamide
(DCP), brinzolamide (BRZ) and dorzolamide (DZA).
Indisulam (IND) is in Phase II clinical trials as an antican-
cer agent to treat solid tumors.5
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In 1958, Beasley and colleagues reported that 4-carboxy-
benzenesulfonamide (1), containing the well-known
primary recognition motif for CA enzyme binding,
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was minimally more active (4-fold) than the then lead
compound sulfanilamide (2) for the inhibition of CA
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in vitro.6 A remarkable increase in activity was, howev-
er, observed for simple aliphatic esters of 1. In this study
compound 3, the allyl ester of 1, possessed 900-fold
greater in vitro activity than that of sulfanilamide 2,
while the propyl ester analogue of 1 was 500-fold greater
in activity. It is now extensively documented that signif-
icant enhancement of CA activity (especially for the
most abundant CA isoform CAII) can be achieved
through coupling the primary recognition aromatic sul-
fonamide motif with secondary binding elements, the so-
called �tail� approach.1,7,8 Even so, since this early study
of Beasley no further literature analysis of the CA activ-
ity of 3 or CA structure–activity study based on 3 has
been reported.


The dual functionality of 3, possessing both an aromatic
sulfonamide and a terminal alkene group, made it an
ideal candidate building block for our ongoing investi-
gation into the development of the cross metathesis
reaction for dynamic combinatorial chemistry, with
bCAII as the protein target.9 The benzene sulfonamide
motif gives reliable bCAII affinity, while the alkene per-
mits the evaluation of cross metathesis chemistry to gen-
erate libraries for screening against bCAII.


The symmetrical trans bis sulfonamide 4 and cis bis-sul-
fonamide 5 are the two possible homodimer reaction
products from cross metathesis of 3. These homodimers
will form the background bCAII binding affinity re-
sponse in libraries generated from cross metathesis of
3 with other alkene containing building blocks. An accu-
rate determination of the bCAII binding affinity of
authentic 4 and 5 was therefore of interest. Early reports
of CAII activity of unrelated symmetrical bis-sulfona-
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mides have shown improved CAII activity compared
to the corresponding mono-sulfonamide analogues.6,10


As the bis-sulfonamides of this study were symmetrical,
the effect of the second sulfonamide moiety could be
determined by synthesis and evaluation of compound
6, which lacks the second sulfonamide group of 4. Com-
pounds 7 and 8 were prepared to delineate the effect on
bCAII affinity of a small, polar hydroxyl group (in place
of the bulky, largely hydrophobic substituents of 4–6)
on the allyl functionality. The pentenyl analogue 9 is a
two-methylene chain extension of 3. Compound 9 was
prepared to investigate the effect on bCAII affinity of
increasing chain length between the aromatic sulfon-
amide motif and the terminal alkene moiety. This man-
uscript discusses synthesis and preliminary structure–
activity relationships for this family of novel ester-linked
benzene sulfonamides.


The synthesis of the lead compound 3 was carried out by
the acid catalyzed esterification of 1 with allyl alcohol.11


Compound 3 afforded crystalline material suitable for
X-ray crystallography analysis.12–14 An ORTEP-315 rep-
resentation of 3 is shown in Figure 1. The molecular
structure is essentially planar with the exception of the
peripheral NH2 and CH2 groups (O4-C8-C9-
C10 = �140.4(6)�, N1-S1-C1-C2 = 104.6(2)�). The mole-
cules are linked through strong intermolecular N-H� � �O
hydrogen bonds between the amide and sulfonyl oxygen
O1 and the carbonyl oxygen O3, respectively. The syn-
thesis of 4 and 5 proceeded by the 1,3-dicyclohexylcar-
bodiimide (DCC) mediated esterification of 1 with
0.5 equiv of trans-2-butene-1,4-diol and cis-2-butene-
1,4-diol, respectively.11 Reaction of 1 in the presence
of an excess of each of these diols generated the mono-
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Table 1. bCAII enzyme binding assay results expressed as Ki in nM


SO2NH2


O


RO


Compound R BCAII


Ki
a (R2)


1 H 151 (0.97)


3 CH2CH@CH2 8.6 (0.97)


4 trans-CH2CH@CHCH2OCOPhSO2NH2 4.9 (0.97)


5 cis-CH2CH@CHCH2OCOPhSO2NH2 9.3 (0.98)


6 trans-CH2CH@CHCH2OCOPh 4.7 (0.96)


7 trans-CH2CH@CHCH2OH 5.3 (0.97)


8 cis-CH2CH@CHCH2OH 9.1 (0.95)


9 CH2CH2CH2CH@CH2 7.7 (0.96)


a bCAII binding data utilizing competitive displacement of DNSA


from bCAII, experiments performed in triplicate. Kd of DNSA was


0.3 lM.16


Figure 1. ORTEP-3 plot for 3.15
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esters 7 and 8, respectively. Esterification of trans-2-bu-
tene-1,4-diol with 1 equiv of benzoyl chloride followed
by 1 equiv of 1 produced 6 in two steps. Compound 9
was synthesized by the DCC mediated esterification of
1 with 1-pentene-5-ol. All compounds were extensively
characterized.11


Parent compound 1, lead compound 3, and the families
of novel compounds 4–9 were each assayed for bCAII
enzyme binding by a fluorescent competitive binding as-
say, results of which are presented in Table 1.16 The
fluorescence-based assay relies on the competition for
the active site of bCAII between the ligand 5-(dimeth-
ylamino)-1-naphthalenesulfonamide (DNSA) and the
test compounds.1,7,17 Upon excitation at 290 nm (an
absorption minimum for DNSA) fluorescence is detect-
ed at 460 nm (from the bCAII–DNSA complex). The
equilibrium dissociation constant (Kd) of DNSA was
measured as 0.3 lM.16


The parent compound 1 was a relatively weak inhibitor
of bCAII, with an equilibrium dissociation constant
(Ki) of 151 nM. The simple derivatization of the carbox-
ylic acid of 1 to generate esters 4–9 yielded compounds
with high affinity for bCAII. The allyl ester 3 had a Ki


of 8.6 nM, 17-fold > 1. The bis-sulfonamide trans isomer
4 had higher bCAII affinity again (Ki = 4.9 nM, 31-
fold > 1, 1.8-fold > 3), while the cis isomer 5

(Ki = 9.3 nM) had similar affinity to 3. Compound 6,
which lacks the second sulfonamide moiety of 4, had
identical bCAII affinity to 4 (Ki = 4.7 nM). This result
demonstrates that the second sulfonamide moiety is
clearly not important for bCAII affinity. Compounds 7
and 8, with a hydroxyl group in place of the second aro-
matic sulfonamide moiety of 4 and 5, exhibited minimal
change in affinity when compared to 4 and 5, respectively
(Ki of 7 = 5.3 nM, Ki of 8 = 9.1 nM). The trans isomers 4
and 7 were each �2-fold higher in affinity than their cis
counterparts 5 and 8, as well as the unsubstituted 3. Col-
lectively compounds 4, 5, 7, and 8 demonstrate that (i)
the enzyme is very tolerant to functionality on the allyl
substituent of 3 (size, polarity, and hydrophobicity)
and (ii) the enzyme exhibits a preference for trans stereo-
chemistry about the substituted alkene. The pentenyl es-
ter analogue 9, with two additional methylenes between
the ester linkage and terminal alkene when compared
to 3, had a Ki of 7.7 nM, similar to that for 3. This result
also confirms that bCAII exhibits tolerance for the steric
nature of the secondary binding elements.


This study has demonstrated that simple allyl ester
derivatives of 4-carboxybenzenesulfonamide have pro-
duced compounds with high affinity for bCAII. A termi-
nal substituent on the allyl alkene bond revealed both a
tolerance from bCAII for the properties of this function-
ality (steric, hydrophobic, and polar) and also a subtle
steric preference for trans stereochemistry over cis
stereochemistry.
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stirred at 70 �C for 48 h, then cooled to room temper-
ature and neutralized by addition of solid NaHCO3. The
crude reaction mixture was concentrated and the residue
was dissolved in DCM (25 mL). The organic phase was
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2H, J = 16.6, 10.4 Hz, @CH2), 4.81 (dt, 2H, J = 5.2, 1.6
Hz, CH2);


13C NMR (100 MHz, CDCl3, ppm): d 165.1
(CO), 148.8 (@CH), 133.0, 132.9, 130.6, 126.8 (ArCH),
118.9 (@CH2), 66.3 (CH2); ESI MS: m/z [M�H]� 240.3;
HRMS (ESI). Calculated for m/z [M�H]�C10


H10N1O4S
�: 240.0336. Found: 240.0341; Anal. Calcd


for C10H11N1O4S: C, 49.78; H, 4.60; N, 5.81. Found: C,
49.82; H, 4.66; N, 5.67; mp: 106 �C (in agreement with
literature6).
Preparation of (2E)-but-2-en-1,4-diyl-bis[(aminosulfo-
nyl)benzoate] (4) as a representative of substituted allyl
ester-benzene sulfonamides 4, 5, 7–9. To a mixture of 1
(0.2 g, 1 mmol) and (2E)-butene-1,4-diol (43 mg, 0.5
mmol) in DMF (10 mL) were added DCC (206 mg,
1 mmol) and DMAP (5 mg, 0.041 mmol). The reaction
mixture was stirred at room temperature for 4 h. The
reaction mixture was filtered through Celite and the
filtrate was concentrated under high vacuum to give a
clear oil. The crude material was purified by solid-phase
extraction on normal-phase silica sorbent (eluted with
DCM/methanol 20:1, v/v) to give a white solid. Recrys-
tallization from MeOH yielded 4 (168 mg, 74% yield) as
small white needles. 1H NMR (200 MHz, CDCl3, ppm):
d 8.13–8.10 (m, 4H, ArH), 7.94–7.92 (m, 4H, ArH), 7.53
(br s, 4H, NH2), 5.94–5.92 (m, 2H, @CH), 5.01–5.00 (m,
4H, CH2);


13C NMR (100 MHz, CDCl3, ppm): d 165.3
(CO), 148.8 (@CH), 132.9, 130.6, 128.9, 126.8 (ArCH),
61.8 (CH2); ESI-MS: m/z[M�H]� 453.0; Anal. Calcd for
C18H18N2O8S2: C, 47.57; H, 3.99; N, 6.16. Found: C,
47.58; H, 4.03; N, 6.06.
(2Z)-But-2-en-1,4-diyl-bis[(aminosulfonyl)benzoate] (5).
Preparation from (2Z)-butene-1,4-diol. (Yield 21%). 1H
NMR (200 MHz, CDCl3, ppm): d 8.13-8.10 (m, 4H,
ArH), 7.94–7.91 (m, 4H, ArH), 7.53 (br s, 4H, NH2),
5.94–5.92 (m, 2H, @CH), 5.01–5.00 (m, 4H, CH2);


13C
NMR (100 MHz, CDCl3, ppm): d 165.3 (CO), 148.8
(@CH), 132.9, 130.6, 128.9, 126.8 (ArCH), 61.8 (CH2);
ESI-MS: m/z [M-H]� 452.9. Anal. Calcd for
C18H18N2O8S2: C, 47.57; H, 3.99; N, 6.16. Found: C,
47.41; H, 4.02; N, 6.11.
(2E)-4-Hydroxybut-2-enyl-4-(aminosulfonyl)benzoate (7).
Preparation from (2E)-butene-1,4-diol. (Yield 26%). 1H
NMR (200 MHz, CDCl3, ppm): d 8.11–8.08 (m, 2H,
ArH), 7.94–7.91 (m, 2H, ArH), 7.49 (br s, 2H, NH2),
5.74 (dtt, 1H, J = 11.2, 5.6, 1.2 Hz, @CHCH2OH), 5.61
(dtt, 1H, J = 11.2, 6.4, 1.6 Hz, OCH2CH@), 4.89–4.87
(m, 2H, OCH2CH@), 4.79 (br s, 1H, OH), 4.09–4.08 (m,
2H, @CHCH2OH); 13C NMR (100 MHz, CDCl3, ppm):
d 165.3 (CO), 148.8 (OCH2CH@CH), 136.1, 133.0, 130.6,
126.7, 124.1 (ArCH, @CHCH2OH), 61.9 (OCH2CH@),
57.9 (@CHCH2OH); ESI-MS: m/z [M�H]� 269.9. Anal.
Calcd for C11H13NO5S: C, 48.70; H, 4.83; N, 5.16.
Found: C, 48.67; H, 4.86; N, 4.97.
(2Z)-4-Hydroxybut-2-enyl-4-(aminosulfonyl)benzoate (8).
Preparation from (2Z)-butene-1,4-diol. (Yield 32%). 1H
NMR (200 MHz, CDCl3, ppm): d 8.12-8.09 (m, 2H,
ArH), 7.94–7.91 (m, 2H, ArH), 7.53 (br s, 2H, NH2),
5.74 (dtt, 1H, J = 11.2, 6.0, 1.6 Hz, @CHCH2OH), 5.61
(dtt, 1H, J = 11.2, 4.8, 1.2 Hz, OCH2CH@), 4.89–4.87

(m, 2H, OCH2CH@), 4.80 (br s, 1H, OH), 4.09–4.08 (m,
2H, @CHCH2OH); 13C NMR (100 MHz, CDCl3, ppm):
d 165.3 (CO), 148.8 (OCH2CH@), 136.1, 133.0, 130.6,
126.7, 124.1 (ArCH,@CHCH2OH), 61.9 (OCH2CH@),
57.9 (@CHCH2OH); ESI-MS: m/z [M�H]� 269.9. Anal.
Calcd for C11H13NO5S: C, 48.70; H, 4.83; N, 5.16.
Found: C, 48.73; H, 4.85; N, 5.18.
1-Pentenyl-4-(aminosulfonyl)benzoate (9). Preparation
from 4-penten-1-ol. (Yield 55%). 1H NMR (200 MHz,
CDCl3, ppm): d 8.12–8.09 (m, 2H, ArH), 7.94–7.91 (m,
2H, ArH), 7.52 (br s, 2H, NH2), 5.83 (tt, 1H, J = 17.2,
10.4, 6.4 Hz, @CH), 5.00 (ddt, 1H, J = 17.2, 10.4 Hz,
@CH2), 4.28 (t, 2H, J = 13.2 Hz, OCH2), 2.15 (m, 2H,
OCH2CH2CH2), 1.79 (m, 2H, OCH2CH2CH2);


13C
NMR (100 MHz, CDCl3, ppm): d 165.5 (CO), 148.7
(@CH), 138.4, 133.2, 130.6, 126.7 (ArCH), 116.1
(@CH2), 65.3 (OCH2), 30.3 (OCH2CH2CH2), 27.9
(OCH2CH2CH2), ESI-MS: m/z [M�H]� 268.1. Anal.
Calcd for C12H15NO4S: C, 53.52; H, 5.61; N, 5.20.
Found: C, 53.53; H, 5.36; N, 5.07.
Preparation of (2E)-4-(benzoyloxy)but-2-enyl-4-(amin-
osulfonyl)benzoate (6). To a solution of (2E)-butene-1,4-
diol (1 g, 11.3 mmol) in CH2Cl2/pyridine (4:1, v/v, 20 mL)
was added benzoyl chloride (397 mg, 2.8 mmol) dropwise
over 2 h. The solution was stirred at room temperature
for 24 h and then concentrated. The residue was redis-
solved in CH2Cl2 (25 mL) and washed with 1M HCl
solution (2 · 20 mL), saturated NaHCO3 (1 · 20 mL),
and saturated brine (1 · 20 mL). The organic phase was
dried over MgSO4 and evaporated to afford the mono-
benzoate intermediate (1.7 g, 78%), which was used in the
next step without further purification. To a mixture of
the mono-benzoate in DMF (10 mL) were added 1 (2.3 g,
11.3 mmol), DCC (2.33 g, 11.3 mmol), and DMAP
(50 mg, 0.4 mmol). The solution was stirred at room
temperature for 6 h. The reaction mixture was filtered
through Celite and the filtrate was concentrated to give a
clear oil. Purification by solid-phase extraction on
normal-phase silica sorbent (eluted with DCM/methanol
20:1, v/v) to generate 6 as a white solid (198 mg) in 9 %
yield over two steps. 1H NMR (200 MHz, CDCl3, ppm):
d 8.12–8.09 (m, 2H, ArH), 7.95–7.991 (m, 4H, ArH),
7.65–7.61 (m, 1H, ArH), 7.44 (br s, 2H, NH2), 7.51–7.47
(m, 2H, ArH), 5.93–5.91 (m, 2H, @CH), 5.00–4.96 (m,
4H, CH2);


13C NMR (100 MHz, CDCl3, ppm): d 165.9
(CO),163.2 (CO), 148.8 (OCH2CH@CH), 148.7
(OCH2CH@CH), 134.1, 133.1, 130.6, 129.8, 129.3,
128.7, 126.7 (ArCH), 61.7 (OCH2CH@), 61.2
(OCH2CH@): ESI-MS: m/z [M�H]� 374.0. Anal. Calcd
for C18H17NO6S: C, 57.59; H, 4.56; N, 3.73. Found: C,
57.93; H, 4.79; N, 3.78.


12. Crystal data for 3 were obtained with a Rigaku AFC7R
diffractometer, Mo Ka radiation (k = 0.71073 Å), graphite
monochromator, C10H11NO4S, monoclinic, space group
P21/a, cell dimensions a = 16.180(2), b = 5.162(1), c =
13.495(2) Å,b = 98.14(1),V = 1115.7(3) Å3,Dcalc = 1.44 g cm�3,
Z = 4, F (000) = 504, and l = 0.288 mm�1. Data were
collected at 295(2) K using x � 2h scans in the range
h = 2.80–25.0�. A total of 2236 reflections were collected,
1961, were unique (Rint = 0.0192). The structure was refined
by full-matrix least squares on F2. The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were con-
strained as riding atoms with C–H = 0.95 Å, N–
H = 0.85 Å.Uiso (H) values were set to 1.2Ueq of the parent
atom. Atom coordinates, bond lengths, angles, and thermal
parameters have been deposited at the Cambridge Crystal-
lographic Data Centre: (CCDC 278809)..


13. TeXsan for Windows V1.06, 2001; Molecular Structure
Corporation: The Woodlands, TX, 2001.







S.-A. Poulsen et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5429–5433 5433

14. Sheldrick, G.M. SHELX-97 Program for Crystal Structure
Determination, University of Göttingen: Göttingen, 1997.


15. Farrugia, L. J. J. Appl. Crystallogr. 1997, 30, 565.
16. Procedure for bCAII enzyme binding assay. Compounds 1,


3–9 were assessed for their ability to inhibit the binding of
DNSA to bCAII (CAII from bovine erythrocytes, Sigma–
Aldrich, catalog No. C2522, lot number 044K6064).
Enzyme assays were carried out in 96-well microtiter plates
(Nunc F96) in an assay volume of 200 lL. Each assay
contained bCAII (180 nM); DNSA (3 lM, equals 10 times
the Kd value), incubation buffer (phosphate buffer, pH 7.2),
and test compound (at 15 concentrations, triplicate deter-
minations) inDMSO.The finalDMSOconcentration in the
assaywas 1%, this concentration ofDMSOdid not decrease
control binding. The assay was incubated for 4 h at 25 �C.
Fluorescence measurements were carried out on a Varian

Cary-Eclipse spectrophotometer in fluorescence mode
using a multiwell plate reader at 25 �C (excitation wave-
length of 290 nM, emission wavelength of 460 nM).Known
compounds (AAZ and EZA) were used to characterize this
assay procedure. Data were fitted to a sigmoidal dose–
response equation using nonlinear regression analysis
(GraphPad Prism V4, San Diego, CA, USA). The measure-
ment of theKd ofDNSAwas determined by titrating bCAII
(180 nM in pH 7.2 phosphate buffer) with DNSA (100–
3500 nM) and monitoring the fluorescence as described
above. Data were fitted to an equilibrium one-site binding
model using nonlinear regression analysis. TheKd ofDNSA
was calculated as 0.3 lM and is comparable with the
literature.2


17. Chen, R. F.; Kernohan, J. C. J. Biol. Chem. 1967, 242,
583.
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An oxidatively releasable caging group that senses
lipid peroxidation
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Abstract—A new radical-sensitive caging technique releases a caged molecule under lipid peroxidation conditions. In a competitive
oxidation study with a model lipid, methyl linoleate, the oxidatively releasable xanthenyl caging groups is found to be 1.93 ± 0.55
times more reactive than the lipid model compound.
� 2005 Elsevier Ltd. All rights reserved.

Caging biological molecules with a photolabile protect-
ing group is a common technique used in cell biology
and biochemistry.1 Photochemical cleavage of the cova-
lent bond between the caging group and biomolecule
releases the biomolecule in its active form.2 We have
been developing a new type of caging concept and tech-
nique, oxidatively releasable caging, which releases a
covalently bound biomolecule in response to oxidative
activity. This caging system should only release the pro-
tected biological molecule in the presence of radical spe-
cies, such as radical reactive oxygen species (ROS) or
radical reactive nitrogen species (RNS).


Reactive oxygen and nitrogen species are produced as a
result of oxidative metabolism. Important ROS are
superoxide radical anion (O2


��), hydrogen peroxide
(H2O2), alkoxyl radicals (RO�), peroxyl radical (ROO�),
and hydroxyl radical (HO�).3 Important RNS are
peroxynitrite (ONOO�), nitrosoperoxocarbonate anion
(ONOOCO2


�), and nitric oxide (NO�).4 The hydroxyl
radical is the most reactive, capable of reacting with
any C–H bond on biological molecules to abstract the
hydrogen atom and form a radical on the molecule.
The other reactive radical species are not as reactive as
the hydroxyl radical, but some are capable of reacting
selectively with weak C–H bonds. Unsaturated fatty
acids, as free acids or as esters in lipids, are especially
reactive in radical lipid peroxidation reactions. A lipid
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C–H bond in a CH2 group between two alkenes,
–CH@CH–CH2–CH@CH–, is the weakest and most
reactive of all because cleavage of that bond produces
a resonance-delocalized stabilized radical.5


The caging system described here is designed to intercept
peroxyl radical intermediates in lipid peroxidation
(autoxidation) reactions. The oxidatively releasable cag-
ing group must have a radically reactive C–H bond that
can divert radicals away from the oxidation of biomole-
cules. The caging group chosen because of this key fea-
ture is a xanthenyl group, shown in Figure 1. Xanthene

Figure 1. Carbon–hydrogen bond dissociation energies in kcal/mole of


xanthene, proposed oxidatively releasable xanthenyl caging group, and


reactive hydrogens on the lipid, methyl linoleate.
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Scheme 2. Competitive autoxidation reaction between xanthenyl


acetate and methyl linoleate in an NMR tube carried out for 4 h.
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has a relatively weak C–H bond, 75 kcal/mol.6 In gener-
al, an oxygen substituent present on carbon weakens the
C–H by about 5 kcal/mol.8 Therefore, the proposed oxi-
datively releasable caging group has an even weaker C–
H bond, estimated at about 70 kcal/mol. Such a C–H
bond is weaker than almost all other bonds commonly
found in biomolecules, particularly lipid molecules.7


Methyl linoleate is a standard model lipid used in lipid
peroxidation studies (Fig. 1).8 The bond energy for the
most reactive C–H bond in methyl linoleate is 76 kcal/
mol.9 The C–H bond energy in the proposed xanthenyl
caging group is less than the bond energy of the reactive
model lipid C–H bond. Thus, the xanthenyl caging
group should be more reactive than the model lipid un-
der radical lipid peroxidation conditions.


A proposed mechanism for the release of the oxidatively
triggered caging group is shown in Scheme 1.10 Under
lipid peroxidation conditions the reactive hydrogen on
the caged biomolecule (1) should be abstracted. Oxygen
will react with the alkyl radical (2) to form the caged
peroxyl radical (3) compound. This radical then would
abstract the reactive hydrogen on another caged biomol-
ecule which propagates the autoxidation of the caged
biomolecule. The peroxidized caged biomolecule (4)
undergoes hydrolysis to release the active biomolecule
(8). To test if this caging group can release a molecule
under radical oxidation conditions, a model compound
was synthesized and tested.


Xanthenyl acetate (Scheme 2) was chosen as a model
compound due to the simplicity of the acetyl group
compared to a larger, more complex biological mole-
cule. Xanthenyl acetate was prepared by acetylation
of xanthenol.11 A xanthenyl acetate autoxidation
study, monitored by 1H NMR, was carried out to
investigate its autoxidation reactivity. Xanthenyl ace-
tate has a doublet at 7.6 ppm for the hydrogen ortho
to the acetyl-substituted methylene bridge (Ha). The
equivalent proton on xanthone is shifted downfield
to 8.3 ppm (Hb). The appearance of the Hb doublet
at 8.3 ppm monitors the production of xanthone.
Autoxidation of xanthenyl acetate was carried out
over a 4 h period in an NMR tube,12 with 1:1 deuter-
ated acetone/deuterated chloroform as the solvent13

Scheme 1. Proposed mechanism for oxidatively releasable caging group t


autoxidation to form the peroxidized caging group 4, which should undergo

with V-70 radical initiator.14 The NMR tube reaction
was incubated at 37 �C (body temperature), while oxy-
gen was bubbled through a syringe needle into the
solution. The characteristic Hb doublet at 8.3 ppm
for xanthone appeared early into the reaction. The
Ha doublet at 7.6 ppm for xanthenyl acetate disap-
peared proportionate with the increase of the xan-
thone Hb doublet at 8.3 ppm. Such experiments
clearly established the production of xanthone, dem-
onstrating the release of the caged moiety.


A competitive oxidation study was carried out between
xanthenyl acetate and methyl linoleate to determine if
the xanthenyl caging group could compete in diverting
radicals from the lipid peroxidation reaction of methyl
linoleate. Reaction conditions for the competitive study,
shown in Scheme 2, were the same as for the autoxida-
tion of xanthenyl acetate. Figure 2 shows the 1H
NMR results of one of the competitive oxidation

o release a biomolecule (OR). The caged biomolecule 1 undergoes


hydrolysis to release the active biomolecule 8 (ROH).







Figure 2. Competitive autoxidation study of xanthenyl acetate and


methyl linoleate monitored by 1H NMR. Ha is the proton on xanthenyl


acetate, Hb is the proton on xanthone, HL are the alkene protons on


methyl linoleate, and HLOOH are the conjugated alkene protons on


peroxidized methyl linoleate.
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studies. The alkene protons on the lipid (HL) appear
around 5.3 ppm. As autoxidation time progresses, new
peaks appear downfield in the region of 5.5–6.7 ppm,
for the conjugated alkene protons on the peroxidized
lipid (HLOOH). The doublet at 8.3 ppm (Hb) also appears
as time progresses, signifying the oxidation of xanthenyl
acetate (Ha) to produce xanthone (Hb). The reaction was
only carried out to about 10% completion to focus on
the formation of the primary reaction products. If the
reaction was carried out for a longer time period, sec-
ondary reaction products from the decomposition of lip-
id peroxides might begin to be formed, such as well
known fragmentation, radical cyclization, or epoxide
rearrangement reactions, complicating the analysis of
the reaction.15


To determine which molecule is more reactive, the rela-
tive reactivity was calculated comparing the reactive C–
H bond in xanthenyl acetate with the reactive C–H bond
in the methyl linoleate lipid model (based on NMR inte-
grals and adjusted for such factors as the number of
hydrogen on each molecule and the moles of each reac-
tant). It was found that the reactive C–H bond of xan-
thenyl acetate was 1.93 ± 0.55 times more reactive16


than the most reactive C–H bond of the methyl linoleate
lipid model.

The method described here cages molecules with OH
functional groups. The oxygen attachment to the xan-
thenyl group weakens the adjacent C–H bond in the
xanthenyl group to enhance its reactivity in radical per-
oxidation reactions. Many interesting biomolecules that
could be caged have OH groups and have their activity
blocked by caging of the OH functional group, for
example, the antioxidants vitamin C and vitamin E. A
common fluorescent probe, fluorescein, also contains
the OH group.


Setsukinai et al.17 recently developed a novel fluorescent
probe for reactive oxygen species (ROS). Their caged
fluorescein has an aryl group attached to the OH on
fluorescein to block its fluorescence. Reaction of the aryl
group with ROS leads to release of free fluorescein in its
fluorescent state. The release of their probe is through
oxidative O-dearylation, a different mechanism than
our proposed mechanism. To the best of our knowledge,
the work of Setsukinai and co-workers is the only ap-
proach other than ours to ROS-sensitive caging.


In summary, we have demonstrated successful release of
a simple model biomolecule, an acetate group, using an
oxidatively releasable caging group. This type of caging/
uncaging system could be used in numerous ways such
as the release of a drug in sites of high oxidative activity
or to replenish essential molecules in cells, such as anti-
oxidants, that are consumed in radical reactions. This
system could also be used to release a fluorophore to
monitor sites of oxidative stress.
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Abstract—A series of new 3-aryl-tropanes have been synthesized, and their affinities and selectivities were evaluated for monoamine
transporters. (1RS)-3-(Fluoren-2-yl)-8-methyl-8-azabicyclo[3.2.1]oct-2-ene exhibited the highest affinity for the human serotonin
transporter (IC50 = 14.5 nM). It is also 52-fold and 230-fold selective over human dopamine and norepinephrine transporters,
respectively.
� 2005 Elsevier Ltd. All rights reserved.

The transporter proteins involved in the neuronal
monoamine uptake are attractive targets for the treat-
ment of cocaine abuse and other psychiatric disor-
ders.1–4 Pharmacological treatment for cocaine abuse
and addiction, however, remains elusive. The focus on
the dopamine transporter (DAT) as the primary thera-
peutic target for cocaine addiction has been proposed
on the basis of self-administration studies, in which rein-
forcing properties of cocaine and related drugs correlate
with their potencies at inhibiting [3H]mazindol binding
of dopamine (DA), but not to binding of serotonin (5-
HT) or norepinephrine (NE) to their respective trans-
porters.5 The �dopamine hypothesis� assumes that
behaviors associated with cocaine addiction result from
the accumulation of dopamine in the synapse and its ac-
tions on one or more dopamine receptor subclasses.6


However, cocaine blocks several monoamine transport-
ers, including those for serotonin (SERT) and norepi-
nephrine (NET). Recent evidence showed that double
DAT–SERT knockout mice failed to develop the condi-
tional place preference.7 In contrast, single DAT or
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SERT knockouts developed place preference for co-
caine.8 Altogether, these data suggest that the 5-HT sys-
tem could interact with the DA system and contribute to
the reinforcing actions of cocaine. Conversely, in double
knockout mice that lack both SERT and NET, the
rewarding properties of cocaine were significantly en-
hanced, indicating that the actions of cocaine on the
NET might result in aversive effects.9


Among the many structurally diverse classes of monam-
ine uptake inhibitors, 3-aryl-tropanes have renewed inter-
est due to their strong affinities and selectivities.10–13


Recent conformational and binding studies revealed
definitive roles for the orientations of the aryl substituent
and the electron lone pair of the bridge head nitrogen in
determining their biological activities.10,12 SAR studies
on a number of rigid phenyl tropanes, in which the elec-
tron lone pair was fixed in either orientation (equatorial
or axial, relative to the piperidine ring), revealed that
the SERT favored equatorial orientation, while the
DAT showed a slightly higher preference for the axial
conformation.12 On the other hand, the selectivity of the
NET was not significantly affected.


Herein, we report on the activity of a series of semi-rigid
3-aryl-8-methyl-8-aza-bicyclo-[3.2.1]oct-2-enes (3-aryl-
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trop-2-enes) with the aim to probe the spatial require-
ments of the aryl binding pocket of the human mono-
amine transporters and to correlate the orientation of
the aryl moieties to the biological activity. As a refer-
ence, a few selected 3-aryl-8-methyl-8-azabicy-
clo[3.2.1]octane-3-ols, lacking the 2,3-double bond, are
also evaluated for their activity. The solution structures
of the ligand molecules have been determined by NMR
spectroscopy to establish orientational preferences of
the aryl and the N-methyl groups in relation to the tro-
pene skeleton (published elsewhere). These ligands can
be viewed either as cocaine derivatives lacking the 2-sub-
stituent, with the a,b-vinylene group incorporated into
the tropane skeleton (Fig. 1), or as the semi-rigid ana-
logs of styrene with spectroscopically detectable rota-
tional isomers.14,15 The nature of the selected aryl
groups confers various rotational degrees of freedom
resulting in distinctive conformations and overall molec-
ular shapes as a result of the hindered rotation about the
single bond (Fig. 2).


Commercially available tropine-3-one, 14 (Scheme 1),
was used as a starting material in all the reactions.
The intermediate alcohols (3, 5, 7, 9, and 11) result from
the exo attack of the carbanions generated from the
organometallic reagent on 14, under an inert nitrogen
atmosphere and at different temperatures and solvents.
The mixtures were allowed to warm up to room temper-
ature and then quenched with a 1 M solution of the cold
hydrochloric acid. The alcohols 3, 5, 7, 9, and 11 were
then refluxed in neat trifluoroacetic acid for variable
reaction times, depending on the steric hindrance of
the tertiary alcohol, to give the alkenes 4, 6, 8, 10, and
12 (Scheme 1) in quantitative yields.16


Aryllithium reagents were used for 5, 7, 9, and 11,
whereas arylmagnesium bromide was used for 3. Arylli-
thium reagents were synthesized starting from either the
appropriate arylbromides or n-butyllithium at �78 �C.
There are several reported reactions for the deprotona-
tion of the unsubstituted fluorene, among which depro-
tonation with n-butyllithium at the 0 �C produced the
highest yield for 5.17 The aryllithium reagent of 7 was
obtained by the deprotonation of 2-bromofluorene at
�25 �C, the optimal conditions found for this reaction.
The Grignard reagent was generated for alcohol 3 from
commercially available 2-bromofluorene. Methylene
bridge protons have pKa of 22 and so the deprotonation
becomes a competing reaction with the transmetalation
even at low temperature.18 Self-condensation prevails

NMe
COOMe


O


O


Me


cocaine


1
2


3
4


56


7


8


Figure 1. The structures of cocaine (1) and the tropane-based ligands (I and

and no nucleophilic attack occurs. The two generated
carbanions can also lead to two possible addition
products.


The compound 10a was formed during the isolation of
10 following the dehydration reaction as a result of
quaternization of N8 by dichloromethane (Scheme 1).
Tertiary amines were known to be quaternized readily
by dihalomethanes.19 However, the formation of 10a
as a result of carbene addition to the tertiary amine can-
not be completely ruled out, since among the six aryl-
tropenes synthesized, an alternative product was
formed only in the case of 10.20 In addition, high pres-
sure conditions are generally required for the quatern-
ization of tertiary amines by dichloromethane. The
preferential alkylation of N8 over the double bond
may be due to the steric hindrance introduced by the
orthogonal benzene ring.


Indole derivative 13 (Scheme 1), a rigid analog of sero-
tonin, was synthesized by refluxing 14 with indole and
NaOMe in MeOH. The direct route to 13 was chosen
over the two-step nucleophilic addition–dehydration
pathway to eliminate the protection–deprotection step
of the indole nitrogen.21


In general, the yields in these reactions range from 5% to
43%. The lowest yield (cumulative overall yield) was ob-
served for 4 and is likely either due to the self-alkylation
or the reprotonation of the carbanions generated during
the course of the reaction. The same reasoning is appli-
cable to the transmetalation reaction. Lower yields ob-
served with 9, in comparison to 11, are attributed to
the increased steric hindrance in the 2-lithiumbiphenyl
carbanion that also influences its generation.

N


OH


NMe


Ar


Ar


I II


II). The numbering scheme of the tropane system is shown for cocaine.







Scheme 1. Synthetic route to 3-aryl-8-methyl-8-aza-bicyclo[3.2.1]oct-2-enes 3–13: Reagents and conditions: (a) ArBr, n-BuLi/THF, �78 �C to rt, (b)


ArBr (Ar = fluorenyl), Mg, MeI, Et2O, hm, reflux, (c) TFA, reflux, (d) indole, NaOMe, MeOH, reflux. The overall isolated yields of the products are


as follows: 4, 8%; 5, 19%; 6, 17%; 7, 5%; 9, 15%; 10, 15%; 10a, 4%; 11, 43%; 12, 42%; 13, 11%. The yields are not listed for 3 and 8; 3 was used without


purification in the dehydration step, while 8 was obtained in minimal quantities. Atom numbering for each 3-aryl substituent is also shown.
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The fluorenyl group in C3 position of 3 and its alkene
derivative 4 (Scheme 1) has two structural effects: (a)
projects the extended sp2 functionality into the binding
pocket and (b) fixes the orientation of the methylene
bridge in such a way that the aromatic ring is almost
planar. Compounds 5, 6, 7, and 8 (Scheme 1) are the
positional isomers of 3 and 4. These molecules can
adopt at least two conformations, as dictated by the
sp3 hybridized carbon at C9 0. The fluorenyl ring can
be oriented either in plane or orthogonal to the double
bond. The latter orientation positions the benzene rings
above and below the plane of the tropane ring. The
biphenyl substituted tropanes 9, 10 and 11, 12 (Scheme
1) can be viewed as ortho and meta substituted biphe-
nyls. The lack of methylene linker makes them more
conformationally flexible than fluorenes 3 and 4. The
smaller pyrrole ring adjacent to the tropane ring, on
the other hand, is expected to decrease the steric barrier
for rotation and increase torsional flexibility of the in-
dole portion in 13.


The transporter-binding affinities were measured by
using competitive binding assays against standard li-
gands in accordance with the NIDA protocol.22 The tri-
tiated (3H-labeled) WIN-35,428, Citalopram�, and
Nisoxetine� were used as standard ligands for the
DAT, SERT, and NET, respectively.


Table 1 lists the affinities and selectivities of the 3-aryl-
tropan-3-ols 5, 7, 9, and 11 toward the hDAT, hSERT,
and hNET. Generally, affinities in the micromolar levels

were observed, in line with the earlier findings that cor-
related the effect of 2-substituents on the affinity toward
rat DAT (IC50 of 5180 nM measured for 3-exo-benzoyl-
oxytropane).23 Steric bulk directly below the tropane
ring, introduced by 3-endo OH, was tolerated to a cer-
tain extent only by the hSERT. Compound 5 is an
exception with submicromolar activity (543 nM for the
hDAT) and is also highly selective for the hDAT (65-
fold over the hSERT). For all other compounds the
selectivity was reversed from 1.6- to 6.5-fold in favor
of the hSERT. The reversal of selectivity observed be-
tween 5 and 7 is attributed to the introduction of a bro-
mine atom at 2-position of the fluorenyl moiety.
Considering the aryl binding pockets on the hDAT
and hSERT as narrow clefts of different sizes, it would
be expected that the two compounds to have different
biological activities.13,24,25 The single bond connecting
C3 and C9 0 allows rotational flexibility sufficient to pro-
vide a better fit of the aryl group into the binding pock-
et, enabling bromine atom in 5 to engage in electrostatic
and/or dipolar interactions with the amino acid residues
above the plane of the tropane ring. Presumably these
interactions are nonexistent with the hSERT. The steric
bulk below the proximal benzene ring was not tolerated
by any of the three human monoamine transporters, as
observed with the compounds 9 and 11. In the biphenyl
series, the addition of a second benzene in the meta po-
sition, 11, was particularly detrimental to the activity of
the hDAT. In the ortho substituted isomer 9, the rota-
tion of the distal benzene ring is restricted relative to
its counterpart in 11.







Table 1. Affinities and selectivities of (1RS)-3-aryl-8-methyl-azabicyclo[3.2.1]octane-3-ols for human DAT, SERT and NET


Compound IC50 (nM)a,b Selectivity


hDAT hSERT hNET hDAT/hSERT hDAT/hNET hSERT/hNET


5 543 ± 150 35,400 ± 7300 158,000 ± 5000 0.015 0.0034 0.22


7 16,800 ± 1300 2570 ± 1100 62,600 ± 3100 6.5 0.27 0.041


9 3980 ± 430 2520 ± 400 66,300 ± 4700 1.58 0.06 0.038


11 21,900 ± 4800 3770 ± 1690 41,500 ± 11,800 5.81 0.53 0.091


a IC50 is the concentration at which 50% inhibition occurs.
b IC50 values are means ± SEM from three independent experiments.
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Much lower affinities were observed for hNET, as evi-
denced from the IC50 values for the displacement of
[3H]nisoxetine.


Table 2 lists the affinities and selectivities of the 3-aryl-
substituted trop-2-ene ligands (4, 6, 10, 12, and 13) to-
ward the hDAT, hSERT, and hNET. The ligands
showed much lower activities for the hNET and were
generally selective for the hSERT. Compounds 4, 6,
12, and 13 showed submicromolar affinities for hSERT.
Compounds 4 and 13 were the only ones with submi-
cromolar affinities for the hDAT. DAT activity is sensi-
tive to steric bulk at the para position of the phenyl
ring.26 Compound 4 was found to be the most active
with an IC50 of 14.5 nM at the hSERT (Table 2) and
was also highly selective, namely 52-fold and 230-fold
selective for the hSERT over hDAT and hNET, respec-
tively. The second most active compound, 13, has re-
duced affinity for the hSERT, about 5-fold, with
slightly improved activity at the hDAT compared to 4.
Other ligands largely remained inactive with IC50 for
10a reaching the highest values of 67,000 and
16,100 nM for the hDAT and hSERT, respectively.


A multiplicity of factors can be attributed to the ob-
served high affinity and selectivity of the aryl tropenes
toward hSERT. First, the removal of the hydroxyl
group (4, 6, 10, 12, and 13) through dehydration of
the alcohols resulted in the flattening of the piperidine
ring, making it more rigid and placing the aromatic moi-
ety farther into the binding pocket.13,24,25 The binding
pocket, here, refers to the lipophilic pocket present in
the transporter proteins that is expected to interact with
the aryl group. The size of the aryl group has also been
suggested to play a role in determining the selectivity of
hSERT over hDAT.24 The improved selectivity of 4 in
comparison with the naphthyl analog reported in Appell
et al.10 is in line with the model proposed by Davis

Table 2. Affinities and selectivities of (1RS)-3-aryl-8-methyl-azabicyclo[3.2.1


Compound IC50 (nM)a,b


hDAT hSERT hNET


4 757 ± 152 14.5 ± 2.5 3360 ± 56


6 9350 ± 170 690 ± 120 82,700 ± 48


10 9240 ± 1370 1710 ± 700 6430 ± 18


10a 67,000 ± 17,300 16,100 ± 1400 2020 ± 71


12 7220 ± 930 670 ± 142 23,000 ± 30


13 603 ± 34 72.6 ± 3.4 3956 ± 97


a IC50 is the concentration at which 50% inhibition occurs.
b IC50 values are means ± SEM from three independent experiments.

et al.24 Second, the double bond hinders rotation around
the single bond limiting the number of conformers.
Third, flattening of the piperidine ring in combination
with the nature of the aryl group influences the orienta-
tion of the N-methyl group. The quantitative nuclear
Overhauser effect analysis of the ligand molecules at
room temperature provided distance estimates of the
various interproton pairs and the subsequent restrained
energy minimization calculations revealed three-dimen-
sional solution structures including the preferential ori-
entations of the N-methyl group (equatorial N-methyl
orientation is favored for 4, 6, 10, and 12, whereas axial
conformation is favored for 13). The preferential orien-
tations of the N-methyl group in these molecules were
also further confirmed by dynamic NMR and inversion
magnetization transfer data. However, the low tempera-
ture dynamic NMR measurements revealed two popula-
tions for at least three sets of protons with the major
conformers being equatorial for 4, 6, 10, and 12, and axi-
al for 13, respectively. In accordance with the results of
Smith et al.12 (the ligands are expected to be in the axial
conformation to have higher activity and selectivity
toward hSERT), it is tempting to speculate that the
equilibrium is shifted to the conformer with the axial
N-methyl orientation in the presence of the transporter
proteins for 4, 6, 10, and 12.


Even though the biological activities can be correlated
satisfactorily to the conformational features of the li-
gands, the relative affinities cannot be discerned in terms
of various contributions. Hence, we cannot make any
definitive statements on whether the increased activity
of 13 compared to 6, 10, and 12 or the decreased activity
of 13 compared to 4 is a result of the differences in the
conformational equilibria.


Compound 10 displayed only slight improvements over
its alcohol precursor, most notably for the hNET

]oct-2-enes for human DAT, SERT, and NET


Selectivity


hDAT/hSERT hDAT/hNET hSERT/hNET


0 52.2 0.23 0.0043


00 13.6 0.113 0.0083


10 5.4 1.44 0.27


0 4.2 33.2 8.0


0 10.8 0.314 0.029


8 8.3 0.15 0.018







NMe N+
Me Cl


10a


1) 40% NaOH/CH2Cl2


2) H2O


10


Scheme 2. Reaction conditions leading to quaternary salt 10a.
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binding (10-fold). The second aromatic ring underneath
the tropane ring disturbs its proper orientation at the
binding sites of both the hDAT and hSERT. Reposi-
tioning of the aromatic ring in 12 led to a 3-fold increase
in the activity at the hSERT.


Structurally, 10a resembles its precursor 10. The
added N-chloromethyl group is positioned over the
ethylene bridge (Scheme 2). In the case of 10a, the
steric bulk of the biphenyl group and the presence
of the positive charge altogether had negative impact
on the biological activity at the hDAT and hSERT.
The presence of the positive charge on the nitrogen
is detrimental to its biological activity; the methyl
iodide salt of the cocaine is completely inactive at
the DAT.27 Alternatively, whether 10a acts as an
irreversible inhibitor of the monoamine transporters
is not known.


The size and the orientation of the aryl moiety are
important and 13 serves as a good example. Reducing
the size of the aromatic ring from six-membered to
five-membered relaxes the rotation around the single
bond, thus decreasing the C2–C3–C2 0–C3 0 torsional an-
gle. At the same time, conjugation between two p sys-
tems becomes feasible. A relatively smaller heterocycle,
compared to the rest of the C3 substituents, has slightly
improved affinity for the hDAT, but the affinity for the
hSERT is five times lower than 4.


In conclusion, 3-aryl-trop-2-enes were found to have
good selectivity for the hSERT, and absence of the 2-
substituent was found not to be critical for activity at
the hSERT and to a certain level at the hDAT. The aryl
binding pocket at the hSERT appears to be an elongated
narrow cleft, tolerating a second additional phenyl ring,
unlike the hDAT. The shifting of the conformational
equilibrium toward the axial N-methyl conformer by
hSERT may contribute to its high selectivity.
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Efficient synthesis of C-terminal modified peptide ketones
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Abstract—Synthesis of a C-terminal modified peptide with an a-amido methylketone was efficiently carried out using a backbone-
amide-type linker loading with a monofunctionalized diamine, provided that no base such as piperidine or diisopropylethylamine or
a reducing agent such as triisopopylsilane was used for the synthetic pathway. The ketoxime-forming chemoselective ligation
between a methylketone and an aminooxy was quantitative in 5 h at pH 2.
� 2005 Elsevier Ltd. All rights reserved.
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Aldehyde- and ketone-containing peptides are impor-
tant components as inhibitors towards serine and cys-
teine proteases1 and as key intermediates for protein
engineering.2 In the field of protein engineering, the
use of the aldehyde or ketone group for site-specific
and backbone modifications of peptides and proteins
has been steadily growing ever since the appearance of
chemoselective ligations in peptide chemistry, that is,
the condensation of unprotected peptides in aqueous
medium. Aldehyde- and ketone-containing peptides
are the electrophilic partners for oxime, hydrazone and
thiazolidine bond formations.3


The derivatization of peptides by aldehyde or keto
groups has recently been reviewed.4 An aldehyde group
is generally generated by periodate oxidation of a 2-ami-
no alcohol5 (i.e., Ser or Thr) incorporated at the N-ter-
minal or internal position in a peptidic sequence3a,6 or
by periodate oxidation of a diol installed at either the
C-terminus7 or an internal position thanks to a modified
amino acid.8 Alternatively, an aldehyde can also be
introduced masked as an acetal at the C-terminus9 and
used for aldoxime formation. However, the inherent
reactivity of aldehydes, pronounced in the acidic medi-
um needed to remove the acetal, could be deleterious
in the presence of oxime bond inducing transoxima-
tion10 as well as the oxidation step used to unmask the
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aldehyde from the diol and 2-amino alcohol in a Met-
containing peptide.5 An alternative would be to use a
ketone group such as levulinic acid11 or keto-containing
amino acid.12 However, incomplete oximation reactions
were noticed.11,13 Best results were obtained when using
an a-amido methylketone as generated after coupling
pyruvic acid to an amine at the N-terminal or an inter-
nal position, respectively.14 To increase the diversity in
introducing the a-amido methylketone group in a pep-
tide sequence for an oxime reaction, we describe here
an efficient synthesis of a C-terminal modified peptide
by pyruvic acid.


Solid-phase methods for the synthesis of peptides bear-
ing different moieties at the C-terminus are limited due
to the fact that the C-terminal residue is generally at-
tached to the resin through its a-carboxyl group.15 To
introduce pyruvic acid at the C-terminus of a peptide se-
quence, we took advantage of a recent commercially
available resin, that is, the NovaTagTM resin 1 (Chart
1) which was designed for bis-labelled peptides at the

N
Fmoc


H


OCH3 1


Chart 1. NovaTagTM resin.
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N- and C-terminal sides for FRET experiments.16 The
linker of the NovaTagTM resin is based on the 4-(3-for-
myl-2-methoxyphenoxy)-butanoic acid (FMPB) linker,
a backbone-amide-type linker, substituted by reductive
amination with mono-protected ethylenediamine.


The optimization of the keto-peptide synthesis on Nova-
TagTM resin 1 (Scheme 1) was first developed with the
model peptide 4 (Table 1). Solid-phase elongation was
carried out as already described16 with, first, the depro-
tection of Fmoc by 20% piperidine in DMF followed by
the coupling of Fmoc-Gly-OH using HBTU17/HOBt/
DIEA as coupling reagent.18 The completion of the acyl-
ation was evaluated using the chloranil test to check for
free secondary amines.19 Even with a double coupling,
the yield was only 50%, whereas it was quantitative with
only one coupling when HATU20 was used. After com-
pletion of the elongation following the Fmoc/tBu strat-
egy, the very acid-labile Mmt (methoxytrityl) group was
removed with 1 M HOBt in trifluoroethanol/CH2Cl2. As
a first approach, pyruvic acid was introduced using
HBTU/HOBt/DIEA as coupling reagent to afford pepti-
dyl-resin 2 (Scheme 1). The reaction was checked with
the ninhydrin test.21 Peptidyl-resin 2 was treated with
the reagent B (TFA, H2O, phenol and TIS, 88/5/5/2)22
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P-Pep*:
Fmoc-Y(tBu)K(Boc)AGLG  2
Boc-PPAH(Trt)GVT(tBu)S(tBu)APD(tBu


Scheme 1. Solid-phase peptide synthesis of the C-terminal a-amido methylke


in DMF; b, Fmoc-Thr(tBu)-OH, HATU, DIEA. (ii) Fmoc/tBu elongation.


(see text).

to release peptide 4. Analyses of crude keto-peptide 4
by analytical HPLC and mass spectrometry revealed a
major product with a Dm of +2 Da attributed to the
reduction of the keto group by TIS (see Supporting
information). This was confirmed by treatment of the
peptidyl-resin 2 with a TFA cleavage cocktail without
TIS (TFA, H2O and phenol, 90/5/5). However, the crude
keto-peptide 4 corresponding to only 73% purity was
accompanied by a by-product attributed to the dimer.
According to the introduction of pyruvic acid in the
presence of DIEA and to the susceptibility of the keto
group to a Claisen reaction under basic conditions,
pyruvic acid was introduced further using DCC/NHS
as coupling reagent to give peptidyl-resin 2. Under these
conditions, the purity of the target keto-peptide 1 was
increased to 83% although a dimer was still present,
likely due to the piperidine treatment for Na-Fmoc
removal. According to this hypothesis and to the best
conditions deciphered with the synthesis of keto-peptide
4, keto-peptide 5 (Table 1) was assembled ending with
Na-Boc protection. Peptidyl-resin 3 (Scheme 1) was then
treated with TFA, H2O and phenol (90/5/5) to release
peptide 5 in 95% purity. After purification by semi-pre-
parative HPLC, keto-peptide 5 was obtained with an
overall yield of 50%.
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Table 1. Sequences used in this study


Pyruvic acid-containing peptide


4 H-Tyr-Lys-Ala-Gly-Leu-Gly-NH-(CH2)2-NH-CO-CO-CH3


5 H-Pro-Pro-Ala-His-Gly-Val-Thr-Ser-Ala-Pro-Asp-Thr-Arg-Pro-Ala-Pro-Gly-Ser-Thr-NH-(CH2)2-NH-CO-CO-CH3


Aoa-containing peptide


6 H2N-O-CH2-CO-Ala-Leu-Lys-Trp-Ser-Leu-Ala-OH


7 H2N-O-CH2-CO-ala-Lys-Cha-Val-Ala-ala-Trp-Asn-Leu-Lys-Ala-ala-NH2


ala, DD-Ala; Cha, cyclohexylalanine.
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Condensation via an aldehyde–nucleophile coupling has
been shown to be pH dependent.23,24 The oximation
reaction with an a-amido aldehyde as the electrophile
proceeds faster at a lower pH and very slowly with a
pH close to neutral.3b,25 Accordingly, the kinetics of
the oximation with a-amido methylketone 4 and ami-
no-oxy-containing peptide 6 was followed during 37 h
by micro-HPLC at pH 2 and 4.6.26 The keto-peptide
was 1.5 times in excess over the Aoa-peptide. Every
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Figure 1. Kinetic of the oximation reaction between keto-peptide 5 and Aoa
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Figure 2. (A) Analytical HPLC chromatogram of a ligated product obtained f


of the ligated product.

40 min, the aliquots were analyzed by HPLC. Figure 1
shows the percentage of the ligated peptide as a function
of time. Over time (20 h), the reaction performed at pH
2 came close to completion, whereas the oxime forma-
tion realized at pH 4.6 only reached about 50% after
20 h. Based on these data, keto peptide 5 was condensed
to aminoxy-containing peptide 7 at pH 2. The reaction
was quantitative after 5 h as judged by analytical HPLC
and mass spectrometry with the total disappearance of
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e (h)


-peptide 6 at pH 4.6 (j) and at pH 1 (�).


rom keto-peptide 5 and Aoa-peptide 7. (B) Electrospray mass spectrum
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Aoa-peptide 7. The ligated product was purified by
HPLC (Fig. 2) and obtained with an overall yield of
45% based on Aoa-peptide 7 which was in limited quan-
tity. This low yield is likely due to non-specific adsorp-
tion on semi-preparative column of the ligated peptide
which contains the hydrophobic peptide 7 as already no-
ticed with amphipathic/hydrophobic peptide.10d,27


In summary, a C-terminal modified peptide with an a-
amido methylketone was obtained in a very good yield
using NovaTagTM as the resin. Elongation was per-
formed using Fmoc/tBu strategy ending with Na-Boc
protection. Pyruvic acid was coupled at the C-terminus
using a coupling reagent which did not necessitate a base
as DCC/NHS and the peptide was released with a TFA
cleavage cocktail without TIS. The keto-peptide was
efficiently ligated to an aminoxy-containing peptide in
5 h at pH 2. These data extend the diversity in introduc-
ing aldehyde and ketone groups onto peptides as well as
the great versatility of the oxime ligation.

Supplementary data


Supplementary data associated with this article can be
found in the online version at doi:10.1016/
j.bmcl.2005.08.105.
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Abstract—Manganese porphyrin systems carrying cyclodextrin binding groups can regioselectively and stereoselectively hydroxylate
bound steroid substrates, using iodosobenzene as oxidant, but hydrogen peroxide and other simple oxidants such as sodium hypo-
chlorite are not effective in water. Thiol ligands were then added to the catalyst, both covalently attached and hydrophobically
bound, and with these ligands hydrogen peroxide was now an effective oxidant.
� 2005 Elsevier Ltd. All rights reserved.

We have described the hydroxylations of steroids direct-
ed by geometric control, in complexes of the substrates
with cytochrome P-450 mimics that are based on man-
ganese porphyrins carrying cyclodextrin binding
groups.1 In the earliest version, we saw that catalyst 1
could bind and hydroxylate substrate 2—with two ester
groups attached at C-3 and C-17 of the steroid—in
water with iodosobenzene as the oxidant. The product
was exclusively the diester of the 6a hydroxy steroid 3,
which was not further oxidized to a ketone because of
the inaccessibility of the product 6b hydrogen in the
complex. However, there were only eight turnovers be-
fore the catalyst was oxidatively destroyed. In a later
version, catalyst 4, the fluorines stabilized the catalyst
against oxidative destruction and 187 catalytic turnovers
were seen before the catalyst was destroyed (Fig. 1).1c


With the same catalyst 4, we saw that oxidation of sub-
strate with three binding ester groups attached to car-
bons 3, 6, and 17 led to hydroxylation at C-9 of the
steroid.1d This selectivity reflected the new geometry in
the complex of the substrate with three cyclodextrins
of catalyst 4. With a different catalyst we were also able
to hydroxylate C-9 in a substrate carrying two binding
ester groups at carbons 3 and 6, with only two binding
interactions between substrate and catalyst.1f However,
in all these cases we looked for the possible use of sim-
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pler oxidants, such as hydrogen peroxide, sodium hypo-
chlorite, sodium chlorite, oxone (potassium persulfate),
or peracetic acid, but they failed. These oxidants have
been used previously in oxidations by metalloporphy-
rins,2 but not in an aqueous system. Such oxidants are
attractively convenient and cheap, and in many cases
environmentally benign (�Green�) but in our system only
the stronger oxidant iodosobenzene was successful.


The mechanism of the catalyzed reactions ordinarily in-
volves an oxygen atom transfer to the metal atom of the
metalloporphyrins, followed by hydroxylation of the
bound substrate by the metal oxo species, so the prob-
lem is apparently that the other oxidants tried were
not strong enough to oxidize the metal to the oxo state
in water. One solution is to find even stronger benign
oxidants; the other is to make the metal oxidation easier.
An electron donor ligand should accomplish this.


In the natural P-450 enzymes the iron porphyrin has a
cysteine thiolate sulfur as the fifth ligand, while we
had used imidazole as a fifth ligand (the oxygen is
added to the sixth position), either simply in solution
or covalently attached to the porphyrin system. We
had used this imidazole as a way to block one face
of the porphyrin, so that both the substrate and the
added oxygen atom would be on the same porphyrin
face for reaction. However, Woggon,3 Battersby
et al.,4 Collman and Groh,5 and Traylor et al.6 have
prepared some porphyrins with thiolates as the fifth
ligand, and it was clear that the oxidation of the metal
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to its oxo form would be assisted by the thiolate. The
easily oxidized thiolate can be a much better electron
donor to the oxo metal species than can imidazole or
water ligands. Thus we set out to examine our cata-
lysts with thiolates occupying the fifth coordination
position of the metalloporphyrin.


In our first new catalyst, we synthesized a manganese
porphyrin 5 carrying a thiophenyl group covalently
linked and bridged across the porphyrin system.7


Our synthesis (Scheme 1) was based on that described
by Wagenknecht and Woggon3b for a somewhat dif-
ferent porphyrin nucleus. With substrate 2 porphyrin
5 again afforded 6a hydoxylation, but now both sodi-
um hypochlorite and hydrogen peroxide were success-
ful as oxidants. The turnovers were modest—15 ± 1
with NaOCl and 10 ± 1 with hydrogen peroxide—per-
haps reflecting in part that only two of the phenyl
rings in the catalyst are perfluorinated (recall that cat-
alyst 1 gave us only eight turnovers with iodosoben-
zene, raised to 187 with the perfluorinated catalyst
4). The thiolate group is also of course a new oxidiz-
able point in the catalyst. However, indeed the thio-
late group made it possible to use more attractive
oxidants.


We decided to use our perfluorinated catalyst 4, with
added thiol reagents. Simple thiols cysteine, thiolacetic
acid, and n-hexylthiol added 1:1 with the catalyst led
to no substrate oxidation with hydrogen peroxide. Then
we took advantage of the fact that substrate 2 uses only
two of the four cyclodextrins in 4 for binding. Computer
models and some experimental evidence indicate that
the bulky cyclodextrins alternate up and down relative
to the porphyrin plane, so when the substrate is bound
to two cyclodextrins on the top there are still two cyclo-
dextrins on the bottom face available for ligand binding
to a thiol.

O (CH2)nSH
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In our first example we made three thiols 6–8 with the
tert-butylphenyl group that binds strongly into b-cy-
clodextrin in water.8 With 1 equiv of the thiols relative
to catalyst 4 we saw no hydroxylation by hydrogen
peroxide of substrate 2 with ligands 6 and 8, but
saw hydroxylation to form the 6a hydroxylated sub-
strate with ligand 7. This preference reflects an inter-
esting geometric effect. The length of 7 is of course
midway between that of 6 and 8, but in addition
the alkane chains in their fully extended conforma-
tions show alternating effects in the position of the
thiol groups. There were 15 ± 1 turnovers, not chan-
ged if 2 equiv of 7 were used instead. By contrast,
the more hindered ligand 98 also potentiated hydrogen
peroxide oxidation of the 4/2 complex at C-6a of the
substrate, but with only two turnovers. The hindrance,
designed to inhibit thiol oxidation, apparently also
interferes with its metal coordination. The thiol oxida-
tion product of 7, disulfide 10,8 did not enable the
hydrogen peroxide oxidation.


To use both of the cyclodextrins unoccupied by sub-
strate 2 we synthesized two new ligands 11 and 12. Li-
gand 119 did not potentiate hydrogen peroxide
oxidation with catalyst 4 and substrate 2. Ligand 129


did potentiate hydroxylation by hydrogen peroxide at
C-6a of the substrate 2, but with only 5 ± 1 turnovers.
It is a little surprising that the triply bound thiols are
not more effective than the doubly bound ones.


Thus, the thiolate ligands have indeed made it possible to
use hydrogen peroxide as the oxidant for steroid hydrox-
ylation, but the turnovers are not as large as one might
hope. With further development, these systems could
perhaps be attractive ways to carry out biomimetic
hydroxylations of unactivated carbons, directed by the
geometries of the catalyst/substrate complexes, and using
inexpensive and environmentally benign oxidants.
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Abstract—Novel synthetic phospholipid compound 1 was discovered to be an antagonist of human toll-like receptor 2 (TLR2)
signaling. In a preliminary SAR campaign we synthesized several analogues of 1 and found that considerable structural changes
could be made without loss of TLR2 antagonistic activity.
� 2005 Elsevier Ltd. All rights reserved.

The innate immune system is the first line of defense in
humans and protects the body against foreign microor-
ganisms, such as bacteria, fungi, viruses, mycoplasma,
and protozoae, resulting in the generation of a multitude
of inflammatory responses in the host. A family of in-
nate immune proteins named the toll-like receptors
(TLRs) can detect cellular components of invading
pathogens and elicit cellular signaling events that lead
to the elevation of proinflammatory mediators, includ-
ing IL-1, IL-6, IL-8, and TNFa.1 For example, TLR2
recognizes lipoproteins, peptidoglycan, lipoteichoic
acid, and zymosan, as well as lipopolysaccharide (LPS)
of Gram-positive bacteria; TLR3 recognizes dsRNA of
viruses; TLR4 recognizes LPS of Gram-negative bacte-
ria; TLR5 recognizes flagellin of motile bacteria;
TLR7 and TLR8 recognize ssRNA; and TLR9 recog-
nizes DNA rich in CpG motifs.1,2 Certain TLRs can
also heterodimerize with one another to provide addi-
tional selectively for ligand recognition; for example,
TLR2 cooperates with TLR1 to recognize Pam3CysSK4


(2), or with TLR6 to recognize lipopeptide (R)-MALP-
2.1 Hyperstimulation of TLR2-expressing immune cells
by microbial products can contribute to pathogen-
induced chronic inflammatory joint disease, Gram-
positive sepsis, and other inflammatory disorders.3,4
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In light of the connection between TLR2 and a wide
range of inflammatory disorders, we decided to embark
upon a high throughput screening (HTS) campaign to
identify inhibitors of TLR2 signaling. At the onset of
our investigations there were, to our knowledge, no
reported small molecule TLR2 antagonists. Our HTS
assay system involved measurement of the inhibition
of stimulation of TLR2-transfected Hek293 cells, car-
rying an NF-kB reporter gene, with synthetic
Pam3CysSK4 (2) (Fig. 1).5 Our HTS effort culminated
in the discovery of phospholipid compound 1
(Fig. 2).6 Lead compound 1 had previously been syn-
thesized on an earlier in-house program investigating
TLR4 activity. It interested us that our newly discov-
ered TLR2 antagonist bore structural similarity to
the TLR2 agonist ligand 2 (i.e., a lipophilic compo-
nent, comprising three hydrocarbon chains, attached
through a linker to a lipophobic component). Owing
to the lability of the malonate stereocenter, 1 was pre-
pared and tested as a ca. 1:1 mixture of diastereomers.
In our early investigations, we were eager to test the
stereochemical significance of the two non-epimerizable
asymmetric centers of 1. Consequently, we synthesized
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Figure 1. Pam3CysSK4, 2, a highly potent TLR2 agonist.
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diastereomers 3–5 (Table 1). We found that the TLR2
antagonistic potency did not vary greatly between dia-
stereomers, the most potent being 1, with centers b and
c both having the (R)-configuration. The potential
stereochemical consequences to TLR4 activity were
also of interest to us so the diastereomers were tested
in an appropriate assay.7 In this case, we observed a
modest stereochemical significance with respect to
TLR4 antagonistic potency, with the (S,S)-diastereo-
mer being the most potent. It was also noted that with-
out exception these compounds exhibited greater
selectivity for TLR4 over TLR2. In addition to demon-
strating antagonism in Hek293 cells (Table 1), com-
pound 1 also showed antagonistic activity in human
peripheral blood mononuclear cells (PBMCs).8,9


For the synthesis of 1, the requisite left-hand side frag-
ment 6 was prepared via a six-step sequence from com-
merically available 4-benzyloxybenzaldehyde 7 (Scheme
1). This involved a Knoevenagel condensation10 of 7
with ethyl tert-butyl malonate followed by catalytic
hydrogenation to give phenol intermediate 8. Etherifica-
tion of 8 with allyl bromide followed by saponification
of the ethyl ester, subsequent re-esterification with allyl
alcohol, and acid-promoted hydrolysis of the tert-butyl
ester gave intermediate 6. The right-hand fragment 9
was derived from amino diol 1011 over a separate six-
step sequence. This involved myristoylation of 10 with
subsequent selective mono-silyl protection of the pri-
mary hydroxyl to give 11. The remaining secondary
hydroxyl was then lauryolated and the silyl-protecting
group removed to give intermediate 12. Reaction of 12
with phosphorylating reagent 13,11 followed by oxida-
tive workup and subsequent Boc removal, afforded

Table 1. Diastereomers of 1
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O


R2


O


HO


HO


a
b


c R3


O


1 (R1 = nC13H27, R2 = nC7H15, R3 = nC11H23)


Compound a b c TLR2 inhibition


IC50, lM
a


TLR4 inhibition


IC50, lM
a


1 R/S R R 3.07 0.35


3 R/S R S 6.46 0.16


4 R/S S S 6.90 0.08


5 R/S S R 22.00b 0.25b


a Values are means of at least two experiments.
b Value not reliable owing to partial insolubility under assay


conditions.

advanced intermediate 9. Carbodiimide-activated cou-
pling of the left fragment 6 with the right fragment 9,
followed by deallylation, gave final product 1.


For the synthesis of diastereomer 3, the starting alcohol
11 was first subjected to a Mitsunobu12 procedure
(Scheme 2). The resultant inverted alcohol intermediate
was lauroylated and subsequently desilylated to give
alcohol 14. An identical sequence of steps to that used
for 1 was then employed to complete the synthesis of 3
via intermediate 15.


Diastereomers 4 and 5 were synthesized in analogous
fashion to 3 starting from intermediates 1611 and 17,11


respectively (Schemes 3 and 4).
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examination of the effects of replacing various linkage
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functionalities. Five simple analogues were synthesized
(Table 2). It was found that removal of the X1 carboxyl
group was not detrimental to TLR2 antagonistic poten-
cy, neither was exchanging the X2 NH for O (com-
pounds 25 and 26). Exchanging the X5 O for NH did

Table 2. Biological data for linkage analogues


N
H


O
P


O


OH


O
O


X1


HO


Compound X1 X2 X3


1 CO2H NH H2


25 H NH H2


26 CO2H O H2


27 CO2H NH H2


28 CO2H NH O


29 CO2H NH O


aValues are means of at least two experiments.

appear to reduce potency, though only slightly (com-
pound 27). More interestingly, analogues 28 and 29
showed that when the X3/X4 functionality was changed
from an ether to either an amide or an ester this gave
moderate improvements in potency. The synthetic
routes to the aforementioned linkage analogues are as
described below.


Synthesis of des-carboxy analogue 25 was carried out
according to the route outlined in Scheme 5. Phenol
30 was subjected to silylation, carbonyl reduction, and
subsequent bromination. The intermediate bromide
was then displaced with sodio diethylmalonate, desily-
lated with TBAF, etherified under Mitsunobu condi-
tions,12 and then saponified to give malonic acid
derivative 31. Copper-catalyzed decarboxylation of 31
gave propionic acid derivative 32, which was taken
through a sequence similar to that described earlier to
give 25.


Glycerol analogue 26 was synthesized according to the
route outlined in Scheme 6. Diol 3311 was first tosylated
to give 34. The sodium salt of commercially available
(S)-2,2-dimethyl-1,3-dioxolane-4-methanol was then
used to displace the tosyl group of 34. Lauroylation fol-
lowed by acidic hydrolysis of the dioxolane gave 35.
Selective mono-silylation of 35 yielded alcohol interme-
diate 36. Conversion of 36 into the glycol analogue 26
was achieved using an identical sequence of steps to that
described earlier.


The synthesis of 27 started with a six-step conversion of
diol 3311 into azido alcohol 38 (Scheme 7). This se-
quence involved selective mono-silylation, Mitsunobu
inversion,12 mesylation, followed by azide displacement.
The hydroxyl of 38 was then mesylated and displaced
with (R)-serinol benzimide acetal13 under basic condi-
tions to give intermediate 39. Hydrolysis of the benzim-
idine of 39, myristoylation of the resultant free amino
group, and subsequent oxidative phosphorylation with
13 gave 40. Staudinger reduction14 of 40 followed by
lauroylation, Boc removal, coupling with 6, and subse-
quent treatment with palladium(0) gave 27.
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Ester analogue 28 was synthesized according to the
route outlined in Scheme 8. The first step was a selec-
tive silylation of the primary hydroxyl of diol 3311 to
give 41. Lauroylation of the secondary hydroxyl of 41
yielded 42, which was subsequently desilylated to give
alcohol 43. Silylation of N-Boc (S)-serine methyl ester
44 gave 45, which was saponified to give acid interme-
diate 46. Esterification of the acid fragment 46 with
alcohol 43, followed by Boc removal, and subsequent

myristoylation and desilylation, gave intermediate 47.
Oxidative phosphorylation of 47 with 13, followed
by Boc removal, gave advanced intermediate 48.
Amine 48 was then converted into ester analogue 28
via the usual procedure described earlier.


Amide analogue 29 was synthesized according to the
route outlined in Scheme 9. Requisite amine 49 was
constructed from mono-protected diol 50 via mesyla-
tion, azidation, and subsequent Staudinger reduc-
tion.14 Coupling of amine 49 with acid 46, followed
by oxidative removal of the PMB protecting group,
lauroylation, Boc removal, myristoylation, and desily-
lation, gave 51. Phosphorylation of 51 with 13 with
oxidative workup, followed by treatment with TFA,
gave advanced amine intermediate 52. Coupling of
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52 with 6, followed by palladium-catalyzed deallyla-
tion, afforded 29.


In conclusion, from an HTS campaign of ca. one hun-
dred thousand compounds we discovered a novel
phospholipid compound 1 as an antagonist of TLR2 sig-
naling. We engaged in preliminary SAR investigations
demonstrating that significant structural changes could
be made without loss of activity. The finding that amide
analogue 29 possessed optimal potency was particularly
beneficial because this would pave the way for subse-
quent analogues that would be more readily accessible.
Continuation of our SAR investigations will be reported
in due course.
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Abstract—New Baylis–Hillman adducts are synthesized based on substituted 2-chloronicotinaldehydes and screened for their in vitro
anti-malarial activity against chloroquine sensitive and chloroquine resistant Plasmodium falciparum. Out of the six new compounds
synthesized and screened, 2b, 2c and 2d compounds showed substantial anti-malarial activity.
� 2005 Elsevier Ltd. All rights reserved.

Malaria remains a major problem exacting an unaccept-
able toll on the health and economic welfare of the
world�s poorest communities. Over 200–500 million
cases and 0.7–2.7 million deaths occur each year due
to malaria.1–3 Every 30 s one child is killed by this dis-
ease. Malaria in pregnancy kills up to 2,00,000 newborn
babies each year. Plasmodium falciparum and Plasmodi-
um vivax are the two major human malarial parasites of
which P. falciparum is responsible for most of the malar-
ial deaths. Over the years chloroquine has been used as
an anti-malarial drug due to its availability, effectiveness
and low toxicity. Presently it is found by many users that
chloroquine is no longer effective in most of the world
because of the resistance to it that has developed.4 The
mechanism of chloroquine resistance in Plasmodium
was first reported by Donald Krogstad.5 The develop-
ment of safe and effective anti-malarial agents has been
realized as a challenge in recent years because of the ra-
pid spread of drug resistant P. falciparum strains.6


Recently, several groups have contributed to the devel-
opment of elegant anti-malarial agents.7–9 Mrinal
et al.10 reported the anti-malarial activity of Baylis–Hill-
man adducts. Our interest is in the design and synthesis
of a diverse range of biologically active heterocyclic
compounds,11 and to this end we have developed a
new method for the synthesis of substituted 2-chloronic-
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otinaldehyde12 from enamide; these substituted 2-chlo-
ronicotinaldehydes served as synthons for the present
Baylis–Hillman (BH) adducts prepared. In this paper,
we report the synthesis and anti-malarial activity of
new Baylis–Hillman (BH) adducts.


The new compounds 2a–2f were synthesized by using
the Baylis–Hillman reaction13 between substituted 2-
chloronicotinaldehydes 1a–1d and acrylonitrile or meth-
yl acrylate (Scheme 1 and Table 1). Substituted 2-chlo-
ronicotinaldehydes are found to be highly active
towards Baylis–Hillman reaction and the reaction went
to completion within 10–15 min with excellent yields
(>96%; Table 1). It is known that the protic solvents
or water accelerate the Baylis–Hillman reaction, either
through stabilization of the enolate by hydrogen bond-
ing or by activation of aldehyde, again through hydro-
gen bonding or indeed both.14 More interestingly, the
reaction is completed within 10 min under neat condi-
tions (without any added solvent) with excellent
yields.15,16 Until now this was the fastest Baylis–Hillman
reaction reported with respect to substrate aldehyde.
The Baylis–Hillman reaction using substituted 2-chloro-
nicotinaldehydes was also examined using various
organic bases like DABCO, DBU, DMAP, 3-hydroxy
quinuclidine (HQD), etc. Among these, except for
DMAP, all the remaining bases were found to work very
well at room temperature. Crystal structure solved for
one of the compounds 2c is given in Figure 1.17


The compounds 2a–2f were evaluated for in vitro anti-
malarial activity18 against both chloroquine sensitive
(FDL-B) and chloroquine resistant (FDL-NG) strains
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Table 1. Synthesis of Baylis-Hillman (BH) adducts


No. Substituted 2-chloronicotinaldehyde (1a–d) Activated alkene BH adduct (2a–2f) Mp (�C) Yielda (%)


1


1a N


CHOH3C


Cl


CN


2a N


OH
CNH3C


Cl


143 98


2


1b N


CHOC2H5


Cl


CN


2b N


OH
CNC2H5


Cl


96 98


3


1c N


CHOPh


Cl


CN


2c N


OH
CNPh


Cl


136 98


4 N


CHO


ClMeOOC


1d


CN


N


OH
CN


MeOOC Cl


2d


88 98


5


1a N


CHOH3C


Cl


COOMe


2e N


OH
COOMeH3C


Cl


92 97


6


1c N


CHOPh


Cl


COOMe


2f N


OH
COOMePh


Cl


86 97


a Isolated yields.


N


CHO


Cl


R2


R1
+


EWG


N Cl


R2


R1


EWG
OH


DABCO


10 -15 min.


1a : R1  = H, R2  = CH3,
1b : R1  = H, R2  = C2H5,
1c : R1  = H, R2 = Ph,
1d : R1  = COOMe, R2 = H


2a: R1 = H, R2  = CH3, EWG = CN
2b: R1 = H, R2 = C2H5, EWG = CN
2c: R1 = H, R2 =Ph, EWG = CN
2d: R1 = COOMe, R2 =H, EWG = CN
2e: R1 = H, R2  = CH3, EWG = COOMe
2f: R1 = H, R2 = Ph, EWG = COOMe


Scheme 1.
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of P. falciparum at different doses starting from 100 lg/
well (500 lg/ml) onwards with 5-fold serial dilutions up
to 0.0064 lg/well (0.032 lg/ml). Doses were kept con-
stant for all compounds to have a comparative profile
of their activities. Results obtained from the in vitro
schizont maturation inhibition (SMI) and total parasite
growth inhibition (PGI) of both FDL-B and FDL-NG
strains are summarized in Tables 2 and 3. Among all
the six compounds screened, 2b, 2c and 2d exhibited sig-
nificant anti-malarial activity with low IC50 and IC90


values in both chloroquine sensitive and chloroquine
resistant strains.


The compounds studied for anti-malarial activity
showed a good structure–activity relationship. The
Baylis–Hillman adduct 2c with electron-withdrawing
cyano and R2 as phenyl groups exhibited substantial
anti-malarial activity against both strains. The IC50


values of 2c for resistant strain are 0.9 and 2.2 lg/ml

for schizont maturation inhibition (SMI) and total
parasite growth inhibition (PGI), respectively. Chang-
ing the substitution of cyano to methyl ester in com-
pound 2f (R2 remains phenyl only) showed a
relatively lower anti-malarial activity in the resistant
strain and its IC50 values are 5 and 10.75 lg/ml for
SMI and PGI. The compounds 2b and 2d having a
cyano group along with different R1 and R2 groups
exhibited good anti-malarial activity. The remaining
compounds also displayed comparable activity. These
results show that the 2-chloronicotinaldehyde-based
Baylis–Hillman adducts having a cyano group exhibit
anti-malarial activity and further their activity is im-
proved with the phenyl group as R2 substituent rather
than R2 as alkyl group.


In conclusion, six new Baylis–Hillman adducts based on
substituted 2-chloronicotinaldehydes were synthesized.
All six compounds were found to exhibit anti-malarial







Figure 1. Crystal structure of 2c.


Table 2. Anti-malarial activities, IC50 and IC90 of BH adducts 2a–2f,


against chloroquine sensitive (CQS) Plasmodium falciparum strain


(FDL-B)


Compounds Inhibitory activity in lg/ml


IC50 IC90


SMI PGI SMI PGI


2a 1.25 1.3 25.5 85


2b 1.8 4 15.5 31


2c 3.6 8 25.5 23


2d 3.4 7 22 29


2e 18 28.5 32 115


2f 45 115 125 350


Chloroquine 0.004 0.005 0.018 0.02


SMI, schizont maturation inhibition determined after 24 h; PGI, total


parasite growth inhibition determined after 48 h.


Table 3. Anti-malarial activities, IC50 and IC90 of BH adducts 2a–2f,


against chloroquine resistant (CQR) Plasmodium falciparum strain


(FDL-NG)


Compounds Inhibitory activity in lg/ml


IC50 IC90


SMI PGI SMI PGI


2a 22.5 10.5 125 300


2b 2.5 5.5 6.5 26


2c 0.9 2.2 1.5 6.75


2d 5.75 6.75 25.5 29


2e 3.05 5.75 7 27.5


2f 5 10.75 30 77.5


SMI, schizont maturation inhibition determined after 24 h; PGI, total


parasite growth inhibition determined after 48 h.
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activity. Interestingly, the compounds 2b, 2c and 2d dis-
played a relatively significant activity. Evaluation of
activity results informs us that cyano- and phenyl

groups on the Baylis–Hillman adducts play a role in
determining the activity. These molecules are very
useful for further optimization work in malarial
chemotherapy.
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Abstract—In order to fully explore structure–activity relationships at the 1- and 2-positions of the piperazine core of tricyclic farne-
syltransferase inhibitors, an 11,718-member ECLiPS� library was synthesized and screened in a farnesyltransferase scintillation
proximity assay. A detailed description of the library and analyses of the screening data will be provided.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. SCH 66336, Sarasar�.

Farnesyltransferase (FTase) is a heterodimeric protein
that transfers the isoprenoid moiety of farnesyl pyro-
phosphate (FPP) to C-terminal CAAX box sequences.1


Since CAAX prenylation is required for activation of
oncogenic Ras proteins,2 it had long been thought that
Ras activity could be tempered through FTase inhibi-
tion. However, numerous studies show that FTase
inhibitors (FTIs) can suppress the growth of trans-
formed cells and tumors regardless of Ras activation
status.3 Despite these ambiguities, FTIs promote clinical
regression of a number of solid tumor types and hema-
tological malignancies with a modest toxicity profile
when used as single agents or in combination with cyto-
toxic agents.3d,4


SCH 66336 (lonafarnib, Sarasar�, Fig. 1) is a FTI
from the Schering-Plough Research Institute (SPRI)
currently in phase III clinical trials.3d,4g This
compound, (+)-4-[2-[4-(8-chloro-3,10-dibromo-6,11-
dihydro-5H-benzo[5,6]cyclohepta[1,2-b]pyridin-11 (R)-
yl)-1-piperidinyl]-2-oxo-ethyl]-1-piperidinecarboxamide,
is derived from the SPRI compound collection.5 Since
its discovery SPRI has continued to develop analogs
with an improved therapeutic index.6 Structure–activi-
ty relationships (SARs) targeting the N-1 position of
the piperidine core of SCH 66336 have been vigorous-
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ly explored.7 A large proportion of the reported ana-
logs, however, produce IC50s in the micromolar range.
Several studies have established that piperazine is a
suitable replacement for the piperidine core, producing
compounds with comparable potency and pharmaco-
kinetic (PK) profiles.5a,7c X-ray crystallographic analy-
ses of inhibited complexes show that the two
substructures are superimposible.7d Chemical develop-
ment of tricyclic FTIs containing a piperazine core
has been largely limited to substitution with either
pyridine or piperidine functionalities. In order to more
thoroughly define the SAR at the piperazine core, we
chose to evaluate 63 distinctly different substituents at
N-1 (R3) in conjunction with 31 substituents at the C-
2 (R1) position, a site that had never previously been
modified. In this paper, we describe the synthesis of
an 11,718-member ECLiPS� (Encoded Combinatorial
Library on Polymeric Support) library and the results
of the ensuing screen.
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Scheme 1. Solid phase synthesis of ECLiPS� FT-1. Reagents: (a)


R1NH2 (31), THF; (b) R2CO2H (2), HATU, DIEA, CH2Cl2; (c) i—


piperidine, DMF; ii—R3CO2H (63), HATU, DIEA; (d) i—TFA,


CH2Cl2; ii—Et3N, MeOH; iii—R4Cl (2), 1,2,2,6,6-pentamethylpiperi-


dine, DMA or R4CO2H (1), HATU, DIEA.
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The library, FT-1 (Scheme 1), is based on a piperazine
core containing a 3-bromo-8-chloro-substituted tricy-
clic- (sublibrary 1), an 8-chloro-substituted tricyclic-
(sublibrary 2) or a novel phenylbenzyl-top piece (subli-
brary 3). The library was prepared on TentaGelTM resin
derivatized with 4-bromomethyl-3-nitrobenzamide, a
photolabile linker. As shown in Scheme 1, the resin 1
was reacted with 31 primary amines R1NH2 to generate
the resin bound secondary amine 2. After a pool and
split step, 2 was coupled with two different R2, either
piperazine carboxylic acid or piperazine acetic acid to
produce amide 3. Amide 3 was pooled, split, and treated
with piperidine in DMF to remove the Fmoc group. The
resulting amine was coupled with 63 different R3 pieces,

Table 1. FT-1 screening summary


Sub


Sublibrary definition


Br


Number of bead eluates screened (equivalents) 17,


Number of wells submitted for re-array


Number of beads decodeda


Percentage of compounds decoded two or more times


Number of unique structures decoded


a The cut-off for decode submission was set at 70% of control which corresp

including 56 carboxylic acids and 7 sulfonyl chlorides to
produce 4. After a third pool and split step, the resin 4
was divided into three parts. For each part, the Boc
group on R2 was removed, and the corresponding amine
was derivatized with a different R4 chloride or acid to
produce 5. The 31 R1, 2 R2, and 63 R3 synthons were
encoded, prior to each pool and split step, by haloaro-
matic alcohol tags that can be decrypted using electron
spray gas chromatography.8 R4 was not encoded. In-
stead, resin 5 was kept as three separate sublibraries
(as defined above), each containing 3906 compounds.
Thus, a focused ECLiPS library containing 11,718 com-
pounds was prepared. It should be noted that the tricy-
clic compounds were not resolved at the carbon center
attached to the piperazine nitrogen (N-4) since the ste-
reochemistry at this position, for compounds in the
mono- and dihalogenated series, does not have a signif-
icant impact on FTase activity.7d The average com-
pound yield, as quantified by LC–MS of a random set
of library beads, was 100 pmol.


FT-1 was screened using a scintillation proximity assay
(SPA) as described.9,10 The library beads were partially
eluted and screened initially at an approximate density
of ten compounds per well. Each sublibrary was
screened separately at a final concentration of 500 nM
per bead eluate. The cut-off for decode submission was
set at 70% of control (30% inhibition). The beads from
the active wells were then re-arrayed, eluted in a second
step, and tested at a screening density of one compound
per well. Four-and-one-half or more equivalents11 of
each sublibrary produced a total of 507 wells that were
re-arrayed, which subsequently produced 405 decoded
structures (Table 1). Since the sublibraries are arrayed
in a random fashion, statistics assume that if three or
more equivalents of each sublibrary are screened then
at least 95% of the library will be assayed once and at
least 80% will be assayed two or more times. Conse-
quently, many compounds are decoded multiple times.
Greater than 50% of the decodes from sublibraries 1
and 2 were observed two or more times, producing
188 and 41 unique structures, respectively. Far fewer de-
codes were retrieved from sublibrary 3, despite survey-
ing a greater percentage of that sublibrary, and just
one compound was decoded two times. The decode rep-
etition observed from sublibraries 1 and 2 is evidence of
a preferred SAR. The distinct lack of decode repetition
from sublibrary 3 suggests that the compounds decoded

library 1 Sublibrary 2 Sublibrary 3


N


Cl


N


Cl


O


600 (4.5) 22,880 (5.9) 33,440 (8.6)


294 116 97


302 64 39


57 53 5


188 41 38


onds to 30% inhibition.
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from this sublibrary are either very weak or are false
positives. This is consistent with the findings of Mallams
et al.7c which acknowledged the importance of the tricy-
clic moiety in binding to a hydrophobic cavity in the
FTase active site. The data in Table 1 also show that
each re-arrayed well from sublibrary 1 produced at least
one decoded structure (294 re-arrays and 302 decodes).

0-10 11-20 21-30 31-40 41-50 51-60 61-70
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Figure 2. FTase activity (percentage of control) of the FT-1 decodes.
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Figure 3. Frequency of decoded synthons from FT-1. The x-axis represents th


represents how frequently each synthon was decoded.

This correlation drops to approximately 2:1 for subli-
brary 2 (116 re-arrays and 64 decodes) and to nearly
3:1 for sublibrary 3 (97 re-arrays and 39 decodes). We
hypothesize that this result may be due to the additive
effects of multiple weak actives in the sublibraries 2
and 3 primary screens. The screening activity of the
decoded structures from each sublibrary is shown in
Figure 2. The activity of the decoded compounds ranged
from 10% of control (90% inhibition) to 70% of control
(30% inhibition) with the largest percentage spanning
40–60% of control.


Synthon frequency plots (Fig. 3) are used to depict the
SAR of the decoded structures at positions N-1 (R3)
and C-2 (R1) of the piperazine core. Distinct SAR pat-
terns (Table 2) were readily apparent among the subli-
braries 1 and 2 decodes. No pattern could be seen for
the sublibrary 3 decodes (data not shown). The synthon
plots show that the structures decoded from sublibrary 1
have a preference for (cf. Table 2) alkyl amides (s2–s10,
s17, s18) and 3-pyridylmethylamide (s25) at R1, while all
other aromatic substituents, including 2-pyridylmethyla-
mide (R1s20) and 4-pyridylmethylamide (R1s24), were
not frequently tolerated. 4-Pyridylacetamide (s37) and
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4-chlorophenylacetamide (s57) predominate at R3. The
structures decoded from sublibrary 2 (Fig. 3 and Table
2) show a strict preference for 3-pyridylmethylamide
(s25) at R1 and a modest preference for 2-(4-(pyrroli-
din-1-ylmethyl)phenyl)acetamide (s6), 3-phenylpropan-
amide (s12), 3-pyridylacetamide (s36), and 4-
chlorophenylacetamide (s57) at R3. Both the subli-
braries 1 and 2 decodes clearly show that piperazine car-
boxamide is preferred over piperazine acetamide
(Scheme 1 and Table 2) at R2. The preferred synthons
are a prominent feature of the replicate decodes and
are used to guide the selection of compounds chosen
for re-synthesis. The screening activity and the number
of times decoded are considered as well.


Four replicate decodes from sublibrary 1 were resynthe-
sized in order to confirm the level of activity seen in the
screen (Table 3). These compounds indeed confirmed
the expected activity with enzyme IC50s of 0.03–
0.10 lM. To test for cell-based activity, these com-
pounds were also evaluated in a COS cell Ha-Ras pro-
cessing assay.12 The cellular IC50s ranged from 0.10 to
0.20 lM. This level of enzyme and cell-based activity
is consistent with that of the most potent dihalogenated
tricyclic FTIs containing a piperazine core.7c Com-
pound 6, which contains 3-pyridylmethylamide at R1


and phenylpropanamide at R3, was the most potent

Table 3. FTase activity of FT-1 re-synthesized compounds
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re-synthesized decode. Addition of a methylene unit be-
tween the piperazine core and the R1 substituent, to
produce 7 (IC50 = 0.96 ± 0.04 lM), reduced the potency
by more than 30-fold. Compound 7 was contained in
the library but was not decoded. Given the theoretical
screening concentration (500 nM), the weak potency
confirms that it should not have been decoded. This
finding is also consistent with the fact that far fewer
compounds containing the piperazine acetamide core
were decoded compared to those containing the pipera-
zine carboxamide core (cf. Table 2). Nonetheless, the
piperazine acetamide core is well tolerated when R1 is
a small aliphatic substituent and R3 is 4-pyridylaceta-
mide, as in 8 (IC50 = 0.07 ± 0.00 lM). The 4-pyridylac-
etamide was also a preferred R3 substructure reported
by Mallams et al.7c Converting 4-pyridylacetamide at
R3 to 4-chlorophenylacetamide and removal of the
cyclopropyl unit at R1 of 9 (IC50 = 0.05 ± 0.00 lM) to
produce 10 (IC50 = 0.10 ± 0.01 lM) reduced the poten-
cy twofold.


3-Pyridylmethylamide (s25) is a R1 substituent that was
frequently decoded from sublibraries 1 and 2. Prior to
this work, substitution at the 2-position had not been
explored. In order to assess the importance of this mod-
ification in an unhindered environment, a 3-pyridylm-
ethylamide derivative without any substitution at R3

Cl


ctivity (% of control) FTase IC50 (lM) ± SD COS IC50 (lM)


32 ± 9 0.03 ± 0.01 0.15, 0.20


0.96 ± 0.04 2.0, 2.0


33 ± 5 0.07 ± 0.00 0.10, 0.20


23 ± 5 0.05 ± 0.00 0.10, 0.20


28 ± 13 0.10 ± 0.01 0.15, 0.20


0.12 ± 0.02 2.0, 2.0







5542 L. L. Rokosz et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5537–5543

was synthesized. This decode analog, 11, generated an
enzyme IC50 of 0.12 ± 0.03 lM, which is just fourfold
less potent than the most potent re-synthesized com-
pound 6. The COS assay IC50 was much higher
(2.0 lM), suggesting that the R3 substituent facilitates
cell penetration.


No decoded structures from sublibrary 2 were re-synthe-
sized since the screening results suggested that the com-
pounds from this sublibrary would be considerably
weaker than those from sublibrary 1. This finding is con-
sistent with data showing that the addition of bromine
at the 3-position of the tricycle makes a tangible contri-
bution in potency when paired with chlorine at the 8-
position.7c,13


These data produced 229 unique inhibitors from subli-
braries 1 and 2 with screening activities of greater than
30% inhibition at 500 nM. In addition, we showed for
the first time that substitution at R1 was tolerated and
that 16 of the 31 synthons paneled at this position were
frequently decoded in the dihalogenated series. This
finding is remarkable since it identifies a new site that
can be exploited to incorporate additional, pharmaceu-
tically important properties. As a result, these data en-
abled the identification of the potent (IC50 = pM)
imidazole-tethered compounds discovered in our labo-
ratory and subsequently described by Taveras et al.6b


The screening data were also used to develop the zinc-li-
ganded structures reported by Njoroge et al.6d The li-
brary synthesis and screening campaign thus also
provide an important historical perspective of how a
number of previously published FTIs were originally
developed.
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Abstract—A series of ligands with varying heterocyclic cores and substituents that display a range of selectivity�s (up to >100x) for
ER-b over ER-a are reported.
� 2005 Elsevier Ltd. All rights reserved.

Me OH
O OH

The estrogen receptor (ER) is a member of the nuclear
hormone superfamily of receptors.1 The ER mediates
the regulation of a number of important physiological
processes, including bone mineral density (BMD) and
lipid levels.2 Post-menopausal women are often treated
with hormone (estrogen) replacement therapy (HRT)
to maintain BMD and relieve post-menopausal symp-
toms, such as hot flashes and night sweats.3 HRT
though, is not without its drawbacks, such as an in-
creased risk in both breast and uterine cancers. For this
reason, compliance is poor and many women stop tak-
ing HRT after less than one year of treatment.4 Selective
estrogen receptor modulators (SERMs), such as raloxif-
ene,5 have overcome the increased risk of breast and
uterine cancers, but unfortunately do not provide full
bone protection and do not ameliorate hot flashes.6
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Until the recent discovery of a second estrogen receptor
(designated ER-b),7,8 it was believed that only a single
estrogen receptor existed (now known as ER-a). This
discovery has led to an intensive effort to define the
roles that the individual receptors play in the hope of
designing an improved SERM/HRT.


Both ER-a and ER-b bind the endogenous ligand 17-b
estradiol 19 with high potency (see Fig. 1). The tissue
distribution of the receptors suggests that their roles
may not be redundant.10 Various hypotheses for the
function of each receptor have been generated.11–14 To
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Figure 1. Estrogen receptor ligands.
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test these hypotheses and determine the function of each
receptor, selective compounds for each receptor are
sought after, in particular ligands for ER-b.


ER-a is a larger protein than ER-b. ER-a contains 595
amino acids, whereas ER-b has only 485. Although the
two receptors have overall about 56% sequence homol-
ogy, in the ligand binding domain only two of the 23
amino acids that make direct contact to the encapsulat-
ed ligand are different (L384M and M421I), both of
which are highly conservative substitutions.15 The net
effect of these differences is that ER-b has a slightly
smaller ligand binding pocket than ER-a16 and it has
been found that sterically demanding ligands can
display selectivity for ER-a.17 Compounds with some
selectivity for ER b include genistein 2, tetra-hydro-
chrysenes,18 diarylpropionitriles,19 2-aryl benzothioph-
enes,20 1,3,5 triazines,21 and most recently, the
benzoxazole ERB-041.22 In this paper we describe
our own efforts toward the discovery of ligands that
are selective for ER-b (Fig. 2).


A series of benzimidazoles was prepared via standard
procedures as follows: 2-Fluoro nitrobenzene was treated
with para-anisdine in the presence of K2CO3 at 160 �C to
give the nitro aniline 3, which upon reductionwith hydro-
gen over Pd/C gave the bis-aniline 4. This compound was
condensed with various carboxylic acids to give the
amides 5a–e, which upon treatment with hot acetic acid
underwent acid-catalyzed dehydration to form the benz-
imidazoles 6a–e. The methyl ethers were removed using
BBr3 to give the desired target compounds 7a–e. This se-
quence allowed the rapid synthesis of a large number of
C-2-substituted benzimidazole analogs from the common
intermediate 4 (see Scheme 1).


Isoxazole 8 was prepared by acylating the dianion of the
oxime derived from 1-(4-methoxy-phenyl)-2-phenyletha-
none 9 with trifluoroacetic acid ethyl ester. The resultant
hemiacetal 10 was dehydrated with p-TsOH, followed
by O-demethylation with BBr3, to give the desired isox-
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Figure 2. Heterocyclic ligands.

azole (8). The synthesis of the imidazole23 11 and the in-
dole24,25 12–15 compounds has been previously
described (see Scheme 2).


To screen compounds for their affinity for ER-b versus
ER-a, an in vitro ligand binding assay using recombi-
nant ER-a and ER-b using [3H] 17b-estradiol as the
radioligand was employed26.


A number of standard compounds were evaluated in the
binding assay and their affinities for both receptors were
found to be in agreement with previously reported val-
ues.9 As shown in Table 1, 17-b-estradiol 1 demonstrat-
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Table 1. IC50s and binding selectivities of ligands26


Compound ER-a
(nM)a


ER-b
(nM)a


Selectivity


(for ER-b)


1 0.75 ± 0.60 1.18 ± 1.04 0.63


2 29.4 ± 4.33 1.30 ± 0.69 22.5


7a 1800 ± 569 137 ± 42.4 13.1


7b >6260 ± 3330 49.7 ± 6.06 >126


7c 2940 ± 1400 28.1 ± 0.05 105


7d 1160 ± 271 14.3 ± 1.20 81.1


7e 1730b 149b 11.6


8 8.5 ± 4.9 2.4 ± 0.69 3.5


11 403 ± 207 15.1 ± 3.04 26.7


12 6950b 171b 40.6


13 94.8 ± 21.5 11.9 ± 3.01 8.0


14 24.0 ± 13.9 1.12 ± 0.73 21.8


15 8310 ± 2397 355 ± 224 23.4


a ±Value represents the standard deviation.
b Only one independent experiment was run.


Figure 3. Binding mode of benzimidazole 7c (orange) when docked


into the X-ray crystal structure of ER-b.16,29
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ed an approximately equal affinity for each receptor,
while genistein 2 showed a slight bias for ER b
(14.3·). During the course of high-throughput screen-
ing, 2,3-diphenyl indole 1227 emerged as a compound
showing reasonable selectivity for ER-b (ca. 40·),
although potency for this receptor is modest. Although
this compound is commercially available, it has not been
previously characterized as an ER ligand. The majority
of ER ligands contain a phenol on the A-ring biostere
(cf. to 17b-estradiol). This hydroxyl group of the phenol
is responsible for ca. 1.9 kcal/mol interaction energy
with ER a.28 We anticipated that the introduction of
appropriately positioned phenol(s) into 2,3-diphenyl
indole 12 would improve the potency, while retaining
a reasonable degree of selectivity. A systematic SAR sur-
vey of the indole 12 found that the introduction of a
phenolic group into the para position of each of the pen-
dant phenyl rings gave 13, which demonstrated im-
proved potency at ER-b by an order of magnitude,
though its selectivity for ER-b was slightly diminished.
The individual removal of each phenol clearly indicated
which of these was more important for potency. As can
be seen in Table 1, the mono-phenolic indole 14 has a
much improved potency compared to indole 15. We
undertook a systematic investigation of 14 in the hope
of improving the selectivity for ER-b. Initial efforts
focused on varying the central core, as different cores al-
low for the different spatial arrangement of substituents.
This led to the identification of the isoxazole 8, imidaz-
ole 11, and the benzimidazoles 7a-d. The isoxazole 8 re-
tains potency for ER-b, but unfortunately loses most of
the selectivity that is seen in the indole series. The triflu-
oromethyl imidazole 11 however, maintains selectivity
for ER-b but loses an order of magnitude in potency
for this receptor compared to the indole 14. This may
be due in part to the energetic penalty paid for the des-
olvation of the acidic (pKa ca. 9)23 NH group of the
imidazole and the general increase in the polarity of
the central core. Replacement of the indole core with a
benzimidazole ring system produced the analog 7a,
which, although maintaining a degree of selectivity, lost
two orders of magnitude in potency compared to 14.
Despite the loss of potency, switching to the benzimid-

azole core allowed for a more rapid synthesis of analogs
compared to the other templates, and in particular,
allowed for a rapid exploration of the vector defined
by the C-2 substituent.


The potency and selectivity could be increased by
replacement of the C-2 phenyl group of 7a with select
5-membered heterocycles. Introduction of a 2-thienyl
group 7b results in an analog that is over 100· selective
for ER-b over ER-a. Analogs containing an ortho sub-
stituent on the 5-membered heterocycle, such as N-
methyl-2-pyrrolyl 7c or 3-methyl-4-isoxazyl group 7d,
have improved potency at ER-b, whilst retaining the
selectivity for ER b. It is interesting to speculate on
the origin of improved potency and selectivity versus
the prototypical phenyl analog 7a. One of the two differ-
ences in the ligand binding site between ER a and ER-b
is a Met 421:Ile 373 residue change, giving rise to a small
pocket in the ER-b structure (see Fig. 3). As suggested
from docking the benzimidazole 7c into the ER crystal
structures, it may take advantage of this difference by
positioning its N-methyl group into the small pocket
in ER-b. It is interesting to note that the ortho-chloro
phenyl analog 7e displays essentially the same selectivity
and potency as the unsubstituted phenyl analog 7a as
based on this model, it too may have been expected to
take advantage of this small pocket in ER-b. To fully
understand the factors responsible for the observed
selectivity for ER b, crystal structures of one of the
selective agents bound to both of the ERs would be
highly useful.


A number of compounds were profiled further for estro-
genic activity in whole cell functional assays. Cell lines
were chosen that expressed predominantly ER-a or
ER-b, respectively. MCF-7 cells are derived from hu-
man breast cancer tissue and these cells predominantly
contain ER-a.30 Conversely, primary granulosa cells,
which are derived from rat ovaries, do not contain
ER-a but contain endogenous ER b.31 Each cell line
was independently transiently transfected with an estro-
gen responsive luciferase reporter vector (ERE3-TK-
lux)32 (see Table 2).
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Figure 4. Structures of the ER-b selective compounds 7c and 11.


Table 2. Estrogenic activity of selected compounds in whole cells


Compound MCF-7 EC50 (nM) Activationa % Granulosa EC50 (nM) Activationb %


Estradiol 1 0.01 100 0.14 100


7c >1000 21 40.8 101


11 243 87 6.70 93


14 38.5 83 1.09 78


a Percent activation observed at 1 lM in MCF-7 cells.
b Percent activation observed at 1 lM in granulosa cells.
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The synthetic analogs 11 and 14 displayed partial to full
agonism in both the MCF-7 and granulosa cell lines.
These analogs, though, were considerably more potent
in the granulosa cells, presumably due to the higher
affinity of the analogs for ER-b. The highly selective
benzimidazole 7c appears to be a potent full agonist in
the granulosa cells (ER-b), while displaying little activity
in the MCF-7 cells presumably due to its weak binding
activity at ER-a . Due to the differing nature of the two
cell lines (both background and species), only limited
conclusions can be drawn about the functional selectiv-
ity of the compounds, though it does seem that binding
selectivity is reflected in the potency of the functional
assays.


In summary, we have found compounds that have dis-
played up to 100x selectivity for ER-b in competition
binding assays that are also functional agonists in whole
cells, as exemplified by the analogs 7c and 11 (Fig. 4).
We have also demonstrated that the ER receptors are
tolerant of various heterocyclic cores and that, despite
the high homology between the two receptors, ligands
can be made to exploit the small differences between
these two receptors to achieve binding selectivity. We
anticipate that these compounds, upon further charac-
terization, will become useful pharmacological tools
for determining the role ER-b plays in ER mediated
physiology.
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Abstract—A series of compounds originally derived from the vascular endothelial growth factor receptor tyrosine kinase inhibitor,
SU5416, was synthesized and evaluated. The most potent compound in this series, compound 7, structurally resembles the potent
anti-microtubule agent Combretastatin A-4, inhibited tubulin polymerization, and showed potent growth inhibitory activities on
both prostate and breast cancer lines with IC50 values in low to subnanomolar range.
� 2005 Elsevier Ltd. All rights reserved.

Microtubules are involved in cellular functions such as
cell transport, movement, and separation of chromo-
somes during mitosis. Microtubules are polymers of
a- and b-tubulin heterodimers. During mitosis, microtu-
bule polymerization and depolymerization are tightly
controlled and disruption of this process can cause cell
cycle arrest and subsequently cell death.1 Mechanistical-
ly, anti-microtubule agents can be classified into three
classes: (i) microtubule stabilizing agents, (ii) Vinca site
binding agents, and (iii) colchicine site binding agents.
Taxanes (paclitaxel and docetaxel) are agents that
induce tubulin polymerization and stabilize microtu-
bules.2,3 Vinca alkaloids (vincristine, vinblastine, and
vinorelbine) bind to b-tubulin and block the formation
of microtubules. Like Vinca alkaloids, colchicine site
binding agents also inhibit tubulin polymerization by
binding to the colchicine site on b-tubulin.4


Currently, Taxanes and Vinca alkaloids are used clini-
cally for the treatment of cancers. Colchicine site agents
are the only class that do not have a representative drug
in clinical use for cancer. However, these agents are
structurally the most diverse group among the three
classes of tubulin binders and include natural products
such as colchicine, Combretastatin A-4, and podophyl-
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lotoxin. In addition, many small synthetic molecules
are reported to bind to the colchicine site. Some of the
representative agents are indanocine, oxazoline
(A204197), and arylsulfonamide (T138067) (Fig. 1).5,6


In our search for growth factor receptor kinase inhibi-
tors using SU5416, a potent ATP competitive vascular
endothelial growth factor receptor tyrosine kinase inhib-
itor,7 as the lead structure, we recently discovered a
group of 2-indolinone containing compounds (Fig. 2)
with potent anti-proliferative activities in both prostate
and breast cancer cell lines.


The syntheses of compounds 1 and 2 were carried out by
refluxing 6-methoxy-2-indolinone with 3- and 4-
hydroxybenzaldehydes, respectively (Fig. 3). 6-Meth-
oxy-2-indolinone was synthesized according to the
reported procedure.8 Demethylation of compounds 1
and 2 with boron tribromide at 0 �C yielded the respec-
tive compounds 5 and 6 (Fig. 3). The procedure for the
synthesis of compounds 3 and 4 was the same as for
compounds 1 and 2, except that the commercially avail-
able 2-indolinone was used as the reagent instead of 6-
methoxy-2-indolinone. Compounds 1–6 were purified
as E isomers. The E configurations of the compounds
were assigned based upon the chemical shifts of the pro-
tons at the C-2 0 and C 0-6 0 positions in the phenyl ring at
the C-3 position of compounds 1–6. It has been demon-
strated through NOE experiment that the chemical
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Table 1. Inhibition of cancer cell proliferation and tubulin polymerization by compounds 1–6


Compound R1 R2 PC-3 (IC50 lM) MCF-7 (IC50 lM) MDA-MB-231 (IC50 lM) Inhibition of tubulin


polymerization (lM)


1 6-OCH3 3 0-OH 0.54 ± 0.2 0.39 ± 0.1 1.4 ± 1.0 9.1


2 6-OCH3 4 0-OH 0.64 ± 0.2 0.23 ± 0.1 2.6 ± 1.7 18


3 H 3 0-OH >50 31.4 ± 7.5 16.9 ± 7.3 >40


4 H 4 0-OH >50 25.7 ± 5.2 17.5 ± 3.5 >40


5 6-OH 3 0-OH 19.5 ± 3.7 8.6 ± 1.4 4.3 ± 0.7 >40


6 6-OH 4 0-OH 44.7 ± 6.8 19.7 ± 3.8 9.4 ± 1.3 >40


SU5416 — — >50 >50 >50 >40


Podophyllotoxin — — 0.013 Not tested 0.008 1.56


Cells (1000 cells/well) were treated with varying concentrations of compounds and cell-associated protein was determined using MTS assay. The IC50


values represent means of three experiments in triplicate. Tubulin polymerization studies were determined as described in Ref. 9.
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Figure 1. Structures of Taxanes, Vinca alkaloid, and colchicine site binders.
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Figure 4. Effect of compound 1 on the assembly of purified porcine
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shifts of C-2 0 and C-6 0 protons of 3-(substituted ben-
zyldenyl)indolin-2-ones were approximately 7.45–7.84
for the E isomers and 7.85–8.53 for the Z isomers.7


Compounds 1–6 were examined for their anti-prolifera-
tive activities against three cancer cell lines which includ-
ed: androgen-independent prostate cancer cell lines (PC-
3), and estrogen-dependent (MCF-7), and estrogen-in-
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was carried out on a SGI O2 workstation using SYBYL 6.9 modeling softwar
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Conformational search of Combretastain A-4 molecule with a 30� rotation
range of 44.34–34.59 kcal mol�1. Among the conformers, the lowest energy co


SYBYL 6.9.

dependent (MDA-MB-231) breast cancer cell lines. Cells
were treated with test compounds for 72 h and cell via-
bility was determined by the MTS assay. As shown in
Table 1, compounds 1 and 2 are the most active mole-
cules against all three cell lines tested, suggesting that
the 6-OMe group is important for cytotoxicity. Removal
of the 6-OMe and replacement with a 6-H (3 and 4) de-
creased cytotoxicity significantly by 100-fold against
both PC-3 and MCF-7 cells, and by 6- to 10-fold against
MDA-MB-231 cells. Conversion of the 6-OMe to a
hydrophilic 6-OH group (compounds 5 and 6) caused
a 22- to 86-fold decrease in inhibition of the growth of
PC-3 and MCF-7 cells, and there was only a slight
reduction in inhibitory activity against MDA-MB-231
cell line (3- to 4-fold, Table 1). SU5416, the potent
VEGF receptor tyrosine kinase inhibitor with a 2-indoli-
none moiety, did not show anti-proliferative activity on
any of the three cell lines.


To investigate the mechanism of the anti-proliferative
activities of the compounds, we examined the effects of
compounds on tubulin polymerization in vitro. Using
GTP-induced assembly of purified porcine brain tubulin
(without microtubule-associated protein) as our assay,9


we demonstrated that compound 1 inhibited tubulin
assembly in a dose-dependent manner (Fig. 4). Quanti-
tatively, we measured the extent of tubulin assembly
after 20 min incubation and determined that the IC50


of tubulin inhibition for compounds 1 and 2 were 9.1
and 18 lM, respectively (Table 1). Compounds with
substantially lower anti-proliferative effects on cancer
cells (compounds 3–6) have much lower inhibitory activ-
ities on tubulin assembly (IC50 > 40 lM). The IC50 of

ombretastatin A-4, and the design of compound 7. The modeling work


e (Tripos In., St. Louis, MO). The molecules 7 and Combretastain-A-4


ing Powell method and an energy gradient of 0.005 kcal mol�1 Å�1.


increment of the C@C–C bonds produced 6 conformers in the energy


nformer of Combretastain A-4 was aligned with the compound 7 using







Table 2. Inhibition of cancer cell proliferation and tubulin polymerization by compounds 1 and 7


Compound PC-3 (IC50 lM) MCF-7(IC50 lM) MDA-MB-231 (IC50 lM) Inhibition of tubulin


polymerization (lM)


1 0.54 ± 0.2 0.39 ± 0.1 1.4 ± 1.0 9.1


7 0.0082 0.0007 0.0009 4.5


SU5416 >50 >50 >50 >40


Podophyllotoxin 0.013 Not tested 0.008 1.56


Cells (1000 cells/well) were treated with varying concentration of compounds and cell-associated protein was determined using MTS assay. The IC50


values represent means of three experiments in triplicate. Tubulin polymerization studies were determined as described in Ref. 9.
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podophyllotoxin, a potent colchicine site agent, was
1.5 lM under the same condition.


By comparing the structures of compound 1 with those
of the colchicine site binders (Fig. 1), we observed a
structural similarity between compound 1 and Combre-
tastatin A-4, a potent inhibitor of tubulin polymeriza-
tion derived from the South African tree Combretum
caffrum (Fig. 5).10 Thus, compound 7 was designed
as a rigid analog of Combretastatin A-4 (Fig. 5). In
addition, overlapping of the energy minimized struc-
tures of compound 7 and Combretastatin A-4 further
illustrates the structural similarity of the two molecules
(Fig. 5).


Compound 7 was synthesized in a similar manner as
compound 1 by refluxing for 3 h of 6-methoxy-2-indoli-
none, 3,4,5-trimethoxybenzaldehyde, and piperidine
(catalytic amount) in EtOH.11 The anti-proliferative
activities of compound 7 were examined on PC-3,
MCF-7, and MDA-MB-231 cancer cells via MTS assay.
Compound 7 exhibited extremely potent anti-prolifera-
tive activities against all three cell lines with IC50 values
of 8.2, 0.7, and 0.9 nM, respectively. In addition, it also
showed potent inhibitory activity against tubulin poly-
merization in purified porcine brain tubulin with an
IC50 of 4.5 lM (Table 2).


In conclusion, we have discovered a series of compounds
originally derived from the vascular endothelial growth
factor receptor tyrosine kinase inhibitor SU5416 with
potent anti-proliferative activities in both breast and
prostate cancer cell lines. In addition, the compounds

also exhibited potent inhibitory activities on tubulin
polymerization. The most potent compound in this
series, compound 7, structurally resembled the potent
anti-microtubule agent Combretastatin A-4.
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Abstract—N,N 0-Disubstituted ketene aminals are good bioisosteres of thiourea functional groups. We report the design and synthe-
sis of a novel class of ketene aminal-based lactam derivatives as potent and orally active FXa inhibitors.
� 2005 Elsevier Ltd. All rights reserved.

Inhibition of the trypsin-like serine protease factor Xa
(FXa) has emerged as a key point of intervention in
the blood coagulation cascade for the development of
antithrombotic agents.1 Within the cascade, factor Xa
functions at the point where the intrinsic and extrinsic
coagulation pathways converge,2 and FXa is the key en-
zyme responsible for thrombin activation.


Factor Xa contains a deep S1 and a box-like S4 recog-
nition site at the enzyme�s active site. Potent FXa
inhibitors generally require both an S1 and an S4 bind-
ing element which are connected through L-shaped or
other �bent� scaffolds.1 Many factor Xa inhibitors in
the literature contain basic pharmacophores such as
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guanidine or amidine as S1 or S4 binding substrates;
their pharmacokinetic profiles are thus limited due to
low oral bioavailability and short plasma half life.
We have been interested in the development of novel,
orally bioavailable FXa inhibitors.3 As a result of
our early program effort,4 it was found that compound
1 is an inhibitor of human FXa (IC50 = 110 nM).
Although it contains a thiourea, its novel structure is
intriguing due to the absence of an active site directing
guanidine or amidine moiety in S1, and its nonpeptidic
nature. Also, compound 1 was found to be relatively
selective for FXa when tested against a panel of tryp-
sin-like serine proteases.4 Based on this lead, we em-
barked on synthetic efforts to explore alternate
bioisosteres to the thiourea motif that could adopt a
L-shaped conformation and would be more chemically
stable and amenable to a final drug candidate. Herein,
we describe a series of ketene aminal-based lactam
derivatives as a novel class of orally bioavailable FXa
inhibitors.5
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The N,N 0-disubstituted 2-nitroketene aminal 2 is known
to be an excellent bioisostere of N,N 0-disubstituted
thiourea 3 in histamine H2-receptor antagonist studies.


6


For example, the nitroketene aminal in Ranitidine7 is a
bioisostere of the thiourea functional group in Metia-
mide8 (Scheme 1). Similar to its thiourea analog
1,4 (S)-3-(1-(m-toluidino)-2-nitrovinylamino)-1-(2-oxo-
2-(pyrrolidin-1-yl)ethyl))azepan-2-one (compound 6),
is predicted to prefer the anti–syn1 conformation by
gas-phase semi-empirical calculations.9 Scheme 2 shows
the four lowest energy conformers for both 6 and N-
phenyl-N 0-methyl 2-nitroketene aminal 5. The other
possible conformers are disfavored due to the internal
steric interactions between nitrogen substituents and
the nitro group. It is clear that both compounds prefer
anti–syn1 conformation with the aromatic group (Ar)
anti to the nitroketene group and the alkyl group (R)
syn to the ketene. This conformation affords the best
combination of relief from steric crowding between
the nitro and the Ar or R groups, and the stabilization
by intramolecular hydrogen bonding between the nitro
group and an aminal NH. The anti–anti conformations
are disfavored because of steric interactions between
the R and Ar groups. The syn–anti1 conformation is
less favored than anti–syn1 probably due to the steric
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Scheme 1. The thioureas and ketene aminals.
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5: Ar = Ph, R = Me 6: Ar = 3-Me


Scheme 2. Relative energies of conformers of compounds 5 and 6.

interaction of the R group and the hydrogen atom from
Ar-N–H. This effect becomes more pronounced for 6
with a bulkier R group relative to 5. In addition, the
hydrogen bonding between the nitro group and the aryl
N–H enhances the planarity of the aryl N–H by mak-
ing it part of a 6-membered hydrogen bond ring,
whereas when the nitro is hydrogen bonded to the alkyl
N–H, the Ar-N–H nitrogen becomes more pyramidal.
Thus, the Ar-N–H groups in anti–syn1 conformers have
better conjugation with the ketene group than their
syn–anti1 conformers.


Electronically, both thiourea10 and ketene aminal11


have large dipole moments that have been attributed
to considerable resonance contributions from dipole
canonical structures, which allows the ketene aminal
to exist in a rapid rotameric equilibrium around the
ketene double bond in polar solvents.12 Thus, the ke-
tene double bond can adopt two conformations in
binding to enzymes. Electron-withdrawing substituents
on the ketene group (X and Y in 4) also behave sim-
ilarly to the thione carbonyl (S@C) by reducing the
electron density of the conjugated amino groups. As
a result, the ketene aminal serves as a neutral bio-iso-
stere to thiourea.6b,13
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Early efforts in our FXa program focused on analogs of
1 where the thiourea moiety is replaced by a 2-nitroke-
tene, with an initial focus on the aromatic moiety (com-
pounds 7–18). These compounds were prepared by
sequential displacement of the two methylthio groups
of 1,1-bismethylthio-2-nitroethene with relevant
amines.14


As shown in Table 1, replacement of the thiourea group
in 1 with a 2-nitroketene aminal gives compound 7 with
an IC50 of 6400 nM, which is 58-fold less active than 1.

Table 1. SAR of the aromatic binding element


N


H
N


Ar


HN


O2N


O
N


O


7-18


Compound Ar IC50 (nM)a


7 3-Me-Ph 6400


8 Ph 16500


9 3-MeO-Ph 6700


10 3-Me2N-Ph 2100


11 4-MeO-Ph 3100


12 4-Me-Ph >34000


13 4-Me2N-Ph >34000


14 3-Me-4-MeO-Ph 3400


15 2,3-Dihydro-benzofuran-5-yl 1500


16 Naphthalene-2-yl 1000


17 Benzofuran-5-yl 539


18 2-Methyl-benzofuran-5-yl 51


a IC50 are measured against human factor Xa utilizing the cleavage of a


synthetic substrate S-2222. Data are the average of two independent


determinations.


Table 2. SAR of the ketene substituents Scheme 3


H
N


H
N


Y XO


Compound X Y


19 CN CN


27 CN CONH2


28 CN CO2Me


29 CN CO2Et


30 CN CO2t-Bu


31 CN CO2(CH2)4OH


32 CN CO-4-methylpiperid


33 CN SO2Me


34 CN SO2-i-Pr


35 CN CO-4-CI-Ph


36 CN CO-4-MeO-Ph


37 CN CONHCONH2


38 CN PO(OEt)2
39 H CO-2-thiazole


a IC50 are measured against human factor Xa utilizing the cleavage of a syn
b Concentration of inhibitor required to double the prothrombin based clot


determinations.

However, this compound is about 3-fold more potent
than 8, a compound without a meta-substitution on
the phenyl ring. SAR studies indicate that other small
meta-substituted phenyl derivatives are of comparable
potency to 7 (for example, compounds 9 and 10), while
some para-substituents, with the exception of a meth-
oxy, result in the loss of activity (compare compounds
11, 12, and 13). The 3-methyl-4-methoxy substituted
phenyl compound 14 has an IC50 similar to that of 11.


Replacement of the phenyl ring in 8 with a 2-naphthyl
group gives 16, which is 16-fold more potent, indicating
that a bicyclic moiety in this region may be a better
pharmacophore. Compound 15, which is a bicyclic ana-
log of 14, provides modest increase in potency. The 5-
benzofuranyl group (17) results in a further increase in
the potency. Finally, the 5-(2-methylbenzofuranyl)
derivative provides the most potent compound in this
series (18), with an IC50 of 51 nM and an EC2·PT


15 of
50 lM.


Similar SAR (data not shown) is observed when 2,2-
dicyanoketene aminal is employed as the thiourea surro-
gate. Compound 19 (see Table 2) is about 2-fold more
potent than its direct analog of nitroketene aminal 18,
with an IC50 of 30 nM and EC2·PT of 19 lM.


The proposed binding mode of the ketene aminal com-
pounds with FXa is illustrated with compound 19 in
Figure 1.16 The ketene aminal group provides the L-
shaped scaffold seen in many FXa inhibitors, allowing
the 2-methylbenzofuran group to fit deep in the S1 pock-
et and the acylpyrrolidine group to reside in S4. One of
the nitrile groups is in close contact with the disulfide
bond; the high degree of polarizability of both these
groups could provide a strong favorable van der Waals
component to the free energy of binding. The other
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Figure 1. Model of 19 (cyan) in FXa (magenta). For clarity, only key


residues are shown.
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nitrile lies against the caprolactam ring and points to-
ward solvent. Another key feature of this proposed
binding mode is a hydrogen bond formed between the
caprolactam carbonyl and the backbone NH of glycine
216 (3.3 Å in the model). From this model, it is clear
that the methyl group could provide a key van der
Waals interaction with Tyr228 and enhance the binding
activity, which is reflected in the 10-fold increase in IC50


for compound 18 compared to 17; it also could be pro-
posed that variations of the ketene substitution groups
may provide compounds with improved physiochemical
properties without strongly impacting their anti-FXa
activity.

SCN


O


H2N


22


SMeMeS


Y CN


Y CN


a,b,c d,e


O


20 21


23


f


25


Y X
g,h


Y X


H
N SNa


O


i 


26


Scheme 3. The synthesis of ketene aminals 19, 27–39. Reagents and condition


EtOH, 70 �C; (f) 1,1 0-thiocarbonyldi-2(1H)-pyridone, CH2Cl2; (g) NaH, DMF


hydrochloride.

To further explore the SAR of ketene substituents, addi-
tional compounds based on 5-(2-methylbenzofuranyl) as
the S1 pharmacophore were synthesized according to
Scheme 3. Compounds 19, 27–32, 37, and 38 were syn-
thesized by the stepwise displacement of both methyl-
thio groups of ketene dithioacetals 21, which was
prepared by the reaction of the anion of 20 with carbon
disulfide and then methylation of both thio-groups.17


Compounds 33–36, 39 were prepared according to a
one-pot procedure we developed for N,N 0-disubstituted
ketene aminals.12 For example, treatment of 2-(meth-
ylsulfonyl)acetonitrile (X = CN, Y = SO2Me in 25) with
sodium hydride and reaction of the resulting anion with
2-methylbenzofuran-5-isothiocyanate 23 affords an
intermediate thioamide anion (26). Subsequent reaction
of 26 with caprolactam amine 24 and EDCI (1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide hydrochloride)
provides 32.


As shown in Table 2, compounds with differently substi-
tuted ketene aminals generally have similar FXa inhibi-
tory activities to 19, except for compounds 34 and 38.
The SAR is consistent with our binding model shown
in Figure 1, where the ketene aminal adopts an anti-
syn conformation with one ketene substituent pointing
into the solvent. Modification of the ketene substituents
leads to only slight improvement in anticoagulation
activities (EC2·PT).


Similar to the lead compound 1,4 the ketene aminals de-
scribed above are selective FXa inhibitors relative to
related trypsin-like serine proteases. Table 3 shows the
selectivity profiles of compound 31. Furthermore, com-
pound 31 showed activity in rats after systemic adminis-
tration and measurement of ex vivo clotting time.18 As
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Table 3. Selectivity profile of 31


Human enzymes Ki (nM)a


Factor Xa 12


Trypsin >5000


Thrombin 6300


Plasma kallikrein >19400


Activated protein C >21500


Factor IXa >10000


Factor VIIa >55000


Chymotrypsin 9420


Urokinase >14000


Plasmin >22000


tPA 16000


aKi�s are calculated from the IC50 values assuming competitive inhi-


bition versus the low molecular weight synthetic substrates using the


relationship, Ki = IC50/(1 + [S]/Km), where [S] is the substrate con-


centration in the assay and Km is the Michaelis constant for that


substrate. Data are the average of two independent determinations.
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shown in Figure 2, intravenous bolus injection of 10 mg/
kg of 31 led to a 1.38-fold increase in prothrombin time
(PT) after 2 h, and intraduodenal dosing of 30 mg/kg of
31 resulted in a 1.35-fold increase in PT after 2 h. Com-
pound 31 also partially protected against lethality in
mice induced by intravenous injection of Russel�s viper
venom (which causes FXa activation and lethality due
to pulmonary thrombosis). Vehicle-treated mice died
within 1.0 ± 0.1 min (n = 16) after Russel�s viper venom
injection, while survival times were increased to
16.0 ± 8.4 min (n = 5) after oral administration of
2 mg/kg of 31.19


In summary, we have discovered a series of novel, orally
active FXa inhibitors. These compounds exhibit potent
and highly selective anti-FXa activity. The SAR studies
led to the 2-methylbenzofuran as the critical S1 binding
element, and that the ketene aminals are good bioisos-
teres for the thiourea functional group.
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Abstract—The coronavirus main protease, Mpro, is considered a major target for drugs suitable to combat coronavirus infections
including the severe acute respiratory syndrome (SARS). In this study, comprehensive HPLC- and FRET-substrate-based screen-
ings of various electrophilic compounds were performed to identify potential Mpro inhibitors. The data revealed that the coronaviral
main protease is inhibited by aziridine- and oxirane-2-carboxylates. Among the trans-configured aziridine-2,3-dicarboxylates the
Gly-Gly-containing peptide 2c was found to be the most potent inhibitor.
� 2005 Elsevier Ltd. All rights reserved.

Coronaviruses are important pathogens that mainly
cause respiratory and enteric disease in humans, live-
stock, and domestic animals.1 In 2003, a previously un-
known coronavirus called SARS-CoV was identified as
the causative agent of the severe acute respiratory syn-
drome (SARS), a newly emerging disease that within a
few weeks spread from its likely origin in Guangdong
Province, China, to neighboring regions and many other
countries.2–4 Coronaviruses are plus-strand RNA virus-
es that use a complex enzymology to replicate the largest
RNA genomes currently known and synthesize an
extensive set of 5 0 leader-containing subgenomic
mRNAs that encode the viral structural proteins and
several species-specific proteins with unknown func-
tions.1,5,6 The enzymatic activities required for viral
RNA synthesis are part of two virus-encoded polypro-
teins of about 450 and 750 kDa, respectively, that are
extensively processed by two or three viral proteases to
yield up to 16 mature proteins and multiple processing
intermediates.7


Most of the cleavages are mediated by the coronavirus
main protease, Mpro, a cysteine protease featuring a
two-b-barrel structure (domains I and II) that is linked
to a C-terminal a-helical domain III. The structure of
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domains I and II is similar to that of chymotrypsin-like
serine proteases.7–10 Because of its essential role in pro-
teolytic processing, the Mpro is considered an attractive
target for antiviral drugs against SARS and other coro-
navirus infections.9


Up to now, a number of potential inhibitors have been
proposed employing molecular modeling and virtual
screening techniques.11–19


However, the inhibitory potency of these compounds
has not yet been verified.


Only a small number of potent protease inhibitors were
identified by screening assays thus far.20–24 Most of
these studies used commercially available compound li-
braries for their screening assays. With the exception
of a peptidyl chloromethylketone10 and recently pub-
lished etacrynic acid derivatives25 none of the potent
compounds identified up to date was developed and is
predicted to target the active site cysteine residue. This
lack of active-site directed lead structures motivated
the search for new leads with proven active-site directed
activity.


The scrutinized compounds contain electrophilic build-
ing blocks (aziridine,26,27 epoxide,26,28–30 see Table 1)
which are known to react with nucleophilic amino acids
within the active site of proteases. For example, trans-
configured epoxysuccinyl-based peptides-like E-64,30
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Table 1. Results of the screening of various protease inhibitors against SARS-CoV Mpro


X


O


R
2


R
1


R
3


O
N
H


BOC


Ph 7a


Compound Configuration


of the TMR


R1 R2 X R3 Inhibition of SARS-CoV


Mproat 100 lM


1a rac-cis (S,S + R,R) Phenyl OMe Bn-N H ni


1b rac-cis (S,S + R,R) Me OEt Bn-N H ni


1c (1/1)c rac-cis (S,S + R,R) Me (S)-Phe-OBn Bn-N H 34 ± 7a


1d cis (S,S) Me (S)-Phe-OBn Bn-N H 24 ± 2a


1e (1.1/1)c rac-cis (S,S + R,R) Phenyl (S)-Phe-OBn Bn-N H 30 ± 9a


1f (1.4/1)c rac-cis (S,S + R,R) Phenyl (S)-Val-OBn Bn-N H 22 ± 2a


2a cis (R,S) MeO2C OMe HN H ni


2b cis (R,S) EtO2C OEt HN H ni


2c trans (S,S) EtO2C Gly-Gly-OBn HN H 54 ± 5a/75 ± 7b (see also Ref. 37)


2d trans (S,S) EtO2C (S)-Ile-OBn HN H ni


3a trans (S,S) BnO2C OBn BOC-Gly-(S)-Pip-N H 29 ± 4a


3b trans (R,R) EtO2C OEt BOC-(S)-Leu-(R + S)-Azet-N H 16 ± 4a


3c trans (R,R) EtO2C OEt BOC-(S)-Leu-(S)-Pro-N H 16 ± 6a


4a (R + S) H OMe MeO2C-CH2-N H 30 ± 6a


4b (R + S) H OMe BnO2C-CH2-N H 26 ± 4a


4c (1.1/1)c (R + S) H OMe


N


MeO2C H 30 ± 3a


4d (1.5/1)c (R + S) H OMe


N


BnO2C H 20 ± 6a


4e (1.1/1)c (R + S) H OMe
N


CO2Bn
BnO2C


H 28 ± 7a


4f (1.2/1)c (R + S) H OMe
N


BnO2C
H 34 ± 5a


4g (2.3/1)c (R + S) H OMe


N


BnO2C H 30 ± 5a


4h (1.2/1)c (R + S) H OMe
N


MeO2C
H 39 ± 6a


4i (1.2/1)c (R + S) H OMe
N


MeO2C S
H 28 ± 3a


4k (1.1/1)c (R + S) H (S)-Phe-OMe MeO2C-CH2-N H ni


4l (1.3/1)c (R + S) H OMe
N
H


N


Cbz
MeO2C


4


H 48 ± 6a


5a (R + S) Me OMe BOC-N CO2Me ni


5b (R + S) Me OMe EOC-N CO2Me ni


5c (R + S) Me OMe HN CO2Me ni


6a cis (R,R) Me OH O H ni


6b cis (R,S) MeO2C OMe O H ni


6c cis (R,S) EtO2C O H ni


6d cis (R,R) Me (S)-Phe-OBn O H 15 ± 5a


6e cis (R,R) Me (R)-Phe-OBn O H ni


6f cis (S,S) Me (R)-Phe-OBn O H ni


6g cis (S,S) Me (S)-Phe-OBn O H 28 ± 6a


6h cis (S,S) Me (R)-Phe O H ni


6i cis (R,R) Me (S)-Phe O H ni


6k cis (R,R) Me (S)-Val-OBn O H 10 ± 3a


6l (1.2/1)c rac-cis (R,S + S,R) EtO2C (S)-Phe-OBn O H 22 ± 5a


7a cis (R,S) For structure see above ni


All amino acids are abbreviated in the three-letter code; ni inhibition <10%; TMR three-membered ring.
a Percentage inhibition as obtained in the FRET-based assay, values are mean values of at least 2 independent assays.
b Percentage inhibition as obtained in the HPLC assay, mean value of four independent assays.
c Ratio of diastereomers.
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Figure 1. HPLC profiles of proteolytic reactions for determination of


enzymatic activity of SARS-CoV Mpro and of inhibition by 2c. S,


substrate VSVNSTLQ|SGLRKMA; E, enzyme SARS-CoV Mpro; P,


hydrolysis products VSVNSTLQ and SGLRKMA.
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and respective aziridines27 are highly active inhibitors of
CAC131 cysteine protease. Their proposed inhibition
mechanism is the alkylation of the active site cysteine
residue. However, E-64 is reported to be inactive against
coronaviral main proteases and 3C-like picornaviral
proteases.32–34 cis-Configured epoxides, on the other
hand, are known to inhibit aspartic proteases29 by alkyl-
ation of one aspartate residue within the active site, and
a,b-epoxy ketones are reported to inhibit both serine
and cysteine proteases, depending on the stereochemis-
try of the epoxide ring.28


To investigate whether epoxides, and aziridines could
serve as electrophilic building blocks for coronaviral
main proteases, and to evaluate which stereochemistry
will be preferred by these proteases, both, trans- and
cis-configured differently substituted three-membered
heterocycles, were included in the screening.


First, a screening was performed with an HPLC-based
assay using VSVNSTLQ|SGLRKMA9,34,35 as sub-
strate (Fig. 1). Second, the screening was extended
using a less time-consuming and less intricate fluori-
metric assay using a FRET-pair labeled substrate25


(Table 1). The screening revealed the trans-configured
N-unsubstituted aziridine-2,3-dicarboxylate 2c (S,S)-
(EtO)Azi-Gly-Gly-OBn,36 which showed 75% inhibi-
tion of SARS-CoV Mpro in the HPLC assay (Fig. 1)
and 54% inhibition in the fluorimetric assay at
100 lM,37 and the aziridine-2-carboxylate 4l, which
showed 48% inhibition, as most potent compounds
(Table 1).


Within the series of trans-configured aziridines 2c, 2d, and
3a–3c, only the Gly derivative 2c shows considerable
activity. Only weak activity is found for the derivatives-
containing larger amino acids (2d, 3a–3c) which, in
contrast, are good inhibitors of CAC1 proteases (e.g.,
inhibition of cathepsin L by 3a: Ki = 6.4 lM and by 3b:
Ki = 4.8 lM).27


The study also revealed that epoxide or aziridine
building blocks alone, which do not bear an amino acid

moiety, are not active (1a, 1b, 2a, 2b, and 6a–6c). Within
the series of cis-configured epoxides and aziridines weak
inhibition is exhibited by the N-benzyl aziridines-(1c–1f)
and the PheOBn-containing epoxides 6d, 6g, and 6l. The
free acids (6h, 6i) are inactive. The diastereomeric mix-
ture of PheOBn-containing N-benzyl aziridines 1c is
slightly more active than the pure compound 1d, sug-
gesting that the diastereomer with (R,R) configured azi-
ridine ring is the more potent isomer. With the exception
of 4k all aziridine-2-carboxylates (1c–1f, 4a–4i, 4l) are
active in the range between 20 and 50%, whereas all azi-
ridine-2,2-dicarboxylates (5a–5c) are inactive. Interest-
ingly, epoxide 7a which is the only compound without
an electron-withdrawing substituent at the three-mem-
bered ring does not show any activity.


These results show that in contrast to CAC1 proteases
which are only inhibited by trans-configured three-mem-
bered heterocycles28,30,38 cis-configured analogues can
serve as building blocks for inhibitors of PAC30 prote-
ases as well.


To better understand the relevant interactions between
the most potent inhibitor 2c and the SARS-CoV Mpro,
docking experiments using FlexXTM39 were carried out.
Thebinding sitewas extracted from the recently published
structure of the complex of SARS-CoV Mpro with a
peptpeptidyl chloromethyl ketone (CMK) (PDB code:
1UK4).10


Figure 2 shows a docking overlay of the CMK (green),
with the aziridinyl peptide 2c (orange) and the proposed
binding mode of 2c.


The substrate analogue hexapeptidyl chloromethyl ke-
tone inhibitor (Cbz-Val-Asn-Ser-Thr-Leu-Gln-CMK)
is shown as found after elimination of the covalent bond
and subsequent minimization of the active site of the
SARS-CoV Mpro.


The docking of the aziridine derivative 2c (orange) sug-
gests that the reactive center of the compound is located
in close proximity to the sulfur of Cys145 (co-crystal-
lized ligand: 3.14 Å; 2c, 3.91 Å). The main part of 2c is
located in the S1 pocket of the enzyme.


For this compound the interactions with the enzyme are
described by hydrogen bonds to amino acids of the B-
chain (Ser1) and A-chain (Ser144, His163, and His172)
(Fig. 2) suggesting that 2c should better fit into the pro-
tein dimer which is formed in solution at high concentra-
tions and which is supposed to be the active enzyme
form.40 For the docked conformations, hydrophobic
interactions are found for the terminal ethyl group only.
This group is positioned in proximity to the S1 0 pocket.
In the docked conformations, the terminal benzyl resi-
due is solvent exposed, suggesting that this group is
not overly important for a high biological activity. Since
neither the ethyl nor the benzyl groups show optimal fit
into the enzyme, a number of possibilities for synthetical
optimization are conceivable. These include enlargement
of the ethyl group and replacement of the benzyl group
by an amide group mimicking the side chain of Gln







Figure 2. Docking overlay of hexapeptidyl CMK (green) and aziridinyl peptide 2c (orange) (left). Predicted H-bonds between 2c and SARS-CoV


Mpro (right).
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which is supposed to be the optimal residue for the S1
pocket. In this context, a modification of the peptidic
nature of 2c into a peptidomimetic one has also to be
kept in mind due to pharmacokinetic reasons.


In summary, a comprehensive screening of electrophilic
compounds has revealed the trans-configured aziridine-
2,3-dicarboxylate 2c as modest active-site directed
SARS-CoV Mpro inhibitor with potential for further
optimization. In addition, aziridine- and oxirane-2-car-
boxylic acid-containing compounds also show weak
inhibitory activity. This activity might be enhanced
when the electrophilic building blocks are linked to
appropriate amino acids (e.g., Gln), substrate analogue
peptides or peptidomimetics.
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Abstract—Cyclic enediynes 1a and 2a containing stable E-azo moiety (azoenediynes) have been synthesized. These compounds upon
irradiation with long wavelength UV isomerize to the Z-compounds 1b and 2b, which can be thermally reisomerized to the Z com-
pounds. Reactivity studies toward BC using DSC predictably indicate higher reactivity for the Z-isomers. Our studies may provide a
novel way to modulate the reactivity of enediynes under thermal or photochemical conditions.
� 2005 Elsevier Ltd. All rights reserved.

Modulation of reactivity toward Bergman cyclization
(BC) is an important aspect of research in enediynes.1


From a chemists� standpoint, there could be various
possibilities by which such modulations can be done.
Incorporation of strain,2 changing the hybridization,3


complexation with metal ions,4 pH,5 light6 or thiol-
based deprotection7 are some of the methods widely em-
ployed for enediyne activation. pH-based activation has
become an extremely attractive strategy as one can uti-
lize the intrinsic acidity of cancer cells. Pioneering work
has been carried out in several laboratories.5 In the area
of triggering by metal ion complexation, Konig et al.8 in
a pioneering work reported that for a bipyridyl contain-
ing enediyne, the decrease in the distance between the
acetylenic carbons undergoing covalent connection (c,
d-distance) upon complexation with mercury (II) brings
about a remarkable increase in its activity toward BC.
We envisioned that similar conformational changes
might be achieved if a group capable of switching be-
tween E and Z configurations is incorporated in an
enediyne moiety. Azo compounds are well known to ex-
ist in two isomeric forms Z and E. Their reversible isom-
erization, induced by light or heat, has been exploited
for photoresponsive host molecules,9 polymers10, and li-
quid crystals.11 Very recently, a light driven hairpin for-
mation in a peptide backbone has been achieved using
azo functionality.12 Consideration of all these led us to
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design two azo-based enediyne systems 1a and 2a. These
molecules exist in the thermally stable E-configuration.
Their photoisomerization to the Z-isomer and subse-
quent reactivity changes have been studied. These along
with their synthesis and characterization are reported in
this paper.


The synthesis of both the molecules involves bis-N alkyl-
ation of 2,2 0-azo bis phenol with the corresponding di-
bromo enediynes 3 and 4 (Schemes 1 and 2).13 While
the aromatic fused


N N


O


O N N


O


O


1a 2a


compound 1a could be prepared using Cs2CO3 in DMF
at room temperature and could be isolated pure by Si-
gel chromatography as a red solid, the non-benzenoid
compound could not be obtained under similar condi-
tion possibly because of the formation of a cyclic car-
bonate14 (10) from the dibromo enediyne 4. Thus, the
alkylation condition had to be modified and the target
molecule 2a was finally obtained, also as a red solid,
using NaH as base. Incidentally, the dibromides 3 and
4 were prepared from the dimesylates 6 and 9, which
were obtained from the diols 5 and 8, respectively.
The latter compounds (5/8) were prepared by a Pd
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Scheme 1. Synthesis of aryl-fused enediyne 1a.
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Scheme 2. Synthesis of aryl-fused enediynes 2a.
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(0)-catalyzed Sonogashira coupling.15 Both the azoen-
ediynes were fully characterized by NMR and mass
spectroscopy. For compound 1a, 1H NMR showed
characteristic singlet for the methylene proton at d
5.02, while the aromatic protons could be correctly as-
signed. For 2a, the ene-hydrogens appeared at d 5.9,
while the methylenes resonated as a singlet at d 5.04.
From MM2 calculations using Spartan,16 it was re-
vealed that there is significant reduction of c, d-distance
(the distance between the reacting acetylenic carbons) if
the E-azo functionality isomerizes to the Z form (data
shown in Table 1).


Having successfully synthesized the azoenediynes in the
thermally stable E configuration, the UV spectra (Fig. 1)
of both 1a and 2a were recorded before carrying out any
photoisomerization. The molecules exhibited character-
istic bands in three regions 220–260 nm (r–r*), 300–
350 (p–p*), and 438–445 nm (n–p*). The wavelength of
p–p* absorption region was selected as the irradiation
wavelength.


The photoisomerization of the E to Z azoenediynes 1a
and 2a was then studied (Scheme 3). Thus, their solu-
tions in methanol (0.005 M) were separately irradiated

with high pressure Hg lamp for 7 h. The color of the
solution, which was initially red, changed to yellowish
orange with time. The solvent was removed under cold
condition (�15 �C) and 1H NMR was recorded on the
residue. The singlet for the methylene protons for the
E-isomer 1a decreased in intensity, while a new peak ap-
peared at d 4.7, which was assigned to the Z isomer. The
ratio of the Z to E isomer was found to be 4:1. The
NMR solution upon heating to 60 �C for 4 h showed
complete disappearance of the Z isomer and reisomer-
ization to the E-isomer took place. For 2a, the methy-
lene and the ene-hydrogens for the Z-isomer appeared
at d 4.71 and 5.85, respectively. Here again the thermal
reisomerization from Z to E was observed. The kinetics
of thermal reisomerization of Z to E in both the cases
was studied. The reaction followed first order kinetics
(NMR spectra shown in Fig. 2). The rate of conversion
from Z-azo to E-azo was 1.4 times faster for the aryl
fused enediyne (Table 1). This indicates that differential
strain between the Z and E forms for 1a/1b is more than
that in 2a/2b, which is also reflected in their difference of
onset temperatures for BC.


The reactivity toward BC of these enediynes was then
studied by Differential Scanning Calorimetry (DSC).17







Table 1. Results of MM2 calculations


Compound c, d-distance (Å) Minimized energy (kcal/mol)


1a 4.161 108.81


1b 3.846 121.93


2a 3.938 87.57


2b 3.861 101.80


0.514


0.263


286.3 432.5
WAVELENGTH (nm)


578.8
0.011


A
b


s


a


b


d


c a for 1a λmax  305,350,440,nm


b for 1b λmax  295,353,438 nm
c for 2a λmax  307,351,445 nm
d for 2b λmax  300,355,443 nm


Figure 1. Absorption spectra of the various enediynes in the range of


300–500 nm.


igure 2. 1H NMR at different time points for 1a and 2a.
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The rate of heat supply was made faster for the Z-
isomer so that the DSC could be recorded in a short
time before significant isomerization can take place.
The various onset temperatures for BC, shown in Table
2, clearly show higher reactivity for the Z-isomer as
compared to the E-isomer (Fig. 3).18


In conclusion, we have synthesized two novel photo-
switchable azo enediynes. The reactivity of these can
be modulated by photochemical isomerization. Current
studies are aimed toward synthesizing azoenediynes with
a smaller ring size so that the photoisomerization can
lead to a molecule capable of undergoing BC under
ambient conditions.
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F


N N


O


O


N N


OO


N N


O


O


N N


OO


UV 350


Heat


2b2a


.


.
..


2c 2d


93.8 oC 69.6 oC


thermal reactivities.







Table 2. Results of DSC and kinetics of Z to E conversion


Compound Onset temperature for E-azo enediynes


(TE, �C)
Onset temperature For Z-azo enediynes


(TZ, �C)
DT (TE � TZ) Rate constants for Z to


E thermal isomerization


(min�1)


1a 181 30 7.3 · 10�2


1b 151


2a 93.8 23.9 5.3 · 10�2


2b 69.6


150 270 390 110


10030 120 210 170


190 270


104.1


196.6


69.6
33.8


165.1


74.3


93.8


154.8


196.6


294.3


234.0


209.4
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151.0
145.3
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Figure 3. DSC curves of various enediynes 1a/1b and 2a/2b.
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For 1a dH (200 MHz CDCl3) 7.80 (2H, d, J = 1.66 Hz
aromatic-H) 7.44–7.34 (4H, m, aromatic-H), 7.26 (2H,
q, J = 3.2, aromatic-H), 7.11 (2H, t, J = 3.9, aromatic-
H), 7.06 (2H, d, J = 8.31, aromatic-H), 5.11 (4H, s,
2 · CH2); dC (50 MHz, CDCl3) 152.11 (quaternary C),
142.98 (quaternary C), 131.47 (CH), 131.23 (CH),
128.05 (quaternary C), 124.95 (CH), 124.01 (CH),
121.66 (CH), 114.14 (CH), 87.62 (acetylenic-C), 85.56
(acetylenic-C) 58.33 (CH2); Mass (ES+) m/z 365.16
(MH+), 387.15 (MNa+).


For 1b dH (200 MHz, CDCl3) 7.45–7.15 (6H, complex
m, aromatic-H), 7.0 (2H, d, J = 8.2 Hz, aromatic-H),
6.85 (4H, m, aromatic-H), 4.79 (4H, s, 2 · CH2).


For 2a dH (200 MHz, CDCl3) 7.78 (2H, d,
J = 1.82 Hz, aromatic-H), 7.37 (2H, t, J = 1.43 Hz,
aromatic-H), 7.11 (2H, t, J = 1.16 Hz, aromatic-H),
7.017 (2H, d, J = 0.917, aromatic-H), 5.86 (2H, s, eth-

ylenic-H), 5.04 (4H, s, 2 · CH2); dC (50 MHz, CDCl3)
152.40 (quaternary C), 143.01 (quaternary C), 131.55
(CH), 123.66 (CH), 121.73 (CH), 119.52 (CH),
114.31 (ethylenic C), 91.426 (acetylenic C), 84.73 (acet-
ylenic C), 58.49 (CH2); Mass (ES+) m/z 315.09 (MH+),
337.07 (MNa+).


For 2b dH (200 MHz, CDCl3) 7.29 (3H, m, aromatic-H),
7.20 (2H, m, aromatic-H), 7.03 (2H, m, aromatic-H),
7.01–6.8 (1H, m, aromatic-H), 5.84 (2H, s, ethylenic-
H), 4.71 (4H, s, 2 · CH2).
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Abstract—Methionine aminopeptidase (MetAP) is a promising target for development of novel antibacterial, antifungal and anti-
cancer agents. However, its physiologically relevant metal ion remains to be defined, and its inhibitors need to inhibit the in vivo
metalloform. Based on the Mn(II)-form-selective inhibitors discovered by high throughput screening as leads, a series of analogs
of 5-phenylfuran-2-carboxylic acid was prepared and subsequently evaluated on Co(II)-, Mn(II)-, Ni(II)-, and Fe(II)-forms of Esch-
erichia coli MetAP, in order to define the structural elements responsible for their inhibitory potency and metalloform selectivity.
Various substitutions on the phenyl ring changed their potency on the Mn(II)-form but not their metalloform selectivity. We con-
clude that the preferential coordination of the carboxyl group to Mn(II) ions is the major determinant for their superb selectivity
toward the Mn(II)-form. Changing the carboxylate to hydroxamate alters its ability to bind and discriminate different metal ions,
and the hydroxamate derivative becomes non-selective among the metalloforms tested.
� 2005 Elsevier Ltd. All rights reserved.

Methionine aminopeptidase (MetAP) is a metalloen-
zyme responsible for removal of methionine residue
from the N-terminus of nascent proteins, which is an
important co-translational modification.1 In eukaryotes,
two isozymes (type I and type II MetAPs) catalyze the
removal with similar substrate specificities.2 Fumagillin,
ovalicin, and TNP-470 are antiangiogenic and selective-
ly inhibit human type II MetAP.3,4 Bengamides inhibit
the growth of cancer cells and inhibit the two isozymes
nonselectively.5 Therefore, human MetAPs were sug-
gested as the possible molecular targets of these antican-
cer agents. In contrast, prokaryotes possess only one
MetAP, either type I (eubacteria) or type II (archaea),
and deletion of the single enzyme was demonstrated to
be lethal in Escherichia coli6 and Salmonella typhimuri-
um.7 The essential function of this enzyme in bacteria
suggests that it is a promising target for developing anti-
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bacterial therapeutics, and MetAP inhibitors could be
used as broad-spectrum antibiotics.8


Historically, MetAP was considered as a Co(II)-enzyme,
because it can be reproducibly activated by Co(II) in vi-
tro. Several X-ray structures of MetAP in the Co(II)-
form have been solved, and Co(II) occupies a dinuclear
metal binding site.9 However, other divalent metal ions,
such as Mn(II), Fe(II), Ni(II) or Zn(II), can also activate
the enzyme in vitro.10,11 Currently under debate is which
metal ion is physiologically relevant. The low cellular
concentration of Co(II)12 and the modest affinity of
Co(II) to the enzyme13 suggest that Co(II) is unlikely
the in vivo metal. Under anaerobic conditions, Fe(II)
is an excellent activator, and it was suggested that E. coli
MetAP (EcMetAP) functions as a Fe(II) enzyme.12,13


Mn(II) is also a possible candidate for the in vivo metal,
because Mn(II)-loaded EcMetAP is catalytically compe-
tent.14 Structural studies9 on the enzymes that share the
so-called ‘‘pita bread’’ fold indicate that the conserved
dinuclear metal site can accommodate either Co(II) or
Mn(II), since E. coli aminopeptidase P is a Mn(II)
enzyme.15 Based on the inhibitory profile of two MetAP
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inhibitors, human type II MetAP was suggested to be a
Mn(II) enzyme.16


Assignment of the correct in vivo metal for MetAPs be-
comes important considering the fact that MetAP inhibi-
tors discovered and characterized on the Co(II)-form
enzyme may or may not inhibit MetAP in other metallo-
forms.10,17 It is apparent that MetAP inhibitors have to
show potency to the physiologically relevantmetalloform
tobeuseful therapeutically. By high throughput screening
of a chemical library of 43,736 small organic compounds,
we have identified several novel non-peptidic inhibitors
with selectivity toward eitherMn(II)-form or Co(II) form
of EcMetAP.18 Among them, inhibitors 1–3 show
remarkable selectivity toward Mn(II)- EcMetAP, and
anX-ray structure ofEcMetAP complexed with inhibitor
1 provides a detailed view of its bindingmode at the active
site of EcMetAP. Here, we report the chemical synthesis
of a series of analogs of 1–3 and their biological evaluation
with the intention to reveal the structural elements that
contribute to their inhibitory potency and selectivity
against different metalloforms.


O
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O COOH


CF3H3C


1 2 3


With inhibitor 1 as a lead compound, our syntheses fo-
cused on derivatives with modifications on its carboxyl-
ate group and on its phenyl ring. The compounds 4–8,
14 were synthesized by the routes outlined in Scheme
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Scheme 1.

1. The compounds 1 and 14 were prepared by a modified
Meerwein arylation of pyromucic acid. The methyl ester
4 was prepared by reaction of the acid with diazome-
thane. The acid hydrazide 6 was prepared by refluxing
the methyl ester with an excess of 85% hydrazine hy-
drate, either with or without the use of ethanol as an
additional solvent. We prepared amide 5 by treatment
of the corresponding acid chloride with ammonia. The
compound 7 was obtained by a two-step preparation
of the potassium salt of hydroxylamine followed by
the addition to the ester 4 in alcohol.


Compounds with substitutions on the phenyl ring (3,
16–29, and 33) were synthesized as shown in Scheme
2. A series of 2-substituted phenylfuran-2-carboxylic
acids 3, 17–18, 20, 23, 25, and 33 were prepared accord-
ing to the above method. The methyl carboxylate deriv-
ative 25a was prepared in HCl/MeOH system that was
produced by dropping AcCl into MeOH solution
in situ, while the hydroxyl was not affected. In the pro-
cess of synthesizing compound 24, we chose the IBX
oxidation instead of traditional Swern oxidation, which
could also obtain the product in high yield. The fluori-
nation of compound 25a with DAST afforded com-
pound 16. During reduction of the nitro compound,
we found hydrogenation with 10% Pd/C could obtain
the corresponding amino product 21, while there was
no reaction with 5% Pd/C. After cleaving aryl methyl
ether 18 with boron tribromide at �78 �C, various sub-
stitutions were carried out by reacting with different bro-
mide. Although these reactions occurred on not only
hydroxyl but also carboxyl, hydrolysis of their corre-
sponding products afforded desired acids 26–29.
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Compounds 35–37 were obtained by Friedel–Crafts
reaction from methyl 2-furoate and ArCH2Cl. The cor-
responding carboxylate derivatives were obtained by a
well-precedented course (Scheme 3). During our process
of synthesizing these compounds, we found it was not
feasible to use furan-2-carboxylic acid undergoing Fri-
edel–Crafts reaction, because it produced a more resin-
ous by-product. Using methyl 2-furoate and moderate
Lewis acid such as FeCl3, we obtained the desired com-
pounds after subsequent hydrolysis. The hydroxamate
38 was prepared the same way as for compound 7 shown
in Scheme 1. The synthesis of compounds 9, 10, and 39
was accomplished according to the reported proce-
dure.19 The rest of the compounds were purchased from
ChemBridge (San Diego, CA).


Lead compounds 1–3 displayed not only sub-micromo-
lar inhibitory potencies but also superb selectivity
among the four metalloforms of EcMetAP.18 These
inhibitors were hundred-fold more active against the
Mn(II)-form than Co(II)-, Ni(II)-, and Fe(II)-forms.
The X-ray structure of the Mn(II)-form of EcMetAP
complexed with inhibitor 1 clearly showed that it binds
to the enzyme active site pocket with the carboxyl group
coordinating with the Mn(II) ions and the phenyl and
furan rings in a non-coplanar confirmation (Fig. 1).
With the dozens of analogs synthesized, along with ana-
logs purchased, we attempt to understand the relation-
ship between their structure and activity, and to define
the structural elements that contribute to their unique
potency and selectivity.

R


Cl
O COOCH3


1.


2. NaOH
3. H+


FeCl3


R


O COOH


35-37


Scheme 3.


Figure 1. (A) Close-up view of inhibitor 1 occupying the binding


pocket of EcMetAP (PDB code: 1XNZ). (B) Stereo view of inhibitor 1


surrounded by residues at the binding site. Mn(II) ions are shown as


red spheres, and the inhibitor and the surrounding residues are shown


as sticks (carbon gray, oxygen red, nitrogen blue, sulfur yellow, and


chlorine green).







Table 1. Inhibition of EcMetAP by compounds with modifications at


the carboxyl group


O R


Cl


Compound R IC50
a (lM)


Co(II) Mn(II) Ni(II) Fe(II)


1 COOH 138 0.511 141 116


4 COOCH3 >200 166 >200 >200


5 CONH2 71.4 15.9 137 >200


6 CONHNH2 77.1 6.56 5.78 58.0


7 CONHOH 4.61 0.469 5.90 0.793


8 CONHOCH3 57.5 40.0 51.2 178


9 CH2OH 84.2 28.1 55.0 >200


10 CH2CN 57.3 47.6 56.3 97.7


a Values were from several determinations with relative standard


deviations <19%.
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The carboxyl group interacts directly with two Mn(II)
ions according to the X-ray structure. We have evaluat-
ed a series of derivatives with modifications at the car-
boxyl group on four metalloforms of EcMetAP (Table
1). It is conceivable that coordination of the carboxyl
group with the Mn(II) ions provides major contribution
for its potency. Derivatizing this group to ester 4, amide

Table 2. Inhibition of EcMetAP by compounds with substitutions at the ph


OR


1
23


4


5 6


Compound R


Co(II)


11 H 188


12 2-F >200


1 2-Cl 138


13 3-Cl 199


14 4-Cl 180


15 2-Cl, 5-Cl 126


16 2-CH2F 55.4


3 2-CF3 101


17 2-OCF3 170


18 2-OCH3 120


19 2-OH 127


20 2-NO2 120


21 2-NH2 56.6


22 2-COOH >200


23 2-COOCH3 160


24 2-CHO 82.6


25 2-CH2OH 189


26 2-OCH2CH3 147


27 2-OCH2CH2OCH3 103


28 2-OCH2CCH 98.9


29 2-OCH2CH2CH=CH2 93.5


30 2-Cl, 4-NO2 38.3


31 2-Cl, 5-NO2 44.3


32 2-CH3, 4-NO2 59.5


33 2-OCH3, 5-NO2 24.1


34 2-F, 5-NO2 157


2 2-Cl, 3-CH3 187


a Values were from several determinations with relative standard deviations

5, or hydrazide 6 resulted in reduction in potency to dif-
ferent degrees. Hydroxamate derivative 7 was an excep-
tion but understandable because of the known strong
chelation of this group to metals. Inhibitors 1 and 7 were
equally potent for the Mn(II)-form. However, 1 was
very selective for the Mn(II)-form enzyme, while in con-
trast, 7 was non-selective against the four metalloforms
tested. The great difference in selectivity may be due to
the ability of hydroxamate group to ligate effectively
with any of the four metals. In contrast, the carboxyl
group ligates preferentially with the Mn(II) ion. We
are in the process of getting the X-ray structure of Ec-
MetAP complexed with 7 to find out which of the hetero
atoms interacts with the metal ions and what differences
between 1 and 7 exist in binding at the active site.
Apparently, a free hydroxyl in the hydroxamate 7 is
important for potency, because its methylation (com-
pound 8) reduced its potency on all of the metalloforms.
This importance of a free carboxyl in 1 was further con-
firmed by the much weaker activities of hydroxymethyl
and cyanomethyl derivatives 9 and 10.


Initial testing on a few lead compounds suggested a
requirement of non-coplanar conformation between
the two aromatic rings for inhibitory activity, and in-
deed, inhibitor 1 binds at the active site in a non-copla-
nar conformation (Fig. 1). A series of compounds with

enyl ring


COOH


IC50
a (lM)


Mn(II) Ni(II) Fe(II)


16.3 195 >200


13.6 >200 >200


0.511 141 116


11.7 >200 >200


12.1 >200 >200


0.693 173 84.0


0.893 68.0 85.2


0.290 165 158


0.368 197 191


0.558 >200 >200


6.92 153 190


1.08 175 178


12.5 94.5 95.8


23.5 >200 >200


3.47 194 >200


7.17 67.5 69.2


10.0 190 >200


1.13 >200 >200


9.45 163 169


4.71 171 193


3.65 113 111


1.56 42.9 48.6


1.32 38.4 31.1


1.11 28.5 150


0.642 34.5 36.2


14.9 193 199


1.71 188 196


<23%.







Table 3. Inhibition of EcMetAP by compounds with methylene insertions


Compound Structure IC50
a (lM)


Co(II) Mn(II) Ni(II) Fe(II)


35 O COOH
42.5 33.5 67.5 33.7


36
O


COOH


Cl


158 1.22 191 199


37 O COOH
Cl


90.5 44.6 89.8 138


38
O


CONHOH


Cl


119 9.84 107 122


39


O


Cl


COOH


77.3 0.784 117 177


a Values were from several determinations with relative standard deviations <20%.
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different substitutions on the phenyl ring have been
either synthesized or purchased to confirm this non-
coplanar requirement and to probe the substrate and
inhibitor binding pocket. Their activities on the four
metalloforms are summarized in Table 2.


Requirement of a non-coplanar conformation for activity
is clearly supported by inactivity of the unsubstituted
compound 11 or compounds with a fluorine at the 2-posi-
tion (12 and 34). Activities of monochlorine-substituted
isomers (1, 13, and 14) are also in agreementwith this con-
clusion. Hydrogen or fluorine at the 2-position is just not
big enough to force the non-coplanar conformation. X-
ray structure of the EcMetAP/inhibitor 1 shows that the
2-Cl fits to the hydrophobic area created by the residues
Cys-59, Tyr-62, Tyr-65, andCys-70 in the binding pocket.
This hydrophobic cavity is shallow and can accommodate
a small group such as Cl (1), CH2F (16), CF3 (3), OCF3


(17), andOCH3 (18). However, themuch reduced activity
displayed by compoundswith substitution at this position
[OH (19), NH2 (21), or COOH (22)] clearly indicates that
polar groups are not compatible with this cavity. The
overall hydrophobic nature of the binding pocket is
understandable considering the substrates for this enzyme
usually with a methionine or norleucine side chain.20


Substitution with a longer hydrophobic chain may be
accommodated, such as 26–29. However, they did
not show increased potencies at all.


It is important to note that all of these compounds
showed preference for the Mn(II)-form of the enzyme.
When X-ray structures of the Co(II)-form (PDB code
3MAT) and Mn(II) form (PDB code 1XNZ) enzymes
were compared, alignment of the main chain alpha-car-
bons gives a rmsd (root mean square deviation) value
of 0.422 Å, indicating very similar structures as a whole
and at the substrate and inhibitor binding site. There are
no major changes in geometry upon the replacement of
Co(II) by Mn(II). The parallel shifts in potency among

these compounds further confirm the structural similar-
ity among different metalloforms. To explain the superb
selectivity of inhibitors 1–3 on the Mn(II)-form, it seems
clear that coordination by the carboxyl group to the met-
al ions is discriminative and the carboxyl group is the
major determinant for the metalloform selectivity.


Substitution at the 2-position of the phenyl ring forces a
rotation around the bond joining the two rings. Inser-
tion of a methylene group between the two rings could
also break the conjugation of the two rings and let the
two rings to adopt their proper conformations indepen-
dently. Three compounds (35–37) were prepared and
tested (Table 3). It was surprising to find that the unsub-
stituted 35 did not show high potency on the Mn(II)-
forms, although the phenyl ring can now adopt a con-
formation that is non-coplanar to the furan ring. Even
more puzzling was that the 2-Cl derivative 36 was still
better than the 4-Cl derivative 37. It is possible that
the methylene insertion changes the relative positions
between the phenyl ring and the carboxylate. It either
pushes the phenyl ring toward the opening of the bind-
ing pocket or moves the carboxylate to a slightly differ-
ent place. The hydroxamate 38 showed significantly
weaker activity against the Mn(II)-form and was almost
inactive against Co(II)-, Ni(II)- or Fe(II)-forms. Com-
paring this carboxylate-hydroxamate pair 36 and 38
with the similar pair 1 and 7, it seems that the interac-
tion of the hydroxamate group in 7 with the metal ions
has been greatly affected by this methylene insertion.
However, the methylene insertion between the furan
ring and the carboxyl group (39) did not seem to affect
the potency and selectivity.


From the above inhibitors, we selected and tested a few
typical compounds for antibacterial activity against
E. coli, Pseudomonas aeruginosa, Staphylococcus aureus,
Klebsiella pneumoniae, and Staphylococcus epidermidis.
All of the compounds tested showed poor activity
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(MIC ranged between 32 and >128 lg/ml, data not
shown) in comparison with Gatifloxacin. Compound 7
was the better one against Gram-negative bacteria,
while compound 1 was slightly better against Gram-
positive bacteria, but there was no significance difference
(P > 0. 05) among these compounds.


Chemical modifications of the Mn(II)-form-selective
lead compounds 1–3 and subsequent biological evalua-
tion of these compounds on Co(II)-, Mn(II)-, Ni(II)-
and Fe(II)-forms of EcMetAP have provided valuable
information on the structural elements responsible for
their potency and metalloform selectivity. A small
hydrophobic substitution at the 2-position of the phenyl
ring is required for inhibitory activity, consistent with
the non-coplanar conformation of the two aromatic
rings of inhibitor 1 found at the enzyme active site.
However, although various substitutions on the phenyl
ring changed their potency, there was no change in their
metalloform selectivity. It is likely that the superb metal-
loform selectivity displayed by inhibitors such as 1 is
achieved primarily by coordination of the carboxyl
group to the metal ions. Changing the carboxyl to
hydroxamate alters the ability to bind and discriminate
different metal ions, and the hydroxamate derivative 7,
although it is still potent, becomes non-selective among
the metalloforms tested. Although no significant anti-
bacterial activity was observed, the present compounds
are MetAP inhibitors with unique metalloform selectiv-
ity. At this time when the physiologically relevant metal-
loform remains to be defined, these metalloform-
selective inhibitors, as well as the non-selective inhibi-
tors, will be valuable tools for current research and po-
tential leads for future drug development.
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Abstract—Ab initio Hartree–Fock calculations have been performed at the 6-31G level to study the pharmacophoric features of
verapamil. Both the unprotonated and the protonated forms of verapamil have been studied. The study predicts that the drug enters
the body in protonated form and is anchored to the receptor via H-bond formation involving protonated amine. Huge conforma-
tional change as well as deprotonation is required before the drug is capable of holding Ca2+ ions. Folded form of drug is capable of
holding Ca2+ ion and the chiral center also seems to be involved to certain extent.
� 2005 Elsevier Ltd. All rights reserved.

Verapamil belongs to the phenylalkylamine (PAA)
group of calcium channel antagonists and has been
extensively used clinically in the treatment of several car-
diovascular diseases.1 Phenylalkylamines block voltage-
gated Ca2+ channel, by binding within the intracellular
mouth of the ion conducting pore.2 Previous studies sug-
gest that verapamil adopts a relatively compact struc-
ture.3 Verapamil can adopt three structural forms (or
conformational shapes): extended, folded, and half fold-
ed.4 The folded conformation is stabilized by nonbond-
ed interactions between the two dimethoxy aryl rings
situated on the opposite ends of verapamil and is sug-
gested to be the most stable conformation of the isolated
drug.


Molecular simulations for the free drug with the crystal
structure of verapamil as the starting point have also
been performed.5 Solution structure of verapamil in
deuterated DMSO using one-dimensional 1H and 13C
NMR data6 has been analyzed. The levorotatory (�)
enantiomers of PAAs were found to be more potent
than the dextrorotatory (+) enantiomers.7 Three drugs
from this class have been extensively studied: verapamil,
D888, and gallopamil (D600) (Fig. 1). D888 contains
only one meta methoxy group at the inside of the aro-
matic ring of the phenylethyl part, whereas verapamil
contains two methoxy groups in meta and para posi-
tions. D888 blocks the channel with affinity higher than
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that of verapamil (�300-fold).8 Another drug of PAA
subclass is gallopamil (D600), also widely used in clini-
cal medicine and experimental biology to block Ca2+ in-
flow into cell across the plasma membrane.9 The
conformational features of gallopamil have also been
studied and gave the analysis that the neutral form of
the drug is characterized by a unique conformation;
whereas the protonated form exists in different confor-
mations with great mobility of the torsional angles and
of the ionized site of the molecule.10


Verapamil gains access to their binding sites from the
cytoplasm11 and seems to inhibit the central pore by
physical occupancy. Electrophysiological data have
indicated that the binding domain for PAA is located
on the intracellular side of the membrane in cardiac
myocyte.12 The PAA binding pocket is composed of at
least seven amino acid residues,13 based on the alanine
scanning mutagenesis of binding of the PAA derivative
desmethoxyverapamil (D888). Three amino acid resi-
dues in segment IVS6—Tyr 1463, Ala 1467, and Ile
1470—are required for high affinity block by D888, be-
cause their mutations reduced the affinity 6- to 12-fold.
Met 1464 is also included as a residue contributing to
high affinity PAA interaction.14 Previous studies also
show that in the Ca2+ bound form, two verapamil mol-
ecules are arranged with a 2-fold symmetry such that the
two methoxy oxygens from each molecule act as ligand
to the cation.3 Early studies indicate an inhibitory effect
of Ca2+ on the binding of PAAs to the receptor; there is
also evidence that suggests, there could be a concentra-
tion dependence of the Ca2+ effect.15 Data using a
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Figure 2. (A) ORTEP plots of unprotonated and protonated verap-


amil. (B) Unprotonated verapamil mapped onto protonated


verapamil.


� Despite several tries stationary point corresponding to half folded or


unfolded form could not be located on potential energy surface for


unprotonated form.
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fluorescent probe that interacts at the PAA site reveal
that removal of Ca2+ results in a lowering of the binding
affinity for these drugs.16


PAAs exist in the protonated form at physiological pH
and their pKa have been reported to be 9.04.17 IC50 value
of verapamil in lM is about 12 ± 5 (mean ± SE of four
cells).18


The present study concentrates on conformational as-
pects of verapamil as well as Ca2+ ion holding capacity
and site of Ca2+ ion interaction for verapamil. Ab initio
HF molecular orbital calculations have been performed
on verapamil using 6-31G basis set.19,20 Complete
geometry optimizations have been performed using an
optimally conditioned method of Davidon and Naza-
reth.21,22 Complete conformational phase space has
been scanned. The starting conformations were similar
to stationary points reported for gallopamil by Brasse-
uer and co-workers. Optimized conformations have
been plotted with the help of ORTEP package. Charge
environment has been studied using complete molecular
electrostatic potential (MESP) contours and the same
have been illustrated with the help of graphic package
MOLDEN.23 We have also performed conformational
mapping, that is, the unprotonated verapamil has been
superimposed onto protonated verapamil to understand
the variation in the conformations. The relative capacity
of the drug to hold Ca2+ ion has been investigated by
calculating intermolecular interaction energies. The
geometry of the complex has been optimized, only con-
straint being that the Ca2+ should not be covalently
bound (i.e., the drug can hold the ion and also release
the ion if needed, in other words use-dependent block-
ade24). The channel can never hold the ion permanently
as it will result in permanent disruption of ion flow.


First of all, we have located the global minimum on the
potential energy surface to be taken as the bioactive con-
formation in absence of information on actual bioactive
conformation. The conformation corresponding to
located global minima for the unprotonated and proton-
ated forms of verapamil are shown in Figure 2A. The

unprotonated form occurs in the �sandwich� or folded
conformation and the protonated in the half folded
form.� The site of protonation is obviously the amine
N. There is no other site available for protonation in
PAAs. Next, we have performed the conformational
mapping. It obviously indicates the huge conformation-
al change on protonation of drug (Fig. 2B). Figure 2
shows that in both the conformations (unprotonated/







2.5 A


Figure 4. Intermolecular interaction energy calculation for verapamil


Ca2+ complex.
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folded; protonated/half folded) the aryl rings are out of
plane with respect to aliphatic backbone. In the half
folded form, the two aryl rings are out of plane with re-
spect to aliphatic backbone. In the half folded form, the
two aryl rings are at an angle of 71.50�. The unproton-
ated folded/compact form is similar to the conforma-
tions observed in the crystal; angle between the rings is
predicted to be 80.85�. It is interesting to note that both
the forms are �R� enantiomers with respect to chiral
center.


Earlier studies have shown some importance of chiral
center with reference to the activity of the system.
Another important pharmacophoric feature is the dis-
tance between the two aryl rings, which is predicted to
be 8.5 Å in the half folded, protonated form and reduced
to be only 5.7 Å in the folded form on deprotonation.
The calculations of complete molecular electrostatic po-
tential maps indicate an overall negatively charged envi-
ronment on PAA (Fig. 3) in unprotonated form.
However, as the drug enters the body in protonated
form it may be anchored to the receptor via H-bond for-
mation involving protonated amine to a H-bond accep-
tor group like ionized tyrosine.


We now discuss intermolecular interaction calculations
toward Ca2+ ion holding capacity of the drug. In the
case of verapamil after several tries attractive interaction
was found only in single case, where the Ca2+ electro-
statically interacts with the methoxy groups on aryl ring
close to the chiral carbon (Fig. 4). Ca2+ ion in its most
preferable position can be seen approaching from above
the aryl ring, so as to avoid steric interactions and be
able to electrostatically interact with cyanide group on
the chiral carbon and the two methoxy substituents on
the aryl ring. There is no other site suitable for holding
the Ca2+ ion.


To summarize, this work explains that the most favor-
able conformation based on gas-phase calculations for
unprotonated form of verapamil is the folded structure.
Protonated form is predicted to be in half folded/unfold-
ed conformation. The pharmacophoric features extract-
ed from optimized conformation predict that the two
dimethoxy aryl groups should be disposed at an angle

Figure 3. Molecular electrostatic potential map of verapamil.

of 80.85� in the unprotonated/folded form (only the
unprotonated form is capable of holding Ca2+ ion and
hence it is the active form). Both phenyl rings are out
of plane with respect to aliphatic backbone. As the drug
enters the body in protonated form it is expected to be
anchored to the receptor via H-bond formation involv-
ing protonated amine of PAA. Huge conformational
change is required before it can be capable of holding
Ca2+ ion. Folded, unprotonated form is capable of hold-
ing the Ca2+ ion. Chiral center also seems to be involved
in channel blocking in conformity with previous studies
showing different potencies for different enantiomers.
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Abstract—A 3D quantitative structure–activity relationship study for inhibition of calcium-sensing receptor in the aryloxypropanol-
amine series predicted that these molecules adopt a U-shaped conformation with pi-stacking between the two aromatic rings. This
hypothesis led to the discovery of novel 1-arylmethyl pyrrolidin-2-yl ethanol amines capable of antagonizing the calcium-sensing
receptor with potency comparable to that of NPS-2143.
� 2005 Elsevier Ltd. All rights reserved.

Osteoporosis is a serious and prevalent disease associat-
ed with significant morbidity and mortality. In osteopo-
rotic individuals, there is an imbalance between bone
resorption and bone formation resulting in a progressive
loss of bone mass and structure. Current therapies in-
volve anti-resorptive agents that impede further loss of
bone mass once the disease has manifested and can elicit
a modest increase in bone mineral density; however,
bone which is lost is not restored.2 Teriparatide, a syn-
thetic 1–34 amino acid peptide fragment of human para-
thyroid hormone (PTH), is the only FDA-approved
anabolic agent that, upon daily subcutaneous injection,
has been shown to increase bone mineral density and re-
duce fracture rates in humans.2 In contrast to the ana-
bolic effects observed after intermittent administration,
it is well documented that continuous exposure to
PTH results in increases in bone turnover with a subse-
quent loss in bone mass. As a viable alternative to sub-
cutaneous PTH therapy, one can envision stimulating
the release of endogenous PTH from the parathyroid
glands in order to stimulate bone formation. It is well
established that PTH secretion is inversely related to
the plasma calcium concentration, which is mediated
by the calcium-sensing receptor (CaR) expressed on
the surface of parathyroid cells.3 CaR, a member of
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the metabotropic glutamate-like G-protein coupled
receptor family, is coupled through changes in phospho-
inositide (PI) turnover to the release of calcium from
intracellular stores. Preclinical proof-of-principle for
the CaR approach includes studies with the CaR antag-
onist (calcilytic), NPS-2143.4 Intravenous, bolus injec-
tion of NPS-2143 to osteopenic ovariectomized rats
resulted in a transient increase in serum PTH compatible
with the anabolic profile of the hormone. Oral adminis-
tration of NPS-2143 resulted in a sustained increase in
plasma PTH and a concurrent increase in bone turnover
without any change in bone mass. The absence of an in-
crease in bone mass is consistent with the observation of
the sustained levels of PTH. Indeed, an increase in bone
mass was observed in the presence of an anti-resorptive
agent due to the uncoupling of bone resorption from the
anabolic component. These results indicate that a calci-
lytic agent with rapid absorption and a short half-life
should evoke the desired transient increase in plasma
PTH levels, translating into a bone anabolic response.


The recently disclosed calcilytic compound NPS-2143
(1) had an IC50 of 0.05 lM in a fluorescence-based intra-
cellular calcium mobilization assay in human TT cells
containing the endogenous calcium-sensing receptor.5


The results from a brief SAR study around NPS-2143
are summarized in Table 1.6 Removal of the hydroxyl
group (4) led to greatly reduced activity; however, the
hydroxyl enantiomers 1 and 2 exhibited similar levels
of potency. N-methylation of the secondary amine (3)
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Table 1. Inhibition of intracellular Ca2+ release by aryloxypropanolamines in human TT cells as measured by FLIPRTM


Compound Structure CaR IC50
a (lM)


1 (NPS-2143)
H
NO


CN


Cl


OH


0.05
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NO


CN
Cl


OH
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3 NO
CN


Cl
OH


0.27


4
H
NO


CN
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H
NO


CN OH
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CN
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OH
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a Values are means of two experiments.
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diminished the potency by 5-fold, while deletion of the
gem-dimethyl (6) resulted in a dramatic loss of potency.
Replacement of naphthalene with other fused bicyclic
aromatic rings (8 and 9) was tolerated with a modest
loss of activity. This information was used to develop
a comparative molecular similarity index analysis

(CoMSiA) model for three-dimensional quantitative
structure–activity relationship in this series. The
CoMSiA model is a well-established method for gener-
ating bioactive conformation hypotheses.7 A conforma-
tional search of NPS-2143 around the bonds labeled 1
and 2 provided three lowest energy conformations as







Figure 1. Conformations of NPS-2143 used to construct 3 of the 4


models used with CoMSiA studies. The other conformation used was


very similar to that of Model 1 with a H-bond between the hydroxyl


hydrogen and the oxygen atom attached to the phenyl ring.


Standard Error of Prediction for various 
conformations


0.75
0.8


0.85
0.9


0.95
1


1.05
1.1


1.15


1 2 3 4


component


S
E


P


model 1


model 2


model 3


model 4


Figure 2. The standard error of prediction for the four CoMSiA


models plotted versus the number of components. The lowest standard


error of prediction was associated with Model 1.


5480 A. V. Gavai et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5478–5482

shown in Figure 1. In addition, another conformation
with an internal H-bond between the hydroxyl hydrogen
and the oxygen atom attached to the phenyl ring (Model
2) was also evaluated. Each model was subjected to a
leave-one-out cross-validation and the corresponding
standard error of prediction is plotted versus the compo-
nent number for the four models (Fig. 2). The CoMSiA
studies predicted Model 1 to be the bioactive conforma-
tion based on the lowest standard error of prediction.
Perhaps, these molecules adopt such a U-shaped
bioactive conformation due to an energetically favorable
pi-stacking between the aromatic groups. As supported

Figure 3. Compounds with R-configuration at the pyrrolidine ring (e.g., 21d


(center structure). Compound 22 on the left is predicted to be inactive.

by the data shown in Table 1 (5 and 6), the linker con-
taining a gem-dimethyl moiety is also likely to play a
pivotal role in the adoptation of this conformation.


One can envisage a further improvement in potency in
this series by restricting some degrees of freedom to in-
crease the propensity of the molecule to exist in the bio-
active conformation. Out of the various possibilities
considered to constrain the degrees of freedom, the
1-arylmethyl pyrrolodin-2-yl ethanolamines allowed
the resulting compound to generate the desired
U-shaped conformation with pi-stacking between the
two aromatic moieties. As depicted in Figure 3, the
CoMSiA model predicted that R-configuration is essen-
tial at the asymmetric center on the pyrrolidine ring for
the compound to adopt a bioactive U-shaped conforma-
tion similar to NPS-2143. Indeed, all the S-enantiomers
at the pyrrolidine prepared to date have been devoid of
CaR inhibitory activity (data not shown). Further
support for the CoMSiA model is rendered by the lack
of potency of compound 22 (Table 2), which does not
prefer the U-shaped conformation (Fig. 3) due to the
torsion angle requirements imposed by the amide group.


The initial route utilized for the synthesis of these com-
pounds is illustrated in Scheme 1. Selective N-alkylation
of DD-proline 16was followed by conversion of the carbox-
ylic acid to the corresponding chloromethyl ketone 17 via
a three-step sequence through a mixed anhydride and
diazoketone intermediates.8 The diastereomeric epoxides
18, obtained by reduction of the ketone and subsequent
intramolecular cyclization, were separated by silica gel
chromatography and coupled with amines 196 to provide
the corresponding ethanol amines 20. The diastereomeric
purity of the final compounds was determined to be
>98% by analytical HPLC.9 A solution-phase parallel
synthesis was developed for the preparation of subse-
quent analogs (Scheme 2). Carbobenzyloxy-DD-proline
23was converted to a mixture of diastereomeric epoxides
24 that were separated by column chromatography, cou-
pled with the amines 19, and the protecting group was re-
moved to give the pyrrolidines 25. Reductive amination
of pyrrolidines 25 with aromatic aldehydes in the pres-
ence of zinc chloride or titanium isopropoxide provided
the desired ethanol amines 20.10


A summary of the SAR around the N-benzylpyrroli-
dine of compound 21 is presented in Table 2. Com-

on the right) can exhibit conformations similar to that of NPS-2143







Table 2. Inhibition of intracellular Ca2+ release by 1-arylmethyl


pyrrolidin-2-yl ethanolamines in human TT cells as measured by


FLIPRTM


N
X HO


N
H


*
R


R1
R2


R3


21: X = CH2
22: X = CO


Compound R1 R2 R3 CaR IC50
a (lM)


21a(S) CN H H 1.27


21b(R) CN H H 0.34


21c(R) H CN H 0.19


21d(R) H H CN 0.25


21e(R) NO2 H H 0.16


21f(R) H NO2 H 0.14


21g(R) H H NO2 0.79


21h(R) OH H H 0.97


21i(R) H F H 0.75


21j(R) H Br H 1.57


21k(R) H Ph H 2.47


21l(R) H OMe H 1.19


21m(R) H OH H 1.16


21n(R) H CO2H H 6.84


21o(R) F F H 0.36


21p(R) OH F H 0.14


21q(R) OH OMe H 1.56


21r(R) OH NO2 H 0.14


21s(R) CN Cl H 0.24


22(R) H CN H 8.43


a Values are means of two experiments.
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pounds in this series exhibited a modest preference for
the R-configuration at the hydroxyl asymmetric center
(e.g., 21a and 21b). An electron-withdrawing substitu-
tion was preferred at the meta- or ortho-position of
the phenyl ring. For example, a meta-cyano (21c) or ni-
tro (21f) substituent provided an order of magnitude
increase in in potency over the corresponding m-meth-
oxy substituent (21l). Moving the substitution to the
para-position resulted in up to a 5-fold loss of activity
(21f and 21g). Increasing the size of this group resulted
in a concomitant reduction in CaR inhibitory potency
(21j and 21i). Polar functional groups, such as a car-
boxylic acid (21n), proved unfavorable for antagonist
activity. Preliminary exploration of 2,3-disubstitution
failed to provide any clear trends. Whereas the
2-hydroxy-3-fluoro substitution (21p) augmented the
potency 5-fold relative to either substitution alone,
introduction of a 2-hydroxyl in 3-methoxyphenyl or
3-nitrophenyl compounds (21q and 21r) did not
provide any increase in potency.


A brief SAR study was carried out focusing on the naph-
thalene ring replacements of compound 21c. Table 3 sum-
marizes the antagonist activities of exemplary analogues
prepared in this series. Similar to the observations made
in the aryloxypropanolamine series (Table 1), replace-
ment of the naphthalene moiety with a 2-substituted ben-
zothiophene or indole (26a and 26b) resulted in a modest
loss of activity. The decrease in CaR inhibitory potency
was more dramatic for 3-substituted benzothiophene
(26c) and 4-methoxyphenyl (26f) replacements of the
naphthalene functionality. The lower potency of com-
pound 26e suggests that a H-bond accepting nitrogen is
not tolerated in the potentially hydrophobic pocket occu-

Table 3. Inhibition of intracellular Ca2+ release by 1-arylmethyl


pyrrolidin-2-yl ethanolamines in human TT cells as measured by


FLIPRTM


N N
H


Ar2R
NC


OH


Compound Ar2 CaR IC50
a (lM)


26a
S


0.27


26b
N
H


0.44


26c


S


1.00


26d
N


S
1.35


26e


N


N
H


2.84


26f OMe 2.67


a Values are means of two experiments.
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pied by the bicyclic aromatic ring on the surface of the cal-
cium-sensing receptor.


Compounds 21c and 21p have emerged as the lead candi-
dates from this series with CaR antagonist potency that is
3- to 4-fold less than that of NPS-2143. These compounds
were evaluated in a functional assay for inhibition of
extracellularCa2+-induced inositol triphosphate (IP) gen-
eration in rat MTC cells that constitutively express the
calcium-sensing receptor.11 Compounds 21c and 21p
inhibited Ca2+-induced IP accumulation with respective
IC50 values of 2.20 and 2.56 lM, relative to NPS-2143
which exhibited an IC50 of 0.53 lM in this assay.


In conclusion, a three-dimensional quantitative struc-
ture–activity relationship study for inhibition of calci-
um-sensing receptor in the aryloxypropanolamine series
predicted that these molecules adopt a U-shaped confor-
mation with pi-stacking between the two aromatic rings
and this hypothesis led to the discovery of novel 1-arylm-
ethyl pyrrolidin-2-yl ethanol amines capable of antago-
nizing the human and rat calcium-sensing receptors with
potency comparable to that ofNPS-2143. These data offer
a new avenue for the development of novel anabolic
agents for the treatment of osteoporosis.
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Abstract—The new catecholic xanthone, 1,3,7-trihydroxy-4-(1,1-dimethyl-2-propenyl)-5,6-(2,2-dimethylchromeno)-xanthone (1),
was isolated from the root bark of Cudrania tricuspidata together with seven known xanthones. The structures were fully charac-
terized by analysis of physical and spectral (UV, IR, mass, and NMR) data. Relationships between the structural characteristics
of xanthones and their antioxidant activities (DPPH, superoxide, and hydroxyl radical) were studied. Among the range of catecholic
xanthones, 6,7-dihydroxyl xanthones (3–8) exhibited a strong scavenging effect on the DPPH radical. When one of the catecholic
hydroxyl groups was protected as in compounds 1 and 2, DPPH radical scavenging activity was markedly decreased
(IC50 > 200 lM). DPPH activities were consistent with electrochemical response by cyclic voltammetry. Interestingly, compounds
(1, 2) which had the weak activities on DPPH, exhibited both potent superoxide and hydroxyl radical scavenging activities. The
strong activity on the hydroxyl radical of compounds (1, 2) could be rationalized by their chelating effect with iron (Fe2+) due to
a redshift of its complex. The catecholic xanthones (3–8), being able to convert quinone methide intermediate, showed potent cyto-
toxicities against human cancer cell lines (HT-29, HL-60, SK-OV3, AGS, and A549). In particular, compounds 3, 6, and 7 had
strong cytotoxic activities against AGS (LD50 < 5 lM). DNA fragmentation patterns induced by catecholic xanthones revealed that
tumor cell death was due to apoptosis.
� 2005 Elsevier Ltd. All rights reserved.

Catecholic polyphenols have been extensively exploited
both because of their wide-ranging pharmacological
properties and also because they serve as important
units for donating electrons.1 Their potent antioxidant
activity plays a preventive role against disease by remov-
ing the reactive oxygen species (ROS) which cause
destructive and irreversible damage to the components
of a cell.2 For example, among many phytochemicals,
quercetin, catechin, and anthocyanidin have been fo-
cused on in the search for bioactive compounds in the
phytochemical field because they possess a catecholic
group.3 The catecholic group could also be oxidized in
an enzymatic or a non-enzymatic manner to yield a qui-
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none or quinone-methide type prooxidant which is
responsible for cancer prevention and apoptosis.4


Cudrania tricuspidata (Carr.) Burea has become one of
the most important folk remedies for cancer in Korea
during the past few decades and has also shown antiox-
idant and anti-inflammatory activities.5 Although the
majority of phenolic compounds in C. tricuspidata be-
long to the xanthone family, which may help to offset
chronic diseases related with ROS, there are no reports
concerning antioxidant activity of catecholic xanthones
in this species. Therefore, C. tricuspidata needs to be
examined to identify a correlation between its antioxi-
dant and anticancer activities. Recently, we reported
that isoprenylated xanthones were isolated from the
root bark of C. tricuspidata and its cytotoxicities were
evaluated against human cancer cell lines.6 Antioxidant
activity-guided fractionation of the extract of the roots
of this species resulted in the isolation of eight catecholic
xanthones (1–8) including a new xanthone (1) (Fig. 1).7
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Figure 1. Structure of isoprenylated xanthones from C. tricuspidata.


Table 1. 1H and 13C NMR spectral data and HMBC correlations of 1


in CDCl3
a


Position 1H (J in Hz) 13Cb HMBC


1 162.2 s OH-1


2 6.20 s 100.6 d OH-1


3 162.4 s H-2


4 109.4 s H-2, H-12


4a 155.6 s


4b 137.4 s H-8, H-16


5 120.0 s H-16, H-17


6 151.4 s H-8, H-16


7 153.0 s H-8


8 6.77 s 102.3 d


8a 108.5 s H-8, H-16


9 183.2 s H-2, H-8


9a 105.0 s OH-1, H-2


11 41.3 s H-12, H-14, H-15


12 1.43 s 28.4 q H-14, H-15


13 1.43 s 28.4 q H-14, H-15


14 6.39 dd (17.8, 10.5) 149.7 d H-12


15a 5.30 d (10.5) 113.7 t


15b 5.39 d (17.8)


16 7.93 d (10.2) 121.3 d


17 5.75 d (10.2) 132.8 d H-19, H-20


18 77.5 s H-16, H-19


19 1.62 s 27.7 q H-16, H-17


20 1.63 s 27.7 q H-16, H-17


OH-1 13.43 s


a Recorded at 500 and 125 MHz for 1H and 13C NMR, respectively.
bMultiplicity was established from the DEPT experiment.
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Isolated xanthones were screened in view of antioxidant
and cytotoxic activities.


The spectroscopic data for compound (2–8) agreed with
those of cudraxanthone C (2), cudraxanthone D (3),
isocudraniaxanthone B (4), 1,3,6,7-tetrahydroxy-4-(1,
1-dimethyl-2-propenyl)-8-prenylxanthone (5), cudrax-
anthone L (6), cudraxanthone M (7), and macluraxanth-
one B (8).6,8 Compound 1 was obtained as yellowish
solid having the molecular formula C23H22O6 estab-
lished by HREIMS (m/z 394.1435 [M+]). The UV spec-
trum of 1 (kmax 244, 265, and 329 nm) resembled the
spectra of 1,3,6,7-tetraoxygenated xanthone derivatives.
The 1H NMR showed signals for hydrogen-bonded
hydroxyl group (dH 13.43), two aromatic protons (dH
6.20 and 6.77). The 1,1-dimethylallyl group was deduced
from the connectivity between H-14 (dH 6.39) and vinyl
protons (dH 5.30 and 5.39). The 1,1-dimethylallyl group
was further deduced from the H-15a/b (dH 5.30 and 5.39)
in the 1H–1H COSY spectrum, and the correlation be-
tween C-12, 13, and H-14 in the HMBC experiment.
The connectivity between H-16 (dH 7.93) and H-17 (dH
5.75) in a 1H–1H COSY spectrum, and HMBC correla-
tion of H-19, 20 with C-17, 18 indicated the presence of
a 2,2-dimethylpyran ring. The positions of the substitu-
ents on the ring system were determined by the HMBC
correlations, as shown in Table 1.


Antioxidative activities of isolated compounds (1–8)
were tested against various radical sources by UV–vis
and ESR spectroscopy. Anti-radical property of cate-
cholic xanthones (1–8) was examined with DPPH (1,1-
diphenyl-2-dipicrylhydrazyl), of which DPPH is widely
used for assessing the ability of polyphenols to transfer
labile H-atoms to radicals.9 Catecholic xanthones (3,
5–8), which have dihydroxyl group in B-ring, exhibited
strong free radical scavenging activities (Fig. 2). Xan-
thone 4 having a 5,6-dihydroxy group in the B-ring
showed a lower activity (IC50 = 31.8 lM) compared to
6,7-dihydroxy xanthones. When one of the hydroxyl
groups in vicinal diol was protected as in compounds
1 and 2, anti-radical activities were decreased
distinctively (IC50 > 200 lM). It can be rationalized that

O-protected catechol could not transfer to quinone,
while vicinal dihydroxyl group could transfer to quinone
easily by releasing two electrons in Figure 3.


The oxidation potential of two representative com-
pounds, dihydroxylated xanthone 6 and O-protected
xanthone 2, was measured by cyclic voltammetry. Both
compounds were readily oxidized in the potential range
from 200 to 1000 mV (Ag/AgCl) in 0.1 M tetraethylam-
monium perchlorate (TEAP) solution of methanol as
shown in Figure 4. Dihydroxylated xanthone 6 had peak
potentials of 680 mV, up to 100 mV lower than that of
O-protected xanthone 2 (Fig. 4). Moreover compound
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Figure 3. Scheme of oxidation of xanthones to convert into corre-


sponding quinones.


Figure 4. Cyclic voltammograms of 0.1 mM compounds 2 and 6


measured at a glass carbon electrode at 50 mV/s in 0.1 M TEAP.
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Figure 2. DPPH radical scavenging activities of compounds 3–8 and


trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid). Figure 5. ESR spectra of DMPO radical adducts obtained in the


irradiated riboflavin/EDTA system in the absence and presence of


50 lM compounds. The spectra were obtained after irradiation for 60 s


on the sample containing 0.3 mM riboflavin, 5 mM EDTA, 0.1 M


DMPO in 0.05 M (pH 7.4) phosphate buffer.


Figure 6. IC50 values of compounds (1, 2, and 4) on DPPH,


superoxide, and hydroxyl radical.
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6 generated a high current response at around 680 mV.
The potential values, reducing strength, correlated with
anti-radical properties of DPPH.10


Catecholic xanthones (1–8) were screened against the
superoxide radical which is known to be very harmful
to cellular components as a precursor of the more reac-
tive oxygen species.11 Superoxide radicals generated
in vitro by irradiated riboflavin/EDTA system12 were
trapped as the 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) spin adduct and gave rise to the ESR signal
shown in Figure 5. Experimental data revealed that
most catecholic xanthones exhibited strong scavenging

activities. Interestingly, compound (1 and 2) showed
much stronger activities in superoxide radical system
compared with DPPH, which requires only an electron
donating effect (Fig. 6). It could be explained that activ-
ity of superoxide radical is affected not only by concert-
ed H-atom abstraction (electron donation) but also by
catalyzing the dismutation of O2


�� (protonation
effect).13


Hydroxyl radicals were generated in a Fenton-type sys-
tem (Fe2+ + H2O2 ! OH� + OH� + Fe3+).14 Therefore,
hydroxyl radical scavenging activity could be influenced
by electron-donating and metal-chelating abilities of
catecholic xanthones. The general tendency of hydroxyl
radical activities of catecholic xanthones was correlated
with the DPPH one (Table 2). Unexpectedly, a strong
activity of O-protected xanthones 1 and 2 may be due
to their chelating effect with iron as well as their elec-
tron-donating properties, because 8 nm of redshift was
observed at UV–vis spectra of the complex formed be-
tween compound 2 and iron (80 lM) (Fig. 7).


Xanthone-antioxidants were assayed for cytotoxic activ-
ity against human cancer cell lines (HT-29, HL-60,







Table 3. In vitro cytotoxicity of prenylated xanthones and adriamycin


against human cancer cell linesa


Compound HT-29 HL-60 SK-OV3 AGS A549


1 46.3 35.9 70.4 44.7 61.9


2 50.7 40.8 73.5 49.5 61.7


3 20.7 6.2 23.8 4.7 16.3


4 65.0 45.2 71.3 43.9 57.8


5 41.4 32.8 43.2 32.8 45.8


6 11.4 8.6 38.0 3.9 33.5


7 12.1 8.2 14.6 4.1 11.8


8 28.0 29.5 23.1 15.2 25.8


Adriamycin 1.8 1.1 14.2 1.2 1.3


a Results are expressed as LD50 values (lM).


Figure 8. DNA fragmentation of HL-60 cells induced by LD50 of


xanthones after treating for 24 h.
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of Fe2+ in MeOH.


Table 2. Radical scavenging activities of compounds 1–8 from


Cudrania tricuspidataa


Compound DPPH O2
�� �OH


1 200> 64.5 55.5


2 200> 85.1 24.3


3 17.4 92.8 25.2


4 31.8 29.5 100.7


5 21.3 51.0 21.2


6 13.7 23.6 50.3


7 10.4 26.0 42.6


8 15.4 47.8 74.1


Trolox 10.6 33.6 48.2


a Results are expressed as IC50 values (lM) by ESR signal intensity.
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SK-OV3, AGS, and A549) using a 3-(4,5-dimethyl-thia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) as-
say.15 Catecholic xanthones (1–8) were able to convert
quinone methide intermediates after auto-oxidation
showed a quite cytotoxic activity (Table 3). It correlated
very well with DPPH activities.


Especially, compounds 3, 6, and 7 had strong cytotoxic
activity against AGS (LD50 < 5 lM). In addition, a
DNA fragmentation assay was used to verify that the
mode of cell death induced by xanthones (1–8) on HL-
60 was apoptosis (Fig. 8). 16 Results indicated that the

tumor cell death induced by xanthones was due to
apoptosis.


In conclusion, a new isoprenylated xanthone 1 and
known xanthones (2–8) were isolated by bioassay-guid-
ed fractionation. Antioxidant analysis of isolated xan-
thones provides information relevant to their structural
feature and antioxidant activity. The observed radical
scavenging properties correlate with cytotoxic activities
due to the formation of prooxidant-derived antioxidant.
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chloroform (2 L), which yielded a hexane extract (24.7 g)
and chloroform extract (46.4 g). The CHCl3 extract was
subjected to column chromatography over silica gel
(500 g; 70–230 mesh) eluting initially with CHCl3, then
with CHCl3–acetone mixtures of increasing polarity
(40:1! 1:1), yielding 11 fractions (F1–F11), based on
the comparison of TLC profile. The Fraction F3 (1.6 g)
was submitted to a flash silica gel CC (30 g, 230–400
mesh), eluted with a hexane–EtOAc gradient (40:1 ! 8:1).
Altogether, 90 fractions were collected. Subfraction 48–61
(0.184 g) was concentrated and submitted to preparative
TLC [CHCl3–acetone (8:1)] yielding compounds 1 (18 mg)
and 2 (28 mg). The fraction F4 (1.2 g) was submitted to a
flash silica gel CC (25 g, 230–400 mesh), eluted with a
hexane–EtOAc gradient (40:1! 2:1), resulting in 80
subfractions. Subfraction 22–32 was evaporated and
recrystallized from hexane–chloroform to give compound
3 (84 mg). Subfraction 42–52 was concentrated and
submitted to preparative TLC [CHCl3–acetone (6:1)]
affording compound 4 (16 mg). Fraction F5 (2.1 g) was
subjected to a silica gel CC (6 g, 230–400 mesh), eluted
with a hexane–EtOAc gradient (30:1 ! 2:1) to give 110
subfraction. Subfraction 32–49 was pooled and rechro-
matographed on silica gel (5 g, 230–400 mesh) with a
CHCl3–acetone gradient (40:1! 4:1). Subfraction 32–41
from this column was evaporated and recrystallized from
chloroform to give compound 7 (26 mg). Isolations of
compound 5, 6, and 8 were described as previously
reported.6


8. (a) Fujimoto, T.; Hano, Y.; Nomura, T. Planta Med.
1984, 50, 218; (b) Hano, Y.; Matsumoto, Y.; Shinohara,
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2000, 63, 1537.
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M.; Morelli, I. J. Nat. Prod. 2001, 64, 892, Assay of DPPH
radical scavenging activity: the various concentrations of
catecholic xanthones (1–8) were added to a 0.15 mM
DPPH in EtOH and the reaction mixture was shaken
vigorously. The amount of remaining DPPH radical was
determined at 517 nm after 30 min, and the radical
scavenging effect was calculated as follows:
E = [(Ac � At)/Ac] · 100, where At and Ac are absorbances
of samples with and without catecholic xanthones,
respectively.


10. Hotta, H.; Nagano, S.; Ueda, M.; Tsujino, Y.; Koyama,
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Biophys. 1989, 14, 175, Assay of superoxide radical
scavenging activity: the reaction mixture containing
0.3 mM riboflavin, 50 mM EDTA, 0.1 M DMPO and

various concentrations of samples in 50 mM, pH 7.4
phosphate buffer was irradiated by UV lamp at 365 nm for
60 s, then transferred to a quartz capillary and fitted into
the cavity of an ESR spectrometer (Jeol JES PX2300
spectrometer). ESR spectra were recorded immediately.
The conditions of ESR measurement were as follows:
microwave frequency 9.5 GHz, modulation frequency
100 KHz, microwave power 10 mW, modulation ampli-
tude 2 G, time constant 0.03 s, and temperature 298 K.
The scavenging effect was calculated as follows:
E = [(hc � ht)/hc] · 100, where ht and hc are the ESR signal
intensities of samples with and without catecholic xant-
hones, respectively.


13. Murias, M.; Jäger, W.; Handler, N.; Erker, T.; Horvath,
Z.; Szekeres, T.; Nohl, H.; Gille, L. Biochem. Pharmacol.
2005, 69, 903.


14. Assay of hydroxyl radical scavenging activity: the reaction
mixture contained 1 mM H2O2, 1 mM ferrous sulfate,
1 mM DMPO, and various concentrations of sample in
10 mM, pH 7.0, phosphate buffer. The reaction was
initiated by the addition of ferrous sulfate and the reaction
mixture was transferred to a quartz capillary and fitted
into the cavity of the ESR spectrometer. ESR measure-
ment conditions and the calculation method for the
scavenging effects were the same as those described above.


15. Cytotoxicity assay: cells (5 · 103 cells/well) were plated in
96-well plates and incubated in medium for 6 h. The
various concentrations of catecholic xanthones were
added. The cells were incubated for 3 days at 37 �C and
then 10 lL of MTT (5 mg/mL) was added and incubated
for an additional 4 h at 37 �C. Reduced MTT was
measured spectrophotometrically at 550 nm after lysis of
cells with 100 lL of 10% SDS in 0.01 M HCl. Inhibition of
tumor growth was calculated as follows: GI = (Ac � At)/
Ac · 100, where At and Ac are absorbance of samples with
and without catecholic xanthones, respectively.


16. Chang, M.-Y.; Jan, M.-S.; Wan, S.-J.; Liou, H.-S.
Biochem. Biophys. Res. Commun. 1998, 248, 62, DNA
fragmentation assay: after sample treatment for 48 h, cells
in 150 mm plates were harvested and washed with PBS.
After the addition of 100 lL lysis buffer [1% of NP-40 in
20 mM EDTA, 50 mM Tris–HCl, pH 7.5] and mixing, the
cell lysates were centrifuged at 14,000 rpm for 5 min and
the supernatants were collected. The supernatants were
incubated with 50 lL RNase A (20 mg/mL) and 20 lL
SDS (10%) at 56 �C for 2 h. Then, 35 lL of proteinase K
(20 mg/mL) was added and incubated at 37 �C overnight.
DNA fragments were precipitated after the addition of
150 lL of 10 M NH4OAc and 1.2 mL of 100% ethanol at
�20 �C overnight. After centrifuging and drying, the
DNA pellets were resuspended in 15 lL Tris–EDTA
buffer and electrophoresed on a 1% agarose gel in TBE
buffer at 30 V for 8 h. DNA ladder was observed after
staining with ethidium bromide solution and exposing to
the UV light.
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Abstract—In this paper, molecular docking technique was used to investigate the binding conformation of twelve 2-(oxalylamino)
benzoic acid (OBA) inhibitors in the active site of PTP1B. The predicted binding affinities are linearly correlated to the experimental
values (r2 = 0.859). Furthermore, comparative molecular field analysis (CoMFA) was conducted based on the binding conformation
predicted by molecular docking. The predicted CoMFA model has satisfactory statistical significance and good actual predicted
power. The information from molecular docking and CoMFA may give us some valuable hints to the optimization of lead
compounds.
� 2005 Elsevier Ltd. All rights reserved.

Protein tyrosine phosphatases (PTPs) are enzymes that
can catalyze the removal of phosphate groups from
phosphotyrosyl residue in proteins. In conjunction with
protein tyrosine kinases (PTKs), they are responsible for
the regulation of a wide variety of important cellular
processes, such as T-cell activations, cell growth and
proliferation, and oncogenic activation.1,2 PTP1B, the
first purified PTP,3 is an intracellular non-receptor
PTPs. It plays a major role in the dephosphorylation
of insulin receptor in many cellular and biochemical
studies.4 A study with PTP1B knockout mice5 has dem-
onstrated that loss of PTP1B activity resulted in an
enhancement of insulin sensitivity and resistance to
weight gain, so potent PTP1B inhibitors may be poten-
tial pharmacological agents for the treatment of non-in-
sulin-dependent diabetes mellitus (type 2 diabetes) and
obesity. 2-(Oxalylamino) benzoic acid (OBA) has been
identified as a general inhibitor of PTPs.6 Because of
its low molecular weight and enzyme kinetic behavior
as a classical and time-independent competitive inhibi-
tor, it has been used as a starting point for structure-
based lead optimization to develop selective small mole-
cule inhibitors of PTP1B.7
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Currently, the binding mode between twelve OBA ana-
logues and PTP1B is systemically analyzed using the
flexible docking protocol FlexX. Then, 3D quantitative
structure–activity relationship (3D-QSAR) model is
developed for 39 OBA inhibitors using the comparative
molecular field analyses (CoMFA).8,9 We expect that
the information obtained from receptor-based method
and ligand-based method can validate each other, and
afford us effective information for the optimization of
the lead compound.


The structure of OBA (compound 1A) and its analogues
and their negative logarithm of dissociate constant Ki


values (pKi obsd) are listed in Tables 1 and 2. The pKi


obsd is used as dependent variables in the FlexX and
CoMFA analysis. Of the 39 molecules, 33 were chosen
to form a training set to get CoMFA model, and the
other six compounds with their names marked with *
were chosen as a test set to validate the actual predicting
power of the CoMFA model. Computation methods are
detailed in Ref. 10.


The total scores (1A–L) predicted by FlexX are listed in
Table 1. Good correlation (r2 = 0.859, SD = 0.292, and
F = 61.0) between the total score and binding affinity
can be observed, which demonstrates that FlexX can
quantitatively predict the relative activities of these
inhibitors. Besides, we compared 1J with the ligand in
crystal 1C85.6 As shown in Figure 1, the alignment of
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Table 1. Structure and activity data of inhibitors for CoMFA and FlexX


Compound Ara R1 pKi
b(obsd) pKi (calcd) Residue Total score (kJ mol�1)


1A H 4.638 3.720 0.919 �154.03


1B H 2.959 3.045 �0.086 �126.82


1C Me 2.959 3.017 �0.058 �118.13


1D H 3.966 3.959 0.007 �128.40


1E* H 4.124 3.969 0.155 �147.97


1F H 4.432 3.959 0.473 �147.47


1G H 4.854 4.997 �0.143 �158.67


1H H 4.854 5.093 �0.239 �149.52


1I H 3.796 3.721 0.075 �142.66


1J H 5.004 5.047 �0.043 �167.07


1K* H 5.097 4.811 0.286 �162.14


(continued on next page)
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Table 1 (continued)


Compound Ara R1 pKi
b(obsd) pKi (calcd) Residue Total score (kJ mol�1)


1L H 4.745 4.583 0.162 �155.16


1M H 2.769 3.666 �0.897


1N H 2.699 2.909 �0.210


a R2@OC(@O)C(@O)NH, R3@COOH.
bKi (lM) values are measured at pH = 5.5.


Table 2. Structure and activity data of inhibitors for CoMFA


Compound R1 pKi (obsd) pKi (calcd) Residue Compound X n pKi (obsd) pKi (calcd) Residue


2A Ph 4.886 5.003 �0.117 3A CH2 0 4.921 4.707 0.214


2B 3-Thienyl 4.959 5.097 �0.138 3B CH2 1 5.091 5.257 �0.166


2C 4-(i-Bu)-Ph 4.886 5.052 �0.166 3C* CH2 2 4.921 4.824 0.097


2D 4-F-Ph 5.097 5.078 0.019 3D O 1 4.854 4.913 �0.059


2E* 4-Cl-Ph 5.000 5.077 �0.077 3E S 1 5.081 5.100 �0.019


2F 4-HO-Ph 5.347 5.117 0.230 3F SO 1 5.292 5.170 0.122


2G 4-MeO-Ph 5.046 5.166 �0.120 3G SO2 1 5.215 5.430 �0.215


2H 4-PhO-Ph 4.585 4.612 �0.027 3H C@O 1 5.886 5.601 0.285


2I 4-BnO-Ph 4.796 4.724 0.072 3I* CH–OH 1 5.699 5.464 0.235


2J 4-(HOOCCH2-O)-Ph 5.602 5.353 0.249 3J 1 5.658 5.656 0.002


2K 3-NO2-Ph 5.328 5.320 0.008


2L 3-H2N-Ph 5.215 5.299 �0.084


2M 3-MeO-Ph 4.921 4.951 �0.030


2N* 3,4-MeO-Ph 4.602 4.815 �0.213


2O 3,5-MeO-Ph 5.097 4.896 0.201


M. Zhou, M. Ji / Bioorg. Med. Chem. Lett. 15 (2005) 5521–5525 5523

1J and 1A matches each other very well. Thus the bind-
ing conformation predicted by FlexX could be used to
analyze the binding mode of these inhibitors with
PTP1B.


Figure 2 shows the binding interactions of compound 1J
with PTP1B. 1J has relatively high binding affinity and
good structural rigidity. It can be seen that compound
1J extended deep into the active-site pocket and formed
several hydrogen bonds (marked by dashed lines) with
key residues in the catalytic site, especially residue
Asp181, which is responsible for substrate phosphate
binding. The carboxyl of Asp181 forms three hydrogen
bonds with H18 and H20 of 1J. The lengths of these H-

bonds are 2.12, 2.10 and 2.15 Å, respectively. One H
atom of Arg221 forms a hydrogen bond with O16 of
1J, with the length of 3.02 Å. Furthermore, the mercap-
to residue Cys215 forms a hydrogen bond with O17 of
1J. The hydrogen bond networks in the catalytic site
of PTP1B must play an important role in determining
the level of binding affinities for this kind of inhibitors
with PTP1B. Moreover, the van der Waals and hydro-
phobic interactions should have crucial contribution to
ligand binding too. The aromatic portion of 1J is sand-
wiched between Tyr46 and Phe182. The centroidal dis-
tance between the phenyl of Phe182 and naphthy of
1J is 5.05 Å, and that between phenyl of Tyr46 and
naphthyl of 1J is 4.74 Å. The three aromatic rings al-
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Figure 3. Linear regression of predicted activity and experimental


activity for compounds in training set and test set.


Figure 1. Conformational comparison of compound 1J from docking


and the ligand in crystal 1C85.


Figure 2. The interactions between 1J and PTP1B (only important


residues of PTP1B directly interacted with 1J are shown).
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most parallel each other, and can form strong p–p stack-
ing interaction.


The CoMFA model obtained from the training set has
good statistical significance (q2 = 0.650, r2 = 0.880,
F = 39.872, and SD = 0.302). The linear regression of
predicted activity and experimental activity are shown
in Figure 3. The predicted binding affinities of six mole-
cules in the test set are within an unsigned mean error as
0.177.


Figure 4A and B shows the contour maps of steric and
electrostatic fields, respectively. The steric contour map
depicts regions around the molecules where enhanced
binding affinity is associated with increasing steric bulk

Figure 4. The contour plots of CoMFA steric fields (A) and electrostatic fie

in the green area and decreasing steric bulk in the yellow
area. The steric contribution to the overall molecular
field is 88.7%. Template compound 1J was treated as
the reference molecule. The steric contours shows that
around 1J, there are four sterically unfavorable regions,
in which two smaller ones are shown as yellow2 and yel-
low4 positions, and the other two larger ones are shown
as yellow1 and yellow3. Compared with the binding
mode predicted by FlexX, we could see that above yel-
low1 region is the phenyl ring of Phe182, and under
the yellow3 and yellow4 region is just the phenyl ring
of Tyr46. If large substitutes exist in these regions, the
van der Waals interactions and space adoptions may
be destroyed. This conclusion is compatible with the
binding mode predicted by FlexX, which validates our
docking result. By contrast, the green region is on the
mouth of the active site, and increasing affinity can be
expected when steric bulky groups are introduced into
this area. When groups are large enough to interact with
residues on the wall of the binding pocket of the recep-
tor, enhancing affinity could be expected by increasing
hydrophobic property of the group.


The electrostatic contribution to the overall molecular
field is 11.3%. Red regions show negative potential, blue
regions show positive potential, and both are favorable
for the enhancement of pKi. While a charge withdrawing
or donating group will make the groups linked with it
bear more positive or negative charges, blue and red re-
gions are usually neighboring,12,13 such as blue2 and
red2; they hint at opposite modifying information to
the two phenyl rings of the same naphthyl ring. In this

lds (B).
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circumstance, distributed range can tell us which kind of
electrostatic feature is more important. The blue3 region
just covered a carboxyl group (O17–C12–O16–H22)
bonding to the aromatic ring through a carbonyl-amino
group; this is one of the key structural features of OBA
inhibitors. In the binding mode predicted by FlexX, this
group can form a H-bond with Cys215. Cys215 is the
key residue of PTP1B, so if positive substitutes are intro-
duced here, more binding affinity could be expected.
Around the carbonyl group (C11–O15), negative groups
are preferred (red4 shows). Another structural feature of
OBA inhibitors is the carboxyl group (O21–C13–O19–
H20) bound directly to the aromatic group. If negative
and positive substitute are imported on the position
close to carbonyl and hydroxide radical, respectively,
it is favorable for enhancing the affinity.


In the current work, molecular docking simulation
shows one potential binding mode of OBA inhibitors
with PTP1B. As shown in docking result, the aromatic
portion of compound 1J is sandwiched between Tyr46
and Phe182, and the feature structures of these inhibi-
tors could form several H-bonds with the residues in
the active site. Then, CoMFA model validated the bind-
ing mode from the view of ligands. The CoMFA con-
tour maps detailed how to improve the binding affinity
in three-dimensional space. In addition, in order to get
a more native-like binding mode of these inhibitors with
PTP1B, the minimization of docking structures and the
CoMFA study with the optimized docking alignment is
currently underway.

Acknowledgments


The project was supported by the Natural Science Foun-
dation of China (No. 20373089) and Start-up Founda-
tion of Graduate University of Chinese Academy of
Sciences (No. M3004).

References and notes


1. Sun, H.; Tonks, N. K. Trends Biochem. Sci. 1994, 19, 480.
2. Tonks, N. K. Adv. Pharmacol. 1996, 36, 91.
3. Tonks, N. K.; Diltz, C. D.; Fischer, E. H. J. Biol. Chem.


1988, 263, 6722.
4. Byon, J. C. H.; Kusari, A. B.; Kusari, J. Mol. Cell


Biochem. 1998, 182, 101.
5. Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.;


Collins, S.; Loy, A. L.; Normandin, D.; Cheng, A.;
Himms-Hagen, J.; Chan, C. C.; Ramachandran, C.;
Gresser, M. J.; Tremblay, M. L.; Kennedy, B. P. Science
1999, 283, 1544.


6. Andersen, H. S.; Iversen, L. F.; Jeppesen, C. B.; Branner,
S.; Norris, K.; Rasmussen, H. B.; Møller, K. B.; Møller,
N. P. H. J. Biol. Chem. 2000, 275, 7101.


7. Andersen, H. S.; Olsen, O. H.; Iversen, L. F.; Sørensen, A.
L. P.; Mortensen, S. B.; Christensen, M. S.; Branner, S.;
Hansen, T. K.; Lau, J. F.; Jeppesen, L.; Moran, E. J.; Su,
J.; Bakir, F.; Judge, L.; Shahbaz, M.; Collins, T.; Vo, T.;
Newman, M. J.; Ripka, W. C.; Møller, N. P. H. J. Med.
Chem. 2002, 45, 4443.


8. Cramer, R. D.; Patterson, D. E.; Bunce, J. D. J. Am.
Chem. Soc. 1998, 110, 5959.


9. Hou, T.-J.; Xu, X.-J. Prog. Chem. 2001, 13, 436.
10. All works were done using Sybyl6.7.11 All initial structures


were minimized using MMFF94 force field. Molecular
docking was performed using FlexX program. The protein
used for docking is from Brookhaven Protein Data Bank
(PDB code: 1C856). The original ligand (1A) in 1C85 is
used as reference structure. Standard parameters of the
FlexX program were used. In CoMFA calculations, all
OBA derivatives were aligned together with atoms in
Table 1 marked with * as their common atoms. Following
alignment, the molecules were placed one by one into a 3D
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Abstract—A novel series of potent inhibitors of Ras farnesyl transferase possessing a 1,2,4-triazole pharmacophore is described.
These inhibitors were discovered from a parallel synthesis effort and were subsequently optimized to in vitro IC50 value of less than
1 nM.
� 2005 Elsevier Ltd. All rights reserved.

The zinc-metalloenzyme farnesyl transferase (FTase)
catalyzes the transfer of a farnesyl group to a cysteine
thiol group contained in the C-terminal tetra peptide
signal sequence of Ras, frequently referred to as a
CAAX motif.1 Farnesylation causes membrane localiza-
tion of Ras which, in turn, determines the switch from
an inactive to an active Ras-GTP-bound form.2 Among
the Ras isoforms H-ras, N-ras, and K-ras, mutations in
the K-ras isoform are most relevant to human cancers in
particular pancreatic, colon, and lung cancers, which
exhibit approximately 90, 40, and 25% incidence of K-
ras mutations, respectively. Inhibitors of FTase prevent
membrane localization of the Ras oncogene and have
the ability to revert the transformed phenotype, provid-
ing the rationale for the development of farnesyl trans-
ferase inhibitors (FTIs) as anticancer drugs.3 While the
exact mechanism of action of FTIs remains unclear,
they appear to block the farnesylation of several addi-
tional proteins, such as RhoB, other Ras GTPases such
as Rheb, and centromere-associated proteins CENP-E
and CENP-F.4 FTIs do appear to have clinical activity
in leukemias and in some solid tumors, and at least
two FTIs viz. Tipifarnib (Johnson & Johnson) and Sara-
sar (Schering-Plough) remain in advanced stages of clin-
ical development despite early setbacks.5

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


doi:10.1016/j.bmcl.2005.09.007


Keywords: Farnesyl transferase; Triazole; Ras; Parallel synthesis.
* Corresponding author. Tel.: +1 781 372 3260x1048; e-mail:


asaha@predixpharm.com

One of these advanced inhibitors R115777 (Tipifarnib)
inhibits farnesyl transferase with an IC50 of 0.9 nM.
R115777 (Fig. 1) also proved efficacious preclinically
in in vivo tumor studies and was the first FTI to enter
clinical trials.6 A key pharmacophore in R115777 is
the 4-substituted imidazole moiety. The imidazole func-
tionality has also been reported to be important in a
number of other potent FTIs such as L-7781237 (Merck)
and BMS-2146628 (Bristol Myers Squibb). In fact, imid-
azole is a key feature for such FTIs since it chelates with
the active site Zn atom in the FT protein much in the
same manner as the cysteine thiol group in the substrate
CAAX-peptides.9 During a lead exploration program in
another therapeutic area, we had synthesized libraries of
4-substituted imidazole derivatives 1–3 (Fig. 2).10


Screening of this collection of imidazoles, which lacked
the 4-cyanobenzyl group found in the Merck inhibitors
related to L-778123, did not display significant inhibi-
tion of the FTase enzyme. In yet another unrelated drug
discovery program, we prepared 3-substituted 1,2,4-tria-
zole libraries 4. With the FTase program in mind,
we considered whether preparing a small series of 1-(4-
cyanobenzyl)-2,4-substituted triazoles might lead to
potentially favorable FTIs. Such a triazole series (5), if
found active, would offer novelty over the rapidly devel-
oping and increasingly competitive landscape of FTI re-
search that still very much focused on the imidazole
pharmacophore.11 We also believed that a successful
strategy would require an efficient and versatile synthetic
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strategy that would allow preparation and testing of a
broad range of structures.


Our earlier published synthesis of the imidazole deriva-
tives on solid support involved immobilization of
4-formyl imidazole on polystyrene resin followed by
functionalization of the formyl group and subsequent
derivatization by parallel synthesis. A similar strategy
for triazoles required 3-formyl-1,2,4-triazole 6 as a key
building block, which unlike the imidazole was not com-
mercially available. We were able to synthesize this alde-
hyde in multi-gram amounts according to a published
synthetic procedure.12 With this key building block in
hand, we next investigated its stability under the condi-
tions of resin loading on 2-chlorotrityl resin (Nova Bio-
chem). We were delighted to find that this reaction
(Scheme 1) went extremely well and multi-gram quanti-
ties of the resin-bound triazole 7 could be easily pre-
pared and safely stored. Reductive amination of the
resin-bound formyl group with a variety of amines by
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Scheme 1. Synthesis of 3,4-disubstituted triazole library molecules. Reagent


R1NH2, NaBH(OAc)3, 1% HOAc-DCE, overnight; (c) R2CO2H, PyBoP or H


R2CHO, 1% HOAc-DCE, Na(OAc)3BH, overnight; (f) R3CH2OH, Tf2O, D

sodium triacetoxy borohydride in 1,2-dichloroethane
was investigated next. The triazole formyl group reacted
with ease with a broad variety of amines as evidenced by
LC–MS and NMR spectra of resin products cleaved in
small amounts by 5% TFA in CH2Cl2. Derivatization
of the resulting secondary amines 8 with a variety of car-
boxylic acids in the presence of coupling agents such as
HATU or PyBOP gave resin-bound amides 9. Sulfonyla-
tion with aryl sulfonyl chlorides also went well producing
sulfonamides 10. Reductive alkylation of the secondary
amines 8 with a variety of aromatic aldehydes similarly
went without any difficulty producing tertiary amine
products 11. Having optimized the conditions for library
generation, we turned our attention to the development
of a synthetic methodology for the generation of N-(4-
cyanobenzyl) derivatives. We hypothesized that resin-
bound triazole derivatives 9, 10, and 11 may react with
benzyl triflates generated in situ to produce quaternary
triazole salts 12, 13, and 14. Representative resin-bound
library members were treated with freshly generated 4-
cyanobenzyl triflate at �78 �C under argon followed by
warming to room temperature and washes with methy-
lene chloride. The resultant resin samples were then sub-
jected to cleavage with weak TFA mixtures producing
desired triazole derivatives 15, 16, and 17 in excellent
overall yields after RP-HPLC purification.


The above-described findings allowed for the generation
of libraries of 3,4-disubstituted triazole derivatives with
at least three diversity generating elements (amines, car-
boxylic acids, sulfonyl chlorides or aldehydes and benzyl
alcohols).Utilizing parallel synthesis equipment and tech-
niques described in our earlier publication,13 we generat-
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ed focused libraries of disubstituted triazoles beginning
with 0.1 mmol of starting 2-Cl-trityl polystyrene resin
for each discreetmolecule. The entire sequence of synthet-
ic steps, followed by preparative HPLC purification,
yielded multi-milligram amounts of each product for
screening against FTase. Overall isolated yields ranged
from 10 to 60%.


Initially, screening was conducted at a single concentra-
tion of 100 nM of test compound in a high-throughput
screen using a K-Ras peptide substrate (biotin-
KKKKKKSKCVIM). A full dose response curve was
obtained for compounds meeting the initial potency cri-
teria in the single point screen (% inh. >75% at 100 nM)
to obtain IC50 values. Triazoles without the 4-cyanoben-
zyl group had no notable activity. Unlike many of the
Merck type analogs which contained a tertiary amine,
none of our tert-amines 17 had any significant inhibitory
activity. To our delight however, we observed potent

Table 1. Preliminary SAR data from triazoles of general structure 15


Compound R1 R2 K-Ras FTase


IC50 (nM)


15a
Br N


26


15b
O


Same as above 44


15c
OCH3


Same as above 75


15d
F


Same as above 19


15e
F


Same as above 5


15f
FF


Same as above 3.5


15g
NO2


Same as above 1.6


15h
Br O


99.3


15i Same as above


N


OCH3


96.5


15j Same as above
S


89.3


15k Same as above
O


O
61


15l Same as above
O


53.2


15m Same as above 28.3

inhibition of K-Ras farnesylation by several members
of our carboxamide 15 and sulfonamide 16 derivatives.
In general, carboxamides were more potent and we fo-
cused mainly on these analogs. Structure of the first car-
boxamide hit molecule is shown in Figure 3. This
compound with a quinoline 2-carboxamide and 4-bro-
mo phenethyl side chains 15a had an IC50 of 26 nM.
Several members of our initial library had activity and
a sense of SAR was immediately apparent as shown in
Table 1. For example, the analog with 4-methoxyphen-
ethyl chain (15c) showed weaker inhibition. On the
other hand, 4-fluorophenethyl analog (15d) had compa-
rable potency. When we prepared an analog with the 4-
phenoxyphenyl, a group commonly seen in some litera-
ture FTIs, it did not show improved potency. The benzyl
groups with electron-withdrawing substituents (15e, 15f,
and 15g) showed improvement with the nitrobenzyl ana-
log 15g demonstrating the best IC50 value of 1.6 nM.
Several of our initial library members with the 4-bromo-
phenethyl chain had groups other than the quinoline
carboxamide seen in hit molecule 15a. Presence of a
methoxy group on the quinoline ring (15i) as well as
the benzothiophene analog (15j) was threefold less ac-
tive. The 3,4-methylenedioxyphenyl analog (15k) as well
as the benzofuran (15l) were weaker but closer to the hit
molecule in potency, while the naphthalene analog
(15m) was equipotent, indicating that the quinoline N-
atom played no particular role in potency. A brief inves-
tigation for replacement of the 4-cyanobenzyl group was
then conducted. The data revealed that 4-cyano group is
indeed a must. Only other benzyl substituent on the tri-
azole N-atom with any notable in vitro activity was the
4-carboxymethyl group, while fluoro, chloro, and alkyl
substituents were poorly active (data not shown). Ana-
log 15f (IC50 = 3.5 nM; only fourfold weaker than
R115777) emerged as the molecule of choice from this

Figure 4. Docking model of compound 15f within the FTase catalytic


site. The inhibitor and the structured water molecule are represented in


capped sticks, the HFP ligand in wire, and the zinc atom by a red


sphere. The molecular lipophilic potential has been mapped onto the


Connolly surface of the cavity (blue coloring represents polar regions


and brown represents hydrophobic regions). The two benzyl substit-


uents point backward; the quinoline moiety is oriented toward the


reader.







Figure 5. Comparison of the binding modes of compound 15f (white,


docking model) and Tipifarnib (green, X-ray structure). Only the


enzyme backbone atoms of both complexes have been used to


superimpose the structures (not shown). The zinc atom is represented


by a red sphere.
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first phase of lead exploration for additional optimiza-
tion studies.


To aid optimization, we initiated a molecular modeling
study whereby 15f was docked in the FTase active site
(PDB code: 1QBQ)14,15. Compound 15f sits across the
entry of the catalytic site, precluding any endogenous li-
gands to bind (Fig. 4). Hydrophobic benzyl substituents
are buried within the cavity, while the quinoline moiety
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Figure 6. Advancement of SAR from lead structure 15f.

is oriented toward the solvent in the exit groove. Key
pharmacophoric requirements for strong binding in-
clude—(a) coordination of triazole-N1-atom with the
zinc atom, (b) interaction of carboxamide with a struc-
tured water molecule which forms a H-bond with
Phe360, (c) hydrophobic interaction of 4-cyanobenzyl
ring with the tail region of farnesyl pyrophosphate with
the cyano group itself occupying a positively charged re-
gion lined by Arg202, and (d) a double edge-to-face pi
stacking of the difluorophenyl ring residues Trp106
and Trp102.


This docking model was validated indirectly by compar-
ison with the recent X-ray structure of the ternary com-
plex FTase/Tipifarnib/FPP (PDB code: 1SA4).9


Although shorter than Tipifarnib, the scaffold of 15f
manages to simultaneously anchor the zinc atom and
the structured water molecule (Fig. 5). The two benzyl
substituents of compound 15f match closely the corre-
sponding chlorophenyl rings in Tipifarnib, while the 4-
cyano group inserts more deeply into the binding cavity.
Finally, the quinoline ring in compound 15f exploits the
exit groove, while Tipifarnib does not.


To further define this in vitro SAR in light of the docking
hypothesis, we undertook an optimization effort involv-
ing small changes to the structure of 15f via either solid-
phase or solution-phase chemistries. The corresponding
naphthalene 15nwasprepared andwas found tohave sim-
ilar potency as was seen with our earlier hit SAR (Fig. 6).
With a goal of potentially improving physical characteris-
tics such as solubility, the 5-cyano-2-pyridyl derivative 18
was synthesized. This molecule, although significantly
more polar than 15f (c log P 1.66 vs. 3.87), turned out to
have potency similar to that of the lead triazole 15f.


We were interested in going back and synthesize the exact
imidazole analog of 15f. This compound 20 was synthe-
sized utilizing chemistry identical to that for 15f, except
starting with 4-formyl imidazole. It turned out to be
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nearly 50-fold less active with an IC50 of 187 nM (Fig. 6).
We then synthesized the corresponding tetrazole deriva-
tive 21, utilizing available solution-phase chemistries,18


which was found to be completely inactive. The 5-methyl
triazole 19 was synthesized beginning with a 3-formyl-5-
methyltriazole building block (synthesis not shown) to
fully assess the SAR around the triazolemoiety. This ana-
log demonstrated improvement in FTI potency identical
to that of R115777 of 0.9 nM. The stronger potency of
this 5-methyl triazole is in keeping with our dockingmod-
el (Fig. 5), whereby the triazole-5-carbon atom is seen
pointing in the same direction as that of the imidazole ring
methyl in Tipifarnib.


In summary, we have synthesized a series of novel 3,4-
substituted triazoles utilizing a rapid and highly efficient
solid phase and parallel synthesis protocol. Although we
undertook library generation in a target focused manner,
this novel synthetic scheme possesses the potential for
generation of thousands of interesting small molecules
for lead generation purposes. Screening of our triazole li-
brary has led to identification of potent inhibitors of Ras
FTase with IC50 value identical to clinical candidate
R115777 as well as other published inhibitors. There were
no reports of triazoles as FTIs in the literature at the time
of our investigations. In fact, we explored the replacement
of the imidazole with the triazole in the 2-quinolone series
from which R115777 is derived with very promising re-
sults.19 Further investigations on the potential of the
non-quinolone series disclosed here as a potential drug
candidate will be reported shortly.
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Abstract—Novel 5-HT1 autoreceptor ligands based on the N-4-aryl-piperazinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0, 3 0:4,5]thi-
eno[2,3-d]pyrimidin-4(3H)-one core are described. Aiming at antidepressants with a novel mode of action our objective was to iden-
tify potent antagonists showing balanced affinities and high selectivity for the 5-HT1A and 5-HT1B receptors. Strategies for the
development of dual 5-HT1A and 5-HT1B antagonists based on 1 and 2 as leads and the corresponding results are discussed.
Isoquinoline analogue 33 displayed high affinity and an antagonistic mode of action for the 5-HT1A and the 5-HT1B receptors
and was characterized further with respect to selectivity, electrically stimulated [3H]5-HT release and in vivo efficacy.
� 2005 Published by Elsevier Ltd.

Major depression is a mental disorder characterized by
persistent periods of a set of symptoms such as de-
pressed mood, irritability, low self-esteem, feelings of
hopelessness and worthlessness, loss of interest in activ-
ities or pleasurable stimuli, decreased energy, and recur-
rent thoughts of death and suicide.1 The disease is
associated with considerable impairment in a patient�s
quality of life, functional disability, and loss of produc-
tivity, and poses a major public and economic health
problem.2–4


Although a number of new hypotheses have emerged
during the last years, the pathophysiological mecha-
nisms underlying depression remain poorly understood.5


Numerous clinically effective antidepressants act via
increasing extracellular serotonin (5-HT) levels either
by blocking 5-HT reuptake or degradation, thus sup-
porting the hypothesis that enhancement of 5-HT neu-
rotransmission might underlie the therapeutic response
to these different antidepressants.6,7 Today selective
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serotonin reuptake inhibitors (SSRIs) have emerged as
first-line antidepressant therapy due to their improved
side-effect profile.8 However, a major limitation of the
current SSRIs is their slow onset of action of up to six
weeks, and their lack of efficacy in more than 30% of
the depressed patients.9 Hence, there is a large medical
need for the development of novel antidepressants with
improved efficacy, faster onset of action, and better
tolerability.


Amongst the various 5-HT receptors, the 5-HT autore-
ceptors, in particular, have received considerable atten-
tion as potential targets for antidepressant action.10


5-HT efflux in the dorsal raphe nucleus is regulated by
the 5-HT1A, 5-HT1B, and 5-HT1D receptor subtypes,
each differentially located and with slightly different,
possibly even parallel, roles.11–13 Comparing the phar-
macological properties across species, only the rodent
5-HT1B subtype stands out. Rat and human 5-HT1B


receptor (the latter previously termed as 5-HT1Db) show
a single amino acid modification and were found to have
different pharmacology, whereas the pharmacological
profile for both the 5-HT1A and the 5-HT1D subtypes
was shown to be well conserved among different species.
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In contrast, and despite their relatively low homology,
the human 5-HT1D and 5-HT1B subtypes are pharmaco-
logically remarkably similar and thus are virtually indis-
tinguishable in native tissue.14


For several years 5-HT1A agonists have been evaluated
for antidepressant efficacy, but despite the fact that 5-
HT1A agonists like buspirone have been shown to exert
anxiolytic and antidepressant effects in humans, results
from clinical trials have been disappointing so far.15 In
contrast, 5-HT1A antagonists were recently shown to ex-
ert anxiolytic-like effects.16 Additional data suggest that
co-administration of a 5-HT1A antagonist accelerates
and potentiates the antidepressant efficacy of SSRIs.
However, first trials were proving to be inconsistent.17,18


Blockade of 5-HT1B/D autoreceptors has been proposed
as an alternative approach towards novel antidepres-
sants.19 Recently, the efficacy of AR-A2, a selective 5-
HT1B/D antagonist, has been demonstrated in behavioral
models of depression, and the compound is reported to
be in phase II clinical trials.20


It has been suggested that 5-HT autoreceptor activation
at least contributes to the limitations of SSRI efficacy in
two ways: reduction in 5-HT neuronal firing due to
an activation of somatodendritic 5-HT1A autoreceptors
by locally released 5-HT, and second, a reduction of
5-HT release in terminal areas resulting from increased
5-HT in the synapse activating 5-HT1B/D receptors.
Chronic antidepressant treatment will then lead to auto-
receptor desensitization, and the time required for
desensitization relates to the delayed onset of action ob-
served in antidepressant therapy.


Hence, we envisaged that a strategy for circumventing
these adverse autoinhibitory effects could be to block
the 5-HT autoreceptors simultaneously, which should
lead to a rapid and massive increase in 5-HT levels,
and is expected to result in a faster onset of action and
improved antidepressant efficacy. This hypothesis was
supported by in vivo microdialysis studies showing that
concurrent blockade of the 5-HT1A and 5-HT1B/D recep-
tor subtypes resulted in a significant and synergistic in-
crease of extracellular 5-HT in guinea pig frontal
cortex.21 However, to date, SB-272183 is the only 5-
HT1A/B/D antagonist described in the literature, but nei-
ther in vivo data nor any further development has been
reported (Fig. 1).22
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Herein, we describe the synthesis and characterization of
new 5-HT1A and 5-HT1B ligands based on the N-
aryl-piperazinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0,3 0:
4,5]thieno[2,3-d]pyrimidin-4(3H)-one core. We also
present SAR derived from modification in the aryl part
with respect to affinity, selectivity, and functional prop-
erties. Selected compounds were examined for selectivity
against a set of related cloned human receptors, in vitro
5-HT release, PK properties, and in vivo efficacy in a
behavioral model of depression.


Sequence alignment and molecular modeling23 indicated
only minor differences in the ligand binding site of 5-
HT1B and 5-HT1A receptors. Thus, our goal of achieving
combined antagonists seemed to be feasible. The tetra-
hydropyridothienopyrimidinones 1 and 2 were chosen
as attractive leads since they already offered high affinity
and the required balanced binding profile for the 5-HT1


autoreceptors, whereas functional antagonism remained
the primary goal for further optimization (Fig. 2).


Careful analysis of available SAR data led to the
hypothesis that the functional properties within this ser-
ies are determined by the nature of the N-aryl-piperazine
moiety. This hypothesis was supported by modeling sug-
gesting that the orientation of Asp95 on TM224 deter-
mines the functional properties of both the 5-HT1A


and the 5-HT1B receptors.25,26 Modeling revealed an
interaction between the isoquinolinyl-nitrogen in 1 and
Asp95, aligning the carboxyl group in the �agonist orien-
tation� (Fig. 3A); a similar model could be assembled for
the corresponding 2-methoxyphenyl analogue 2. We
hypothesized that disruption of this interaction via mod-
ification in the aryl part of the molecule would alter
Asp95 to an �antagonist� orientation. Hence, we focused
our efforts on modification of the �right-hand side� aro-
matic moiety since the tetrahydropyridothienopyrimidi-
none core and the C2 linker had been found to be
optimal with respect to 5-HT1 affinity in previous
studies.


Early on in this project a1 cross-activity had been iden-
tified as potential issue in our lead series, since inhibition
of a adrenergic receptors is known to interfere with the
cardiovascular system and thus might lead to side ef-
fects.27 Previous results in this series indicated that a1
affinity could be affected by modification in the tetrahy-
dropyridothienopyrimidinone core, either by exchange
of the N-methyl group or by variation adjacent to the
pyrimidinone carbonyl, thus impeding the interaction
between carbonyl group and the receptor. We decided,
however, to focus first on achieving the desired dual
antagonism for both the 5-HT1A and 5-HT1B receptors







Table 2. Effect of additional substituents in 2-methoxy-arylpiperazine


series


S
N


CH3
N


N


O


N
N


OMe


X


Compounds X Ki (nM)a/functionb a1 Ki (nM)a


5-HT1A 5-HT1B


2 H 0.7/AN 1.4/pA 0.4


21 5-Cl 3.0/AN 70.3/AN 0.1


22 5-OMe 24.2/AN 50.2/AN 8.4


Figure 3. (a) Modeling structure of compound 1 in the 5-HT1B receptor. Shown are the amino acid residues assembling the ligand binding site. In


green: Asp95 and Asp129, the latter binding to the piperazine N (numbering of amino acids cf. Ref. 24). (b) Structure of compound 21 in the 5-HT1A


receptor. Leu 356 (see text) is indicated in purple.
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as the more challenging, and in terms of proof of con-
cept, the more important task, and to address a1 selec-
tivity subsequently. Nevertheless, affinity data for a1
have been determined routinely for all analogues and
are included in Tables 1–4.


Scheme 1 depicts the general synthesis of N-aryl-piper-
azinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0, 3 0:4,5]thie-
no[2,3-d]pyrimidin-4(3H)-one based derivatives.28


Condensation of 4-methylpiperidine-4-one with ethyl
cyanoacetate and sulfur according to a procedure origi-
nally described by Gewald,29 assembly of the annelated
3-substituted pyrimidinone and conversion into the
chloride afforded key intermediate 5, which was further
reacted with the respective piperazine derivatives to give
final products 1, 2, and 13–41. The various (het)aryl pip-

Table 1. Variation of aryl substituent in position 2


S
N


CH3
N


N


O


N
N


X


Compounds X Ki (nM)a/functionb a1 Ki (nM)a


5-HT1A 5-HT1B


2 OMe 0.7/AN 1.4/pA 0.4


13 CH3 2.9/AN 3.5 / pA 1.7


14 Ph 4.1/pA 1.1/AN 1.1


15 Cl 2.8/pA 1.7/pA 1.0


16 CN 2.5/pA 1.4/A 1.8


17 OiPr 0.7/pA 2.5/AN 0.1


18 O 2.5/pA 5.4/AN 0.2


19 OPh 0.9/pA 1.1/pA 0.5


20 OBzl 1.9/pA 1.2/pA 4.0


a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34


23 5-CH3 5.6/pA 11.9/AN 12.1


24 5-CF3 103.9/nd 42.3/nd 18.0


25 5-Ph 429.0/nd 116.4/nd 0.1


26 4-Cl 18.8/pA 3.3/AN 0.5


27 3-Cl 2.5/pA 0.5/pA 7.0


a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34

erazines applied in the synthesis were prepared following
one of the routes as exemplified in Scheme 2 for interme-
diates 8 and 12. Nucleophilic amination according to
Buchwald-Hartwig30 using tert-butyl piperazine-1-car-
boxylate (quinoline-, isoquinoline-piperazines, and
benzothien-7-ylpiperazine, cf. Scheme 1) with subse-
quent deprotection, or assembly of the piperazine start-
ing from the corresponding aniline precursor using
bis(chloroethyl)amine (various substituted aryl pipera-
zines, 2,3-dihydro-1-benzofuran-7-ylpiperazine31), gave
the desired piperazine derivatives. The required starting
materials were either commercially available or prepared
according to generally known procedures.32







Table 4. SAR within the quinoline and isoquinoline series


S
N


CH3
N


N


O


N
N


R


Compounds R Ki (nM)a/functionb a1 Ki (nM)a


5-HT1A 5-HT1B


1 N 0.7/pA 0.5/pA 41.1


33
N


4.7/AN 2.5/AN 13.7


34


N


6.5/AN 9.7/AN 118.1


35


N


1.5/AN 1.7/pA 26.7


36
N


0.9/pA 0.9/pA 129.1


37 N 0.3/pA 0.1/pA 1.2


38
N


0.2/pA 0.3/pA 1.2


39 N


N


93.4/AN 319.6/A 6780


40
N


9.1/pA 36.6/pA 121.1


41 0.7/pA 0.5/pA 13.2


a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34


Table 3. SAR of poly-substitued or bicyclic (het)aryl substituents


S
N


CH3
N


N


O


N
N


R


Compounds R Ki (nM)a/


functionb
a1 Ki (nM)a


5-HT1A 5-HT1B


28


OMe


Cl
Cl


2.5/pA 4.9/AN 0.2


29
OMe


Cl Cl


25.8/A 3.8/pA 14.8


30
OMe


11.8/pA 5.4/pA 4.5


31 O 0.6/pA 0.5/AN 0.2


32
S


0.4/pA 0.4/AN 0.5


a Values are geometric means of two or three experiments.
b AN = antagonist, pA = partial agonist, A = agonist as described.34
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Final compounds 1, 2, and 13–41 were evaluated for
receptor affinity via radioligand binding assays using hu-
man recombinant 5-HT1A, 5-HT1B, and a1 receptors.33


Furthermore, affinity for the human recombinant 5-
HT1D receptor was determined routinely. As expected,
affinity for 5-HT1D was found to parallel 5-HT1B affini-
ty, hence for reasons of clarity these data have not been
included in the SAR tables. Functional profiles were
determined for compounds displaying Ki values for 5-
HT1A and 5-HT1B <100 nM using either [35S]GTPcS
binding (5-HT1A) or FLIPR (5-HT1B co-expressed with
the G-protein chimera Gqo5 in HEK293 cells). Assign-
ment of functional properties in vitro was calculated as
percentage of the maximal response to 5-HT (Emax),
and an intrinsic activity qualifier was assigned.34 The re-
sults are depicted in Tables 1–4.


Following our hypothesis of Asp95 interaction as main
determinant for intrinsic activity, we started with simple
modification of the 2-methoxy group in 2 to explore ba-
sic SAR for this substituent (Table 1, compounds 13–
20). Whereas methyl analogue 13 retained the affinity
and efficacy of 2, phenyl analogue 14 unexpectedly
showed reversed intrinsic activity for the 5-HT1A and
5-HT1B receptors, respectively, an effect which is not
understood. Exchange of methoxy with electron-with-
drawing substituents (15, 16) resulted in retained affinity
but shifted the intrinsic activity for both receptor sub-
types to (partial) agonism. Variation of the alkoxy sub-
stituent (17–20) again led to reversed intrinsic activity

for 5-HT1A and 5-HT1B in the case of the alkyl ana-
logues (17, 18), whereas the phenoxy and benzyloxy
derivatives 19 and 20 were shown to be partial agonists
in vitro.


Next, we examined the effect of additional substitution
in the aryl moiety of 2 (Table 2). Starting with chlorine
as substituent, 2-methoxy-5-chloro analogue 21 dis-
played the desired antagonist profile. Modeling of 21
suggested that the 5-chlorine atom interferes with
Leu356 residue on TM6, shifting the benzene ring of
21 toward TM2 so that there is no room for the interac-
tion of the 2-methoxy group with Asp82 via a water
molecule (Fig. 3b). As a consequence, the Asp82 side-
chain conformation is changed, and compound 21 is
an antagonist at both the 5-HT1A and 5-HT1B receptors.
However, the achievement of dual antagonism was asso-
ciated with a 50-fold reduction in affinity versus 5-HT1B.
A similar trend, although more pronounced in the case
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Scheme 2. Reagents and conditions: (a) NBS, H2SO4/�20 �C (52%); (b) tert-butyl piperazine-1-carboxylate, NaOtBu, BINAP, Pd2(dba)3, toluene


80 �C (72%); (c) TFA, CH2Cl2 (91%); (d) BuLi, TMEDA, CO2, n-heptane/�70 �C to rt (70%); (e) NaN3, TFA, TFAA/rt; (f) NaOH, CH3OH/reflux


(58% from 10); (g) bis(chloroethyl)amine hydrochloride, chlorobenzene/reflux (91%).
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Scheme 1. Reagents and conditions: (a) S8, ethyl cyanoacetate, morpholine, EtOH/60 �C (89%); (b) triethyl orthoformiate, acetic acid anhydride


reflux; (c) aminoethanol, EtOH/reflux; (d) SOCl2, dichloroethane/rt (61% from 4); (e) N-arylpiperazine, NaBr, DIEA, NMP/110 �C.
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of 5-HT1A, was observed with the corresponding 2,5-di-
methoxy derivative 22. Ki values >50 nM for 5-HT1B


prevented us from further advancing compounds 21
and 22. Additional variation in position 5 either led to
partial agonism toward the 5-HT1A receptor (23) or
resulted in a significant loss in affinity for all 5-HT1


receptor subtypes in parallel (24, 25). Migration of the
additional chloro substituent to the 4- or 3-position
(26, 27) again enhanced especially 5-HT1B affinity, with
2-methoxy-3-chloro analogue 26 showing the most bal-
anced affinity in this series. To exploit the beneficial ef-
fect observed for 5-chloro substitution in 21, analogues
featuring increased bulk in the aryl moiety were pre-
pared (Table 3). The corresponding bis-chloro ana-
logues 28, and 29 and naphthyl derivative 30 showed
improved 5-HT1B affinity, but none of these compounds
retained the initial promising functional profile of 21 or
22. Constraining the methoxy group of 2 by incorpora-
tion into a dihydrofuran ring (31) led to high affinities
for all three 5-HT1 receptor subtypes, but also for a1.
Dihydrofuran 31 displayed antagonism for 5-HT1B,
but only partial agonism for 5-HT1A. A similar result
was obtained with the corresponding thienyl analogue
32. All analogues from the �aryl series� (Tables 1–3) were
found to show low a1 selectivity, which was only mar-
ginally affected by variation in the aryl moiety.


We then directed our efforts to the related quinoline ser-
ies as alternative approach (Table 4). Based on 1 as
starting point migration of nitrogen around the ring sys-
tem (entries 33–38) revealed that N in the 3- or 4-posi-
tion resulted in the desired antagonist profile for 5-
HT1A and 5-HT1B. As already observed for analogue
21, affinity was diminished, in this case by a factor of
5–20. Binding affinity in this series was highest for deriv-
atives 1, 37, and 38, but these analogues did not exhibit
the desired functional profile. Combination of the favor-
able features from 1 and 34 by incorporating N in the
2- and 4-position in quinazoline 39 led to dramatic
reduction in affinity. Exchange of the N-location and
the piperazine linkage (40) resulted in diminished affini-
ty, again especially pronounced in the case of 5-HT1B.

/


/


The corresponding naphthyl analogue 41 again showed
high affinity, but did not display balanced antagonism.
Besides the effects already discussed here, we found that
most of the compounds from the quinoline/isoquinoline
series (Table 4) showed a1 selectivity higher than those
of their corresponding �aryl� analogues (Tables 1–3).


Summarizing the data presented in Tables 1–4, most
analogues derived from aryl variation in 1 and 2 re-
tained the high affinity for the 5-HT1A/B receptors. With
respect to intrinsic activity, the SAR we obtained is
inconclusive for both the 5-HT1A and 5-HT1B receptors.
Whereas the dual antagonist profile of compounds like
22, 23, or 33 corroborates our initial working hypothe-
sis, the intrinsic activity observed for compounds such
as 30 or 41 does not comply with our functional model.
One explanation for this discrepancy could be a different
binding mode of these analogues. Nevertheless, these re-
sults either reflect the difficulties in predicting the mode
of action and/or reveal our incomplete understanding of
the correlation between 5-HT1A/B structure and func-
tion, respectively.


Based on the results depicted in Table 5 (Ki values 5-
HT1A/B <10 nM and an antagonist mode of action for
5-HT1A and 5-HT1B), compounds 33 and 34 were
selected for further characterization. Affinity for the
corresponding rat receptors was found to be in a com-
parable range for 5-HT1A, and about a factor of 10
lower for 5-HT1B with Ki values for r5-HT1A of
16.3 nM (33) and 23.0 nM (34), and for r5-HT1B of
33.1 nM (33) and 116.8 nM (34). Although displaying
limited selectivity versus a1 adrenoceptors, selectivity
of at least 50-fold against related human serotonergic
and dopaminergic receptors was observed (Table 6).
Moreover, at concentrations of up to 10 lM no inhi-
bition of monoamine transporter function was found
(5-HT, dopamine or norepinephrine transporters; re-
sults not shown). To further evaluate the effect on
5-HT autoreceptor function, compounds were investi-
gated for their ability to influence electrically stimu-







Table 5. Functional profiles for 33 and 34


Compounds [35S]GTPc S Emax (%) 5-HT1AIC50 (nM)a FLIPR Emax (%) 5-HT1B IC50 (nM)a


33 4 316 7 35


34 6 1304 9 85


a Values are geometric means of two or three experiments.


Table 6. Counter screening results for 33 and 34


Receptor Ki (nM) 33 34


5-HT2A 180 1.200


5-HT2C >10.000 5.500


5-HT5A >10.000 >1.000


5-HT7 520 4.480


D3 1.180 1.300


D2L 1.200 1.460


a1 13.7 118


Values are geometric means of two or three experiments.
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lated [3H]5-HT-release from rat brain cortical slices.
At concentrations of 0.1 and 1 lM, compound 33
evoked a dose-dependent increase of [3H]5-HT-release
confirming the antagonist mode of action. Pharmaco-
kinetic studies of 33 in rat showed metabolic stability
and bioavailability after iv- and po-dosing (2 and
10 mg/kg, respectively), and good CNS penetration
(10 mg/kg po; F: 11 %; brain plasma ratio of 10.2/
AUC0–8h). Upon in vivo examination in the mouse
forced swim test, a behavioral model to assess antide-
pressant efficacy,35 compound 33 did not show any
significant activity up to 30 mg/kg ip.


Nevertheless, tool compound 33 will be examined in
additional behavioral assays and different species to
confirm our hypothesis and to further validate the ratio-
nale for the synthesis of dual 5-HT1A/B antagonists.


In summary, we have identified novel and potent com-
bined 5-HT1 autoreceptor ligands containing the N-4-
aryl-piperazinyl-N 0-ethyl-5,6,7,8-tetrahydropyrido[4 0,
3 0:4,5]thieno[2,3-d]pyrimidin-4(3H)-one core. The
compounds prepared displayed affinities in the low nano-
molar range for human 5-HT1A, 5-HT1B, and 5-HT1D


receptor subtypes. Furthermore, several analogues
exhibited an antagonist mode of action for both the 5-
HT1A and 5-HT1B receptors. In general, the structural
modifications we applied had only limited effect on in vi-
tro binding, but major impact on the intrinsic activity for
the 5-HT1A and 5-HT1B receptor subtypes. Although we
achieved our initial goal, the rational design of balanced
5-HT1A/B antagonists still presents a major challenge
since the SAR with respect to the mode of action is not
fully understood. Compounds 33 and 34 were chosen
as most promising representatives and submitted to fur-
ther characterization in in vitro and in vivo testing. In
counter screening, both compounds showed high selec-
tivity against a set of related receptors with the exception
of a1 adrenoceptors. Although 33 was shown to increase
[3H]5-HT release from rat brain cortical slices, an antide-
pressant-like effect in vivo in the mouse forced swim test
could not be demonstrated. Further studies using 33 as
tool compound will be conducted to evaluate the poten-
tial of dual 5-HT1A/B antagonists.
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Abstract—Random libraries of mRNA 5 0-leader sequences were screened to obtain some sequences that can stimulate the
translation initiation in a cell-free translation system from wheat embryos as efficiently as the X sequence from tobacco mosaic virus.
Several sequences that are as useful as the X sequence and are homologous to no known sequences survived the screening.
We expect that these sequences add useful options to the cell-free protein synthesis system that is becoming a powerful tool in
the post-genomic researches.
� 2005 Elsevier Ltd. All rights reserved.

The X sequence from tobacco mosaic virus is one of the
most frequently used mRNA 5 0-leader sequences that
can enhance downstream translation in in vivo and in vi-
tro experiments.1–7 It is a 68-nt sequence that includes
three direct repeats and a C/A-rich region usually denot-
ed by (CAA)n or poly(CAA). We have also used the
sequence for the development of a high-performance
cell-free protein synthesis system from washed wheat
embryos,8,9 in which mRNAs with a 5 0-untranslated re-
gion (5 0-UTR) with a GAA trinucleotide at the 5 0 termi-
nus followed by the X sequence (GAA-X) can be
translated efficiently, as well as the capped mRNAs.
The use of GAA-X has facilitated the production of
many different proteins encoded by PCR-generated
DNA fragments in parallel and large-scale synthesis of
proteins encoded by a gene on a pEU plasmid.9,10 Thus,
the method is becoming a powerful tool for the post-
genomic protein functional and structural analyses.11–15


The 5 0-UTR sequence may be easier to handle if it is
shorter, and an alternative to the X sequence for the

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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5 0-UTR for the use in the cell-free protein synthesis
system may add some flexibility to the application of
the method. Thus, some sequences that can be used as
substitutes for GAA-X would be beneficial.


It has been suggested that the function of the (CAA)n re-
gion overlaps with the cap and the poly(A) tail,7 which is
consistent with our observation that the polysomes are
formed with the GAA-X-containing mRNAs that lacks
the cap and poly(A) in our cell-free translation system.8


The function of the tandem repeats overlaps and is
weaker than the function of (CAA)n.


4 These functional
redundancies might mean that the sequence has survived
natural situations under which a much more efficient
translation is required than under normal experimental
conditions. If so, many different and/or shorter sequenc-
es are expected to enhance translation initiation in the
cell-free protein synthesis system. Thus, in the present
study, we selected random libraries of 5 0-UTR sequences
with the use of the cell-free protein synthesis system.


To begin with, we prepared three DNA pools having a
22-nt stretch of B (an equimolar random mixture of T,
C, and G), V (A, G, and C), or H (A, T, and C) bases
upstream of a luciferase coding sequence and a 1.6 kb
3 0-UTR, which could be transcribed under the control
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of an SP6 RNA polymerase promoter (Fig. 1A). No ini-
tiation codon should appear in the random region be-
cause at least one of the three nucleotides constituting
the AUG codon is lacking. The library size is 3 · 1010,
which is much smaller than the number of molecules
in the initial DNA pool. The mRNA pools produced
from these DNAs have a 5 0-UTR of 37 nucleotides.
These were translated in the cell-free system, and the
incorporation of [14C]Leu into luciferase was measured
(Fig. 1B). The result showed that all of the three libraries
have significant template activities, and that the H
library is the most efficient. The polysome profiles of
these translation mixtures (Fig. 1C) also showed that
the H library resulted in the formation of large
polysomes with the highest efficiency.


We have not identified the reason why the H library as a
whole had a much higher polysome-forming activity

Figure 1. Random libraries and their template activities in the wheat germ ce


The B, V, and H libraries have the 5 0-UTR sequence shown in the table, where


bases other than A, T, and G, respectively. GAA-X was the same as in a previ


H libraries as compared with that of the transcript from GAA-X, determined


translation essentially as described.9 (C) Polysome profiles during the cell-free


19 correspond to the polysomes. Open circles show the data for GAA-X-co
show the data for the B, V, and H libraries, respectively.


Figure 2. Polysome-mediated selection of 5 0-UTRs that enhance the initiation


cycle. (B) The template activities of the mRNA pools after each selection rou


round. Open circles and squares represent the data for the GAA-X-containing
open triangles, and filled circles show the profiles for the first, second, third

than the other libraries, while it is possible that the
RNA molecules from the B and V libraries had a much
higher probability to form secondary structures that
may inhibit translation initiation.16 We have shown that
the 5 0-terminal trinucleotide affects the translation effi-
ciency with the X sequence, and the GAA sequence is
the best.9 We adopted the trinucleotide also in the pres-
ent study for convenience, and it worked.


Then, the polysomes from the translation mixture with
the H library were isolated, and the mRNA was recov-
ered. The selected sequences were reverse-transcribed
and amplified by PCR. This completed a cycle of selec-
tion (Fig. 2A). In the same way, three more selection
cycles were performed. During these selection cycles,
the template activity of the mRNA pools increased
(Fig. 2B), and the polysome fraction during the cell-free
translation grew larger (Fig. 2C). We stopped the

ll-free protein synthesis system. (A) The DNA pools used in this study.


�(B)22,� �(V)22,� and �(H)22� represent random 22-nt stretches of the three


ous study.9 (B) Template activities of the transcripts from the B, V, and


from the incorporation of [14C]Leu into luciferase during the cell-free


translation of the library mRNAs. The peaks appeared before fraction


ntaining sequence, and open squares, open triangles, and filled circles


of translation efficiently. (A) Schematic representation of the selection


nd. (C) Polysome profiles of the 30-min translation mixture from each


sequence and the H library, respectively. Filled squares, filled triangles,


, and fourth round pools, respectively.







Figure 3. Incorporation of [14C]Leu into GFP during 3-h cell-free


syntheses as related to the added concentration of mRNA. Open


symbols show the data for the capped mRNAs that were synthesized


with a cap analog as described.8 Filled symbols show the data for the


mRNAs with no cap structure. Squares, GAA-X; triangles, E01;


circles, E02.
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selection after the 4th round because the template activ-
ity reached almost the same level as that of the GAA-X
mRNA.


This is the first demonstration of the selection of func-
tional sequences from a random library by use of the
protein synthesis system prepared from the washed
wheat embryos. This was possible probably because
the extract contains only trace amounts of translation
inhibitors originating from endosperm, such as tritin,
thionin, and degrading enzymes. It was observed that
the efficiency of protein synthesis in this system depends
primarily on the efficiency of the initiation reaction,
which is dependent on the sequence in the UTR of the
added mRNA molecule.9


We sequenced 95 clones from the 4th-round pool and
found that all of them were different from each other
(see Supplementary material 2). Thus, a large number
of different sequences survived after the selection as
expected. It is obvious that a large fraction in the initial
H library had high activities. The template activities of
the individual clones were measured. We found here that
the best clone (G11) had an activity lower than that of
the GAA-X mRNA (Table 1, A), even though the activ-
ity of the mixture in the selected pool was almost the
same as that of the GAA-X-containing mRNA. There-
fore, we tested if the template activity could be improved
by some combinations of the selected sequences, which
should lengthen 5 0-UTR (Table 1B–F). We found that
a combination of G01 and G11 had almost the same
activity as GAA-X (Table 1D). Therefore, some minimal

Table 1. Relative translation enhancer activities of the selected sequences as


Name 5 0-UTR sequence


A G11 GAACUCACCUAUCUC


AUACAACUUUCAACUUCCUAUU


B G11-E08 GAACUCACCUAUCUC


AUACAACUUUCAACUUCCUAUU


AUAUUAUUAACCCUUUUCAAAU


C E08-G11 GAACUCACCUAUCUC


AUAUUAUUAACCCUUUUCAAAU


AUACAACUUUCAACUUCCUAUU


D G11-G01 GAACUCACCUAUCUC


AUACAACUUUCAACUUCCUAUU


UCUACACAAAACAUUUCCCUAC


E G01-G11 (E02) GAACUCACCUAUCUC


UCUACACAAAACAUUUCCCUAC


AUACAACUUUCAACUUCCUAUU


F C05-E08-G11 GAACUCACCUAUCUC


UACACAUACAAUCUAAUUCCCU


AUAUUAUUAACCCUUUUCAAAU


AUACAACUUUCAACUUCCUAUU


G 6 (E01) GAACUCACCUAUCUCCCCAACACC


UAAUAACAUUCAAUCACUCUUUCC


UAACCACCUAUCUACAUCACCAA


H 40 GAACUCACCUAUCUCCUAUAAACC


CACCUUACCAAUCUCCACAUUCAA


UCUCUCCCCUUACCCUCAUCACA


I 91 GAACUCACCUAUCUCCCAACACCA


AUACCAACUCCACUCACCUAUCUCC


CCUCACACACACUUUUCCAUCCA

length or functional redundancy may be required for the
full activity. This is analogous to the case of the X se-
quence in which the two copies of the 25-nt (CAA)n ele-
ments had the full activity, while one copy does not, in
an in vivo experiment.4 The G01–G11 sequence will be
denoted hereafter by E02.

compared to that of GAA-X


Length (nt) Translational activities to GAA-X (%)


37 69


59 87


59 91


59 101


59 105


81 98


73 100


AC


73 97


UA


73 90


A
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We also selected a longer library with a 57-nt random re-
gion containing A, C, and T (the H 0 library). This result-
ed, after a 3-round selection of polysome-generating
mRNA molecules, in a sequence that enhances the
translation as efficiently as the GAA-X and E02
sequences (Table 1G–I). This time, no manual combina-
tion of the most efficient sequences was required. This
also suggested that some minimal length in 5 0-UTR
may be required. The most effective sequence (Table
1G) will be denoted hereafter by E01.


We could not find any similarity to X or other known
5 0-UTR sequences in the selected sequences. Thus,
E02 and E01 may be the first non-natural sequences

Figure 4. An SDS gel showing the products of a large-scale 48-h cell-


free protein synthesis. The mRNA was prepared by transcription of


the plasmid harboring each 5 0-UTR sequence upstream the GFP gene.


Transcription and translation in the dialysis mode was performed as


described previously.9 The arrow shows the bands of GFP.


Table 2. Relative translational activities of different mRNAs


3 0-UTR Length (nt)


A. Luciferase mRNAs with different 3 0-UTRs


pT7-Blue 96-1696 1600


pT7-Blue 1383-96 1600


pEU 814-2467 1653


Protein Molecular we


B. mRNAs encoding different proteins


Homo sapiens


Neuron-specific c-2 enolase 47,266


f-Crystallin/quinone reductase 35,205


Enolase 3 46,956


Arabidopsis thaliana


Flowering locus T 19,808


Flowering locus F 21,864


Chlorophyllase 2 34,902

that stimulate downstream translation in a plant
system.


The optimal range of the concentration of the GAA-X-
containing mRNAs in the translation mixture is general-
ly much broader than in the case of the capped
mRNAs.9 This property is essential for the parallel pro-
duction of many different proteins from cDNA libraries
because it minimizes the effort to measure the concentra-
tions of the transcription products before adding them
to the translation reactions. Thus, we tested the concen-
tration-dependence of [14C]Leu incorporation into a
protein with the E01 and E02 mRNAs (Fig. 3). The re-
sult showed that the dependences are almost the same as
that for the GAA-X mRNA. Therefore, these sequences
have the prerequisite for the high-throughput protein
production.


Then, we constructed plasmid vectors harboring the E01
and E02 sequences (pEUE01 and pEUE02, respectively)
similar to pEU with the GAA-X sequence.9 These were
used to synthesize green fluorescent protein by a dialysis
method, and the products were analyzed on an SDS gel
(Fig. 4). The result showed that both of these plasmids
are as useful as the original pEU in the large-scale pro-
tein production.


It was also revealed that the sequence of the 3 0-UTR was
not important in the cell-free translation with the GAA-
X-containing mRNAs for the high efficiency of transla-
tion, while the length should be larger than 1.6 kb.9 It
has been considered that this feature of the GAA-X se-
quence is advantageous because a DNA fragment that
can be used to obtain a sufficiently active mRNA prep-
aration through in vitro transcription could be synthe-
sized by a PCR with a cDNA plasmid used for DNA
sequencing. Thus, we tested if the E01 and E02 sequenc-
es are also compatible with different sequences with the
length of about 1.6 kb as the 3 0-UTR (Table 2A). The
results showed that the sequences other than that from
pEU could also be used.

Relative activities to GAA-X (%)


E01 E02


104 109


105 115


96 107


ight Relative activities to GAA-X (%)


E01 E02


99 100


98 101


104 111


99 97


98 100


99 110
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With the GAA-X sequence, the mRNA templates could
be produced from cDNA libraries by a split-primer PCR
method, which facilitates parallel production of many
different proteins. We now performed the split-primer
procedure with the use of the selected sequences (Table
2B). The results showed that E01 and E02 had the same
performance as GAA-X, no matter what is the ORF
sequence.


In conclusion, E01 and E02 can be used as substitutes
for GAA-X: they can be used both for the PCR-based
high-throughput protein synthesis and for the large-
scale massive protein production. It was also demon-
strated that our cell-free protein synthesis system could
be applied to a screening of functional molecules from
random libraries. We expect that the selected sequences
will be used to explore the world of proteins and that the
screening method will be utilized for seeking out new
functions of biological macromolecules.
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Abstract—As part of our efforts to identify potent HIV-1 protease inhibitors that are active against resistant viral strains, structural
modification of the azacyclic urea (I) was undertaken by incorporating acyl groups as P1


0 ligands. The extensive SAR study has
yielded a series of N-acyl azacyclic ureas (II), which are highly potent against both wild-type and multiple PI-resistant viral strains.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. Design of rational and structures of ritonavir, azacyclic

Inhibition of human immunodeficiency virus (HIV) pro-
tease is one of the most important approaches for the
intervention of HIV infection.1 A novel series of highly
potent azacyclic urea HIV-1 protease inhibitors (I)2 were
designed and synthesized by Abbott chemists based on
the linear aza protease inhibitors3 and the DuPont
Merck�s C-2 symmetric cyclic ureas.4 However, the bio-
availability of this series is very low, seldom exceeding
10%. The metabolism studies revealed that efficient
hepatic oxidation of the carbon atoms a to the aza link-
age may be contributing to the poor pharmacokinetics.
To prevent this unfavorable oxidation, an acyl group
was utilized instead of the benzyl or alkyl group as P1


0


ligands. The extensive SAR study has yielded a series
of N-acyl azacyclic ureas (II), which exhibits excellent
protease inhibition and antiviral activity against wild
type HIV. Furthermore, we have recently found that
this series of compounds also retain high activity against
some highly resistant strains. For example, inhibitor II-
15 holds EC50 values of 54 and 65 nM against the indi-
navir-resistant (Ind-R)5 and lopinavir-resistant (A17)6


viruses. This degree of activity represents a more than
10-fold improvement over lopinavir (see Fig. 1).
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ureas, and N-acyl azacyclic ureas.

The synthesis of N-acyl azacyclic ureas is outlined in
Scheme 1. Opening of 2S,3R-epoxide 17 with Cbz-pro-
tected benzylhydrazine 28,9 provided compound 3 in
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Table 1. HIV-1 protease inhibitory and antiviral activities of N-acyl azacyclic ureas-R3modifications


N
N
N


O


R3


HO
Ph


HO


MeO OMe


OH


Compound R3 IC50 (nM) or %


inhibition at


0.5 nM


EC50 (lM) Compound R3 IC50 (nM) or %


inhibition at


0.5 nM


EC50 (lM)


0% HS 50% HS 0% HS 50% HS


II-1 O 73% 0.009 0.027 II-13
OMeO


67% 0.004 0.062


II-2
O


66% 0.003 0.060 II-14
OMe


OMe


O
72% 0.015 0.047


II-3
N


O
7.9 0.572 0.490 II-15


O


OO
73% 0.004 0.056


II-4
N


NHO 6.1 1.49 3.22 II-16
F


O
67% 0.004 0.028


II-5
O


O
76% 0.009 0.077 II-17 N


O
1.2 0.212 0.546


II-6
N


OO
3.8 0.308 0.576 II-18


N


O
58% 0.054 0.353


II-7 N
O


O
2.1 0.086 0.480 II-19


O


O
73% 0.003 0.016


II-8 OO
53% 0.929 5.15 II-20


O


O
68% 0.009 0.018


II-9
O


55% 0.004 0.028 II-21
S


O
64% 0.004 0.056


II-10
O


75% 0.005 0.027 I-1 81% 0.004 0.029


II-11
OH


O
73% 0.061 0.165 Ritonavir 79% 0.022 0.483


II-12
OMe


O
67% 0.006 0.048 Lopinavir 93% 0.016 0.067
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Scheme 1. Reagents and conditions: (a) i-PrOH, reflux, 48 h; (b) SEM-Cl, (i-Pr)2NEt, CH2Cl2, rt, overnight; (c) H2, 10% Pd–C, MeOH, rt, 4 h; (d)


CDI, CH2Cl2, rt, 6 days; (e) H2, 10% Pd(OH)2/C, MeOH, rt, 2 h; (f) R3COCl, pyridine, CH2Cl2, rt; (g) R
2X, KOtBu, THF, rt; (h) R1X, NaH, DMF,


rt; (i) 4 N HCl, MeOH, rt.
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Table 2. HIV-1 protease inhibitory and antiviral activities of N-acyl azacyclic ureas-R1 and R2 modifications


N
N
N


O


R3


R2R1


HO
Ph


Compound R1 R2 R3 % inhibition at 0.5 nM EC50 (lM) 0% HS


II-22
HO HO


O
76a 0.017


II-23
MeO


H2N NH2


OMe O
88a 0.053


II-24
H2N


N
OH


O
73a 0.045


II-25
H2N


N
OH


N
H


N O
90a 0.074


II-26
H2N


N
H


N O
74a 0.013


II-27 N
H


N O
66a 0.045


II-28
N
H


N


NH2
O


48a 0.050


II-29
HO HO


O 65b 0.030


II-30
H2N H2N O 66b 0.037


II-31
H2N H2N


O 56b,c 0.150


a At pH 7.0.
b At pH 4.5.
c At 1.0 nM.
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74% yield. The secondary hydroxy group was protected
as its SEM-ether 4. After deprotecting the Cbz groups
via hydrogenolysis, the resulting diamine 5 was cyclized
with 1,1 0-carbonyldiimidazole (CDI) in methylene chlo-
ride to give the azacyclic urea 6 in 62% yield. The N-ben-
zyl group was successfully removed by palladium
hydroxide catalyzed hydrogenolysis in quantitative yield
to afford the key intermediate 7. Acylation of the same
nitrogen provided N-acyl azacyclic urea core 8. Unsym-
metrical alkylation of the urea nitrogens was accom-
plished in two steps. Deprotonation with potassium
tert-butoxide in THF followed by addition of halide
provided mono alkylated product 9. Compound 9 was
then reacted with sodium hydride and second halide in
DMF to afford the diakylated product 10. The com-
pounds with identical R1 and R2 substituents were made
by deprotonation with sodium hydride followed by
addition of 2 equiv of halide. Finally, the SEM ether
was removed with 4 N hydrochloric acid in methanol
at room temperature to give the series of acyl azacyclic
ureas II.12


The acyl azacyclic ureas were tested in enzyme inhibition
and whole cell antiviral assays.10 The results are shown

in Tables 1 and 2. Compared to the most potent azacy-
clic urea (I-1)2, the acyl analogs displayed similar cellu-
lar antiviral activities. Acyl azacyclic ureas retained
excellent activity in the presence of 50% of human ser-
um. For most of acyl azacyclic ureas, the serum effect
is modest and the activity is about 3- to 8-fold decreased
(Table 1).


In addition to antiviral potency against wild type HIV,
the activity against multiple drug resistant viral strains
is a very important criterion for selecting next genera-
tion protease inhibitors. Despite the efficacy of current
protease inhibitors containing antiretroviral regimens,
some failures do occur due to the development of viral
resistance. Selected acyl azacyclic ureas were tested
against multiple drug resistant strains IND-R5 and
A17.6 A number of compounds displayed excellent
activity, with up to 15-fold improved potency over Lop-
inavir (Table 3).


Molecular modeling and X-ray crystal structures were
used to understand the SAR. The crystal structure of
II-11 (Fig. 2, PDB entry 2A4F)11 reveals a binding mode
essentially identical to that of I-1 (PDB entry 1PRO).2b
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Figure 3. Overlap X-ray crystal structures of the N-acyl azacyclic urea


II-11, and azacyclic urea I-1 in complex with HIV-1 protease.


Table 3. Antiviral activities of N-acyl azacyclic ureas against HIV wild


type and resistant mutant virus


Compound EC50 (lM)


WT INDa A17b


II-1 0.009 0.094 0.586


II-2 0.003 0.132 0.367


II-7 0.086 1.04 >10


II-9 0.004 0.049 0.102


II-12 0.006 0.088 0.133


II-15 0.004 0.054 0.065


II-16 0.004 0.164 0.189


II-19 0.003 0.081 0.455


II-20 0.009 0.227 0.562


II-22 0.017 0.014 0.192


II-23 0.053 0.504 0.464


II-24 0.045 — 2.02


II-25 0.074 0.058 0.084


II-26 0.013 0.023 0.098


II-27 0.045 0.821 1.07


II-28 0.050 0.102 0.897


II-29 0.030 0.171 0.312


II-30 0.037 — 2.07


II-31 0.150 — —


I-1 0.004 — —


Ritonavir 0.022 — 1.24


Lopinavir 0.016 0.385 1.06


a IND-R: L10R/M46I/L63P/V82T/I84V.
b A17: L10F/V32I/M46I/I47V/Q58E/I84V.
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Figure 2. X-ray crystal structure of the N-acyl azacyclic urea II-11 in


complex with HIV-1 protease.
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The 3-OCH3/4-OH makes the same hydrogen bonds
with the main chain N–H groups of Asp29, Asp30,
Asp29 0, and Asp30 0. The hydroxyl group of the azacy-
clic urea is oriented between the catalytic aspartates of
Asp25 and Asp25 0. The carbonyl oxygen of the azacyclic
urea core is hydrogen bonded to the main chain N–H of
Ile50 and Ile50 0. The phenyl ring makes van der Waals
interactions with Gly49 0, Val82, and Ile84. The differ-
ence between II-11 and I-1 is the P1


0 side chain. The acyl
oxygen is not making a direct contact to the protein, it is
3.8 Å from the main chain N–H of Ile50, the closest pro-
tein atom. The remainder of the acyl side chain makes
van der Waals contact with Leu23 0, Val82 0, and Pro81 0.
The terminal para-hydroxyl group on the acyl side chain

is solvent exposed, not making direct protein contacts.
These interactions may contribute to the excellent activ-
ity of this series against the resistant viral strains (see
Fig. 3).


Preliminary pharmacokinetic evaluation indicated that
compounds in this series still have relatively low bio-
availability (0–23.2%), even upon co-dosing with ritona-
vir, in spite of the blockage of the putative oxidative N-
dealkylation. The observed poor pharmacokinetics of
the acyl azacyclic ureas may be a consequence of very
low solubility rather than a result of metabolic path-
ways. Further experiments are underway to ascertain
this hypothesis and results will be reported separately.
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Araújo-Jr, J. X. 1169
Araya, E. 1493
Araya, T. 4932
Arban, R. 3713
Ardecky, R. 51
Arellano, M. 833, 2541,


3434, 4615, 5237
Argentieri, T. M. 2495
Arik, L. 1333, 2119
Arkin, M. R. 983
Arnaiz, D. O. 4752


Arnold, E. P. 2974, 4889
Arora, J. 5253
Arora, S. K. 1573, 1923,


1927, 3002, 3592, 4261
Arslan, O. 4862
Arya, Dev. P. 3467
Asada, S. 5230
Asberom, T. 2365
Aschenbrenner, A. 2876
Asgharian-Rezaee, M.


1983
Ashton, P. 3524
Ashton, T. D. 3361
Ashton, W. T. 2253
Aslanian, R. 1375, 3020
Aspiotis, R. 3352, 3886
Aspland, S. E. 2477
Aster, S. D. 4359
Atack, J. R. 4998
Athar, F. 5424
Atkins, H. 1515
Atkinson, P. J. 737
Atkinson, S. J. 2311
Attar, R. M. 271, 389
Attardo, G. 4745
Atwal, K. S. 1435, 5453
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Béguin, C. 2761
Beguin, C. 3744, 4169
Beher, D. 373, 4212
Belanger, S. 2647, 5114
Beleta, J. 1165
Belley, M. 527
Bellone, S. 1873
Beltrán, M. 4447
Bénard, C. 4019
Bénardeau, A. 3604
Benelli, R. 1321
Benet-Buchholz, J. 2375
Benn, A. 1327
Bennani, Y. L. 277, 1749,


2559
Bennett, C. D. 3229
Bennett, D. B. 899
Bennett, F. 4180, 4275
Bennett, J. M. 2295
Beno, B. R. 1161
Bentley, J. M. 3604
Bentzien, J. 4761
Benvenga, M. 3844
Beretta, G. L. 4313
Berger, J. 357
Berger, J. P. 2437, 3347,


5035
Bergmann, R. 1303
Bernasconi, G. 3713
Bernotas, R. 1393
Berry, D. A. 3157
Berry, D. F. 3157
Bertenshaw, S. 1345
Berthele, A. 1773
Bertuzzi, F. 1181
Berzsenyi, P. 4662
Besada, P. 2641, 3491
Besse, D. 1161
Best, J. 4212
Best, J. D. 373
Beswick, M. 5197
Betageri, R. 4761
Betti, L. 4604
Betz, S. F. 771
Beutel, B. A. 2716
Beyer, C. F. 4731
Bhagwat, S. S. 2803
Bhaman, M. 2295
Bhandari, A. 4336
Bhanuprakash, K. 1121
Bharadwaj, A. 3470
Bharathi, E. V. 2621
Bhat, B. A. 3177
Bhat, L. 85
Bhateja, P. 4261
Bhatia, G. S. 4666
Bhattacharjee, M. 5392
Bhattacharya, A. K. 1243


Bhattacharya, P. 3737
Bhide, R. S. 1429, 1895
Bi, L. 129, 827
Bian, H. 5202
Bianchi, D. A. 2711
Bianco, A. 413
Bianco, K. E. 4889
Biba, M. 4212
Bickerdike, M. J. 3604
Bidlack, J. M. 2107, 2547
Bierbach, U. 443
Biftu, T. 3296, 4570
Bignan, G. C. 5022
Bihel, F. 135
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Désiré, J. 4651
DesJarlais, R. L. 2679
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González-Nilo, F. 309
Gonzalez-Zamora, E. 743,


4594
Goodacre, C. J. 4989
Goodfellow, V. S. 999,


3439, 3701, 4389
Goodman, M. 4033
Goodwin, R. R. 589
Gopal, M. 3584
Gopalakrishnan, B. 1027
Gopalsamy, A. 1591, 5288
Gordon, D. 1799
Gordon, L. 4867
Gordon, L. J. 4370
Gordon, R. 527
Gore, V. 5504
Gorecki, T. 1097
Goto, Y. 259
Gottardis, M. M. 271, 389
Gottshall, S. L. 1091
Gottumukkala, V. 1665
Gou, S. 3417, 4936
Gough, J. D. 777
Gougoutas, J. Z. 2749
Gould, S. L. 977, 2129
Goulet, M. T. 645, 1755,


4023
Gourdeau, H. 4745
Govek, E. 3412
Govek, S. 4350
Govek, S. P. 4068
Goyal, B. 1429
Graczyk, P. P. 4666
Graczyk, T. M. 5114
Grady, C. 1697
Graham, C. L. 5280
Graham, D. W. 2926, 4359
Grajkowska, E. 945
Gramlich, B. 669
Granata, G. 3748
Grando, M. D. 303
Granese, A. 603
Grange, E. 2103
Granik, V. G. 37
Grant, K. 5197
Grant, S. K. 1997
Grasberger, B. L. 765
Gray, C. W., Jr. 5416
Gray, D. W. 3203
Gray, N. 5467
Graziano, A. 2381
Grdadolnik, S. G. 5207
Grée, R. 4421
Green, B. G. 1997
Green, M. D. 4589
Green, N. 5288
Green, R. 4727
Green, T. 5446
Greene, M. 2812
Greene, M. L. 2481


Greenfield, A. 4985
Greenhouse, R. 3292
Greenlee, W. J. 2365, 5234
Greferath, R. 1605
Gregory, J. S. 2087
Gregory, T. F. 4560
Greig, G. 1155
Greig, G. M. 527
Greiner, H. E. 4230
Greiner, S. L. 1091
Grellier, P. 297, 2637
Grese, T. A. 2553
Grey, J. 999, 3439
Gribble, G. W. 2215
Gribkoff, V. K. 4286
Griekspoor, F. 589
Griera, R. 2515
Griesbeck, A. G. 595
Griessmeier, K. J. 5450
Griffin, R. J. 1515
Griffiths, R. J. 1807
Grigorova, B. 4217
Grime, K. 5012
Grimm, E. L. 3352, 3886
Grisson, R. D. 4023
Groebke Zbinden, K. 817
Groh, W. J. 4510
Grosanu, C. 4985
Gross, A. 435
Gross, R. J. 2481, 2812
Gross, T. D. 2519
Grosser, R. 401
Grossman, C. S. 617
Grosu, G. T. 5003
Grove, J. R. 4336
Grove, S. J. A. 589
Grover, G. 1799
Groves, J. T. 3771
Gruber, J. M. 5526
Grundt, P. 5419
Grunewald, G. L. 1143,


5319
Gruninger, R. H. 2221
Grynfarb, M. 4579
Gu, D. 3896
Gu, H. 3691, 3696, 4180,


4515
Gu, M. 5114, 5284
Gu, W. 2033
Gu, W.-Z. 153, 2918
Gu, X. 1475, 3067, 3632,


5266, 5467
Gu, Y. 1687, 3044
Gu, Y. G. 2653, 3313
Gu, Y.-G. 2716, 2803
Gu, Z. 1435
Guan, L. 1379
Guarna, A. 145
Guay, J. 3352
Guba, W. 1599, 3446
Gududuru, V. 4010
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Könczöl, Á. 3012
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Romanò, G. 3801
Romero, A. 1307, 2123
Romero, F. A. 1143
Ronsisvalle, G. 2467
Roppe, J. R. 5061
Rose, P. W. 2829
Rose, S. 3679
Rosenberg, S. H. 153,


2918, 2033
Rosenberg, T. A. 5340
Rosenblum, C. I. 171,


1993, 3501
Rosenblum, J. S. 4239,


4256
Rosenthal, P. J. 121
Rosenthal, S. J. 5307
Roshaiah, M. 337
Rosner, K. E. 115
Rosqvist, S. 747
Rossello, A. 1321, 2311
Rossetti, L. 413
Rossi, K. A. 29
Rossi, L. L. 3596
Rossiter, S. 4806
Rotas, G. 3220
Rotella, D. P. 1225
Roth, B. L. 945, 1707,


1987, 3510, 4555, 4786,
5298


Rothe, A. 1851
Rothhaar, R. R. 4459
Rotili, D. 4656
Roubert, P. 3555
Rouen, G. P. 2926
Rouw, S. 2870
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Suárez, P. L. 5165
Subba, B. 89
Subramanian, S. 3398


XXVII







Subramanyam, C. 1807
Suchanek, M. K. 4291,


4322, 5434
Suchard, S. J. 1161
Sucheck, S. J. 2123
Sudhakar, N. 2085
Suga, M. 4317
Sugano, Y. 3328
Sugawara, F. 4846, 4850
Sugimoto, A. 4547
Sugimoto, Y. 1051
Sugiura, Y. 2197
Sugumaran, M. 3962
Suh, Y.-G. 631, 1955, 4143
Sullivan, G. 153
Sullivan, J. 4010
Sullivan, K. M. 911
Sullivan, S. K. 3685
Sumbad, R. A. 3627
Summerer, D. 869
Sun, C. 771, 2477, 2851
Sun, C.-L. 3257
Sun, C.-M. 3584
Sun, F.-L. 1669
Sun, G. 4994
Sun, H. 793, 2447, 4944
Sun, J. 2003, 3233
Sun, L.-P. 5027
Sun, L.-Q. 363, 1345
Sun, M. 2275, 2851, 5499
Sun, Q. 719
Sun, S. 1687
Sun, S.-C. 1891
Sun, X. 2547
Sun, Y. 5382
Sundaram, H. 589
Supuran, C. T. 203, 367,


567, 573, 579, 923, 931,
963, 971, 1149, 1683,
1909, 1937, 2315, 2347,
2353, 2359, 3096, 3102,
3302, 3821, 3828, 3966,
4862, 4872, 5136, 5192


Surcin, C. 3224
Suree, N. 5076
Suresh Babu, K. 3953
Surface, P. 3844
Surgenor, A. 5187, 5197
Surgenor, A. E. 863
Suri, V. 2865
Susnow, R. G. 2647
Suzuki, A. 4624
Suzuki, K. 1055, 1361,


2065, 2181
Suzuki, M. 1289
Suzuki, S. 1061
Suzuki, T. 227, 331, 1547,


2583,
Svensson, L. A. 1497
Svenstrup, N. 1189
Swahn, B. M. 5095
Swanson, R. 41, 1259
Swayze, E. E. 4919


Sweeney, F. J. 2808, 3385
Swierczek, K. 2537
Swistok, J. 4910, 5504
Syed, R. 2409
Szabo, T. 4136, 4143
Szajnman, S. H. 4685
Szalkowski, D. 1401
Szardenings, A. K. 2579,


4239
Szarek, W. A. 1205, 1457
Szczepankiewicz, B. G.


1825
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Abstract—5-Hydroxy-2-(2,6-diisopropylphenyl)-1H-isoindole-1,3-dione (5HPP-33: 10), which was obtained during our previous
structural development studies on thalidomide, was revealed to possess potent anti-angiogenic activity in a human umbilical vein
endothelial cell (HUVEC) assay. Thalidomide (1) and its metabolite, 5-hydroxythalidomide (5-HT: 2), which possesses a hydroxyl
group at the position corresponding to that of 5HPP-33, as well as IMiDs (immunomodulatory derivatives of thalidomide: 3 and 5),
also showed weak or moderate activity in the same assay.
� 2005 Elsevier Ltd. All rights reserved.

Thalidomide (1) is a sedative/hypnotic drug, which was
banned in the 1960s because of its teratogenicity.1,2 It
has since been established to be effective for the treat-
ment of various diseases, including graft-versus-host dis-
ease, cancers, AIDS, and other angiogenesis-dependent
disorders.3–5 The United States Food and Drug Admin-
istration (FDA) gave approval to thalidomide for the
treatment of erythema nodosum leprosum (ENL) in
1998.6 Furthermore, immunomodulatory derivatives of
thalidomide (IMiDs), in particular the 4-amino ana-
logues (CC-4047: 3 and CC-5013: 5), are under clinical
development for the treatment of various cancers,
including multiple myeloma (MM), solid tumors, and
prostate cancer.4,5 Although the precise mechanisms of
action are unknown, the anti-angiogenic effects of tha-
lidomide and IMiDs are believed to be associated with
its antimyeloma activity.7,8 Moreover, the anti-angio-
genic effects of IMiDs are mediated through the inhibi-
tion of endothelial cell growth, rather than through
cytotoxic mechanisms.8 In the present study, we mea-
sured the anti-angiogenic activity of thalidomide deriva-
tives (1–6) using a human umbilical vein endothelial cell
(HUVEC) assay. Based on the results, we suspected that
phenylphthalimides derived from thalidomide might
also possess anti-angiogenic activity and we performed
some structural development studies.

0960-894X/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.
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All the compounds 1–17 (Fig. 1) were prepared by usual
organic synthetic methods and gave analysis values close
to those expected. Thalidomide (1), 5-HT (2), CC-4047
(3), and CC-5013 (5) were prepared as described previ-
ously, and 4-NT (4) and 4-NHT (6) are intermediates
in the preparation of CC-4047 (3) and CC-5013 (5),
respectively.9–12 Similar reactions using 2,6-diisopropyl-
aniline, instead of 3-aminopiperidine-2,6-dione, gave
4AHPP-33 (16) and 4NHPP-33 (17).13,14 Preparation
of compounds 7–15 has already been reported.9–15


First, we investigated the effect of thalidomide (1), its
metabolites (5-hydroxythalidomide: 5-HT, 2), IMiDs
(CC-4047: 3, CC-5013: 5), and its nitro-substituted
analogues, 4-NT (4) and 4-NHT (6), using HUVEC
tube formation assay.16 HUVECs were plated on
Matrigel and treated with test compounds for 6 h,
and tube formation was measured as previously
reported.16 Briefly, six-well plates were coated with
1.5 mL of the Matrigel basement membrane matrix
(Becton Dickinson) and allowed to gel at 37 �C under
a 5% CO2 atmosphere for 30 min. Then, HUVECs
were plated at 5.0 · 105 cells/well in DMEM contain-
ing the vehicle (0.5% DMSO) and growth factors
(hEGF, VEGF, hFGF-B, and R3-IGF-1, as well as
FBS) in the presence or absence of test compounds
(100 lM) and incubated at 37 �C under a 5% CO2


atmosphere for 6 h. After incubation, each well was
photographed using a ·5 objective to analyze tube
formation. The corresponding area was measured as
the number of pixels using MetaMorph software (Uni-
versal Imaging, Downingtown, PA). Experiments were
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Figure 1. Structures of compounds studied in this letter.
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repeated at least three times. Of course, the values
differed from experiment to experiment, but the results
were basically reproducible and a typical set of data is
presented.


As shown in Figures 2 and 3, thalidomide (1) exhibited
moderate anti-angiogenic activity (ca. 26% inhibition
at 100 lM). One of its major metabolites, 5-HT (2),
also showed moderate activity, comparable to that of
thalidomide (1). One of the IMiDs, CC-4047 (3), the
4-amino analogue of thalidomide (1), is less active than
thalidomide (1) (ca. 21% inhibition at 100 lM). How-
ever, introduction of an electron-withdrawing nitro
group instead of an electron-donating amino group at
the same 4-position, that is, 4-NT (4), resulted in more
potent anti-angiogenic activity than that of thalidomide
(1) (ca. 32% inhibition at 100 lM). The decarbonyl
derivative of CC-4047 (3), that is, CC-5013 (5), is also
more potent than thalidomide (1) (ca. 32% inhibition at
100 lM). Replacement of the electron-donating amino
group of CC-5013 (5) with an electron-withdrawing ni-
tro group, that is, 4-NHT (6), showed just the opposite
effect to that in the case of CC-4047 (3). CC-5013 (5)
showed more potent anti-angiogenic activity than 4-
NHT (6).


In our previous structural development studies of tha-
lidomide, we have obtained TNF-a production regula-
tors (including bidirectional ones, pure inhibitors, and
pure enhancers),9,15 androgen antagonists,17–19 amino-
peptidase inhibitors,20–22 a-glucosidase inhibitors,23,24


thymidine phosphorylase inhibitors,25 cyclooxygenase
(COX) inhibitors,26,27 and nitric oxide synthase
(NOS) inhibitors.28,29 In the course of those studies,

we noticed that the phenylphthalimide analogues also
possess some interesting activities. Therefore, we inves-
tigated the anti-angiogenic activity of phenylphthali-
mide analogues of thalidomide using a HUVEC assay
system.


As shown in Figures 2 and 4, PP-33 (9) possessed rath-
er potent anti-angiogenic activity. The structural
requirement for the activity seems to be clear, because
derivatives of PP-33 (9) with less bulky alkyl groups
(PP-00: 7 and PP-11: 8) showed no or only slight
anti-angiogenic activity. These results suggest that
the anti-angiogenic activity of phenylphthalimide
analogues is a specific feature of the 2,6-dii-
sopropylphenylphthalimide structure.


Next, we investigated the effect of substituents intro-
duced at the 4- or 5-position of the phthalimide moiety
of PP-33 (9), that is, compounds 10–15. The results are
shown in Figures 2 and 5. 5HPP-33 (10), which pos-
sesses a hydroxyl group at the position corresponding
to that of 5-HT (2), showed quite potent anti-angiogen-
ic activity dose dependently (ca. 59% inhibition at
100 lM, ca. 41% inhibition at 30 lM, and ca. 8% inhi-
bition at 10 lM). Its isoelectronic amino derivative,
5APP-33 (12), also showed potent anti-angiogenic
activity, though it was less potent than 5HPP-33 (10).
The regio-isomers of 5HPP-33 (10) and 5APP-33 (12),
that is, 4HPP-33 (11) and 4APP-33 (13), respectively,
are less active than the corresponding 5-substituted
analogues. Interestingly, analogues substituted with
an electron-withdrawing nitro group (5NPP-33: 14
and 4NPP-33: 15) showed position dependency, in
contrast to the analogues bearing an electron-donating







Figure 2. HUVEC tube formation assay.
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Figure 3. HUVEC tube formation-inhibiting activity of thalidomide (1) and derivatives (2–6).


T. Noguchi et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5509–5513 5511







0


10


20


30


40


50


60


70


PP-00 (7) PP-11 (8) PP-33 (9)


in
h


ib
it


io
n


 o
f 


tu
b


e 
fo


m
at


io
n


 a
t 


10
0 


µM


Figure 4. HUVEC tube formation-inhibiting activity of phenylphthalimide (PP-00: 7) and its alkylated analogues (PP-11: 8 and PP-33: 9).
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Figure 5. HUVEC tube formation-inhibiting activity of 2,6-diisopropylphthalimide analogues.
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group, that is, 4NPP-33 (15) was more potent than
5NPP-33 (14).


A similar reversal of effect between derivatives with an
electron-donating amino and an electron-withdrawing
nitro substituent was found in the case of decarbony-
lation. While decarbonylation of 4APP-33 (13) to
4AHPP-33 (16) resulted in enhancement of the activi-
ty, the same derivatization of 4NPP-33 (15) to afford
4NHPP-33 (17) produced a decrease of the activity.


The results suggest that for potent anti-angiogenic activ-
ity of phenylphthalimide analogues, a 2,6-diisopropyl-
phenyl structure and an electron-donating substituent
at the 5-position or an electron-withdrawing substituent
at the 4-position of the phenylphthalimide moiety are
required.


In conclusion, we have discovered potent phenylphthal-
imide-type inhibitors of angiogenesis in a HUVEC tube
formation assay. Among the prepared compounds,
5HPP-33 (10) showed the most potent activity. Angio-
genesis has recently become a primary target of antican-
cer therapy. Further structural development studies
based on the present compounds may yield potent and
non-teratogenic derivatives.
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Abstract—Chiral hairpin polyamides linked to a Hoechst 33258 analogue at the a-position of the hairpin turn amino acid (1,2) were
synthesized on solid phase by adopting Fmoc and ivDde techniques. The DNA-binding properties of enantiomeric conjugates 1 and
2, and N-terminal linked conjugate 3 for 8–14 bp sequences were determined by spectrofluorometric and thermal melting studies.
Conjugates 1 and 2 recognize a 10 bp sequence, while conjugate 3 recognizes a 9 bp sequence. Interestingly, R-enantiomer 1 exhib-
ited 10- to 30-fold higher binding affinities than S-enantiomer 2 for the DNA sequences studied. These binding differences were
accounted for by molecular modeling studies, which revealed that the amide proton nearest to the chiral center in R-conjugate 1
is better positioned to form hydrogen bonds to the DNA bases, while S-conjugate 2 does not.
� 2005 Elsevier Ltd. All rights reserved.

The development of DNA-binding ligands capable of
recognizing longer sequences with high affinity and se-
quence specificity is essential to control a specific gene�s
expression, thereby curing the disease rather than simply
treating the symptoms. Synthetic polyamides consisting
of N-methylpyrrole (Py) and N-methylimidazole (Im)
amino acids have shown binding affinities and sequence
specificities comparable to those of natural DNA-bind-
ing proteins.1 Furthermore, head-to-tail linkage of such
polyamides with c-aminobutyric acid (c) provides hair-
pin polyamides that mimic the 2:1 side-by-side antipar-
allel binding of the unlinked polyamides and bind to
specifically designed target sites with 100-fold enhanced
affinity relative to unlinked polyamides.1,2 Although
these polyamides have the potential to modulate gene
expression by blocking the activation of transcription
factors,3 their use as drugs is limited because they can
only recognize 5–6 base pairs (bp). To specifically dis-
criminate different genes, it is necessary to target longer
DNA sequences. Studies of polyamide binding-site size
limitations suggest that beyond five consecutive rings,
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the ligand�s curvature fails to match the pitch of the
DNA double helix, disrupting the hydrogen bonds and
van der Waals interactions necessary for specific DNA
sequence recognition.4 Furthermore, attempts to inhibit
the transcription of endogenous genes in cell lines other
than insects or T-lymphocytes have met with little
success, presumably due to poor cellular uptake of these
polyamides and inability to achieve nuclear
localization.5


Recent studies have shown that linkage of polyamides to
minor groove binding bis-benzimidazole dyes can recog-
nize longer sequences of DNA and also enhance cellular
permeability.6,7 Furthermore, linkage of the Hoechst
33258 fluorophore to the six-ring hairpin pyrrole poly-
amide at the N-terminus (3) recognizes a 9 bp A/T-rich
site with high affinity and good selectivity.8 This conju-
gate binds to the 9 bp site with 1:1 stoichiometry with
the polyamide moiety adopting a hairpin motif. Howev-
er, the binding motif of this conjugate is unknown in the
presence of sequences longer than 10 bp. The sequence
recognition and discrimination of DNA by polyamides
depend on the code of side-by-side amino acid pairings
in the minor groove.1 Recent studies have shown that
incorporation of bulky groups on the linker-turn forces
the polyamide to adopt a hairpin motif instead of an
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extended motif.9 We presume that linkage of the Hoe-
chst ligand at the hairpin turn may force the polyamide
to adopt the hairpin motif irrespective of minor groove
length and provide side-by-side amino acid pairings,
which is a prerequisite for sequence specific recognition.
Furthermore, these conjugates might be able to recog-
nize longer DNA sequences, and the presence of the
Hoechst fluorophore should enhance cellular uptake.7


The relationships between the Hoechst linkage position
in the polyamide, the binding site size, and the cellular
uptake of the conjugates have yet to be determined.
To evaluate these considerations, a new class of chiral
hairpin polyamide–Hoechst 33258 conjugates was
designed.


Following pioneering work by Dervan and co-work-
ers,10 replacement of the prochiral c-aminobutyric acid
turn with either enantiomer of 2,4-diaminobutyric acid
and linkage of the Hoechst 33258 analogue at the a-ami-
no position provides the enantiomeric conjugates
Py–Py–Py–c-[(R)-c-Ht]–Py–Py–Py (1) and Py–Py–Py–
c-[(S)-c-Ht]–Py–Py–Py (2) (Fig. 1). Dervan and
co-workers found that (R)-configured amine c-turn sub-
stituents enhance DNA-binding affinity and specificity
relative to the unsubstituted parent hairpin,10a and it
was of interest to investigate the effects of relocating
the position of the Hoechst 33258 analogue. The conju-
gates were synthesized on solid phase using Fmoc and
ivDde techniques with a series of HOBt/PyBOP medi-
ated coupling reactions. To compare the binding affinity
to the binding site length, the conjugate Py–Py–Py–c-
Py–Py–Py–c-Ht (3) with the Hoechst fluorophore linked
to the N-terminus of the polyamide was also studied
(Fig. 1).8 The fluorescence emission of these conjugates
increases greatly upon binding in the minor groove of
dsDNA. Thus, spectrofluorometric titrations were em-
ployed to determine the conjugate:dsDNA stoichiome-
tries and equilibrium association constants (Ka).


6,8


Thermal melting (Tm) experiments were also performed

Figure 1. (a) Structures of the hairpin pyrrole polyamide–Hoechst 33258 con


groove of d(5 0-GCGGATATAAAATTC-GACG-30).

as an alternative method for the determination of the
conjugate:dsDNA complex stabilities. We report here
the synthesis, DNA binding affinity, binding site length,
and binding orientation of conjugates 1–3 to A/T-rich
8–14 bp sequences.


The solid-phase synthesis of conjugates 1 and 2 were
accomplished manually in a stepwise manner on rink
amide MBHA resin (0.5 mmol/g loading sites) by
employing Fmoc and ivDde techniques with a series of
PyBOP/HOBt mediated coupling reactions as described
in Scheme 1. The linker ivDde-protecting group is best
suited for this solid-phase synthesis because it is stable
under Fmoc deprotection conditions and can easily be
removed using 5% hydrazine in DMF. The Fmoc-Py-
OH (4)11 and Hoechst 33258 acid (7)12 building blocks
were synthesized as reported, and orthogonally protect-
ed 2,4-diaminobutyric acid residues Fmoc-DD-Da-
b(ivDde)-OH (5) and Fmoc-Dab(Mtt)-OH (6) were
purchased from Chem-Impex and Novabiochem,
respectively (Fig. 2).


The solid-phase synthesis of the R-conjugate, 1, is
shown in (Scheme 1). The Fmoc protection on the resin
was removed and the coupling of Fmoc-Py-acid (4) was
achieved in 12 h in the presence of HOBt, PyBOP, and
DIPEA in anhydrous DMF. After the coupling reac-
tion, any unreacted amine sites were capped by acetyla-
tion. The Fmoc protection on the N-methylpyrrole was
removed and the coupling cycle (coupling/capping/
deprotection) was repeated two more times with
Fmoc-Py-OH (4) before introducing orthogonally pro-
tected 2,4-diaminobutyric acid (Fmoc-DD-Dab(ivDde)-
OH) (5). The Fmoc protection of the linker a-amino
group was removed and coupled with Hoechst 33258
acid (7). After the capping reaction, the ivDde protec-
tion on the c-amino group was removed using 5%
hydrazine in DMF and the coupling cycle was repeated
three more times with Fmoc-Py-OH (4). The Fmoc on

jugates (1–3). (b) Energy minimized complex of 1 bound to the minor
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the last pyrrole was removed and the amine was capped
to get conjugate 1. The coupling yield in each cycle was
found to be 95–99%, as determined from the absorbance
of deprotected Fmoc. The conjugate was cleaved from
the resin in 2 h using 1% triisopropylsilane (TIS) in
TFA. The cleaved products were purified on reverse-
phase HPLC using a C8 column with an increasing gra-
dient of acetonitrile in water containing 0.1% TFA.
After purification, the product was reconstituted in a
minimal amount of methanol and precipitated out of
solution by the addition of ether. Product purity was
checked by analytical RP-HPLC using the same column
and solvent system. ESI/TOF+ mass analysis exhibited
the expected peak at m/z 692.79 (M+2H) for conjugate
1; calcd 692.81 (M+2H) for C71H77N21O10.


Conjugate 2 was also synthesized in a similar method, as
explained above for conjugate 1, using Fmoc-Dab(Mtt)-
OH (6) instead of Fmoc-DD-Dab(ivDde)-OH 5. The acid
labile Mtt protection on the c-amino group was re-
moved using 1% TFA and 5% TIS in dichloromethane
(5 · 5 min).13 However, under these conditions the
TFA solution cleaved some of the conjugate from the
resin along with the cleavage of Mtt on the c-amino
group of the linker. Hence, the base labile ivDde
protection of the c-amino group of the linker is better

suited for the solid-phase synthesis of these conjugates.
The resin cleavage and purification of the conjugate 2
was carried out as explained for conjugate 1. ESI/
TOF+ mass analysis exhibited the expected peak at m/
z 692.82 (M+2H) for conjugate 2; calcd 692.81
(M+2H) for C71H77N21O10.


When excited at 345 nm, dsDNA:conjugate complexes
in 10 mM potassium phosphate buffer (pH 7.0) contain-
ing 150 mM KCl solution emit a broad fluorescence sig-
nal centered at 450 nm (1 and 3) or 455 nm (2), which is
consistent with the fluorescence signal emitted by
Ht33258:dsDNA complexes at 445 nm.14,15 Titration
of a constant concentration of dsDNA with a relatively
concentrated solution of conjugate 1, 2, or 3 provided a
well-defined titration curve that allowed the determina-
tion of the conjugate:dsDNA complex stoichiometry.6,16


The equilibrium association constants (Ka) for the
dsDNA:conjugate complexes were determined by gener-
ating isothermal binding curves (fluorescence vs un-
bound conjugate) and fitting the equation as shown in
Figure 3.6,8,17


In order to understand the binding affinities, binding site
length, and binding orientation of conjugates 1–3, a ser-
ies of dsDNA with A/T-rich 8–14 bp binding sites (Table
1) were used. Conjugates 1–3 exhibited �1:1
dsDNA:conjugate stoichiometries with each of the
DNA duplexes. With longer binding sites, side-by-side
1:2 antiparallel binding is feasible6a with conjugate 3 if
the polyamide prefers the extended motif upon binding.
Very little change in stoichiometry was observed in the
binding of conjugate 3 to a 14 bp sequence (entry 7),
which is an adequate length to allow for binding in the
extended form and side-by-side antiparallel binding.
This suggests that the polyamide moiety of conjugate 3
prefers a hairpin orientation,8 rather than an extended
or dimeric overlapped binding motif. As can be seen
from the Ka data in Table 1, conjugate 3 recognizes
the 9 bp A/T-rich binding site of 5 0-gcggTATAAA
ATTcgacg-3 0 (entry 2) with high affinity.8 Very little
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change in Ka and binding stoichiometry was observed
upon extending the A/T-rich binding site from 9 to
14 bp (entries 2–7). However, a considerable drop in
Ka was observed upon decreasing the binding site length
to 8 bp (entry 1), indicating that the conjugate binds to a
9 bp sequence. On the other hand, conjugates 1 and 2
bind to the 10 bp A/T-rich site of 5 0-gcggATATAAA
ATTcgacg-3 0 (entry 3). Although a moderate increase
in Ka was exhibited upon increasing the binding site
from 10 to 14 bp (entries 4–7), considerable drops in
Ka were observed in the presence of binding sites shorter
than 10 bp (entries 1–2). These observations suggest that
conjugates 1 and 2 can recognize 10 bp sequences,
whereas conjugate 3 can recognize only 9 bp.8 Interest-
ingly, conjugates 1 and 3 exhibited similar binding affin-
ities for their preferred 10 and 9 bp sequences,
respectively, suggesting that the linkage position does
not significantly affect binding affinity. However, the
dsDNA sequences exhibited remarkable preference for
the chiral conjugate 1 over 2. Although both conjugates
1 and 2 can bind to 10 bp sequences (Table 1), the R-
conjugate 1 consistently exhibited higher (�10- to 20-
fold) binding affinities than the S-conjugate 2 for the
sequences studied.

Table 1. Thermal melting temperatures (Tm in �C) and equilibrium associat


Entry dsDNA DTm


1(R) 2(S)


1 50-gcggcATAAAATTcgacg-3 0 15 7


2 50-gcggTATAAAATTcgacg-3 0 14 6


3 50-gcggATATAAAATTcgacg-3 0 22 11


4 50-gcggAATATAAAATTcgacg-30 23 11


5 50-gcggTAATATAAAATTcgacg-3 0 21 10


6 50-gcggATAATATAAAATTcgacg-30 22 11


7 50-gcggTATAATATAAAATTcgacg-30 22 10


Binding sites shown in capitals. Standard deviations are ± 1 �C and ± 20% for


of dsDNA in the presence and absence of the conjugate. DG25 values are c


R- and S-conjugate DG25 values.

Thermal denaturation experiments were employed as an
alternative method for the investigation of the
dsDNA:conjugate complex stabilities and sequence
selectivities. As shown in Table 1, the Tm data strongly
correlate with the data acquired via the equilibrium as-
says. Conjugates 1 and 3 form significantly more stable
complexes than does conjugate 2. Conjugate 1 forms a
stable complex with the 10 bp (DTm = 22 �C) sequence
(entry 3). The stability of the complex suffered greatly
when providing a binding site shorter than 10 bp (entries
1 and 2); however, no significant change in DTm was ob-
served upon the extension of the binding site from 10 to
14 bp. Although S-conjugate 2 forms less stable com-
plexes, it displays binding patterns similar to those of
the R-conjugate 1. Conjugate 3 also forms stable com-
plexes, however, it recognizes only 9 bp (entry 2). When
provided a 14 bp sequence, a length sufficient to bind the
extended or 1:2 side-by-side overlapped motif, a moder-
ate change in DTm is observed for conjugate 3, which
also suggests that the polyamide moiety prefers a hair-
pin motif. To describe the complex stabilities more
quantitatively, standard free energies ðDG0


25Þ for both
R- and S-conjugate:dsDNA complexes were calculated
from thermal melting curves (Table 1). The DDG0 values
of �1.2 to �2.4 kcal/mol suggest that R-conjugate 1 has
about �10- to 50-fold higher binding affinity than the S-
conjugate 2 to the dsDNA sequences, which is consistent
with the observed binding constants (Table 1).


To further explore the observed differences in the bind-
ing affinities of enantiomers 1 and 2, molecular modeling
was performed using Sybyl.18 Canonical B-DNA duplex
d(5 0-GCGGAT-ATAAAATTCGACG-3 0) was built
using the biopolymer function. Conjugates 1 and 2 were
assembled by extracting two distamycin molecules
which were bound side-by-side in the minor groove of
a DNA duplex from the PDB structure 378D,19 and
connecting them with an appropriate linker. A Hoechst
33258 ligand was extracted from a DNA crystal struc-
ture from PDB entry 264D,20 and attached to the poly-
amide hairpin linker, being careful to create the proper
stereochemistry. Hydrogens were then added to the
DNA and ligand models, the atom types were properly
assigned, and Pullman charges were calculated. Since
the models of 1 and 2 were assembled from crystal struc-
tures, they were already in the approximate orientation
to bind into the minor groove of the DNA model. This

ion constants (Ka) for conjugate:dsDNA complexes


DDG (kcal) Ka


3 1(R) 2(S) 3


14 �0.8 2.3 · 108 5.3 · 107 4.1 · 108


24 �1.4 1.7 · 108 3.4 · 107 2.2 · 109


23 �2.1 2.4 · 109 1.6 · 108 3.3 · 109


23 �2.3 2.7 · 109 3.1 · 108 2.7 · 109


22 �2.4 1.2 · 109 1.0 · 108 3.1 · 109


24 –2.4 2.2 · 109 8.5 · 107 2.5 · 109


24 �2.4 1.8 · 109 9.8 · 107 4.2 · 109


Tm and Ka, respectively. DTm values are the differences in the Tm values


alculated from Tm curves. DDG values are the differences between the
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allowed the ligands to be carefully hand-placed into the
minor groove, before the energy was minimized using
the Tripos forcefield. The ligands were then docked into
the minor groove, and a quick energy minimization was
performed. The molecular graphics were created using
PyMOL21 (Fig. 4).


The molecular modeling studies involving energy mini-
mizations revealed that the different geometries of enan-
tiomers 1 and 2 lead to differences in hydrogen bonding
patterns upon DNA minor groove binding. The amide
proton at the a-position of the chiral center in R-conju-
gate 1 is in an ideal position to form a hydrogen bond
with the O2 of thymine 13 (Fig. 5a). This amide proton
in S-conjugate 2, however, is oriented away from the O2
atom and lies far enough away to prohibit hydrogen
bond formation (Fig. 5b). In addition to the location
and orientation of the amide proton a to the chiral cen-
ter, the two amide protons further down the polyamide
chains are also better positioned for hydrogen bonds to
the DNA bases in the R-configured 1 versus S-config-

Figure 5. Closeup of the hairpin linker of (a) R-enantiomer 1 and (b) S-e


ATTCGACG-3 0). The dashed lines show the amide protons� nearest potentia
acceptor names, and nucleotide names labeled.

ured 2 (Figs. 5a and b). Although the amide proton,
shown with a dashed line to N3 of adenine 14, is too
far away for a proper hydrogen bond in either enantio-
mers, it lies closer to N3 in 1 (Fig. 5a) than in 2 (Fig. 5b).
The remaining nitrogen-bound protons on the polyam-
ide and Hoechst chains demonstrate similar patterns
for both enantiomers, generally forming solid hydrogen
bonds with the DNA bases. Altogether, the modeling
study suggests that the greater binding affinities ob-
served when 1 binds in the DNA minor groove versus
when 2 binds can be accounted for by the enhanced abil-
ity of 1 to form hydrogen bonds to the DNA bases.


Linkage of the Hoechst 33258 analogue at the a-position
of the c-turn amino acid recognizes 10 bp DNA
sequences, whereas the N-terminus linked conjugate rec-
ognizes 9 bp sequences with the polyamide adopting a
hairpin motif. Although the linkage position of the Hoe-
chst dye did not significantly affect binding affinity, the
dsDNA sequences exhibited considerable preference
for the R-conjugate over the S-conjugate. The synthesis
of conjugates incorporating both N-methylpyrrole and
N-methylimidazole units and studies on their cellular
uptake are in progress. These mixed heterocyclic
conjugates will be able to target sequences containing
both A/T and G/C bp.
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Abstract—A homogenous TR-FRET-based in vitro coupling assay for the MAP3Ks–MEK1–ERK2 kinase cascade was established
and was used to screen for inhibitors of the ERK/MAPK pathway. A series of coumarin derivatives were identified from the screen.
These compounds potently inhibit the activation of the unactivated human MEK1 by upstream MAP3Ks (including BRAF and
COT), but do not inhibit the activity of the activated MEK1. In addition, the potency of these compounds in inhibiting MEK1 acti-
vation is not affected by varying the ATP concentration, suggesting that these inhibitors are not competitive with ATP. As expected,
the coumarin compounds potently inhibit LPS-induced TNFa production and ERK phosphorylation in THP-1 cells, with the most
potent compound having an IC50 of 90 nM. Molecular modeling studies suggest that these coumarins bind to an allosteric site in the
inactive conformation of MEK1. This site has been shown to be utilized by the biarylamine series of MEK inhibitors such as
PD318088. Very interestingly, the identified coumarin derivatives are almost identical to a series of inhibitors recently reported that
block LPS-induced TNFa production. Our findings have therefore raised the possibility that other naturally occurring or synthetic
coumarins with anti-cancer and anti-inflammatory activities might exert their biological function through the inhibition of MEK1.
� 2005 Elsevier Ltd. All rights reserved.

The coumarin-based natural products comprise a large
class of substances found in a variety of sources, espe-
cially in green plants.1 Natural and synthetic coumarin
derivatives have been shown to possess a diverse array
of pharmacological and biochemical properties. The
anti-coagulation and anti-thrombotic activities of the
coumarin derivative such as warfarin are well known.2


Other activities such as anti-HIV and lipid-lowering ef-
fect have also been reported recently.3–6 However, the
most widely reported activities for coumarin derivatives
are their anti-inflammatory and anti-cancer activities.
For example, cloricromene, a semi-synthetic coumarin
derivative, has been shown to inhibit TNFa production
and protect against collagen-induced arthritis and DNB-
colitis in animal models.7–9 Other coumarin derivatives
such as those isolated from P. pabularia and the 7-carba-
mate-substituted coumarins have also been shown to
inhibit TNFa production.10,11 Coumarin derivatives
with anti-cancer activities include aromatase inhibitors,
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carbonic anhydrase inhibitors, and steroid sulfatase
inhibitors.12–14 Other coumarin-based anti-cancer com-
pounds include the naturally occurring GUT-70 from
C. brasiliense,15 7-isopentenyloxycoumarin from H.
lanatum,16 5-oxygenated-6,7-methylenedioxycoumarins
from P. polystachyum17 as well as the synthetic couma-
rin derivatives such as 7-hydroxycoumarin, 6-nitro-7-
hydroxycoumarin, coumarin 3-(N-aryl) sulfonamides,
and 3-bromophenyl 6-acetoxymethyl-2-oxo-2H-I-benz-
opyran-3-carboxylate.18–21 The mechanism of action of
these compounds remains to be identified. We present
here studies which indicate that the anti-inflammatory
and/or anti-cancer activity of certain coumarin deriva-
tives could be due to the inhibition of MEK1 kinase.


The mitogen-activated protein kinase (MAPK) family
consists of evolutionarily conserved signaling proteins
that regulate a variety of cellular activities such as cell
proliferation, mitosis, cell movement, metabolism, and
apoptosis. In multi-cellular organisms, there are at least
four well-conserved subfamilies of MAP kinases: the
extracellular-signal regulated kinase (ERK) family, the
stress-activated protein kinases/c-Jun NH2-terminal
kinase (SAPK/JNK) family, the p38MAPK family,
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and the ERK5/big MAP kinase 1 (BMK1) family.22,23


All these MAPK cascades contain three sequentially
activated protein kinases (MAP3K, MAP2K, and
MAPK) in which the downstream kinases are activated
by the upstream kinases through the phosphorylation in
the activation loop.


The ERK/MAPK pathway plays an important role in
cell proliferation and cytokine production, and therefore
is the focus for the development of novel anti-cancer and
anti-inflammatory agents. In this pathway, RAFs (a-
Raf, b-Raf, and c-Raf), COT (also known as TPL-2),
and MOS are the known MAP3Ks that directly phos-
phorylate and activate MEK1/2.24–28 MEK1/2 in turn
activates ERK1/2. Several highly specific allosteric
MEK1/2 inhibitors such as PD98059, U0126, and
PD184352 have been identified in recent years.29–32


These compounds inhibit the activation of MEK1/2 by
upstream MAP3Ks but do not (or weakly) inhibit the
activity of the activated MEK1/2.33 All these known
allosteric MEK inhibitors inhibit the MEK activation
in an ATP-non-competitive fashion. The crystal struc-
ture of the human MEK1/2 complexed with the biaryl-
amine-based compounds (PD184352 derivatives)
demonstrated that these compounds bind to an alloste-
ric site adjacent to the ATP binding pocket, explaining
the ATP-non-competitive nature of these compounds.34


In addition to the MEK inhibitors, compounds target-
ing other members of this pathway (e.g., RAF, COT,
and ERK) are also in various stages of development.35,36


In order to identify novel inhibitors of the ERK/MAPK
pathway, we developed a TR-FRET-based in vitro
coupling assay for this pathway using a commercially

Figure 1. (A) Detection of a phosphorylated ERK substrate peptide


FFKNIVTPRTpPPP) was diluted in 1 lM of unphosphorylated peptide an


antibody and SA-APC. (B) Main components of the TR-FRET-based assays


assay (COT*–MEK–ERK coupling) mixture contains activated COT, unacti


coupling) mixture contains activated MEK1 and unactivated ERK2. The ER


contains active COT, unactivated ERK2, and the phosphorylated peptide. N


(RAF*–MEK–ERK coupling) mixture contains active BRAF, unactivated M

available Eu-labeled anti-phospho-Ser/Thr antibody
(AD0176, PerkinElmer) that can specifically recognize
a phosphorylated ERK substrate peptide (Fig. 1A).
Compared with a published scintillation proximity assay
(SPA) for RAF*–MEK–ERK assay,37 the TR-FRET
assays are non-radioactive and can be easily
miniaturized.


Using this antibody and the ERK substrate peptide, a
TR-FRET-based activity assay for ERK, and coupling
assays for MEK and the MAP3Ks (RAF, COT) were
then established (Fig. 1B). In the ERK assay, activated
ERK2 was used directly to phosphorylate the peptide
substrate. In the MEK assay (MEK1*–ERK2 coupling),
activated MEK1 was used to phosphorylate and activate
the unactivated ERK2. In the COT (COT*–MEK–ERK
coupling) and RAF (BRAF*–MEK–ERK coupling) as-
says, the MAP3Ks were used to activate the unactivated
MEK1. Activated MEK1 can phosphorylate and acti-
vate the unactivated ERK2 (Fig. 1B). In all these assays,
the conversion of the ERK substrate peptide was detect-
ed by the TR-FRET methods. As showed in Figure 2A,
ERK2, MEK1, and RAF/COT were able to active their
downstream targets in a concentration dependent man-
ner. These assays are very sensitive and picomole-con-
centrations of activate ERK2, activated MEK1, and
activated BRAF can be detected. We also noticed that
the Baculovirus-expressed COT is at least 1000-fold less
efficient than BRAF in activating MEK1 at the assay
conditions used (Fig. 2A). It is possible that full activa-
tion of COT requires other factors (or steps).


The COT*–MEK–ERK coupling assay was then opti-
mized in a 1536-well plate and used to screen a diverse

by TR-FRET. Phosphorylated ERK substrate peptide (LCB-


d detected with TR-FRET using a Eu-labeled anti-phospho-Ser/Thr


. In each assay, 1 lM of unphosphorylated peptide was used. The COT


vated MEK1, and unactivated ERK2. The MEK assay (MEK*–ERK


K assay mixture contains activated ERK2. The control assay mixture


o unactivated MEK was added in the control assay. The RAF assay


EK1, and unactivated ERK2.







Figure 2. (A) Concentration curve of activated ERK2 in the ERK assay, activated MEK1 in the MEK assay (MEK*–ERK coupling), active COT in


the COT assay (COT*–MEK–ERK coupling), and active BRAF in the RAF assay (RAF*–MEK–ERK coupling). (B) Activity profiles of the


identified hits from the screen. Group a compounds showed activities in all the four assays and are non-specific inhibitors of the TR-FRET assay


format. Group b compounds showed activities in the three kinase assays and are likely to be ERK inhibitors. Group c compounds showed activities


in the COT coupling assay and MEK coupling assay, and are likely to be competitive MEK inhibitors. Group d compounds showed activities only in


the COT coupling assay and are likely to be inhibitors of COT or allosteric inhibitors of MEK.
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library of 1 million compounds. For confirmation and
further characterization, identified hits were re-tested
in the COT*–MEK–ERK coupling assay, the MEK*–
ERK coupling assay, and the ERK assay in an eight
point 3-fold dilution series in 1536-well plates. In order
to eliminate compounds that interfere with the TR-
FRET assay format, these compounds were also tested
in a control assay in which the phosphorylated peptide
was added to the assay mixture.


The activities of the compounds in all these four assays
were compared. Based on the activity profiles, the iden-
tified hits can be divided into four different groups
(Fig. 2B). Group a compounds showed activity in all
four assays, suggesting that these compounds interfere
with the TR-FRET assay format. Compounds in group
b showed activity in the three kinase assays (the COT
coupling assay, the MEK coupling assay, and the
ERK assay) but no activity in the control assay suggest-
ing that these compounds inhibit ERK2 (and possible
COT, MEK1 as well). Several well-known kinase inhib-
itor scaffolds including staurosporine analogs, purines,
pyrimidines, and oxindoles were identified in this group.
The third group of compounds (Group c) showed good
activity in the COT coupling assay and the MEK cou-
pling assay, but much lower activity in the ERK assay,

suggesting that these compounds are MEK1 inhibitors.
This group of compounds includes resorcylic acid
lactones and quinolines, two well-known competitive
MEK inhibitor scaffolds.38,39 The fourth and the most
interesting group of compounds (Group d) showed
activity in the COT coupling assay, but much lower
activity in the MEK coupling assay and the ERK assay.
This group of compounds could either be specific COT
inhibitors or ATP-non-competitive MEK inhibitors.
PD184352, a known ATP non-competitive MEK inhib-
itor, was identified in Group d.


To further characterize the group d compounds and to
distinguish the non-competitive MEK inhibitors from
the COT inhibitors, we then tested Group d compounds
in the RAF*–MEK–ERK coupling assay. We expect
that a non-competitive MEK inhibitor should inhibit
both the COT*–MEK–ERK coupling assay and the
RAF*–MEK–ERK coupling assay with equal potency,
while a COT inhibitor is likely to inhibit the COT*–
MEK–ERK coupling assay only. Indeed, both types of
compounds were identified from Group d. Of the com-
pounds showing activity in both the COT*–MEK–
ERK and the RAF*–MEK–ERK coupling assays are
a number of coumarin derivatives. Figure 3 shows the
structures of two of the coumarin hits identified,







Figure 3. Structures of the compounds mentioned in the text. G8935


and G0328 are the two coumarin hits identified from the screen. GC63


is a published inhibitor of TNFa production (Ref. 11). Cloricromene is


a known compound with anti-inflammatory activity. PD318088 is a


biarylamine compound co-crystallized with MEK (Ref. 34).
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G8935 and G0328. Their activities in the RAF*–MEK–
ERK coupling, COT*–MEK–ERK coupling, and
MEK*–ERK coupling assays are shown in Figure 4.
Both compounds potently inhibit the RAF*–MEK–
ERK and COT*–MEK–ERK coupling assays with
equal potency (IC50 for G8935 = 0.3 lM, IC50 for
G0328 = 0.2 lM), but show no significant activity (up
to 10 lM) in the MEK*–ERK coupling assay, suggest-
ing that these compounds inhibit the activation of
MEK1 by upstream MAP3Ks but not the activity of
the activated MEK1. The known non-competitive inhib-
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Figure 4. Activities of the compounds in the COT assay (COT*–MEK–ER


assay (MEK*–ERK coupling). The coumarin-based compounds showed goo


are less active in the MEK*–ERK coupling assay, suggesting that they inter


inhibitor U0126 also showed a similar activity profile. Assays were done in

itor U0126 (Fig. 4) and PD184352 (data not shown) also
showed similar activity profiling in our assays, that is,
inhibiting the activation of MEK more potently than
inhibiting the activity of activated MEK1.


The two coumarin derivatives inhibit the RAF and COT
coupling assay in an ATP-non-competitive fashion. No
significant difference in IC50 was noticed whether the as-
say was run in the presence of 1 mM ATP or 50 lM
ATP (data not shown). In addition, these coumarin
derivatives are very specific for unactivated MEK1. At
10 lM, they showed no significant activity against 55
other kinases (including BRAF, activated MEK1, and
activated ERK2; data not shown).


We noticed that compound G8935 is very similar to a
series of TNFa production inhibitors reported recently
by Cheng et al.11 Those reported compounds were ini-
tially identified from a cellular assay measuring LPS-in-
duced TNFa production, and the exact molecular target
was not known. Using the cellular assay, extensive SAR
studies were performed for this series of coumarins.11


We synthesized one of the published compounds
(GC63 in Figure 3, Compound #63 in reference 11).
This compound has a chlorine at position 6 and is one
of the more potent compounds in the published series
that inhibit TNFa production. C-6 chloro substitute
was shown to be responsible for the high potency of this
compound.11 As shown in Figure 4, GC63 potently
inhibits the activation of MEK1 by COT in vitro with
an IC50 of around 70 nM. As expected, GC63 showed
much lower activity at inhibiting activated MEK1
(IC50 around 10 lM).


Another published compound that shows significant
structural similarity to the identified coumarins is clori-
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cromene (compd 2432 in MERCK Index, 13th edition,
and see Fig. 3 for structure). Cloricromene has been
shown to reduce TNFa production and has anti-inflam-
matory activities in several animal models.7–9 We there-
fore tested cloricromene in our in vitro assays.
Cloricromene, up to 100 lM, did not show significant
activity in either the COT/RAF coupling assays or the
MEK coupling assay (data not shown), suggesting that
cloricromene itself is not a MEK inhibitor. However,
we cannot rule out the possibility that its metabolites
might inhibit MEK1.


The identified coumarin compounds were tested in an
LPS-induced TNFa production assay in a human
monocyte THP-1 cell line. As shown in Figure 5A, the
carbamate-substituted coumarins, G8935 (IC50,
200 nM) and GC63 (IC50, 90 nM), block the LPS-in-
duced TNFa production in a dose dependent manner.
The cellular IC50 for G8935 and GC63 are very similar
to their in vitro IC50, strongly suggesting that the mech-
anism of action for these compounds is the inhibition of
MEK activation. As expected for MEK inhibitors,
G8935 and GC63 also block ERK1/2 phosphorylation
without affecting the level of total ERK1/2 (Fig. 5B).
Unlike the carbamate-substituted compounds, the es-
ter-substituted compound G0328 is much less potent
in inhibiting TNFa production and ERK phosphoryla-
tion in cells, despite its good in vitro potency. This dis-
crepancy between the in vitro and cellular activities for
G0328 may be due to hydrolysis of the ester bond and
the deactivation of this compound inside the cells.
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Figure 5. (A) Activities of the coumarin compounds in LPS-induced TNFa
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(B) Activities of the coumarin derivatives in inhibiting ERK phosphorylatio

Crystal structures of MEK complexed with the biaryl-
amine compounds have recently been published reveal-
ing an allosteric binding site for this class of
compounds.34 The newly identified compound-binding
site is adjacent to, but does not overlap with, the ATP
binding site, explaining the non-competitive nature of
these compounds with respect to ATP.34 We have suc-
cessfully docked the identified coumarins (both the car-
bamate-substituted and the ester-substituted) into the
allosteric site of the MEK1 structure (PDB code: 1S9J)
using the docking program GOLD.40 Figure 6 shows
the docking model for the carbamate-substituted cou-
marin G8935. The docked G8935 shows considerable
overlap with PD318088. The coumarin ring occupies a
similar position as the A ring of PD318088. Most impor-
tantly, the carbonyl oxygen from the coumarin ring
replaces the 4-fluoro from the A ring of PD318088 to
form the critical hydrogen bond with the backbone
amide of Ser212 in the activation loop. The carbamate
at C7 position partially overlaps with the PD318088 B
ring, which forms numerous van der Waals interactions
with the protein. The carbamate carbonyl group also
makes a hydrogen bond with the backbone of Asp208
in the DFG motif. Interestingly, the benzyl group at
C3 position occupies a pocket formed by Ile216,
Phe209, Arg189, and Asp190, a pocket that is not used
by PD318088. Occupation of this pocket seems to be
important for the activity of the coumarin series. Over-
all, the docking model agreed very well with the SAR for
this series of compounds (Ref. 11 and our unpublished
data).
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Figure 6. Docking model of G8935 binds to the PD318088-binding


pocket on MEK1. MEK1 is a ribbon diagram in green. G8935 (cyan)


occupies the unique pocket adjacent to ATP binding site and is


superimposed with PD318088 (yellow). ATP from the crystal structure


(1S9J) is shown in blue. Proposed hydrogen bonds between G8935 and


MEK are shown as dotted lines.
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In conclusion, we have identified coumarin-based com-
pounds as a novel class of allosteric MEK1 inhibitors.
This discovery identified the mechanism of action for a
previously reported series of compounds and raised
the possibility that other natural or synthetic coumarin
derivatives might exert their anti-cancer and anti-inflam-
matory activities through the inhibition of MEK1. In
addition, these coumarins provided us a lead scaffold
for the development of novel MEK inhibitors. The bind-
ing mode of the coumarins may also provide new insight
for the further optimization of other MEK inhibitor
scaffolds.

Acknowledgments


We thank Dr. Warner Greene of UCSF for providing
the pRK-myc-COT plasmid and Dr. Natalie Ahn of
University of Colorado for providing the expression
vector for human MEK1. We also thank Michael DiDo-
nato, Joanna Hale, and Jessica Paulsen for their efforts
involving MEK1 expression and purification; Nanxin
Li and Lintong Li for testing the compounds in a direct
BRAF assay.

References and notes


1. Hoult, J. R. S.; Paya, M. Gen. Pharmacol. 1996, 27, 713.
2. Ansell, J.; Bergqvist, D. Drugs 2004, 64, 1.
3. Pochet, L.; Frederick, R.; Masereel, B. Curr. Pharm. Des


2004, 10, 3781.
4. Huang, L.; Yuan, X.; Yu, D.; Lee, K. H.; Chen, C.


Virology 2005, 332, 623.
5. Yu, D.; Suzuki, M.; Xie, L.; Morris-Natschke, S. L.; Lee,


K. H. Med. Res. Rev. 2003, 23, 322.
6. Madhavan, G. R.; Balraju, V.; Mallesham, B.; Chakrab-


arti, R.; Lohray, V. B. Bioorg. Med. Chem. Lett. 2003, 13,
2547.

7. Fries, W.; Mazzon, E.; Sturiale, S.; Giofre, M. R.; Lo
Presti, M. A.; Cuzzocrea, S.; Campo, G. M.; Caputi, A. P.;
Longo, G.; Sturniolo, G. C. Life Sci. 2004, 74, 2749.


8. Corsini, E.; Lucchi, L.; Binaglia, M.; Viviani, B.; Bevilac-
qua, C.; Monastra, G.; Marinovich, M.; Galli, C. L. Eur.
J. Pharmacol. 2001, 418, 231.


9. Cuzzocrea, S.; Mazzon, E.; Bevilaqua, C.; Costantino, G.;
Britti, D.; Mazzullo, G.; De Sarro, A.; Caputi, A. P. Br. J.
Pharmacol. 2000, 131, 1399.


10. Tada, Y.; Shikishima, Y.; Takaishi, Y.; Shibata, H.;
Higuti, T.; Honda, G.; Ito, M.; Takeda, Y.; Kodzhimatov,
O. K.; Ashurmetov, O.; Ohmoto, Y. Phytochemistry 2002,
59, 649.


11. Cheng, J. F.; Chen, M.; Wallace, D.; Tith, S.; Arrhenius,
T.; Kashiwagi, H.; Ono, Y.; Ishikawa, A.; Sato, H.;
Kozono, T.; Sato, H.; Nadzan, A. M. Bioorg. Med. Chem.
Lett. 2004, 14, 2411.


12. Chen, S.; Cho, M.; Karlsberg, K.; Zhou, D.; Yuan, Y. C.
J. Biol. Chem. 2004, 279, 48071.


13. Lloyd, M. D.; Pederick, R. L.; Natesh, R.; Woo, L. W.;
Purohit, A.; Reed, M. J.; Acharya, K. R.; Potter, B. V.
Biochem. J. 2005, 385, 715.


14. Purohit, A.; Woo, L. W.; Chander, S. K.; Newman, S. P.;
Ireson, C.; Ho, Y.; Grasso, A.; Leese, M. P.; Potter, B. V.;
Reed, M. J. J. Steroid Biochem. Mol. Biol. 2003, 86, 423.


15. Kimura, S.; Ito, C.; Jyoko, N.; Segawa, H.; Kuroda, J.;
Okada, M.; Adachi, S.; Nakahata, T.; Yuasa, T.; Filho, V.
C.; Furukawa, H.; Maekawa, T. Int. J. Cancer 2005, 113,
158.


16. Baba, M.; Jin, Y.; Mizuno, A.; Suzuki, H.; Okada, Y.;
Takasuka, N.; Tokuda, H.; Nishino, H.; Okuyama, T.
Biol. Pharm. Bull. 2002, 25, 244.


17. Eugenia Riveiro, M.; Shayo, C.; Monczor, F.; Fernandez,
N.; Baldi, A.; De Kimpe, N.; Rossi, J.; Debenedetti, S.;
Davio, C. Cancer Lett. 2004, 210, 179.


18. Lacy, A.; O�Kennedy, R. Curr. Pharm. Des. 2004, 10, 3797.
19. Finn, G. J.; Creaven, B. S.; Egan, D. A. Cancer Lett. 2004,


214, 43.
20. Reddy, N. S.; Mallireddigari, M. R.; Cosenza, S.; Gumir-


eddy, K.; Bell, S. C.; Reddy, E. P.; Reddy, M. V. Bioorg.
Med. Chem. Lett. 2004, 14, 4093.


21. Kempen, I.; Papapostolou, D.; Thierry, N.; Pochet, L.;
Counerotte, S. ;.; Masereel, B.; Foidart, J. M.; Reboud-
Ravaux, M.; Noel, A.; Pirotte, B. Br. J. Cancer 2003, 88,
1111.


22. Johnson, G. L.; Lapadat, R. Science 2002, 298, 1911.
23. Sebolt-Leopold, J. S.; Herrera, R. Nat. Rev. Cancer 2004,


4, 937.
24. Wellbrock, C.; Karasarides, M.; Marais, R. Nat. Rev.


Mol. Cell Biol. 2004, 5, 875.
25. Sebolt-Leopold, J. S. Curr. Pharm. Des. 2004, 10, 1907.
26. Dumitru, C. D.; Ceci, J. D.; Tsatsanis, C.; Kontoyiannis,


D.; Stamatakis, K.; Lin, J. H.; Patriotis, C.; Jenkins, N.
A.; Copeland, N. G.; Kollias, G.; Tsichlis, P. N. Cell 2000,
103, 1071.


27. Waterfield, M. R.; Zhang, M.; Norman, L. P.; Sun, S. C.
Mol. Cell 2003, 11, 685.


28. Yue, J.; Ferrell, J. E., Jr. Curr. Biol. 2004, 14, 1581.
29. Dudley, D. T.; Pang, L.; Decker, S. J.; Bridges, A. J.;


Saltiel, A. R. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 7686.
30. Favata, M. F.; Horiuchi, K. Y.; Manos, E. J.; Daulerio,


A. J.; Stradley, D. A.; Feeser, W. S.; Van Dyk, D. E.; Pitts,
W. J.; Earl, R. A.; Hobbs, F.; Copeland, R. A.; Magolda,
R. L.; Scherle, P. A.; Trzaskos, J. M. J. Biol. Chem. 1998,
273, 18623.


31. Sebolt-Leopold, J. S.; Dudley, D. T.; Herrera, R.; Van
Becelaere, K.; Wiland, A.; Gowan, R. C.; Tecle, H.;
Barrett, S. D.; Bridges, A.; Przybranowski, S.; Leopold,
W. R.; Saltiel, A. R. Nat. Med. 1999, 5, 810.







S. Han et al. / Bioorg. Med. Chem. Lett. 15 (2005) 5467–5473 5473

32. Rinehart, J.; Adjei, A. A.; Lorusso, P. M.; Waterhouse,
D.; Hecht, J. R.; Natale, R. B.; Hamid, O.; Varterasian,
M.; Asbury, P.; Kaldjian, E. P.; Gulyas, S.; Mitchell, D.
Y.; Herrera, R.; Sebolt-Leopold, J. S.; Meyer, M. B. J.
Clin. Oncol. 2004, 22, 4456.


33. Davies, S. P.; Reddy, H.; Caivano, M.; Cohen, P.
Biochem. J. 2000, 351, 95.


34. Ohren, J. F.; Chen, H.; Pavlovsky, A.; Whitehead, C.;
Zhang, E.; Kuffa, P.; Yan, C.; McConnell, P.; Spessard,
C.; Banotai, C.; Mueller, W. T.; Delaney, A.; Omer, C.;
Sebolt-Leopold, J.; Dudley, D. T.; Leung, I. K.; Flamme,
C.; Warmus, J.; Kaufman, M.; Barrett, S.; Tecle, H.;
Hasemann, C. A. Nat. Struct. Mol. Biol. 2004, 11, 1192.


35. Bollag, G.; Freeman, S.; Lyons, J. F.; Post, L. E. Curr.
Opin. Investig. Drugs 2003, 4, 1436.

36. Downward, J. Nat. Rev. Cancer 2003, 3, 11.
37. McDonald, O. B.; Chen, W. J.; Ellis, B.; Hoffman, C.;


Overton, L.; Rink, M.; Smith, A.; Marshall, C. J.; Wood,
E. R. Anal. Biochem. 1999, 268, 318.


38. Zhao, A.; Lee, S. H.; Mojena, M.; Jenkins, R. G.;
Patrick, D. R.; Huber, H. E.; Goetz, M. A.; Hensens,
O. D.; Zink, D. L.; Vilella, D.; Dombrowski, A. W.;
Lingham, R. B.; Huang, L. J. Antibiot. (Tokyo) 1999,
52, 1086.


39. Mallon, R.; Feldberg, L.; Kim, S.; Collins, K. ;.;
Wojciechowicz, D.; Kohler, C.; Kovacs, D.; Discafani,
C.; Zhang, N.; Wu, B.; Floyd, B.; Powell, D.; Berger, D.
Mol. Cancer Ther. 2004, 3, 755.


40. Jones, G.; Willett, P.; Glen, R. C.; Leach, A. R.; Taylor,
R. J. Mol. Biol. 1997, 267, 727.





		Identification of coumarin derivatives as a novel class of allosteric MEK1 inhibitors

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters Vol. 15, No. 24, 2005


Contents


ARTICLES


Screening of electrophilic compounds yields an aziridinyl peptide
as new active-site directed SARS-CoV main protease inhibitor


pp 5365–5369


Erika Martina, Nikolaus Stiefl, Björn Degel, Franziska Schulz, Alexander Breuning,
Markus Schiller, Radim Vicik, Knut Baumann, John Ziebuhr and Tanja Schirmeister*


N
H


O


O


O


N
H


O


N
H


O


OCH3


2c


The inhibition of SARS-CoV main protease by the aziridinyl peptide 2c is described.


Factors affecting the protease activity of venom from jellyfish Rhopilema esculentum Kishinouye pp 5370–5374


Cuiping Li, Huahua Yu, Song Liu, Ronge Xing, Zhanyong Guo and Pengcheng Li*


In this paper, protease activity of protein isolated from jellyfish Rhopilema esculentum Kishinouye was determined by the method of


Folin-phenol. The protease activity was affected by temperature, pH values, glycerol, divalent metal cations, O-phenanthroline, and


EDTA. 0.5% O-phenanthroline and 1% glycerol could significantly inhibit protease activity.


N-Sulfonyl hydroxamate derivatives as inhibitors of class II fructose-1,6-diphosphate aldolase pp 5375–5377
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Cl


N


NH2


N


H


H
R1 R2


A novel series of indole-2-carboxamidines derivatives was prepared and identified as NR2B selective NMDA receptor antagonists.


The influence of the substituents on the indole skeleton as well as the substitution of the benzyl moiety on the biological activity of


the compounds was studied. Compound 5a was po active in the formalin test in mouse.


Efficient synthesis of C-terminal modified peptide ketones for chemical ligations pp 5442–5445


Philippe Marceau, Corinne Buré and Agnès F. Delmas*
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Rémy Morgentin, Annie Olivier, Patrick Plé, Michel Vautier and Gerard Costello
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The figure showed the inhibitor modification information


derived from CoMFA model. Increasing bulk inside green


regions and removing bulk from yellow regions favor the
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and increasing positive charge in blue regions favor the


inhibitory activity.
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An ECLiPS� library, containing 11,718 compounds, was used to explore


the structure–activity relationships surrounding the piperazine core of


tricyclic farnesyltransferase inhibitors. Compounds 6 and 9, with IC50S
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A series of ligands with varying heterocyclic cores and substituents that display a range of selectivities


(up to >100·) for ER-b over ER-a are reported.
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Novel 5-HT1 autoreceptor ligands based on the tetrahydropyridothieno-pyrimidi-


none core are described. Strategies for the development of dual antagonists for the


5-HT1A and 5-HT1B receptors based on 1 and 2 as leads are discussed. Compounds


displaying high affinities and an antagonist mode of action were examined for


selectivity and characterized in additional assays.
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Kornél Galgóczy, Csilla Horváth, Sándor Farkas and György Domány
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Abstract—A novel series of indole-2-carboxamidine derivatives was prepared and identified as NR2B selective NMDA receptor
antagonists. The influence of the substituents on the indole skeleton as well as the substitution of the benzyl moiety on the biological
activity of the compounds was studied. Compound 5a was po active in the formalin test in mouse.
� 2005 Elsevier Ltd. All rights reserved.
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NR2B subtype-selective NMDA antagonists are an
intensively studied family of compounds, the scientific
and patent literature of which were reviewed from time
to time during the past years.1–3 The prototypical mem-
ber of this family is ifenprodil (1) and its structure served
as model for the design of a large number of much more
selective analogues. The important features of these
structures are two benzene rings connected by a spacer
that contains a basic nitrogen, often as part of a piperi-
dine ring. Even more important is a H-bond donor
moiety, for example, a hydroxyl group, on one of the
benzene rings generally in para position relative to the
spacer.4
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The establishment of SAR within this group of com-
pounds revealed that the basic nitrogen in the spacer is
not a prerequisite for the activity. Several carboxamides,
among others compound 2, were reported as potent and
selective NR2B antagonists.5
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Further rigidification of this structure by inserting a NH
group in the cinnamide part between the a-carbon of the
side chain and one of the o-carbons of the phenol moiety
resulted in compound 3. The potency of this compound
measured in a functional assay where the inhibition of
NMDA-evoked increase of intracellular Ca2+ level was
determined on rat cortical cell culture turned out to be
about six times higher than that of 2.6

Meanwhile, a new family of potent NR2B selective
NMDA receptor antagonists, exemplified by 4, was
reported.7 This group of compounds has a completely
different pharmacophore. The most important difference
between this pharmacophore and that described above
is that a H-bond donor group on one of the terminal
benzene rings is not a condition of good activity.

H


4 

We assumed that the rigidification of the spacer in 4may
also result in active compounds as happened in the case
of 2. A series of indole-2-carboxamidines represented by
5a–o was prepared and tested. In this paper, we describe
the synthesis and structure–activity relationships devel-
oped in an effort to optimize this group of compounds.
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Scheme 1. Reagents and conditions: (i) SOCl2, CHCl3, reflux, 2 h; (ii) NH4OH; (iii) POCl3, CHCl3, reflux 2 h; (iv) HCl, EtOH, rt, 2 h;


(v) benzylamine derivative, rt, 6 h; (vi) HCl.
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Solution-phase parallel synthesis was utilized to prepare
a range of amidines (Scheme 1). Approximately 200
compounds were prepared from unsubstituted- or 5-
substituted-indole-2-nitriles and 48 benzyl amines via
the Pinner synthesis. The indol-2-carbonitriles can be
synthesized by standard procedures from commercially
available indol-2-carboxylic acids. The nitriles were
transformed to the corresponding imidates by Pinner
chemistry.8 Amidines were prepared by treatment of in-
dol-2-carboximidates with the appropriate benzyl
amines, and purified by column chromatography. Their
purity was determined by the HPLC–MS method. The
potent compounds had been resynthesized and fully
characterized (IR, 1H and 13C NMR, and high resolu-
tion MS).


Biological activity of the prepared compounds was mea-
sured in a functional assay where the inhibition of
NMDA-evoked increase of intracellular Ca2+ level was
determined on rat cortical cell culture. Baseline and
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Table 1. Functional assay results for compounds 5a–o


Compound R1 R2 NMDA-evoked D[Ca2+]i
a,b


Inhib (%)c IC50 (nM)


n


5ad H 2-OCH3 35 ± 5 5


5bd 5-MeO 2-OCH3 19 ± 3 3


5cd 5-F 2-OCH3 33 ± 6 3


5dd 5-Cl 2-OCH3 64 ± 12 3


5ed H 2,6-(OCH3)2 5.4 ± 0.8 3


5fd 5-MeO 2,6-(OCH3)2 26 ± 5 5


5gd 5-F 2,6-(OCH3)2 17 ± 3 3


5h 5-C1 2,6-(OCH3)2 69 ± 13 4


5i H 2,6-Di-F 143 ± 27 4


5j H 3,5-Di-Cl 159 ± 17 3


5k H 2-CH3 170 ± 34 4


5l H 2-F 232 ± 36 3


5m H 3-OCH3 57.0% 2


5n H 4-OCH3 10.5% 1


5o H H 32.8% 1


1 470 ± 51 9


2 131 ± 10 2


3 18 ± 4 13


4 6.6 ± 1.1 3


a Values represent mean ± SEM. The number of experiments (n) is


indicated.
b NMDA-evoked changes of intracellular Ca2+.
c Inhib (%) were obtained using 1 lM concentration of compound.
d The salt form was proved by potentiometric titration. Melting points


for the compounds are as follows: 5a, mp 186–187 �C; 5b, mp 195–


196 �C; 5c, mp 164–165 �C; 5d, mp 190–191 �C; 5e, mp 243–244 �C;
5f, mp 242–244 �C; 5g, mp 248–250 �C.

NMDA-evoked changes of intracellular Ca2+ were mon-
itored with fluorimetry using a Ca2+-selective fluorescent
dye (Fluo-4/AM) and a plate reader fluorimeter.9 The
results of the functional assay for selected compounds
are summarized in Table 1.


Selectivity toward NR2A subunit containing NMDA
receptors was tested by the same functional assay using
cells expressing recombinant NR1/NR2A receptors and
none of the compounds exhibited significant activity up
to 15 lM concentration. In vivo analgesic activity was
tested in the mouse formalin test,10,11 a model of persis-
tent pain.


Initial investigation of the indole-2-carboxamidines fo-
cussed on substitution of some of the phenyl rings. Sub-
stitution of the benzyl moiety (R2) showed that
substitution at either 3 or 4-position was poorly tolerat-
ed; for example, 4-methoxy (5n), and 3-methoxy (5m)
analogues were practically inactive in the functional test.
On the other hand, the 2-methoxy substituent (5a)
showed high activity, while other groups at this position
(5k or 5l) were less active. Disubstitution by MeO
groups at the 2 and 6 positions, as in 5e–h, gave en-
hanced activity. Other disubstitution seemed to give
inferior compounds (5i and j). A possible reason why
ortho substitution, and to an even greater extent 2,6-
disubstitution, leads to potent compounds is that the
ortho substituents force the aromatic B-ring out of pla-
narity with the indolecarboxamide moiety. Holding
2-methoxy R2 group as constant, significant effects on
affinity were observed by the substitution of the indol
ring. The activity depended on the electron-donating
ability of R1 substituents, increased from 5-Cl toward
5-F and 5-MeO.


The most potent compound in this series is 5e which is a
2,6-dimethoxybenzyl derivative and its indole portion is
unsubstituted. Compound 5e showed good subtype
selectivity too (NR1A/2A inhibition at 15 lM was
32.1%). The unsubstituted analogue (5o) was almost
inactive, indicating that the common scaffold in itself
was not enough for the activity.


Compound 5a had the best oral efficacy in formalin test
(ED50 15 mg/kg po).


In summary, a series of new indole-2-carboxamidine
derivatives were prepared and found to be potent and
selective antagonists of the NR2B subtype of NMDA
receptors. The conclusion of this study was that the
activity of this type of compounds unusually strongly
depended on the character and position of the substitu-
ents on the aromatic rings. Results of detailed biological
investigations will be published under separate cover.
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9. Nagy, J.; Horváth, Cs.; Farkas, S.; Kolok, S.; Szombath-
elyi, Zs. Neurochem. Int. 2004, 44, 17.


10. Licking behavior was counted 20–25 min after injection of
formalin into the hindpaw of mice pretreated orally with
test compounds suspended in 5% Tween 80. Percentage
inhibition was calculated for each dose and the dose
producing half-maximal effect (ED50) was determined.
Maximal inhibition ranged from 59% to 93%.


11. Hunskaar, S.; Fasmer, O. B.; Hole, K. J. Neurosci. Meth.
1985, 14, 69.





		Indole-2-carboxamidines as novel NR2B selective NMDA  receptor antagonists

		References and notes





