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Abstract—The synthesis of a new series of abacavir prodrugs involving N2-substitution with various substituted benzaldehyde and
ketone derivatives is described. The in vitro anti-HIV activities indicated that compound (3-(2-(4-methylaminobenzylideneamino)-6-
(cyclopropylamino)-9H-purin-9-yl)cyclopentyl)methanol (3) was found to be most potent compound with EC50 of 0.05 lM and
CC50 of >100 lM with selectivity index of >2000. Compound 3 was found to be 32 times more potent than the parent drug
(EC50 of 1.6 lM). At pH 7.4, 37 �C, the hydrolytic t1/2 ranged between 120 and 240 min.
� 2006 Elsevier Ltd. All rights reserved.
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Acquired immunodeficiency syndrome (AIDS) is a
degenerative disease of the immune and central nervous
system caused by the human immunodeficiency virus
(HIV). Invasion of the central nervous system (CNS)
by the HIV, the causative agent of AIDS, leads to seri-
ous neurological disorders and may be a factor in the
development of persistent HIV infections1. Many inves-
tigations have focused on the development of agents
which can more readily penetrate the CNS by crossing
the blood–brain barrier. These studies involved modifi-
cation of the 5 0-hydroxyl group of the parent anti-HIV
nucleoside, for example, zidovudine2,3, stavudine4,
abacavir5, and 3 0-azido-2 0,3 0-dideoxyuridine6, or modifi-
cation of the nucleoside base with lipophilic functional
groups7,8 or the phosphate groups of nucleotides9. These
investigations aimed at increasing lipid solubility, since
the correlation between lipophilicity, membrane perme-
ability, and CNS penetration has long been estab-
lished10. In this work, 11 abacavir Schiff bases were
prepared and evaluated for their anti-HIV activity and
also in vitro hydrolytic stability study was reported.


Esterification of the 5 0-hydroxyl group of anti-HIV
2 0,3 0-dideoxynucleosides has been used extensively in
attempts to improve brain uptake and efficacy11. In this
paper, we modified the 2-amino group of (4-(2-amino-

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


doi:10.1016/j.bmcl.2006.01.050


Keywords: Abacavir; Prodrugs; Anti-HIV activity; Schiff bases.
* Corresponding author. Tel.: +91 1596 244684; fax: +91 1596


244183; e-mail: dsriram@bits-pilani.ac.in

6-(cyclopropylamino)-9H-purin-9-yl)cyclopent-2-enyl)meth-
anol (abacavir). The synthesis of abacavir prodrugs
proceeded smoothly by condensing parent drug with an
equimolar ratio of carbonyl compounds in the presence
of glacial acetic acid to form the Schiff’s bases (1–11)
which were E isomers (see Scheme 1). The reaction utiliz-
es the microwave irradiation in an unmodified domestic
microwave oven12 at 80% intensity with 30 s/cycle for
3 min and set aside. The resultant solid was washed with
dilute ethanol, dried, and recrystallized from ethanol–chlo-
roform mixture. Yield: 64–89%. Unlike conventional
methods (duration—3 h)13, microwave-assisted reactions
were very facile (2–3 min.), the product not requiring
any further purification. The purity of the synthesized
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Scheme 1. Synthesis of Schiff bases of Abacavir.
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compounds was checked by TLC and by elemental analy-
ses, and the compounds of this study were identified by
spectral data. In general, IR spectra showed C@N (azome-
thine) peak at 1640 cm�1 and NH-str at 3368 cm�1. In the
1H NMR spectra, the signals of the respective protons of
the prepared prodrugs were verified on the basis of their
chemical shifts, multiplicities, and coupling constants.
The spectra showed a D2O exchangeable broad singlet
at d 7.5 ppm corresponding to –NH– group; multiplet at
d 0.55–0.68 ppm for CH2-cyclopropyl proton; double
doublet for 50 CH2-group at d 3.6 ppm (J = 5.4 Hz) and
triplet at d 5.2 ppm (J = 8.0 Hz) for OH group. All these
compounds do not contain broad singlet at d 5.01 ppm
indicates that the primary amino group of abacavir reacts
with the carbonyl compounds. The elemental analysis
results were within ±0.4% of the theoretical values.


The synthesized compounds were evaluated for their
inhibitory effect on the replication of HIV-1 in
CEM cell lines8 and their EC50 (effective concentra-
tion of compound (lM) achieving 50% protection in
MT-4 cell lines against the cytopathic effect of
HIV-1), and CC50 (cytotoxic concentration of com-
pound (lM) required to reduce the viability of mock
infected CEM cells by 50%), are reported in Table 1
with abacavir as standard drug for comparison. Ra-
pid glance at the obtained results revealed that the
compounds 1–11 exhibited excellent anti-HIV activity.
Among the synthesized compounds, six compounds
(1–6) were found to be more active than abacavir.
Compound (3-(2-(4-methylaminobenzylideneamino)-
6-(cyclopropylamino)-9H-purin-9-yl)cyclopentyl)meth-
anol (3) was found to be most potent compound
with EC50 of 0.05 lM and CC50 of >100 lM with
selectivity index (CC50/EC50) of >2000. Compound 3
was found to be 32 times more potent than parent

Table 1. Physical constants and anti-HIV activity of Abacavir Schiff bases
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Compound R R1 Mp (�C) Y


1 H 2-Nitro phenyl 165 6


2 H 4-Nitro phenyl 176 6


3 H 4-Methyl phenyl 212 6


4 H 4-Methoxy phenyl 232 7


5 H 4-Dimethylamino phenyl 167 8


6 H 2-Hydroxy-4-methoxy phenyl 172 6


7 CH3 4-Hydroxy phenyl 201 7


8 C6H6 4-Bromo phenyl 223 6


9 H — 215 8


10 F — 158 8


11 CH3 — 184 7


Abacavir — — — —


a Calculated using Chemdraw ultra 8.0 program.
b Effective concentration of compound achieving 50% protection in CEM ce
c Cytotoxic concentration of compound required to reduce the viability of m
d At pH 7.4 at 37 �C, and ‘ND’ indicates not determined.

drug (EC50 of 1.6 lM). Schiff bases derived from
substituted benzaldehyde were found to be more ac-
tive than ketones. Among the substituted benzalde-
hyde series the order of activity is –CH3 > –
N(CH3)2 > –OCH3 > NO2. Nitro-substituted benzalde-
hyde derivatives were less active at HIV-1 replication,
at the same time they are highly toxic to the CEM
cell line.


The lipophilicity (c logP) of the synthesized com-
pounds increased remarkably compared with the par-
ent drug, abacavir (Table 1). This may render them
more capable of penetrating various biomembranes14,
consequently improving their permeation properties
through viral cell membranes. The results showed
that most of the compounds showed an improve-
ment in anti-HIV activity compared to the parent
drug.


The significance of the present study is that the Schiff
bases have improved logP and thus expected to cross
the blood–brain barrier effectively, as the sanctuary of
HIV is the brain. Hence, these compounds could be
more effective than the parent compound, Abacavir, in
penetrating the brain.


The usefulness of the prodrugs of abacavir should de-
pend not only on the stability of the prodrug for its
transport across the cell membrane but also upon its
reversion to the parent compound intracellularly, espe-
cially in the virally infected cells. The half-lives (t1/2)
of hydrolysis of the prodrugs were therefore determined
at pH 7.4, 37 �C2. The data in Table 1 indicated
that the various prodrugs of lamivudine were
susceptible to hydrolysis with t1/2 in the range of
120–240 min.

N


N
N


N


NH


N


NH


O


R


9-11


ield (%) cLogPa EC50
b (lM) CC50


c (lM) t1/2
d (min)


9 2.42 0.48 13 ND


6 2.42 0.52 12 ND


4 3.38 0.05 >100 150


0 2.77 0.36 >100 240


9 3.18 0.06 >100 120


8 2.38 1.2 100 ND


1 2.07 1.9 62 ND


8 5.18 3.7 45 ND


2 1.45 5.0 48 ND


7 1.61 6.2 56 ND


8 1.94 2.1 78 ND


0.22 1.6 83 —


ll lines against the cytopathic effect of HIV-1.
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Abstract—Plasmodium falciparum thioredoxin reductase (PfTrxR: NADPH + Trx(S)2 + H+
M NADP+ + Trx(SH)2) is a high Mr


flavin-dependent TrxR that reduces thioredoxin (Trx) via a CysXXXXCys pair located penultimately to the C-terminal Gly. In this
respect, PfTrxR differs significantly from its human counterpart which bears a Cys-Sec redox pair at the same position. PfTrxR is
essentially involved in antioxidant defense and redox regulation of the parasite and has been previously validated by knock-out stud-
ies as a potential drug target for malaria chemotherapy. Moreover, human TrxR is present in most cancer cells at levels tenfold
higher than in normal cells. Here we report the discovery of a series of potent inhibitors of PfTrxR. The three most promising
inhibitors, 3 ðICPfTrxR


50 ¼ 2 lM and IChTrxR
50 ¼ 50 lMÞ, 7 ðICPfTrxR


50 ¼ 2 lM and IChTrxR
50 ¼ 140 lMÞ, and 11 ðICPfTrxR


50 ¼
0:5lM and IChTrxR


50 ¼ 4 lMÞ were selective for the parasite enzyme. Detailed mechanistic characterization of the effects of these
compounds on the PfTrxR-catalyzed reaction showed clear uncompetitive inhibition with respect to both substrate and cofactor.
For the most specific PfTrxR inhibitor 7, an alkylation mechanism study based on a thiol conjugation model was performed.
Furthermore, all three compounds were active in the lower micromolar range on the chloroquine-resistant P. falciparum strain
K1 in vitro.
� 2006 Elsevier Ltd. All rights reserved.

The protozoan parasite Plasmodium falciparum is
responsible for up to three million deaths per year with
Africa having more than 90% of this burden.1 The high
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rate of failure of the currently available malaria prophy-
lactics, and the increasing resistance to nearly all the
available antimalarial drugs, strongly indicate that a
new generation of drugs is urgently needed.2


Plasmodium falciparum does not efficiently develop in
glucose-6-phosphate dehydrogenase deficient erythro-
cytes and is sensitive to reactive oxygen species (ROS)
resulting from the host immune system, as well as from
hemoglobin breakdown.3 The small amount of free
heme escaping the various detoxification pathways
causes oxidative damage to host proteins and mem-
branes, inhibits parasite enzymes, and finally lyses
erythrocytes.3,4 Two systems interact to protect malari-
al parasites against ROS: the glutathione system, com-
prising glutathione, glutathione reductase (GR),
glutathione S-transferase, and different glutaredoxin-
like proteins, and the thioredoxin system, which is
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based on thioredoxin (Trx), thioredoxin reductase
(TrxR), and thioredoxin-dependent peroxidases.5–7


Both systems use NADPH as a reductant.


The redox-active small protein Trx is involved in ribo-
nucleotide reduction and thus DNA synthesis as well
as in the redox control of many cellular processes,
including transcriptional control, protein folding, and
enzyme regulation.8,9 Trx is reduced by thioredoxin
reductase (TrxR: NADPH + Trx(S)2 + H+


M


NADP+ + Trx(SH)2), a homodimeric FAD-dependent
protein. In nature, TrxR is found in two forms. The
low Mr form, with a subunit of 35 kDa, is present in
prokaryotes and lower eukaryotes including yeast, and
has one FAD and one redox-active disulfide–dithiol in
each monomer. The high Mr form, with a subunit of
ca. 55 kDa, contains one FAD and two redox-active
disulfide–dithiols per monomer and is found in higher
eukaryotes including human and P. falciparum.10,11


The flow of reducing equivalents in these proteins is
from NADPH to the flavin, from the reduced flavin to
the adjacent disulfide, and from the nascent dithiol to
the second redox-active disulfide located on a flexible
C-terminal arm of the protein. This nascent dithiol is
the reductant of thioredoxin. In human TrxR (hTrxR)
and other mammalian TrxRs, this third redox center is
represented by a Cys-selenocysteine (Sec) pair. The
accessibility and reactivity of this redox pair is presently
exploited as a target for chemotherapeutic agents—an
approach that is supported by the fact that TrxR is
found at tenfold higher levels in most cancer cell lines
than in normal cells.12–15 In PfTrxR, the C-terminal re-
dox pair is represented by a CysXXXXCys sequence.
This difference in an essential structural and functional
motif of host cell and parasite enzyme represents a most
promising starting point for the development of specific
PfTrxR inhibitors.16–18 An X-ray structure of PfTrxR is
not yet available, however, the structures of the isofunc-
tional rat TrxR and of the closely related malarial gluta-
thione reductase can serve as models.19,20 Based on these
structures, the dimer interface region and the subunit
cavity might be specifically targeted in these large disul-
fide reductases in addition to the substrate binding
sites.20 The inhibition of PfTrxR is most likely to result
in enhanced oxidative stress, in ineffective DNA synthe-
sis and cell division, and in disturbed redox regulatory
processes in the parasites. Knock-out studies on
P. falciparum have shown that PfTrxR is essential for
the parasite, thus representing a validated drug target.21


The approach of our collaborative effort to develop a
new generation of antimalarial drugs has been two-
pronged. The first approach was based on a high-
throughput screen (HTS) of 350,000 compounds in a
Pfizer library that yielded 114 PfTrxR inhibitors using
a standard biochemical assay. Further screening identi-
fied 15 compounds that selectively inhibited the parasite
TrxR, 13 of which were Mannich bases, 4 saturated and
9 unsaturated.18 Based on these compounds we synthe-
sized a series of unsaturated Mannich bases that acted
as mechanism based inhibitors.18 In the present paper,
representing our second research approach, we have
used structure–activity relationships (SARs) studies to

develop a novel series of inhibitors that act from the mi-
cro- to nanomolar range and show high selectivity
against the P. falciparum enzyme. A detailed mechanism
for PfTrxR inactivation was investigated with the most
specific PfTrxR inhibitor 7. The inhibitors were evaluat-
ed on isolated P. falciparum and human TrxR, as well as
on P. falciparum in cell culture.


Plasmodium falciparum TrxR represents a validated and
highly interesting drug target to develop new antimalar-
ial drugs. Inhibition of this enzyme is likely to affect the
parasite at several vulnerable points in parallel, acting to
impair its antioxidant defense, to disturb its redox regu-
lation, and to decrease DNA synthesis. The fact that
PfTrxR harbors a solvent-exposed and highly reactive
redox center, which is essential for catalysis and differs
from the host enzyme, is a promising starting point for
the development of selective inhibitors.


The high-throughput screening of 350,000 compounds
has identified nitrophenyl compounds as P. falciparum
TrxR inhibitors. The lead structure is compound 1 from
which we developed our strategy based on SAR.18


Because the methylendioxyphenyl group could have
undesirable metabolic interactions with cytochrome
P450 in vivo, we applied the elegant strategy from the
Merck group which first discovered the 2,1,3-benzothi-
adiazole as a methylendioxyphenyl bioisoster.22–24 The
surrogate not only mimics both the shape and the
molecular electronic properties of the methylendioxy-
phenyl group but also shows high bioavailability. Three
2,1,3-benzothiadiazoles differently substituted by nitro
groups were investigated as TrxR inhibitors. We fur-
thermore evaluated nitroquinoxaline and nitrophenyl
derivatives as PfTrxR inhibitors, the structures and
corresponding IC50 values of which are shown in Table
1,25,26 and determined their antimalarial properties.


Each compound was tested for its ability to inhibit
PfTrxR and the isofunctional host cell enzyme hTrxR
in direct comparison.27 The respective IC50 values deter-
mined under quasi-physiological conditions, that is, in
phosphate buffer, pH 7.4, in the presence of 100 lM
NADPH and 20 lM of the corresponding thioredoxin,
are shown in Table 1. Since wild type hTrx tends to form
dimers in solution, which disturbs the determination of
exact kinetic constants, we employed the hTrx mutant
C72S for the studies. Affinity and turnover rates of this
mutant with respect to hTrxR are equivalent to those of
the wild type.28 The percentage of inhibition was calcu-
lated according to the following equation:


% inhibition ¼ 100� ðV i=V 0 � 100Þ; ð1Þ
where Vi and V0 are the activities determined in the pres-
ence and in the absence of inhibitor, respectively. Com-
pounds 2–5, 7, 9, and 11 inhibited PfTrxR with IC50


values 610 lM. The most potent inhibitor was com-
pound 11 with an IC50 of 500 nM. With the exception
of compounds 1 and 5, all inhibitors were more effective
on the parasite enzyme than on hTrxR. Compounds 3
and 7 were by a factor of 25 and 70, respectively, more
effective on PfTrxR, whereas compounds 6 and 9 were
more potent on the parasite enzyme by factors between







Table 1. Structures of compounds 1–11 and IC50 values on Plasmodium falciparum TrxR and human TrxR


Compound Structure IC50 for PfTrxR (lM) IC50 for hTrxR (lM) Selectivity for PfTrxR/hTrxR
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5 and 12, respectively. This is a most important aspect
since the development of specific PfTrxR inhibitors is
a difficult task when considering the presence of a highly
reactive selenocysteine residue at the C-terminal end of
hTrxR, in contrast to the CysXXXXCys motif in
PfTrxR. The high reactivity of the selenocysteine to-
wards electrophilic compounds, such as gold- or plati-
num-containing inhibitors, is currently used as a
chemotherapeutic approach to human cancer.15,28–31


The fact that, in spite of this high reactivity of the
hTrxR, a selective PfTrxR inhibition could be achieved
points to the involvement of other binding moieties than
the C-terminal redox center.

To explore the mechanism of inhibition in more detail,
we employed two different approaches. First, for those
compounds with the lowest IC50 values for PfTrxR, 3,
7, and 11, we examined the inhibition of the closely
related enzyme, glutathione reductase. Second, we deter-
mined Ki values and the type of inhibition with respect
to the physiological substrates PfTrx and NADPH
(Table 2 and Fig. 1). GR is a homodimeric FAD-depen-
dent enzyme which is structurally and mechanistically
closely related to TrxR. The most prominent difference
between the two enzymes is the absence of the second,
the C-terminal, redox-active disulfide in GR. In GR,
the substrate glutathione is directly reduced at the







Table 2. Ki values and effected glutathione reductase inhibition of the three most potent PfTrxR inhibitors 3, 7, and 11. Values represent means of


two independent experiments which differed by less than 10%
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N-terminal redox-active dithiol. PfGR has been well
characterized and closely resembles its human counter-
part.32 High-resolution X-ray structures of both hGR
and PfGR are available.20,33


The results in Table 2 indicate that, at inhibitor concen-
trations leading to 50% PfTrxR inhibition (namely 2, 2,
and 0.5 lM), compounds 3, 7, and 11 lead to efficient
inhibition of GR, between 18% and 81% for hGR, and
between 39% and 69% for PfGR. Furthermore, the inhi-
bition of PfTrxR was found to be uncompetitive with

respect to both substrates Trx and NADPH (see below).
These results support the notion that the inhibitors do
not significantly interact with the C-terminal redox cen-
ter of TrxR nor with the NADPH binding site. Rather
they are likely to have affinity to other structural motifs
or amino acid residues, possibly the intersubunit region
which is present both in PfTrxR and GRs.


Km values in the presence of varying inhibitor concen-
trations were determined on PfTrxR for both substrates,
PfTrx and NADPH. For all three inhibitors uncompet-
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itive inhibition was clearly observed as Km and Vmax val-
ues decreased with increasing inhibitor concentrations.
This indicates that the inhibitors bind to the enzyme–
substrate complex. Moreover, Cornish–Bowden plots
showed intercepts of all lines (obtained at different sub-
strate concentrations) in the upper left quadrant. Data
for the most potent PfTrxR inhibitor, 11, are shown in
Figure 1. Ki values obtained for this uncompetitive inhi-
bition were in the (sub)micromolar range for com-
pounds 3 and 11 and are shown in Table 2. This
indicates that the inhibitors bind to one of the en-
zyme–substrate intermediate complexes that occur
during catalysis, as previously observed for 1-chloro-
2,4-dinitrobenzene with hGR.34


To characterize the inhibition of P. falciparum TrxR by
the most specific compound 7, we investigated the reac-
tivity of 6,7-dinitroquinoxaline with glutathione (GSH)
as a potential irreversible component model for PfTrxR
inactivation (Scheme 1).35 Nitro aromatics, including
6,7-dinitroquinoxaline and various nitro-2,1,3-benzothi-
adiazoles, are known to be substituted by secondary
amines36 and alkoxides,37 giving rise to a mixture of
‘normal’- and cine-substitution products. In the latter,
the nucleophilic group takes up the position adjacent
to that occupied by the leaving (nitro) group. The inter-
mediate, a Meisenheimer adduct formed between the
nucleophile and the nitro aromatic ring, is not always
detected. Thiols as nucleophilic species were studied in
cine-substitution of 4-halogenobenzofurazans.38 When
1:2 concentrations of 7 and GSH were allowed to react
at neutral pH, the reaction mixture became yellow with-
in a few seconds. After 27 h, HPLC analysis revealed
two new peaks (tR = 16.8 and 16.9 min) attesting the
generation of two glutathione-adducts following ‘nor-
mal’ and cine-substitution. The ESI-MS analysis of the
reaction mixture showed three molecular mass peaks
at m/z 307.9 for glutathione, at m/z 483.8 for the gluta-
thione-7 adducts, and at m/z 612.8 for glutathione disul-
fide. The process is accompanied by the slow production
of a stoichiometric amount of nitrite as confirmed by
azo dye formation at 540 nm in two independent exper-
iments using 2 equiv (Fig. 2) and 5 equiv GSH at pH

8.0.39 No nitrite formation was detected from solutions
of 7 in the absence of glutathione.


During our studies, we also observed a slow time-depen-
dent inactivation of P. falciparum TrxR by the most
specific inhibitor, the 6,7-dinitroquinoxaline 7. To char-
acterize the irreversible inhibition, 20 lM PfTrxR was
incubated for 15 min with 300 lM NADPH and
100 lM compound 7. In direct comparison with a con-
trol, ca. 15% of TrxR was modified irreversibly. This irre-
versible inhibition of TrxR is a slow process, as judged
from the second-order rate constant k2 evaluated as
120 M�1 s�1 determined from the equation d[E]/
dt = k[E][I] by using 5-fold excess of inhibitor (100 lM)
over enzyme (20 lM). It should be noted that reduction
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of the enzyme by NADPH is a prerequisite for this irre-
versible inhibition. Residual TrxR activity was also mea-
sured in the DTNB reduction assay. As an additional
control, we added 2 lM inhibitor (appr. IC50) directly
to the assay and observed a 70% inhibition. When incu-
bating the enzyme with NADPH and 2 lM inhibitor in
the assay for 30 min, the inhibition increased to 85%.
Thus, appr. 15% (irreversible) enzyme inhibition oc-
curred in addition to the 70% reversible uncompetitive
inhibition within 30 min.


In glutathione conjugate addition, following the rate-
limiting attack of a nucleophile, reactions are normally
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reduced at the C-terminus, species (2) after base-catalyzed denitration.

considered to be essentially irreversible processes as evi-
denced by denitration; this last event results in either the
normal substituted product (Scheme 1, pathway A) or in
the final cine-substituted product following deprotona-
tion of the Meisenheimer complex intermediate (Scheme
1, pathway B). Regarding the reversible nature of any
covalent enzyme–inhibitor adducts formed, it must be
assumed that within the PfTrxR-active site, the Meisen-
heimer adduct intermediate generated from the bound
inhibitor 7 might be insufficiently stabilised and/or not
well-oriented such that base-catalyzed proton subtrac-
tion is disfavored and the reverse reaction may occur
(Scheme 1, pathway B). In a complete time-dependent
PfTrxR inactivation, when TrxR is inactivated with
increasing concentrations of 7 as a function of time,
the residual steady-state rate did not decrease to a large
extent nor tend to zero (data not shown). This does not
support a truly irreversible inactivation mechanism as
shown in glutathionylation mechanism (Scheme 1) but
rather is consistent with the proposed reversible disrup-
tion of the Meisenheimer complex intermediate in a
cine-substitution mechanism (Scheme 1, pathway B),
giving back to the starting 6,7-dinitroquinoxaline 7.
Noteworthy is to mention that the resulting PfTrxR
inhibition is very complex because the irreversible com-
ponent resulting from preincubation of enzyme,
NADPH and compound 7 is masked by the redox activ-
ity of the compound and the instability of PfTrxR in the
presence of NADPH. The latter was also reported for
the related P. falciparum glutathione reductase.40


As shown in Figure 3, the spectrum of the oxidized form
(Eox) of the recombinant enzyme, with a principal flavin
peak at 460 nm (curve 1), is characteristic of other en-
zymes in the disulfide reductase family (Scheme 2, en-
zyme species 1). Formation of the 2-electron-reduced
enzyme (EH2) is accompanied by characteristic partial
bleaching of the oxidized flavin spectrum and formation
of a long-wavelength band, best measured at 540 nm
due to the reduction of the disulfide bond between
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Cys93 and Cys88, and the formation of a thiolate–flavin
charge transfer complex (CTC) between the flavin and
the flavin-interacting thiol, Cys93. In this preliminary
experiment for technical reasons, 1.0 equiv of NADPH
and an excess of compound 7 were added together as
described in the Ref. 41 (curve 2); it can be seen that
most of the flavin is oxidized and there is very little
CTC. Subsequent steps will show that the NADPH
has reduced the flavin and reducing equivalents have
passed to the N-terminal disulfide and then to the C-ter-
minal disulfide (Scheme 2, enzyme species 2 and 3),
which interpretation is reinforced by a previous work
on the reaction of EH2 with unsaturated Mannich
bases.18 The C-terminal thiolate has attacked compound
7 to form enzyme species 4. An additional 0.75 equiv of
NADPH was added (curve 3) and the long-wavelength
band indicates CTC formation. The shape of the CTC
band is distorted somewhat due to the presence of a
small amount of the flavin semiquinone as evidenced
by the peak at 410 nm. Over the period of 1 h, further
reaction between EH2 and compound 7 leads to the loss
of CTC (curve 4) and flavin reoxidation confirming
the interpretation of the first step in the experiment.
Addition of a further 0.5 equiv NADPH (curve 5)
results again in CTC formation, in this case without dis-
tortion by the flavin anion radical (Scheme 2, enzyme
species 5).


These data indicate that compound 7 reacts with EH2,
most likely with a C-terminal thiolate.18 As shown in
Scheme 2, EH2 is an equilibrium mixture of the CTC
and an enzyme form having the C-terminal thiols re-
duced (Scheme 2, species 3). This enzyme form can at-
tack compound 7 catalyzed by a nearby base in the
enzyme-active site (Schemes 1 and 2). The experiment
was continued with further addition of NADPH and
compound 7 (data not shown). The reoxidized enzyme
had a normal spectrum and was found active in the
NADPH oxidase assay. The oxidase activity of the na-
tive enzyme is low but has been increased by reaction
with compound 7 (Schemes 1 and 2).


In an independent experiment, fresh PfTrxR (20 lM)
was incubated with 300 lM NADPH and 100 lM com-
pound 7 for 2.5 h at 25 �C. This resulted in a nitrite pro-
duction of ca. 6 lM (in the enzyme solution, this means
that appr. 6 lM SH-groups—of the 20 lM enzyme—are
likely to have reacted). Based on the nitrite produc-
tion—assuming that only one Cys residue is modified
and leads to complete enzyme inhibition—we calculate
a k2 of 24 M�1 min�1.


The effects of the three most potent PfTrxR inhibitors,
3, 7, and 11, on the growth of malarial parasites were
examined by testing on the chloroquine-resistant
P. falciparum strain K1 in cell culture.42


IC50 values—indicating the drug concentration required
for 50% parasite growth inhibition—were determined to
be 11, 15, and 18 lM, respectively (Fig. 4). Taking into
account activity losses due to incomplete uptake and
metabolic turnover of the inhibitor, values are in good
agreement with the kinetic data.

The most effective compound on cell culture, compound
3, was also studied using the incorporation of [3H]-
hypoxanthine as a metabolic parameter to determine
growth inhibition. In this assay, an IC50 value of
2.9 ± 0.82 lM was determined. This result is in good
agreement with the fact that most drugs exhibit lower
IC50 values when assessed with this metabolic method
rather than with the determination of parasitemia.
Along these lines, the IC50 for chloroquine determined
in parallel was between 350 and 450 nM when counting
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parasites and 120 ± 28 nM when using [3H]-hypoxan-
thine incorporation. Furthermore, combinations of
compound 3 with the clinically used antimalarials chlo-
roquine, methylene blue, and artemisinin were tested
using [3H]-hypoxanthine incorporation in combination
with the isobologram method.43,44 Data obtained for
compound 3 are shown in Figure 5. They clearly demon-
strate that the PfTrxR inhibitor acts antagonistically
with all three established antimalarial drugs.


In our earlier attempt to selectively inhibit PfTrxR with
Mannich bases, we postulated irreversible inactivation
of the PfTrxR by bisalkylation of a,b-unsaturated Man-
nich bases by the C-terminal thiols after observation of
competitive inhibition with DTNB.18 The inhibitors in
the present study, have been shown to act uncompeti-
tively, and to an approximately equal extent, in the pres-
ence of both physiological substrates of PfTrxR. All
compounds tested were active on malarial parasites in
the low micromolar range in both chemical and biolog-
ical assays. Taken together our data indicate that speci-
ficity for PfTrxR can be achieved by inhibitors that bind
differentially the to enzyme–substrate complex. A possi-
ble binding site of these inhibitors is the interface be-
tween the two subunits of the enzyme—a hypothesis
we will try to verify and utilize for further inhibitor
development.
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(11): Anal. calcd for C12H6N4O8S: C, 39.35; H, 1.65; N,
15.30; S, 8.75. Found: C, 39.77; H, 1.59; N, 15.45; S, 8.99.


27. Enzyme inhibition. PfTrxR and PfTrx were prepared as
described by Kanzok et al.,5 purification of the human
enzyme from placenta carried out according to Gromer
et al.49 with slight modifications. PfGR was produced as
described by Färber et al.,50 hGR according to Nordhoff
et al.,51 both enzymes kindly provided by Prof. Heiner
Schirmer, Biochemie-Zentrum, Heidelberg University.
The human thioredoxin mutant C72S was prepared as
described by Irmler et al.25


For comparative purposes, the inhibitory potency of the
compounds against both P. falciparum and human TrxR
was assessed by determining the IC50 values under
standard conditions. TrxR was assayed in a total volume
of 500 lL in 100 mM potassium phosphate, 2 mM EDTA,
pH 7.4, with 100 lM NADPH and appr. 10 mU/mL
TrxR. The reaction at 25 �C was monitored by the
decrease in absorbance at 340 nm and was started without
preincubation (<30 s) with 20 lM PfTrx or hTrx C72S.
Since all inhibitors were dissolved in DMSO, controls
containing the respective DMSO concentration (max 2%)
were measured in parallel and subtracted.GR assays were
carried out at 25 �C in 50 mM potassium phosphate,
200 mM KCl, and 1 mM EDTA, pH 6.9. The NADPH
concentration was 100 lM, appr. 1 nM PfGR or hGR was
used for the 1 mL assays. In the presence of inhibitor
concentrations resulting in 50% inhibition of PfTrxR,
NADPH consumption was assessed immediately after
starting with 1 mM GSSG. Compounds, which showed
good selective inhibition of PfTrxR—in comparison with
hTrxR—as indicated by their IC50 values, were tested
further with varying inhibitor and substrate concentra-
tions to determine the inhibition type.
To test time-dependent enzyme inhibition, P. falciparum
TrxR (20 lM) was allowed to react for 15 min with
300 lM NADPH in the presence or absence of 100 lM

compound 7 in a final volume of 50 lL at 25 �C. All
reaction mixtures contained 2% DMSO. Five microliters
of the reaction mixture was removed and the residual
activity was measured in the Trx standard assay (see
above). Both unreacted and 7-reacted enzymes were
dialyzed overnight and then tested for residual activity in
the Trx assay.


28. Irmler, A.; Bechthold, A.; Davioud-Charvet, E.; Hof-
mann, V.; Réau, R.; Gromer, S.; Schirmer, R. H.; Becker,
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29. Becker, K.; Herold-Mende, C.; Park, J. J.; Lowe, G.;
Schirmer, R. H. J. Med. Chem. 2001, 44, 2784.


30. Deponte, M.; Urig, S.; Arscott, L. D.; Fritz-Wolf, K.;
Réau, R.; Herold-Mende, C.; Koncarevic, S.; Meyer, M.;
Davioud-Charvet, E.; Ballou, D. P.; Williams, C. H.;
Becker, K. J. Biol. Chem. 2005, 280, 20628.


31. Millet, R.; Urig, S.; Jacob, J.; Gromer, S.; Moulinoux,
J.-P.; Becker, K.; Davioud-Charvet, E. J. Med. Chem.
2005, 48, 7024.


32. Schirmer, RH.; Bauer, H.; Becker, K. In Encyclopedia of
Molecular Medicine; Creighton, T. E., Ed.; Wiley & Sons:
New York, 2002; p 1471.


33. Karplus, P. A.; Schulz, G. E. Eur. J. Biochem. 1987, 195,
701.


34. Bilzer, M.; Krauth-Siegel, R. L.; Schirmer, R. H.; Aker-
boom, T. P.; Sies, H.; Schulz, G. E. Eur. J. Biochem. 1984,
138, 373.


35. Glutathionylation of 6,7-dinitroquinoxaline (7). The glu-
tathionylation product of compound 7 was prepared by
mixing 736 lL of a 10 mM solution of 7 in DMSO
(442 lM final concentration) with an equal volume of
20 mM GSH in water (884 lM final concentration), in the
presence of a 9.7 mM triethylamine solution in water (final
pH 7.4). The suspension was allowed to react at 25 �C.
The glutathionylation products were analyzed by HPLC
(Nucleosil C-18) by injecting 30 lL aliquots after different
times (0 min to 27 h) and by electrospray mass spectros-
copy (ESI-MS). The retention times were 16.8 and
16.9 min for the glutanionylated-7 products (‘normal’-
and cine-substitution products) and 21.3 min for the
starting 6,7-dinitroquinoxaline 7. The percentage of the
starting materials converted with time was calculated from
the peak area ratio. The reaction mixture was also
analyzed by ESI-MS after completion.


36. Nasielski-Hinkens, R.; Pauwels, D.; Nasielski, J. Tetrahe-
dron Lett. 1978, 24, 2125.


37. Di Nunno, L.; Florio, S. Tetrahedron 1977, 33, 855.
38. Di Nunno, L.; Florio, S.; Todesco, P. E. Tetrahedron


1976, 32, 1037.
39. Nitrite formation. The rate of denitration during glutath-


ionylation and enzymatic reactions was determined spec-
trophotometrically at 540 mM by monitoring the
concentrations of nitrite following formation of the red
azo dye in the presence of sulfanilamide, naphthylethy-
lenediamine dihydrochloride, and the fourfold diluted
reaction mixture as described.52 Nitrite solutions (10–
100 lM) were used for the calibration curve.


40. Schirmer, M.; Scheiwein, M.; Gromer, S.; Becker, K.;
Schirmer, R. H. Flavins Flavoproteins 1999, 13, 857.


41. Anaerobiosis spectroscopy, NADPH titration, and reaction
of 6,7-dinitroquinoxaline (7) with prereduced PfTrxR,
EH2. The reductive titration was performed under anaer-
obic conditions at 25 �C. Anaerobiosis was achieved by
alternately degassing under vacuum and equilibration with
ultrapure argon for eight cycles as described previously.53


The enzyme solution was protected from light during
anaerobiosis and reductive titration. The NADPH stock
solution was prepared in 40 mM Tris base solution (pH
9.0) and was made anaerobic by argon flushing for 10 min
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prior to use. The concentration of the anaerobic NADPH
solution was determined spectrophotometrically at
340 nM (e340nm = 6.22 mM�1 cm�1). Absorption spectra
were recorded on a HP 8452A spectrophotometer. All
spectra were corrected for slight turbidity by subtracting
the absorbance between 800 and 820 nm. A typical
experiment proceeded in three phases: first, 25.7 lM TrxR
(in a cuvette with two sidearms similar to those described
previously in Ref. 53) was reduced anaerobically in
100 mM sodium phosphate buffer, pH 7.0, by 1.1 equiv
NADPH (contained in a 100 lL gastight Hamilton
syringe) forming the FAD-thiolate CTC; next, 3 equiv of
compound 7 per FAD-containing subunit (20 mM inhib-
itor solution in 100% DMSO contained in one sidearm of
the cuvette) was added and the effect on the CTC was
followed. In the described experiment, an undefined trace
amount of compound 7 was already present in the enzyme
solution before NADPH addition; this is, likely due to
volatility of the compound revealed during the eight
vacuum-argon cycles. Finally, the protein modified by
3 equiv of compound 7 was titrated with additional
NADPH and again the effect of enzyme modification on
the FAD-thiolate CTC was examined. The enzyme was
reoxidized by opening the cuvette to air and tested for
residual activity. In parallel, two controls were prepared
according to the same titration conditions over the same
period of time and assayed for residual Trx reduction at
the end of the titration. The first control, that is, ‘control
TrxR-NADPH’, consisted of TrxR incubated with the
same amount of NADPH as in the titration. The second
control, that is, ‘control TrxR inhibitor’, consisted of
TrxR incubated with inhibitor but in the absence of
NADPH. This study was performed using a recombinant
enzyme with a specific activity of 18 U/mg which was
>95% pure as determined by SDS–polyacrylamide gel
electroporesis (data not shown). The specific activities of
wild type TrxR and inhibitor-reacted enzyme from titra-
tion experiments were determined in the Trx reduction
assay. It was carried out at 25 �C in a 1 mL cuvette
containing 100 mM phosphate buffer, pH 7.0, in the
presence of 100 lM NADPH, 0.01 to 0.1 lM TrxR
(unreacted and inhibitor-reacted TrxR), and 50 lM Trx.
The change in absorbance was measured at 340 nm.


42. Cultivation of malarial parasites and inhibitor testing in cell
culture. For testing the effects of the three most potent
PfTrxR inhibitors (compounds 3, 7, and 11) on the growth
of malarial parasites, we employed the chloroquine-
resistant P. falciparum strain K1 cultivated according to
Trager and Jensen,54 with slight modifications. The
parasites were synchronized to the ring stage and parasi-
temia was adjusted to 1–1.5% and hematocrit to 3.3%. For
each inhibitor, 12 wells and 2 control wells were prepared.
The inhibitors were dissolved and diluted in DMSO,
sterile filtered, and added to the cultures resulting in final
concentrations of 100, 10, 1, 0.1, and 0.01 lM, respective-
ly, and maximal DMSO concentrations of 1%. Cultures
were incubated at 37 �C, 5% O2 and 3% CO2 for 48 h.
Blood smears were prepared after 24 and 48 h, and
parasitemia was determined by counting Giemsa-stained

parasites under the microscope. Percentage growth inhi-
bition was plotted against the logarithmic concentration of
the inhibitor and the IC50 values were calculated using the
software Prism 3.0.


43. Testing of drug combinations in cell culture. The isotopic
drug sensitivity assay by means of the semiautomated
microdilution technique55 was employed to study drug
combination effects44 with chloroquine, methylene blue,
and artemisinin. This method is based on the incorpo-
ration of radioactive (3H)-hypoxanthine by the malarial
parasite after one growth cycle in hypoxanthine-free
medium. In a 96-well microtiter plate (NuncR), a twofold
serial dilution of four times the starting concentration of
each drug to be tested (100 lL) was carried out from the
upper wells to the lower wells of the plate. As such, the
last lower wells contained 64 times more diluted drug as
the initial upper wells. Parasites were incubated in these
serial drug dilutions at a parasitemia of 0.125% and a
hematocrit of 1.25% in hypoxanthine-free medium in a
total volume of 200 lL. After 48 h, 50 lL of 3H
hypoxanthine (0.5 lCi) was added to each well and
incubated for another 24 h. Each well was harvested,
dried, and the viability of the parasites in each well,
which is proportional to the radioactive counts, was
assessed. Fractional inhibitory drug concentrations were
obtained with FIC50 A = (IC50 of A + B)/(IC50 of A),
FIC50 B = (IC50 of B + A)/(IC50 of B), and FIC50 of the
drug combination = FIC50 A + FIC50 B. If this FIC50


value is <1, the two drugs act synergistically, if it is equal
to 1 the two drugs act additively, and if it is >1 the drugs
act antagonistically.
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Abstract—A novel series of pyridone inhibitors has been identified through pharmacophore analysis, as potent antagonists of
VLA-4.
� 2006 Elsevier Ltd. All rights reserved.

VLA-4 (Very Late Antigen-4, a4b1, or CD49d/CD29) is
a member of the superfamily of transmembrane glyco-
protein integrins which is made up of a- and b-heterodi-
mers and is expressed on all leucocytes except
platelets.1–3 VLA-4 binds to an alternatively spliced seg-
ment of fibronectin (CS-1) on extracellular matrix and
to vascular cell adhesion molecule-1 (VCAM-1) on
endothelium. VCAM-1 is expressed on vascular endo-
thelial cells in response to proinflammatory cytokines
and the VCAM-1/VLA-4 binding interaction has been
shown to be critical for lymphocyte migration to extra-
vascular tissues.4 Antibodies against VLA-4 have been
shown to block leucocytes infiltration and prevent tissue
damage in inflammatory disease models of asthma,5


rheumatoid arthritis,6 multiple sclerosis (MS)7 and
inflammatory bowel disease.8 Orally active small mole-
cule inhibitors of VLA-4 might therefore serve as useful
agents in the treatment of these disease states. Indeed, a
small molecule antagonist of VLA-4 has recently dem-
onstrated efficacy in an acute model of MS.9


Recently, we identified a series of C-ring heterocyclic
ureas as antagonists of VLA-4 (Table 1). While the urea
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moiety, and the position and length of the carboxylate
linker were essential for potency (data not shown) the
SAR around the C-ring attracted most interest.
Although direct comparisons could not be made, initial
SAR around the C-ring heterocycle appeared to suggest
that a nitrogen at the 2-position was beneficial for inhib-
itory potency (e.g., 1 and 2). Replacement of the nitro-
gen atom for oxygen also appeared to be detrimental
for potency (cf. 5 and 6).


Given the structural similarity of 1 and 5 with the
known11 and potent VLA-4 antagonists 7 and 8, togeth-
er with the finding that both series demonstrate similar
B-ring SAR (cf. 1 and 5 with 7 and 8), we decided to
overlay the two series in an attempt to define a common
pharmacophore (Fig. 1).


The molecular overlay of 5 and 8 may explain the simi-
larity in SAR between the two series, with excellent
alignment of both the urea and carboxylate moieties.
Furthermore, the nitrogen at the 2-position of the
C-ring of 5 is orientated in the same direction, but not
identical position, to the lone pair of the carbonyl
moiety of 8. Although the published pharmacophore
of 8 postulates the amide moiety acts as a hydrogen
bond donor,12 given the excellent overlay with 5, we
decided to explore the possibility that the amide might
in fact behave as a H-bond acceptor (Fig. 2).
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Table 2. SAR for a series of pyridone analogues
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Compound R1 R2 pKi a4b1


9 H Ph–4-(CH2)2CO2H <6


10 H CH2–Ph–4-(CH2)2CO2H 8.7


11 OMe CH2–Ph–4-(CH2)2CO2H 9.3


12 H CH2–Ph–3-(CH2)2CO2H 8.4


13 H CH2–Ph–2-(CH2)2CO2H 6.4


14 H CH2–Ph–4-CH2CO2H 6.6


15 H CH2–Ph–4-CO2H 6.5


Table 3. Cross screening data for pyridone 10


Integrin pKi


a4b1 8.7


a4b7 <5


a5b1 <5


aVb3 <5


aVb6 <5


aIIb3 <5


Table 1. Heterocyclic C-ring SAR
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4 5


Compound W X Y Z R pKi a4b110


1 C N N C H 6.6


2 N N N C H 6.3


3 N N C C H <4


4 C N C N H <6


5 C N N C MeO 7.6


6 N C O N MeO <6
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A small subset of compounds, with variations in linker
length and position, were designed and analysed for
molecular overlap with compound 8. Several of these
compounds were selected for synthesis based on align-
ment of the proposed pharmacophoric features (Fig. 3).


Disappointingly, despite the excellent overlay the direct-
ly linked pyridone analogue 9 was considerably less ac-
tive, possibly due to the rigid nature of this molecule and
its inability to achieve the required bioactive conforma-
tion (Table 2). Gratifyingly, however, analogue 10

Figure 3. (a) Molecular overlay of 8 (yellow) and 9 (green). (b) Molecular overlay of 8 (yellow) and 10 (green).
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8, R = OMe, α4β1 pKi 9.1


Figure 1. (a) Amide antagonists 7 and 8. (b) GASP molecular overlay of 8 (yellow) and 5 (green).
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Figure 2. Cyclisation of amides to interrogate a hydrogen bond acceptor hypothesis.
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Scheme 1. Reagents: (a) mCPBA, THF, 25 �C (58%); (b) i—Ac2O, reflux; ii—HCl, reflux, (80%); (c) Cs2CO3, DMF, 25 �C (90%); (d) 10% Pd/C,


EtOH, H2 (1 atm), 25 �C (50%); (e) o-tolyl isocyanate, DCM, 25 �C (80%); (f) 0.5 N aq LiOH, THF, 25 �C (100%).
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displayed excellent inhibitory potency and introduction
of a methoxy group into the B-ring gave further
enhancement in potency (cf. 10 and 11). The increased
potency observed for the pyridone 10 relative to the
amide 7 is also noteworthy, suggesting that the carbonyl
of the pyridone may be held in its bioactive conforma-
tion. Although the meta isomer 12 displays comparable
potency to the para isomer 10, in general the position
and length of the linker is critical for optimal potency
(cf. 10 and 13, 14 and 15).


Cross screening of 10 against a range of integrin recep-
tors indicated excellent selectivity (Table 3). Additional-
ly, cross screening of 10 against a diverse panel of 50
receptors and ion channels13 indicated 615% inhibition
at 1 lM (data not shown).


The pyridone analogues were prepared via a short con-
cise synthesis14 starting with the oxidation of the known
pyridine 1615 with m-chloroperoxybenzoic acid which
afforded the corresponding pyridine N-oxide. Treatment
of the N-oxide with acetic anhydride at reflux afforded,
after hydrolysis, the corresponding pyridone 17. Selec-
tive N-alkylation of 17 with the chloride 1816 in the pres-
ence of caesium carbonate afforded the ester 19.
Hydrogenation of the nitro group afforded the corre-
sponding aniline, which was treated with o-tolyl isocya-
nate to afford the urea 20. Hydrolysis with lithium
hydroxide provided the desired analogue 10 in good
overall yield (Scheme 1).


In summary, molecular overlay studies of our initial
leads with known VLA-4 antagonists have led to
hypothesis of a novel pharmacophore. Subsequent
design and synthesis of analogues exploiting this
hypothesis has afforded a novel series of potent and
selective VLA-4 antagonists.
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Abstract—In a high-throughput screening effort, a series of tetrahydroisoquinolines was identified as modest inhibitors of human
Eg5. A medicinal chemistry optimization effort led to the identification of R-4-(3-hydroxyphenyl)-N,N-7,8-tetramethyl-3,4-dihydro-
isoquinoline-2(1H)-carboxamide (32a) as a potent inhibitor of human Eg5 (ATPase IC50 104 nM) with good anti-proliferative activ-
ity in A2780 cells (IC50 234 nM).
� 2006 Elsevier Ltd. All rights reserved.
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Compounds that target mitosis (e.g., taxanes, vinca
alkaloids)1 have found clinical utility as chemotherapeu-
tic agents. While effective against many cancer types,
these agents can be compromised by acquired resistance
and undesirable toxicities (neuropathy, neutropenia,
and GI toxicity) linked to mechanism of action. As such,
a need exists for small molecule agents which target
mitosis by novel mechanisms as alternatives to the exist-
ing therapies.


Kinesins are a superfamily of motor proteins which
hydrolyze ATP in order to transport cargo across micro-
tubule networks. The microtubule associated kinesin
Eg5 (also known as kinesin spindle protein (KSP)) is re-
quired for assembly and function of the mitotic spindle
apparatus.2 More specifically, Eg5 functions to bundle
microtubules to form the bipolar mitotic spindle.2–4


Modulation of Eg5 activity, by immunodepletion of
Eg5 protein or knockdown of Eg5 mRNA by siRNA,
has been shown to cause aberrant mitotic spindle forma-
tion, cell cycle arrest in mitosis, and inhibition of prolif-
eration of tumor cells in culture.4,5 Additionally,

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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treatment with reported human Eg5 inhibitors monas-
trol (1)6 and HR22C16 (2a)7 (Fig. 1) has been shown
to induce cell death via apoptosis.8


Since agents which target Eg5 selectively would be
expected to act only on cells undergoing cell division,
we9 and others10,11 have undertaken efforts to identify
small molecule inhibitors of this kinesin.


In a high-throughput screening effort, we identified a
series of tetrahydroisoquinolines as inhibitors of human

3


N CH3O


Figure 1. Eg5 inhibitors: Monastrol (1), HR22C16 (2a), and tetrahy-


droisoquinoline screening hit (3).
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Scheme 1. Synthesis of the tetrahydroisoquinoline scaffold. Reagents


and conditions: (a) NaBH4, Et3N, MeOH, 0–25 �C; (b) CH3SO3H,


CH2Cl2, 0–25 �C; (c) 1 M K2CO3, EtOAc; (d) NaBH4, MeOH, 0–


25 �C.
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Eg5. A representative member of the series, compound 3
(Fig. 1), displayed micromolar activity in both the Eg5
ATPase assay (IC50 9.7 lM)12 and an anti-proliferation
assay in A2780 ovarian carcinoma cells (IC50 2.4 lM).13


Thus, a medicinal chemistry program was initiated to
further optimize the screening hit.


NMR experiments including 1H/15N chemical shift per-
turbation,14 saturation transfer difference (STD),15 and
T2 relaxation studies16 were performed on HTS com-
pounds of interest to verify direct binding to Eg5. Com-
petition experiments using STD with a known allosteric
inhibitor demonstrated that compound 3 bound to the
human Eg5 motor domain in an allosteric site previous-
ly described for other Eg5 inhibitors11,17 and not present
in the apo structure of the enzyme. Guided by co-crystal
structures of Monastrol17 (1) and HR22C16 analog (2b,
R = NH2),18 with the Eg5 motor domain, a binding
model of compound 3 was constructed. The van der
Waals affinity of the 2b allosteric site for a methyl probe
was mapped19 at a grid spacing of 0.5 Å. Compound 3
was docked into the site with the aid of this map, and
the entire Eg5/ligand complex was allowed to relax
through 1000 steps of energy minimization with the Tri-
pos force field.20 The resulting model and contour were
used to guide SAR development (Fig. 2).


The tetrahydroisoquinoline (THIQ) scaffold was con-
structed from readily available starting materials using
the synthetic route outlined in Scheme 1. Reductive ami-
nation of substituted benzaldehydes with ethanolamines
gave the benzyl-substituted amino-alcohols 4. Acid cat-
alyzed cyclization of 4 with methanesulfonic acid in
CH2Cl2 provided the THIQ core 5 in excellent yields.
Alternatively, the cyclization precursor 4 could be ob-
tained through NaBH4-mediated reduction of the prod-
uct from the alkylation of benzylamines and a-
haloacetophenones. This latter sequence typically pro-
vided the THIQ core 5 in moderate yields.

Scheme 2. Reagents and conditions: (a) R3X, K2CO3, CH3CN, 70 �C;


(b) R3COCl, 1 M K2CO3, EtOAc or R3CO2H, EDCI-HOBT, DMF;


(c) R3SO2Cl, 1 M K2CO3, EtOAc; (d) R3NCO or R3R4NCOCl, 1 M


K2CO3, EtOAc.


Figure 2. Compound 3 modeled into the human Eg5 motor domain:2b


(magenta) crystal structure. MOL2MAP methyl probe affinity surface


(van der Waals energy) is shown in yellow, contoured at �1.5 kcal/


mol.

Elaboration of the intermediate N-unsubstituted THIQ
core is illustrated in Scheme 2. Alkylation with alkyl ha-
lides in the presence of potassium carbonate at 70 �C
gave the N-alkyl analogs 6. The acylated analogs 7 were
prepared either by addition of an acid chloride to a two
phase mixture of 5 in 1 M K2CO3/EtOAc (1:1) or
through the coupling of the carboxylic acid with
EDCI/HOBT. The sulfonated analogs 8 and the ureas
9 were prepared from the corresponding sulfonyl chlo-
rides, isocyanates, or carbamoyl chlorides using stan-
dard procedures.


An initial scan of R1 substitutions on the THIQ aryl ring
yielded the 7,8-dimethyl groups as suitable replacements
for the dihydrofuran ring of 3 (data not shown). Using
the 7,8-dimethyl THIQ (10), the nitrogen substituent
(R3) was optimized (Table 1). Incorporation of small al-
kyl groups on nitrogen provided compounds with







Table 2. 4-Phenyl-tetrahydroisoquinoline: effect of substituents on the


4-phenyl ring


N


CH3


H3C N


O


R2


Compound R2 ATPase IC50
a


(lM)


Cytotoxicity IC50
a


(lM)


28 H 2.75 1.20


32 3-OH 0.306 (0.080) 0.376 (0.022)


33 4-OH >25 ndb


34 3-CF3 13.2 nd


35 3-Cl 3.48 3.02


a IC50 values were derived from dose–response curves generated from


triplicate data points. Values with standard deviations (in parenthe-


ses) are means of three independent experiments.
b nd, not determined.


Table 1. 4-Phenyl-tetrahydroisoquinoline: optimization of the N-


substituent


N


CH3


H3C R3


Compound R3 ATPase


IC50
a (lM)


A2780


cytotoxicity


IC50
a (lM)


10 –H 8.33 9.04


11 –CH3 18.4 7.30


12 –Et 25.2 5.30


13 –iPr 11 6.28


14 –(CH2)2Ph >25 ndb


15 –(CH2)2NH2 2.27 2.31


16 –(CH2)3NH2 3.06 2.42


17 –(CH2)4NH2 4.65 2.37


18 –(CH2)2N-pyrrole >25 nd


19 –(CH2)3NMe2 8.88 3.24


20 –(CH2)4NMe2 5.36 1.86


21 –COMe 17.9 nd


22 –COPh 16.4 7.77


23 –SO2Me >25 nd


24 –CO2Me 14.4 nd


25 –CO2Et >25 nd


26 –CONH2 >25 nd


27 –CONHMe >25 nd


28 –CON(Me)2 2.75 1.20


29 –CO-morpholine 22.3 nd


30 –CO-piperidine 12.8 2.83


31 –CON(Me)(CH2)3NMe2 5.44 1.21


a IC50 values were derived from dose–response curves generated from


triplicate data points.
b nd, not determined.
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modest activity in the human Eg5 ATPase assay (11-13),
while use of larger N-alkyl substituents (>4C; e.g., 14,
18) led to loss of activity. However, when the N-alkyl
chain contained a basic nitrogen 2–4 carbons away from
the THIQ core (15–17, 19–20), activity was retained or
improved over the parent compound in both the ATP-
ase and antiproliferation assays. From our computer
model, we hypothesized that the charged side chain
extended toward solvent.


Acylation of the THIQ nitrogen to provide amides, sul-
fonamindes, carbamates or primary ureas afforded com-
pounds with little to no activity. However, the N,N-
dimethyl urea, 28, was equipotent with the compounds
containing a basic amine in the side chain (15–17). Larg-
er disubstituted ureas (29, 30) were less active than 28.
Combination of the disubstituted urea functionality
with the basic amine containing side chain also provided
micromolar compounds (e.g., 31). Since we expected
that compounds containing a basic nitrogen would have
a greater potential for off-target activities, we chose to
further explore SAR development in the N,N-dimethyl
urea series (Table 2).


Our binding model of compound 3 with Eg5 indicated
two carbonyls, from residues Trp127 and Glu118, were

located in the pocket predicted to accommodate the 4-
phenyl group. Both monastrol and HR22C16 analog
2a donate a hydrogen bond through a phenol function-
ality to one of these moieties. Incorporation of a 3 0-hy-
droxy group onto the 4-phenyl ring provided compound
32, which exhibited a 7.7-fold increase in activity in the
ATPase assay and 3-fold increase in anti-proliferative
activity over 28 (Table 2). Moving the phenol substitu-
ent from the 3- to the 4-position (33) eliminated all
detectable activity. Replacing the hydrogen-bond donat-
ing substituent with a 3-chloro or 3-trifluoromethyl pro-
vided compounds with micromolar activity.


With the 3 0-hydroxy group incorporated, we turned our
attention to optimization of the substituents on the
THIQ aryl ring (R1, Table 3). Initial SAR exploration
of simple substituents at all four positions on the aryl
ring quickly indicated a requirement for a substituent
at the C7 or C8 position. The unsubstituted THIQ 36
and the C5 or C6 substituted compounds (data not
shown) have IC50s greater than 25 lM. Electron-with-
drawing halogen groups incorporated at C7 provided
compounds with modest to no activity in the ATPase as-
say (37, 38), however, as the size of the C7 substituent
increased and the electron-withdrawing capacity de-
creased, submicromolar activity was attained (39, 40).
Incorporation of both the 7-methyl and 7-methoxy com-
pounds also provided compounds with potent submicro-
molar activities (41, 42). At C8, halogens were not
tolerated and substitution of a methyl (46) or methoxy
(48) provided compound with micromolar activity.
However, the 8-ethyl compound 47 exhibited equipotent
activity to 32 in both assays. Substitution with groups at
both the 7- and 8-positions provided mixed results.
While 7,8-dimethyl compound 32 exhibited improved
activity in the ATPase and antiproliferation assays over
the singly substituted compounds (41, 46), preparation
of the 7,8-dimethoxy compound 49 resulted in substan-
tial loss of activity over the singly substituted com-
pounds (42, 48). Submicromolar activities were
observed for compounds with a ring appended in the







Table 3. 4-Phenyl-tetrahydroisoquinoline: effect of substitution on the


tertrahydroisoquinoline aryl ring


N


O


N


OH


R1


5
6


8


Compound R1 ATPase IC50
a


(lM)


A2780


Cytotoxicity


IC50
a (lM)


36 H >25 nd


37 7-F >25 ndb


38 7-Cl 2.49 1.19


39 7-Br 0.808 (0.089) 0.879 (0.143)


40 7-I 0.317 (0.080) 0.363 (0.015)


41 7-Me 0.595 0.851


42 7-OMe 0.617 (0.019) 0.402 (0.032)


43 8-F >25 nd


44 8-Cl >25 nd


45 8-Br >25 nd


46 8-Me 4.71 2.05


47 8-Et 0.344 0.186


48 8-OMe 1.78 0.332


32 7,8-Me2 0.306 (0.080) 0.376 (0.022)


49 7,8-(OMe)2 12.8 2.92


50 7,8-Cl2 1.27 3.44


51 7,8-naphthyl 0.477 0.373


52 7,8-(–(CH2)2O–) 0.639 0.235


a IC50 values were derived from dose–response curves generated from


triplicate data points. Values with standard deviations (in parenthe-


ses) are means of three independent experiments.
b nd, not determined.


Figure 4. The binding site for compound 32a on human Eg5. The


compound is shown with thick rods and the protein is shown with


thinner rods. The initial 2Fo � Fc electron density map contoured at 1r
is shown in cyan mesh. Figure created using PyMol.24
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7,8-position (51, 52). In general, close correlation be-
tween the data obtained in the ATPase and cell prolifer-
ation experiments was observed across all program
compounds.


Compound 32 was resolved into its enantiomers and the
active enantiomer 32a (Fig. 3, R-isomer21) was used for
co-crystallography experiments and further biological
evaluation.


The X-ray crystal structure of 32a in complex with Mg2+


and ADP was determined to 2.3 Å resolution.22 As pre-
dicted from our modeling studies, compound 32a binds
in the known allosteric pocket of Eg5.9,17 This allosteric
binding site of 32a is approximately 13 Å from the
nucleotide binding site and causes rearrangement of
backbone and side chains relative to the Mg-ADP struc-

N


O


N


OH


                   ATPase IC 50 0.104 (0.044) µM
A2780 Cytotoxicity IC50 0.234 (0.036) µM


32a


Figure 3. Compound 32a.

ture of the protein.23 The binding site for compound 32a
is shown in Figure 4. The phenol moiety of compound
32a binds in a hydrophobic sub-pocket surrounded by
side chains of Arg 119, Trp 127, Ala 133, Pro 137, Tyr
211, and Leu 214 with additional van der Waals interac-
tions contributed by the main chain of Gly 117 and Glu
118, and the side chain of Asp 130. Additionally, the
phenol forms hydrogen bonds to the Glu 118 carbonyl
oxygen and the Arg 119 side chain. The 7,8-dimethyl
substituted aryl ring of the THIQ is sandwiched between
the side chains of Glu 116 and Leu 214 with additional
van der Waals interactions with the side chains of Ile
136, Pro 137, Leu 160, Ala 218, and Phe 239, and the
main chain of Glu 116. The piperidine moiety of the
THIQ forms van der Waals contacts with the side chain
of Ala 218 and the carbonyl oxygens of Glu 116 and Gly
117. The dimethyl urea moiety, which is pointed out of
the binding pocket, forms van der Waals contacts with
both the main and side chains of Leu 214 and Glu
215, and the side chains of Tyr 211, Arg 119, and Ala
218.


Development of structure activity relationships during
optimization of the THIQ series of Eg5 inhibitors dem-
onstrated a correlation between the microtubule-depen-
dent Human Eg5 ATPase activity and A2780 ovarian
carcinoma cell proliferation. In order to confirm that
the cytotoxicity displayed by the THIQ series was a con-
sequence of Eg5 inhibition, we further characterized the
cellular activity of compound 32a.


Cells with reduced Eg5 activity, for example by immun-
odepletion or small molecule inhibitors, display a char-
acteristic mitotic cell phenotype and arrest in
mitosis.4,6 As shown in the confocal fluorescent micros-
copy images of Figure 5, compound 32a induced the for-
mation of monopolar mitotic spindles in kangaroo rat
kidney epithelial cells (PtK2) after 4 h treatment.25 Mul-
tiple monopolar mitotic spindles but no bipolar mitotic
spindles were observed (Fig. 5A). Under higher magnifi-
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C
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Figure 5. Confocal fluorescent microscopy images of PtK2 following


treatment with 8.6 lM compound 32a for 4 h. Monopolar mitotic


spindles (arrowheads) in a representative field of cells at increasing


magnification (10·, 63·, and 63· Zoom in panels A, B, and C,


respectively), microtubules (green), and chromosomal DNA (blue).
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Figure 6. Compound 32a Eg5 inhibitor 32a demonstrated cytotoxic


activity against a panel of tumor cell lines.27 IC50s were determined


after 72 h exposure. The mean bar graph depicts the difference between


the log of individual cell line IC50 values relative to the mean log of all


the IC50 values. Relative sensitivities are shown; right-projecting bars


are more sensitive cell lines and left-projecting bars are less sensitive


cell lines.
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cation (Fig. 5C), several DAPI-stained chromosomes
(blue) are detected in the focal plane with microtubules
of the mitotic spindle (green).


Compound 32a also arrested cells in mitosis. A2780
ovarian carcinoma cells treated with compound 32a
for 17 h, corresponding to approximately one cell cycle,
showed an increase in the mitotic index (percentage of
cells in M phase) relative to untreated cells, as quantified
by flow cytometry.13 The induction of mitotic arrest at
17 h is in agreement with the cytotoxicity observed in
A2780 cells at 72 h (Table 4). Further evaluation of
the cytotoxic activity of compound 32a revealed anti-
proliferative activity against multiple tumor cell lines
(breast, colorectal, lung, ovarian, and prostate). Cyto-
toxicity IC50 values in the different cell lines varied less
than 0.6 log of the mean, as graphically depicted in
the mean bar graph (Fig. 6). As expected for an inhibitor
of the essential protein Eg5, compound 32a was equipo-
tent in all cell lines tested, including both A2780S

Table 4. Cell cycle analysis


Compound Concentration (lM)


% G1 Phase


32a 0.257a 9.1


32a 0.328b 3.1


DMSO 0.08%c 41.4


Nocodazole 0.1d 12


Experimental details described in Ref. 13.
a A2780 IC50.
b A2780 IC90.
c neg. control.
d pos. control.

taxol-sensitive (IC50 0.267 lM) and A2780-TAXR tax-
ol-resistant (IC50 0.215 lM) cell lines.26


Modeling-guided optimization of the tetrahydroisoquin-
oline screening hit 3 led to the identification of com-
pound 32a, a sub-micromolar human Eg5 inhibitor.
Biological characterization demonstrated that com-
pound 32a displays cellular activities in secondary as-
says consistent with an Eg5 mechanism of action.
Compounds from the tetrahydroisoquinoline series are
novel human Eg5 inhibitors with promising preclinical
activity profiles and represent significant new leads for
further optimization.

A2780 cell cycle profile Mitotic index


% S Phase % G2 + M Phase % M Phase


11.8 73.2 39.3


5.9 84 52.2


37.5 14.8 3.2


15.7 62.1 23.7
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antagonist program. By adding two conformational constraints


to this compound and by exploring the SAR of the aryl


sulfonamide and terminal amine groups, we identified compound


13g, which was 220-fold more potent than compound 1 and


selective over the bradykinin 2 receptor.


Synthesis and SAR of heteroaryl-phenyl-substituted pyrazole derivatives as highly selective and
potent canine COX-2 inhibitors


pp 2076–2080


Hengmiao Cheng,* Kristin M. Lundy DeMello, Jin Li, Subas M. Sakya, Kazuo Ando, K. Kawamura,
Tomoki Kato, Robert J. Rafka, Burton H. Jaynes, Carl B. Ziegler, Rod Stevens, Lisa A. Lund,
Donald W. Mann, Carolyn Kilroy, Michelle L. Haven, Erik L. Nimz, Jason K. Dutra, Chao Li,
Martha L. Minich, Nicole L. Kolosko, Carol Petras, Annette M. Silvia and Scott B. Seibel
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The discovery of heteroaryl-phenyl-substituted pyrazole derivatives as canine selective COX-2


inhibitors is described. Structure–activity relationship (SAR) studies of this class of


compounds led to the identification of compound 1 which demonstrated a canine whole


blood COX-2 inhibitory IC50 of 12 nM and selectivity ratio of COX-1/COX-2 greater than


4000-fold.
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N-thiolated 2-oxazolidinones: A new family of antibacterial
agents for methicillin-resistant Staphylococcus aureus and Bacillus anthracis


pp 2081–2083


Rajesh Kumar Mishra, Kevin D. Revell, Cristina M. Coates, Edward Turos,*


Sonja Dickey and Daniel V. Lim
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A new family of N-thiolated 2-oxazolidinones having antibacterial activity against methicillin-


resistant Staphylococcus aureus and Bacillus anthracis is reported. The effect of ring


substituents and stereochemistry on antibacterial activity of these compounds was found to


be similar to that of previously reported N-thiolated b-lactams.


N-Thiolated b-lactams: A new family of anti-Bacillus agents pp 2084–2090


Edward Turos,* Timothy E. Long, Bart Heldreth, J. Michelle Leslie,
G. Suresh Kumar Reddy, Yang Wang, Cristina Coates, Monika Konaklieva,
Sonja Dickey, Daniel V. Lim, Eduardo Alonso and Javier Gonzalez
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The evaluation of N-thiolated b-lactam antibiotics 1 as potential anti-Bacillus agents is reported.


Synthesis and evaluation of novel heterocyclic inhibitors of GSK-3 pp 2091–2094


Terrence L. Smalley, Jr.,* Andrew J. Peat, Joyce A. Boucheron, Scott Dickerson,
Dulce Garrido, Frank Preugschat, Stephanie L. Schweiker, Stephen A. Thomson and Tony Y. Wang
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Novel heterocyclic GSK-3 inhibitors based on a previously


described template have been synthesized as a potential


treatment for diabetes. Several compounds exhibited excellent


potency which could be rationalized using ab initio calculations.


Inhibitors of human mitotic kinesin Eg5: Characterization of the
4-phenyl-tetrahydroisoquinoline lead series


pp 2095–2100


Christine M. Tarby,* Robert F. Kaltenbach, III, Tram Huynh, Andrew Pudzianowski,
Henry Shen, Marie Ortega-Nanos, Steven Sheriff, John A. Newitt, Patricia A. McDonnell,
Neil Burford, Craig R. Fairchild, Wayne Vaccaro, Zhong Chen, Robert M. Borzilleri,
Joseph Naglich, Louis J. Lombardo, Marco Gottardis, George L. Trainor and Deborah L. Roussell
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ATPase  IC50 104 nM
32a
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Synthesis, in vitro and in vivo evaluation of [O-methyl-11C] 2-{4-[4-(3-methoxyphenyl)piperazin-1-yl]-
butyl}-4-methyl-2H-[1,2,4]-triazine-3,5-dione: A novel agonist 5-HT1A receptor PET ligand


pp 2101–2104


Jaya Prabhakaran, Ramin V. Parsey, Vattoly J. Majo, Shu-Chi Hsiung, Matthew S. Milak,
Hadassah Tamir, Norman R. Simpson, Ronald L. Van Heertum, J. John Mann and J.S. Dileep Kumar*
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Design, synthesis and biological evaluations of novel oxindoles
as HIV-1 non-nucleoside reverse transcriptase inhibitors. Part I


pp 2105–2108


Tao Jiang, Kelli L. Kuhen, Karen Wolff, Hong Yin, Kimberly Bieza,
Jeremy Caldwell, Badry Bursulaya, Tom Yao-Hsing Wu and Yun He*


Design, synthesis, and biological evaluations of novel oxindoles as HIV-1 non-nucleoside reverse
transcriptase inhibitors. Part 2


pp 2109–2112


Tao Jiang, Kelli L. Kuhen, Karen Wolff, Hong Yin, Kimberly Bieza, Jeremy Caldwell,
Badry Bursulaya, Tove Tuntland, Kanyin Zhang, Donald Karanewsky and Yun He*


Synthesis of pyrazinamide Mannich bases and its antitubercular properties pp 2113–2116


Dharmarajan Sriram,* Perumal Yogeeswari and Sushma Pobba Reddy
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A series of pyrazinamide Mannich bases has been synthesized and evaluated for


antimycobacterial activity in vitro and in vivo against Mycobacterium tuberculosis


H37Rv. 1-Cyclopropyl-6-fluoro-1,4-dihydro-8-methoxy-7-(3-methyl-4-((pyrazine-2-


carboxamido)methyl)piperazin-1-yl)-4-oxoquinoline-3-carboxylic acid (17) was found


to be the most active compound in vitro with MIC of 0.39 and 0.2 lg/mL against


MTB and multidrug-resistant MTB, respectively. In the in vivo animal model, 17


decreased the bacterial load in lung and spleen tissues with 1.86 and 1.66-log10


protections, respectively.
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Structure–activity relationship study between Ornithyl-Proline and Lysyl-Proline based
tripeptidomimics as angiotensin-converting enzyme inhibitors


pp 2117–2121


Mahesh Chand Pavar, Kashif Hanif, Amir Azam, Sneh lata,
M. A. Qadar Pasha and Santosh Pasha*


A designed library of tripeptidomimics of Ornithyl-Proline (Orn-Pro)


and Lysyl-Proline (Lys-Pro), conjugated with various unnatural amino


acids and carboxylic acid derived heterocyclics, was designed and


synthesized as possible angiotensin-converting enzyme (ACE) inhibitors.


Cytotoxic activities of water-soluble chitosan derivatives with different degree of deacetylation pp 2122–2126


Jae-Young Je, Young-Sook Cho and Se-Kwon Kim*
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Abacavir prodrugs: Microwave-assisted synthesis and their evaluation of anti-HIV activities pp 2127–2129


Dharmarajan Sriram,* Perumal Yogeeswari, Naga Sirisha Myneedu and Vivek Saraswat
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The synthesis of a new series of abacavir prodrugs involving N2-substitution with various substituted benzaldehyde and ketone


derivatives is described. The in vitro anti-HIV activities indicated that compound (3-(2-(4-methylaminobenzylideneamino)-6-


(cyclopropylamino)-9H-purin-9-yl)cyclopentyl)methanol (3) was found to be most potent compound with EC50 of 0.05 lM and


CC50 of >100 lM with selectivity index of >2000.


Synthesis of Pseudomonas quorum-sensing autoinducer analogs and structural entities
required for induction of apoptosis in macrophages


pp 2130–2133


Manabu Horikawa,* Kazuhiro Tateda, Etsu Tuzuki, Yoshikazu Ishii, Chihiro Ueda,
Tohru Takabatake, Shinichi Miyairi, Keizou Yamaguchi and Masaji Ishiguro
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Synthesis of analogs of Pseudomonas quorum-sensing autoinducer, N-3-oxododecanoyl-LL-homoserine lactone (1) and their


structure–activity relationship for the apoptosis induction in macrophages are described.
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Quaternary salts of 4,30 and 4,40 bis-pyridinium monooximes. Part 2: Synthesis and biological activity pp 2134–2138


Chennamaneni Srinivas Rao, Vobalaboina Venkateswarlu* and Garlapati Achaiah
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Synthesis of novel benzofuran isoxazolines as protein tyrosine phosphatase 1B inhibitors pp 2139–2143


Ghufran Ahmad, Pushpesh K. Mishra, Prasoon Gupta, Prem P. Yadav, Priti Tiwari,
Akhilesh K. Tamrakar, Arvind K. Srivastava and Rakesh Maurya*
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Synthesis and ocular effects of imidazole nitrolic acid and amidoxime esters pp 2144–2147


Larisa Oresmaa, Hanna Kotikoski, Matti Haukka, Olli Oksala, Esko Pohjala,
Heikki Vapaatalo, Pirjo Vainiotalo and Paula Aulaskari*
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Matrix compare analysis discriminates subtle structural differences in a family of novel antiproliferative
agents, diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1H,5H)-diones


pp 2148–2153


Conrad Kunick,* Carola Bleeker, Christian Prühs, Frank Totzke,
Christoph Schächtele, Michael H. G. Kubbutat and Andreas Link
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Methylated b-cyclodextrin as P-gp modulators for deliverance
of doxorubicin across an in vitro model of blood–brain barrier


pp 2154–2157


Sébastien Tilloy,* Véronique Monnaert, Laurence Fenart, Hervé Bricout,
Roméo Cecchelli and Eric Monflier
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Methylated b-cyclodextrins (CDs) are used to increase the brain delivery of doxorubicin (DOX) by modifying the P-gp activity.


Structure-guided identification of novel VEGFR-2 kinase inhibitors via solution phase parallel synthesis pp 2158–2162


Rabindranath Tripathy,* Alyssa Reiboldt, Patricia A. Messina, Mohamed Iqbal,
Jasbir Singh, Edward R. Bacon, Thelma S. Angeles, Shi X. Yang, Mark S. Albom,
Candy Robinson, Hong Chang, Bruce A. Ruggeri and John P. Mallamo
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  VEGFR  IC = 37 nM


16


VEGFR2 IC  = 156 nM


18d
Anti-angiogenic and
anti-tumor properties


Structural analysis of the essential binding elements of the oxindole-based kinase inhibitor (1)


led to the identification of a novel class of heterocyclic-substituted pyrazolones. Knoevenagel


condensation of a variety of activated methylene nucleophiles with indole or pyrrole


carboxaldehydes provided a focused library of molecules, each containing elements of kinase


pharmacophore probe. Initial screening for VEGFR-2 kinase inhibition eliminated several of


the probes. Identification of an active pyrazolone motif and further optimization resulted in


several highly potent VEGFR-2 inhibitors with cellular efficacy, anti-angiogenic activity ex


vivo in rat aortic ring explant cultures, and oral anti-tumor efficacy in nude mice.


Synthesis and biological activity of diaryl ether inhibitors of malarial enoyl acyl carrier protein
reductase. Part 2: 20-Substituted triclosan derivatives


pp 2163–2169


Joel S. Freundlich,* Min Yu, Edinson Lucumi, Mack Kuo, Han-Chun Tsai,
Juan-Carlos Valderramos, Luchezar Karagyozov, William R. Jacobs, Jr.,
Guy A. Schiehser, David A. Fidock, David P. Jacobus and James C. Sacchettini
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Inhibitors of Plasmodium falciparum enoyl acyl carrier protein reductase are presented that demonstrate nanomolar anti-parasitic


efficacy.


Isoquinoline derivatives as potential acetylcholinesterase inhibitors pp 2170–2172


Sutthatip Markmee, Somsak Ruchirawat, Vilailak Prachyawarakorn,
Kornkanok Ingkaninan and Nantaka Khorana*
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A series of seventeen 1-benzylisoquinoline derivatives were evaluated for acetylcholinesterase enzyme inhibition.


Some of isoquinoline derivatives have shown 50% inhibition for acetylcholinesterase enzyme (IC50) in micromolar


range.
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Design and synthesis of 7H-pyrrolo[2,3-d]pyrimidines as focal adhesion kinase inhibitors. Part 1 pp 2173–2176


Ha-Soon Choi, Zhicheng Wang, Wendy Richmond, Xiaohui He, Kunyong Yang, Tao Jiang,
Taebo Sim, Donald Karanewsky, Xiang-ju Gu, Vicki Zhou, Yi Liu,
Osamu Ohmori, Jeremy Caldwell, Nathanael Gray and Yun He*


Synthesis and antibacterial activities of chiral 1,3-oxazinan-2-one derivatives pp 2177–2181


Guijun Wang,* Jean-Rene Ella-Menye and Vibha Sharma
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R = CH3, CH2CH3


X = Cl, Br, CN etc.


The compounds exhibit interesting antibacterial activities toward Gram-positive bacteria. The oxazinan-2-one is a


new chiral heterocycle for potentially new class of antimicrobials.


Carbonic anhydrase inhibitors: Cloning and sulfonamide inhibition studies of a
carboxyterminal truncated a-carbonic anhydrase from Helicobacter pylori


pp 2182–2188


Isao Nishimori, Daniela Vullo, Tomoko Minakuchi, Kaori Morimoto, Saburo Onishi,
Andrea Scozzafava and Claudiu T. Supuran*
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Design, synthesis, and biological evaluation of a scaffold for iGluR ligands based
on the structure of ())-dysiherbaine


pp 2189–2194


Jamie L. Cohen, Agenor Limon, Ricardo Miledi and A. Richard Chamberlin*
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The design, synthesis, and iGluR activity of a series of 2,2-disubstituted dihydrobenzofurans that are structurally related to several


glutamate containing natural products, including ())-dysiherbaine, is described.
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Synthesis and biological evaluation of a-galactosylceramide (KRN7000)
and isoglobotrihexosylceramide (iGb3)


pp 2195–2199


Chengfeng Xia, Qingjia Yao, Jens Schümann, Emmanuel Rossy, Wenlan Chen,
Lizhi Zhu, Wenpeng Zhang, Gennaro De Libero and Peng George Wang*
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A novel series of arylsulfonylthiophene-2-carboxamidine
inhibitors of the complement component C1s


pp 2200–2204


Nalin L. Subasinghe,* Jeremy M. Travins, Farah Ali, Hui Huang, Shelley K. Ballentine, Juan José Marugán,
Ehab Khalil, Heather R. Hufnagel, Roger F. Bone, Renee L. DesJarlais, Carl S. Crysler, Nisha Ninan,
Maxwell D. Cummings, Christopher J. Molloy and Bruce E. Tomczuk
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Ki = 10 nM


An efficient, asymmetric solid-phase synthesis of benzothiadiazine-substituted tetramic
acids: Potent inhibitors of the hepatitis C virus RNA-dependent RNA polymerase


pp 2205–2208


Karen A. Evans,* Deping Chai, Todd L. Graybill, George Burton, Robert T. Sarisky,
Juili Lin-Goerke, Victor K. Johnston and Ralph A. Rivero
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NS5B IC50 = 1.7 nM


Solid-phase synthesis and SAR are described for a series of benzothiadiazine-substituted


tetramic acid inhibitors of the hepatitis C virus RNA-dependent RNA polymerase, NS5B.


The SAR of 4-substituted (6,6-bicyclic) piperidine cathepsin S inhibitors pp 2209–2212


Cheryl A. Grice,* Kevin Tays, Haripada Khatuya, Darin J. Gustin, Christopher R. Butler,
Jianmei Wei, Clark A. Sehon, Siquan Sun, Yin Gu, Wen Jiang, Robin L. Thurmond,
Lars Karlsson and James P. Edwards
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Noncovalent, potent, and selective inhibitors of the cysteine protease cathepsin S are reported.
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Synthesis and anticancer activity of thiosemicarbazones pp 2213–2218


Wei-xiao Hu,* Wei Zhou, Chun-nian Xia and Xi Wen


Twenty-six thiosemicarbazones (III-1–III-26) were synthesized via three steps starting from hydrazine hydrate and carbon disulfide.


Their anticancer activities in vitro were evaluated. It shows that compounds III-15 and III-16 possess a higher inhibitory ability


against P-388 and SGC-7901. Further testing shows that the value of IC50 of compound III-16 against SGC-7901 reaches to


0.032 lM.


The geminal dimethyl analogue of Flurbiprofen as a novel Ab42 inhibitor and potential
Alzheimer’s disease modifying agent


pp 2219–2223


Nicholas Stock,* Benito Munoz, Jonathan D. J. Wrigley, Mark S. Shearman,
Dirk Beher, James Peachey, Toni L. Williamson, Gretchen Bain, Weichao Chen,
Xiaohui Jiang, René St-Jacques and Peppi Prasit
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Methylflurbiprofen


The subtle modification of a selection of Ab42 inhibiting non-steroidal anti-inflammatory drugs


(NSAIDs), through synthesis of the geminal dimethyl derivatives, was anticipated to ablate their


cyclooxygenase activity whilst maintaining potency at Ab42 inhibition. One such compound,


methylflurbiprofen, exhibited similar in vitro Ab42 inhibition to its parent NSAID Flurbiprofen and


was further evaluated in the TG2576 mouse model of Alzheimer�s disease and an animal model of


gastro-intestinal (GI) impairment.


Factor VIIa inhibitors: A prodrug strategy to improve oral bioavailability pp 2224–2228


Jennifer R. Riggs,* Aleksandr Kolesnikov, John Hendrix, Wendy B. Young,
William D. Shrader, Dange Vijaykumar, Robin Stephens, Liang Liu, Lin Pan,
Joyce Mordenti, Michael J. Green and Juthamas Sukbuntherng
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We have developed a series of potent and selective factor VIIa inhibitors based on the 2-[5-(5-carbamimidoyl-1H-benzoimidazol-2-


yl)-6-hydroxy-biphenyl-3-yl]-succinic acid scaffold. These amidine-containing compounds have low oral bioavailability. Herein, we


describe our efforts to improve the oral bioavailability of the parent amidine 3 via a prodrug strategy where the amidine basicity and


polarity were reduced with either an alkoxy amidine or a carbamate prodrug.


Synthesis of carbon-11 and fluorine-18 labeled N-acetyl-1-aryl-6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline derivatives as new potential PET AMPA receptor ligands


pp 2229–2233


Mingzhang Gao, Deyuan Kong, Abraham Clearfield and Qi-Huang Zheng*
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Evaluation of anti-inflammatory and antioxidant activities of mixed-ligand Cu(II) complexes
of dien and its Schiff dibases with heterocyclic aldehydes and 2-amino-2-thiazoline


pp 2234–2237


E. Pontiki, D. Hadjipavlou-Litina,* A. T. Chaviara and C. A. Bolos
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The anti-inflammatory and antioxidant activity of complexes of the type [Cu(dien)(2a-2tzn)Y2] and [Cu(dienXX)(2a-2tzn)Y2] is


reported. Some of these compounds inhibit the carrageenin induced paw edema and present significant scavenging activity.


The catecholic antioxidant piceatannol is an effective nitrosation inhibitor via an unusual
double bond nitration


pp 2238–2242


Maria De Lucia, Lucia Panzella, Orlando Crescenzi, Alessandra Napolitano,
Vincenzo Barone and Marco d�Ischia*
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Factor VIIa inhibitors: Improved pharmacokinetic parameters pp 2243–2246


Aleksandr Kolesnikov,* Roopa Rai, Wendy B. Young, Joyce Mordenti, Liang Liu,
Steven Torkelson, William D. Shrader, Ellen M. Leahy, Huiyong Hu, Erik Gjerstad,
James Janc, Bradley A. Katz and Paul A. Sprengeler
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Efforts to improve the potency and pharmacokinetic properties of small molecule factor VIIa


inhibitors are described. Small structural modifications to existing leads allow the modulation


of half-life and clearance, potentially making these compounds suitable candidates for drug


development.


Design and structure–activity relationship of heterocyclic analogs of 4-amino-3-benzimidazol-
2-ylhydroquinolin-2-ones as inhibitors of receptor tyrosine kinases


pp 2247–2251


Kelly Frazier, Elisa Jazan, Christopher M. McBride, Sabina Pecchi, Paul A. Renhowe,
Cynthia M. Shafer,* Clarke Taylor, Dirksen Bussiere, Molly Min He,
Johanna M. Jansen, Gena Lapointe, Sylvia Ma, Jayesh Vora and Marion Wiesmann
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The synthesis and SAR of a series of novel heterocyclic analogs of the 4-amino-3-benzimidazol-2-ylhydroquinolin-2-


one scaffold are reported.
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Analogues of N-hydroxycinnamoylphenalkylamides as inhibitors of human melanocyte-tyrosinase pp 2252–2255


Sabrina Okombi, Delphine Rival, Sébastien Bonnet, Anne-Marie Mariotte,
Eric Perrier and Ahcène Boumendjel*
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Amides obtained by coupling caffeic acid, ferulic acid, p-hydroxycinnamic acid, and analogues with substituted phenylalkylamines


were evaluated as inhibitors of the human melanocyte-tyrosinase. The most active compounds induce a complete enzyme-


inactivation at 100 lM. At the latter concentration, kojic acid, used as a reference, was inactive.


Pyridone derivatives as potent and selective VLA-4 integrin antagonists pp 2256–2259


Jason Witherington,* Vincent Bordas, Alessandra Gaiba, Phil M. Green, Antoinette Naylor,
Nigel Parr, David G. Smith, Andrew K. Takle and Robert W. Ward
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Employing molecular overlay studies of our initial leads with known VLA-4 antagonists has led to the hypothesis of a novel


pharmacophore. Subsequent design and synthesis of analogues exploiting this hypothesis has afforded a novel series of potent and


selective VLA-4 antagonists.


Potent blockers of the monocarboxylate transporter MCT1: Novel immunomodulatory compounds pp 2260–2265


S. D. Guile,* J. R. Bantick, D. R. Cheshire, M. E. Cooper, A. M. Davis,
D. K. Donald, R. Evans, C. Eyssade, D. D. Ferguson, S. Hill, R. Hutchinson,
A. H. Ingall, L. P. Kingston, I. Martin, B. P. Martin, R. T. Mohammed, C. Murray,
M. W. D. Perry, R. H. Reynolds, P. V. Thorne, D. J. Wilkinson and J. Withnall
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The synthesis and properties of a novel series of potent blockers of the


monocarboxylate transporter, MCT1, are described. These compounds, exemplified


by 30, show potent immunomodulatory activity.


b0-Hydroxy-a,b-unsaturated ketones: A new pharmacophore for the design of anticancer drugs pp 2266–2269


José M. Padrón,* Pedro O. Miranda, Juan I. Padrón and Vı́ctor S. Martı́n


The in vitro antitumor activity of diverse a,b-unsaturated ketones is reported.
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Discovery of novel heterocyclic factor VIIa inhibitors pp 2270–2273


Roopa Rai,* Aleksandr Kolesnikov, Paul A. Sprengeler, Steven Torkelson, Tony Ton,
Bradley A. Katz, Christine Yu, John Hendrix, William D. Shrader, Robin Stephens,
Ronnell Cabuslay, Ellen Sanford and Wendy B. Young


The structure activity relationships and binding mode of novel heterocyclic Factor VIIa inhibitors will be described. In these


inhibitors, a highly basic 5-amidinoindole moiety has been successfully replaced with a less basic 5-aminopyrrolo[3,2-b]pyridine


scaffold.


Novel skeleton terpenes from Celastrus hypoleucus with anti-tumor activities pp 2274–2277


Kui-wu Wang, Jian-shan Mao, Yuan-po Tai and Yuan-jiang Pan*
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Celahypodiol 1, an unusual 17-membered carbon diterpenoid with a novel skeleton, and a new triterpenoid 12-oleanene-3b,6a-diol


2, together with four known compounds, were isolated from the stalks of Celastrus hypoleucus (Oliv.) Warb. Their structures were


established by means of spectroscopic analysis, including 2D NMR. The new compounds exhibited anti-tumor activities against a


panel of human tumor cell lines.


Stereoselective synthesis and fungicidal activities of
(E)-a-(methoxyimino)-benzeneacetate derivatives containing 1,3,4-oxadiazole ring


pp 2278–2282


Yan Li,* Jie Liu, Hongquan Zhang, Xiangping Yang and Zhaojie Liu


Fifteen novel (E)-a-(methoxyimino)-benzeneacetate derivatives containing 1,3,4-oxadiazole ring were stereoselectively synthesized.


All of these derivatives exhibited potent fungicidal activity against Rhizoctonia solani, Botrytis cinereapers, Gibberella zeae,


Physalospora piricola and Bipolaris mayclis.


Specific inhibitors of Plasmodium falciparum thioredoxin reductase as potential antimalarial agents pp 2283–2292


A. D. Andricopulo, M. B. Akoachere, R. Krogh, C. Nickel, M. J. McLeish,
G. L. Kenyon, L. D. Arscott, C. H. Williams, Jr., E. Davioud-Charvet* and K. Becker*


N


7 11


N
O2N


O2N O2N


S


NO2 NO2


NO2


Uncompetitive inhibition of Plasmodium falciparum thioredoxin reductase by nitrophenyl derivatives.
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Synthesis and evaluation of NO-release from symmetrically substituted furoxans pp 2299–2301
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The effect of phenyl ring substituents on nitric oxide release from symmetrically substituted dibenzoylfuroxans (3,4-dibenzoyl-1,2,5-


oxadiazole-2-oxides) was evaluated using the Griess reagent method.


Identification and structure–activity relationships of a new series of Melanocortin-4
receptor antagonists


pp 2302–2305


Tricia J. Vos,* Suresh Balani, Christopher Blackburn, Ryan W. Chau, M. Diana Danca, Stacey V. Drabic,
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QSAR study of mosquito repellents using Codessa Pro pp 2306–2311
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A QSAR treatment has been applied to a data set consists of 31 protection times


for the repellents. A good 4-parameter model was found including the vapor


pressure as external descriptor.
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Abstract—The design and synthesis of four 2,2-disubstituted dihydrobenzofurans that are structurally related to several glutamate-
containing natural products, including (�)-dysiherbaine, is described. Biological evaluation of these analogs shows that one is a
KA receptor antagonist and another is an NMDA receptor agonist.
� 2006 Elsevier Ltd. All rights reserved.

1. Introduction


Over the past 5 years, significant attention has been
devoted to the chemical synthesis of natural product-like
libraries.1 As Nature has already identified natural prod-
ucts as lead structures of biological relevance, libraries
based on specific substructures found across a class of
natural products are, to an extent, biologically validat-
ed.2 Accordingly, libraries generated from core scaffolds
derived from natural products are proving to be a valu-
able source of biologically active compounds that pro-
vide new probes for molecular targets.3,4


Our interest in natural product-based libraries was moti-
vated by our ongoing research efforts to discover novel
ligands for the ionotropic glutamate receptors
(iGluRs).5 Characterizing the iGluRs is a top priority
not only because of their function in normal CNS pro-
cesses such as learning and memory, but also due to
their role in causing damage in neurodegenerative
disorders including stroke, epilepsy, and Alzheimer’s
disease.6 Attempts to delineate the properties of the
iGluR subtypes, however, have been impeded by a lack
of selective ligands. Given the successes of natural prod-
uct-based libraries in the discovery of new ligands for
biological targets,1a,7,8 we envisioned application of this
concept to biologically active natural products known to
interact with glutamate receptors. In this Letter, we out-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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line the first essential steps in this plan, the design and
synthesis of a natural product-based library scaffold
candidate, along with several substituted variants, and
report their activity as iGluR ligands.


Naturally occurring c,c-disubstituted glutamates such as
the kainate receptor agonists (�)-dysiherbaine9 (1) and
(�)-neodysiherbaine10 (2), isolated from the Microne-
sian marine sponge Dysidea herbacea, and (S)-(+)-lyco-
perdic acid11 (3), a non-proteinogenic a-amino acid
isolated from the mushroom Lycoperdon perlatum, have
attracted wide attention among the chemical and biolog-
ical communities due to their distinctive structures
(Fig. 1) and unique biological profiles.12–14 These struc-
turally similar glutamate-containing natural products
were therefore selected as viable, biologically validated
starting points for library design. Inspired by the current
interest in using specific substructures found within a
class of natural products as library scaffolds,4,7 a gluta-
mate-appended oxolane (tetrahydrofuran) ring—the
core structural motif shared by 1, 2, and 3—was selected
as the template for library synthesis. In order to provide
increased opportunities for structural diversity, a phenyl
ring was introduced as a framework upon which to dis-
play diverse functional groups. Thus, the c,c-disubstitut-
ed glutamate-appended dihydrobenzofuran 4 evolved as
the targeted scaffold for the synthesis of the next gener-
ation of glutamate analogs.


Clearly, synthetic accessibility and retention of reason-
able levels of iGluR activity in the core scaffold 4 are
important prerequisites for the success of this plan. In
addition, information concerning which positions on
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the phenyl ring might best tolerate substituents would be
useful from a library design perspective. Accordingly,
we conducted preliminary modeling studies in order to
assess computationally whether the proposed core scaf-
fold 4 might be a reasonable ligand for AMPA/KA
iGluR receptors.15 Specifically, 4 was docked into the
glutamate binding cleft of Gouaux’s X-ray structure of
a kainate–iGluR2 construct complex, which at the time
was the most reliable structure available for AMPA/KA
receptor binding sites.16,17 The resultant calculated
structure (Fig. 2) indicated that the aryl ring is well
accommodated in the binding site (contact residues are
shown in lighter teal). The a-amino and a-carboxyl
groups (not visible in the view shown) make contacts
analogous to the corresponding residues in the Gouaux
kainic acid complex upon which this structure was
based, while the methylene group of the
dihydrobenzofuran is favorably wedged against the face
of the phenolic ring of Tyr-450, as shown. In addition,
two of the four C–H bonds of the scaffold’s aryl
ring—in the 4- and 5-positions—are directed toward
the mouth of the binding cleft; in contrast, the corre-
sponding bonds at the 6- and 7-positions are buried.

Figure 2. Docking of 4 into Gouaux’s iGluR2 construct (a-carboxyl


and amino groups are obscured; see text for the significance of labeled


contacts).

This model provided some reassurance that 4 might in-
deed act as an acceptable surrogate for 1–3 as a library
scaffold, and further, it suggested that substitutents
would be better tolerated at C-4 and/or C-5 of the aryl
ring than at C-6 or C-7. As an initial experimental test
of this model, three analogs were envisioned in addition
to the parent compound 4: the C-5 and C-7 methyl
derivatives, and the C-2 epimer (which in effect inter-
changes the oxygen and methylene substituents in the
tetrahydrofuran ring without changing the overall orien-
tation of binding). The calculated complex suggests not
only that a C-5 methyl analog of 4 should be a better li-
gand than its C-7 methyl counterpart, but also that
binding of the C-2 epimer would be unfavorable because
the ring oxygen lone pairs, rather than the methylene
group of the parent structure, would be in contact with
the electron-rich face of the tyrosine-450 phenyl ring
(assuming the overall orientation of the ligand does
not change). To investigate these computational predic-
tions, the analogs in question were synthesized and
submitted to biological evaluation.


The development of a stereoselective and scalable syn-
thesis of 4 is paramount to the success of this library
plan. The major synthetic challenge in the preparation
of 4 and related analogs is establishing the stereochem-
istry of the tetrasubstituted carbon center in the gluta-
mate-appended oxolane ring. A synthesis plan that
appeared most appealing in its generality, simplicity,
and potential diastereoselectivity was a three-step pyrog-
lutamate a-annulation consisting of: (1) a-benzylation
of a suitably protected pyroglutamate derivative with
an electrophile carrying a latent phenoxide nucleophile,
(2) diastereoselective a-halogenation, and (3) stereospe-
cific SN2 intramolecular displacement of the halide by
the phenoxide nucleophile.


Accordingly, the synthesis of scaffold 4 commenced with
a-benzylation of the protected pyroglutamate 518 using
an aldol/elimination/reduction sequence19 to afford the
3,5-disubstituted pyrrolidinone 6 in 85% yield over three
steps. The second step of this synthesis plan required the
diastereoselective halogenation of this pyrrolidinone,
which after an exhaustive screening of various halogena-
tion procedures was realized by the sequential treatment
of 6 with Et3N, TMSOTf, and N-bromosuccinimide to
afford a separable mixture of the diastereomeric bro-
mides 7 and 8 in 87% yield. The ratio of diastereomers
was 5:1 as determined by 1H NMR analysis of the crude
reaction mixture, and the stereochemistry of the major
isomer, 7, was established by NOESY studies on the
corresponding demethylated derivative 9. The third
step of the glutamate ring annulation, an SN2 cyclization
of brominated phenol 9, was achieved by treatment
with DBU at room temperature to furnish the
dihydrobenzofuran 10 in 91% yield and establish the ste-
reochemistry at the tetrasubstituted center (vide infra).


With all of the stereogenic centers of the target molecule
secured, sequential N-Boc protection and desilylation
produced pyroglutaminol 11 in 82% yield over two
steps. At that point, the stereochemistry of the tetrasub-
stituted a-center was verified by NOESY experiments,
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indicating that the SN2 cyclization to form 11 had pro-
ceeded stereospecifically with inversion, as expected, to
give the desired stereoisomer. Completion of the synthe-
sis proceeded with Jones oxidation of pyroglutaminol 12
to the corresponding carboxylic acid followed by imide
hydrolysis and N-Boc deprotection in refluxing 6M
HCl to provide crude 4 as a white solid.20 Purification
by reverse-phase HPLC afforded the pure parent scaf-
fold 4 as the TFA salt. The C-2 epimer 12 was similarly
prepared from the minor bromination diastereomer 8
(Scheme 1), and the C-5 and C-7 methylated analogs,
13 and 14, respectively, were likewise synthesized in an
identical sequence by substituting the appropriate meth-
yl-substituted anisaldehydes for the o-anisaldehyde em-
ployed in the initial benzylation of 5. Overall, this
sequence highlights an efficient and reasonably dia-
stereoselective method for the annulation of a substitut-
ed oxolane ring onto the c-position of glutamic acid,
and it provided in this case ample quantities for biolog-
ical evaluation.


The activities of the parent compound 4 and its analogs
(13, 14, and 12) were screened in oocytes injected with
native mRNA from rat cerebral cortex.21 Potential KA
receptor agonist activity was assayed based on the mem-
brane current generated at a concentration of 100 lM
for each analog against 100 lM of kainate as control.
The same compounds were also screened for antagonist
activity by measurements of 100 lM kainate-induced
membrane currents inhibited by the presence of each
analog (100 lM). Experiments were quite reproducible
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in multiple oocyte preparations (N = 2–7), generally
with a standard error of only a few percent.


In the agonist activity assays (Fig. 3), there was no cur-
rent observed for the parent scaffold 4 or for its 5-methyl
analog 13 at concentrations of 100 lM, while the con-
trol agonist kainate induced currents at concentrations
as low as 10 lM; the C-2 epimer 12 also showed no
activity in this assay (data not shown). On the other
hand, at 100 lM the corresponding 7-methyl analog 14
alone did elicit a weak current that was 6 ± 1% of the
kainate control at the same concentration. Significantly,
this signal was approximately doubled, to 13 ± 4% of
control, in the presence of a 10 lM concentration of
the AMPA-specific potentiator cyclothiazide (CTZ).
These observations suggest that 14, but not 4, 12, or
13, is acting (at least in part) as an agonist—albeit a
rather weak one—at AMPA receptors.


Similar experiments were conducted on the analogs in the
presence of the NMDA-specific co-agonist glycine. Once
again, the parent scaffold 4 showed no activity under these
conditions, nor did 14; however, the 5-methyl analog 13
elicited a significant current at 100 lM, 44 ± 11% of con-
trol, suggesting that it is an NMDA agonist.


In direct contrast to the complete inactivity of the parent
scaffold 4 in the agonist assays, it proved to be a reason-
ably potent antagonist that reduces kainate control
currents by approximately one-half (to 55 ± 13% of
control) at a concentration of 100 lM (Fig. 4).
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Figure 3. Agonist activity. Comparison of parent dysiherbaine analog


4 to its C-2 epimer 12, and the methylated analogs 13 and 14. Agonist


activity assays were conducted in oocytes injected with native mRNA


from rat cerebral cortex, and the results (blue bars) are expressed as the


percentage of current induced by 100 lM kainate (with and without


the AMPA receptor desensitization inhibitor cyclothiazide (CTZ,


10 lM). NMDA currents (red bars) were measured for each analog in


the presence of NMDA plus the NMDA co-agonist glycine (both at


100 lM), with NMDA plus glycine (both at 100 lM) as the positive


control.


Figure 4. Antagonist Activity. Comparison of parent dysiherbaine


analog 4 to its methylated counterparts 13 and 14, its C-2 epimer 12,


and the AMPA/KA antagonist CNQX. Antagonist activity assays


were conducted in oocytes injected with native mRNA from rat


cerebral cortex, and the results are expressed as the percentage of


current induced by kainate (100 lM) in the presence of equimolar


amounts of analogs (100 lM; no analog = 100%). In this comparison,


the very potent but non-selective CNQX was present at 1 lM. Inset


shows a typical example of a recording for this measurement (analog 4


in this case), with current on the y-axis and time on the x-axis.
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Significantly from the perspective of the binding model,
neither the 7-methyl derivative 14 (95 ± 3% of control)
nor the C-2 epimer 12 (100 ± 3% of control) at
100 lM showed significant activity in antagonizing
100 lM kainate currents. Conversely, the C-5 methyl
analog 13 did block the kainate control currents, albeit
somewhat less potently than the parent compound, to
72 ± 1% of control. For comparison, the very potent
antagonist CNQX was also assayed in this system,
blocking 38 ± 3% of the current at a concentration of
1 lM. None of the analogs (at 100 lM) antagonized
100 lM NMDA + 100 lM glycine currents (data not
shown).


The potency of dysiherbaine as an AMPA/KA receptor
agonist led to the expectation that analogs such as 4
with similar core structures and steric characteristics
might also act as agonists at these same iGluRs;
however, the assays demonstrated that, instead, one
(13) is an NMDA receptor agonist and another (4) is
an AMPA/KA receptor antagonist. Specifically, none
of the four analogs 4, 12, 13, and 14 by itself elicited
strong currents relative to kainate. Indeed only 14
showed any detectable agonist activity, by itself, under
the assay conditions. The fact that the weak current
observed for 14 is doubled in the presence of the
AMPA-specific potentiator CTZ suggests that it is a
weak AMPA receptor agonist. More interestingly, the
5-methyl analog 13 (but not 4 or 14) did elicit a signifi-
cant current, but only in the presence of the NMDA
receptor co-agonist glycine. This result suggests that 13
is a selective NMDA receptor agonist with a potency
somewhat lower than that of NMDA itself (a detailed
characterization of the potency and efficacy of this
compound is underway). Thus, while 14 is a weak
AMPA/KA receptor agonist and 13 is a moderately ac-
tive (and selective) NMDA receptor agonist, the parent
scaffold 4 shows no detectable iGluR agonist activity.


While this result was briefly disappointing in terms of
our original expectations, it assumed favorable signifi-
cance when the antagonist activity assays revealed that
an equimolar concentration 4 reduced kainate-induced
currents by approximately 50%, suggesting that the par-
ent analog 4 is an AMPA/KA receptor antagonist that is
comparable in potency to that of kainate itself.22 The 7-
methylated analog 14 and the C-2 epimer 12 were both
essentially inactive, and the 5-methyl derivative was
intermediate in potency, so that the order of potencies
determined in the antagonist assays is 4 > 13� 14, 12.
The observation that NMDA/glycine currents are not
diminished by any of the analogs demonstrates that
the antagonist activity of 4 and 13 is selective for
AMPA/KA receptors. Further, while 13 is also an
NMDA receptor agonist, 4, in contrast, appears to be
strictly an AMPA/KA receptor antagonist.


While the antagonist activity of 4 and 13 was unantici-
pated based on the agonist characteristics of the dysiher-
baine core around which the analogs were designed, it is
certainly not unusual to observe such differences in
behavior for closely related compounds.12h In fact, we
recently reported an example in which analogs based
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on the structure of the agonist kainate proved to be
antagonists.5 In that case, and in that of 4, we rational-
ize the antagonist behavior to be the result of the phenyl
ring of the respective ligands interfering with the forma-
tion of a critical inter-domain Glu402–Thr686 interac-
tion (residues labeled in yellow, Fig. 2) that develops
during the conformational change leading to channel
opening, as proposed by Gouaux for the known antag-
onist DNQX. Regardless of its mechanistic origins, this
unexpected activity, although serendipitous, provides an
exciting new lead for the development of new, selective
iGluR antagonists.


While the number of analogs admittedly is small, it was
gratifying to note that the relative potencies of the four
compounds were consistent with the predictions of the
modeled complex, notwithstanding their unanticipated
antagonist behavior. The docked structure of 4 suggest-
ed that (a) the 4- and 5-positions of the aromatic ring
can tolerate additional steric bulk and may be amenable
to elaboration, (b) the 6- and 7-positions cannot be fur-
ther functionalized because they are buried, and (c) the
C-2 stereochemistry cannot be inverted because the re-
sult would be an unfavorable interaction between the
tetrahydrofuran ring oxygen lone pairs and the elec-
tron-rich face of the tyrosine-450 aryl ring. The assay re-
sults for 4, 13, 14, and 12 are consistent with these
predictions. Both 4 and 13 are in harmony with all three
criteria and show good activity, while 14 and 12 are
incongruent with (b) and (c), and are essentially inactive.
Thus supported experimentally, this calculated struc-
ture, in conjunction with the validated synthetic route
described in this Letter, provides a reasonable paradigm
for the design of focused libraries. Furthermore, the pro-
totype analog 4 is significant in its own right as a selec-
tive AMPA/KA receptor antagonist, as is the new
NMDA agonist 13. These results provide a significant
new lead for the development of iGluR antagonists
and agonists, and further motivate the generation of a
library based on 4, which will be reported in due course.
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Abstract—In continuation of our investigations of unsymmetrical bisquaternary monooximes, we synthesized four new series of
compounds bridged by hexyl, heptyl, octyl and nonyl groups. All eight monooximes viz., dibromides of 1-(4-hydroxy-
iminomethylpyridinium)6-(3/4-carbamoylpyridinium)hexane, 1-(4-hydroxyiminomethylpyridinium)-7-(3/4-carbamoylpyridinium)-
heptane, 1-(4-hydroxyiminomethylpyridinium)-8-(3/4-carbamoylpyridinium)octane, 1-(4-hydroxyiminomethylpyridinium)-9-(3/4-
carbamoylpyridinium)nonane as well as the corresponding bis-oximes were synthesized and characterized by spectral data. Their
ability to reactivate tetraethylpyrophosphate (TEPP) inhibited mouse total brain cholinesterase was investigated and compared with
the conventional oxime 2-pyridinealdoxime chloride (2-PAM). Mouse brain homogenate was used as the source of acetylcholines-
terase. Among all the compounds, tested the compound with the hexylene bridge (6b) and a 3-carbamoyl group on the second pyr-
idine ring was found to be the most active acetylcholinesterase reactivator (72%) which is greater than that of 2-PAM (56%).
However, the activity was reversed; as the chain length increased from a heptylene to a nonylene bridge, they potentiated the inhib-
itory effect of TEPP rather than reactivation. It is interesting to note that compound 6b with a carbamoyl group at the 3rd position
of the pyridine ring showed dose dependent reactivation whereas the corresponding compound 6a with the carbamoyl group present
at the 4th position of the pyridine ring showed reactivation at lower concentration (30 lM) and potentiation of TEPP inhibition at
higher concentrations (100 and 300 lM).
� 2006 Elsevier Ltd. All rights reserved.

Deliberate self-poisoning with organophosphorus (OP)
pesticides has become an increasingly common response
to emotional distress in young adults, and it is now one
of the most frequent reasons for emergency hospital
admission in India.1 On average, most patients will re-
quire 5–14 days of intensive care monitoring. Mortality
has been reported as between 15% and 36%.2,3 Mecha-
nism of reactivation of TEPP inhibited cholinesterase
by the oximes is presented in Scheme 1.4,5 Furthermore,
phosphorylated AChE can undergo a fairly rapid pro-
cess of ‘aging’ (loss of one alkyl or alkoxy group) so that
within hours of pesticide poisoning it becomes complete-
ly resistant to the reactivators. Although the highly toxic
nature of OP compounds has been known for many
years, there still exist serious limitations in the antidotal
therapy available against poisoning by these com-
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pounds. Current medical protection against the toxicity
of OP compounds consists of a regimen of anticholiner-
gic drugs, such as atropine, that antagonizes the effects
of accumulated acetylcholine and an AChE ‘reactivator’
that restores enzyme activity.


Pralidoxime is the oxime used worldwide, for the treat-
ment of OP pesticide poisoning and available in three
common forms: pralidoxime chloride (2-PAM, used
world-wide), iodide (used in rural India) and mesylate
(P2S, used in the UK).3,6 There is considerable pub-
lished data on the role and choice of available oximes
(like 2-PAM, obidoxime, HI-6 and HLö-7) for the treat-
ment of OP pesticide poisoning.7–9 Earlier we reported
the synthesis and biological activity of bis-pyridinium
monooximes and found that compounds with a propyl
or butyl bridge were potent reactivators of TEPP inhib-
ited AChE in comparison to 2-PAM.10 Propane and
butane bridged bis-pyridinium monooximes were also
tested on nerve agents (also known as chemical warfare
agents such as sarin, tabun and soman, in mode of
action they are related to OP pesticides but are highly
toxic to mammals) and found more effective.11,12
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Scheme 1. Reactivation of acetylcholinesterase inhibited by


tetraethylpyrophosphate.
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Scheme 2. Synthesis of alkylene-linked bis-pyridinium monooximes.
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Pang et al. also reported that 1,7-heptylene-bis-N,N 0-
syn-2-pyridiniumaldoxime is 100 times more potent than
2-PAM in reactivating hAChE poisoned by isofluro-
phate.13 Hence, we continued our investigations, and
synthesized bis-pyridinium monooximes with hexylene
to nonylene bridges and evaluated their effectiveness
for the reactivation of TEPP inhibited enzyme.


Anaesthetized animals were sacrificed by decapitation
and exsanguinated; the mice brains were removed
and used as a source of AChE after homogenization.
Tetraethylpyrophosphate (TEPP), 5,5 0-dithio-bis(2-
nitrobenzoic acid) (DTNB), acetylthiocholine iodide
(Asch), eserine, 4-pyridinealdoxime, 1,6-dibromohex-
ane, 1,7-dibromoheptane, 1,8-dibromooctane, 1,9-dib-
romononane, isonicotinamide and nicotinamide were

Table 1. Physical data of compounds


Compound Conditions of the reaction Mo


6a DMF, 68–70 �C, 24 h C18


6b DMF, 68–70 �C, 24 h C18


7a DMF, 68–70 �C, 24 h C19


7b DMF, 68–70 �C, 24 h C19


8a DMF, 68–70 �C, 24 h C20


8b DMF, 68–70 �C, 24 h C20


9a DMF, 68–70 �C, 24 h C21


9b DMF, 68–70 �C, 24 h C21


a Melting points are uncorrected.

obtained from the Sigma-Aldrich chemicals private
limited, Hyderabad, India. KH2PO4, NaOH and NaCl
were purchased from Merck chemicals private limited,
Hyderabad, India. 2-PAM was provided as a gift sam-
ple by the Troika Parenterals private limited, Ahme-
dabad, India.


Solvents were dried or distilled before use. Melting
points were obtained on a Mel-temp apparatus (Shi-
tal Scientifics), Mumbai, India in open capillary tubes
and are uncorrected. Infrared spectra (IR) were
recorded with KBr pellet on a Perkin-Elmer BX Ser-
ies, infrared spectrophotometer. 1H NMR spectra
were recorded on Avance-300 MHz spectrometer in
DMSO-d6.16


The general procedure for the synthesis of compounds
were as follows: (Scheme 2). Selected physicochemical
data of compounds with hexylene, heptylene, octylene
and nonylene bridges are given in Table 1.


Procedure A


Step I: Preparation of oxime intermediate compounds. 4-
Pyridinealdoxime and 1,6-dibromohexane, 1,7-dibromo-
heptane, 1,8-dibromooctane, or 1,9-dibromononane in
1:1.2 molar ratio were added to chloroform and heated
at reflux with stirring for 120 h and then cooled to room
temperature. The product was collected by filtration,
washed with chloroform and crystallized from
acetonitrile.


Step II: Preparation of bis-pyridinium monooximes.
Intermediate compound 6, 7, 8, or 9 and isonicotina-
mide or nicotinamide in 1:1.2 molar ratio were added
to dimethylformamide (DMF). The reaction mixture
was heated at 68–70 �C for 24 h and then cooled to
room temperature. The product was collected by filtra-
tion and crystallized with absolute ethanol.


The title compounds were also prepared by an alterna-
tive method as follows:


Procedure B


Step I: Preparation of amide intermediate compounds.
Isonicotinamide or nicotinamide and 1,6-dibromohex-
ane, 1,7-dibromoheptane, 1,8-dibromooctane or 1,9-
dibromononane in 1:1.1 molar ratio were added to ace-
tonitrile and heated at 68–70 �C for 20 h. The product

lecular formula Mpa (�C) Yield (%)


H24N4Br2O2 248–250 80


H24N4Br2O2 246–248 74


H26N4Br2O2 242–244 56


H26N4Br2O2 246–248 58


H28N4Br2O2 252–254 67


H28N4Br2O2 248–250 64


H30N4Br2O2 238–240 68


H30N4Br2O2 242–244 66
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was collected by filtration, washed with acetonitrile and
crystallized using chloroform.


Step II: Preparation of bis-pyridinium monooximes. The
isonicotinamide or nicotinamide intermediates (10a,
10b, 11a, 11b, 12a, 12b, 13a, or 13b) and 4-pyr-
idinealdoxime in 1:1.2 molar ratio were added to DMF.
The reaction mixture was heated at 68–70 �C for 24 h.
The product was collected by filtration and washed with
acetonitrile. All compounds were purified by recrystallisa-
tion with DMF, and then dried under vacuum.


Compounds 6c, 7c, 8c and 9c were synthesized accord-
ing to the methods of Wilson and Ginsburg4 and Pang
et al.13 Compounds 6c, 7c, 8c and 9c are known in the
literature.13


Brain AChE activity was determined by the colorimetric
procedure described by Voss and Sachsse.14 Physical
data, TLC, IR and 1H NMR spectra confirmed the
structures and purity of the synthesized compounds.
All bis-pyridinium monooxime products decomposed
(>180 �C) before melting. All the synthesized
compounds were evaluated for their in vitro reactivation
capabilities of TEPP inhibited AChE enzyme by color-
imetry. Compound 6b, the most potent which, has an

                  
                


Figure 1. Structures of the standard oximes used for the treatment of


OP pesticide poisoning as well as our newly synthesized bis-pyridinium


monooximes.
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Figure 2. Reactivation of mouse brain AChE inhibited with TEPP by 2-PA

hexylene bridge with a carbamoyl group at the 3rd posi-
tion, showed 72 ± 3.51 % reactivation compared to
56 ± 2.84 % exhibited by 2-PAM. Compound 6a with
a heptylene bridge and the carbamoyl group present at
the 4th position showed inhibition of the enzyme instead
of reactivation. The corresponding bis-oxime 6c showed
23 ± 2.46 % reactivation (Fig. 2). Compounds 7a, 7b
and 7c exhibited significant reactivation of the enzyme
(antidotal property) at low concentration (30 lM) but,
at higher concentrations (100 and 300 lM), potentiated
inhibition of the enzyme by TEPP. However, the bis-ox-
ime 7c reactivated AChE even at 100 lM concentration
(14 ± 2.36%). Compounds 8a, 8b, 8c, 9a, 9b and 9c
showed only inhibition of the enzyme at all concentra-
tions tested (Fig. 3). Compounds 7a, 7b and 7c have
shown 15 ± 1.4%, 23 ± 2.6% and 39 ± 2.8% reactivation,
respectively, at 30 lM concentration (Fig. 2). Com-
pound 6b (hexylene bridge) has excellent reactivation
(20 ± 1.95%) at increased (10·) concentration of TEPP
(1 lg), whereas 2-PAM had only 2 ± 0.6% reactivation.
All other compounds did not show reactivation at this
concentration of TEPP.


All the conventional oximes reported to date differ
from each other by the number of pyridinium rings
present (mono-pyridnium vs bis-pyridinium oximes),
the position of the oxime group on the pyridinium
ring, and, in the case of bis-pyridinium oximes, by
the chemical structure of the bridge between the pyri-
dinium rings (Fig. 1). The bis-pyridinium monooximes
differ from bis-pyridinium oximes both in the length
of the side chain and the position of the substituent
on the second pyridine ring. The bis-pyridinium
monooxime 6b showed higher reactivation (72%) than
the conventional oxime 2-PAM (52%). It is interesting
to note that changing the carbamoyl group from the
3rd to the 4th position (6a) resulted not only in loss
of reactivating capacity but also a gain in inhibitory
effect. However, the corresponding bis-oxime showed
less potency than 6b and 2-PAM (Fig. 2). Further in-
crease in the chain length from a 6-carbon bridge
(hexylene) to 7-carbon bridge (heptylene) resulted in
a slight increase in activity at lower concentration
(30 lM) but showed inhibition of the enzyme at high-
er concentrations (100 and 300 lM). However, the
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Figure 3. Reactivation of mouse brain AChE inhibited with TEPP by test compounds.
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compounds with 8 (octylene), or 9-carbon (nonylene)
bridges showed only inhibition of the enzyme instead
of reactivation at all concentrations (Fig. 3). From
our studies, it was observed that the optimal alkylene
side chain length for reactivation of OP inhibited
AChE in bis-pyridinium monooximes is from propyl
to hexyl bridges with a carbamoyl group present at
the 3rd position of the second pyridine ring.


Four new series of asymmetrically substituted 4,3 0 and
4,4 0 bis-pyridinium monooximes bridged by hexylene,
heptylene, octylene and nonylene groups were prepared.
Evaluation of these compounds as antidotes for anti-
AChE intoxication in the mouse brain model revealed
that their effectiveness depends significantly on the
length of the side chain. The bis-pyridinium monooxi-
mes reactivate the inhibited enzyme faster than the
mono-pyridinium and bis-pyridinium oximes. From
our data, it can be concluded that propyl to hexyl bridge
compounds with a carbamoyl group at the 3rd position
of the second pyridine ring were potent reactivators of
AChE inhibited with TEPP. Further studies are required
to establish the mechanism by which a change in the po-
sition of carbamoyl group results in drastic changes in
AChE reactivation.
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Abstract—Esters of 1-(H)-imidazole-5-nitrolic acid and 1-methyl-imidazole-5-carboxamide oxime were prepared to study the effect
of esterification on the ocular effects of these compounds. Esterifications were performed with acid chloride. Acid chloride also
reacts with the ring nitrogen of 1-(H)-imidazole-5-nitrolic acid, but the desired esters could be selectively prepared by adjustment
of the reaction conditions. Esterification led to loss of the ocular effects exhibited by the parent compounds.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Imidazole nitrolic acid 1 and amidoxime 3.
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Nitric oxide (NO) is a gaseous messenger molecule,
which plays an important role in diverse physiological
processes in the eye, for example, regulation of aqueous
humor dynamics, local modulation of ocular blood flow,
neuronal visual processing, and ocular immunological
responses.1–3 NO is also involved in several diseases of
the eye such as uveitis, retinitis, glaucoma, and retinal
degeneration.2 Cyclic guanosine-3 0,5 0-monophosphate
(cGMP) mediates many but not all the intracellular pro-
cesses induced by NO. Compounds affecting the NO–
cGMP pathway have been shown to lower intraocular
pressure (IOP) in animal and human experiments by
reducing the production of aqueous humor and/or by
increasing the outflow of aqueous humor.4–19


Previously, we have studied the ocular effects of poten-
tial nitric oxide donating imidazole nitrolic acids and
amidoximes. Several of these compounds had IOP-low-
ering properties and they increased the cGMP concen-
trations in iris–ciliary incubation, suggesting NO
donation. However, in vivo the compounds lowered
IOP only as intravitreal injections and were mostly inef-
fective when administered topically.20,21 Prodrugs are
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inactive derivatives of drug molecules, which are metab-
olized to their active form in the body. A common way
to prepare them from molecules containing hydroxyl

Figure 2. Effects of imidazole nitrolic acids and amidoxime esters in IOP i


administered topically; j and h, test compound and control injected intrav

groups is esterification. Esters are hydrolyzed by esteras-
es, which are expressed in almost all tissues in the body
including ocular tissue.22 We chose the two most potent

n rabbits (means ± SD, n = 4). d and s, test compound and control


itreally.







Table 1. Effects of nitrolic acid and amidoxime esters (10 and 100 lM)


on cGMP levels in porcine iris–ciliary body incubation (means ± SEM,


n = 6)


Compound c (lm) cGMP (pmol/mg prot.) p-value


Control 0.37 ± 0.05


2a 10 0.45 ± 0.05 0.88


100 0.78 ± 0.11 0.11


2b 10 0.50 ± 0.05 0.57


100 0.38 ± 0.04 0.68


2c 10 0.36 ± 0.03 0.54


100 0.73 ± 0.14 0.21


4a NA


4b 10 0.23 ± 0.03 0.21


100 0.24 ± 0.01 0.53


4c 10 0.63 ± 0.18 0.13


100 0.24 ± 0.03 0.55


Statistics were calculated on the basis of the respective controls of the


experiment.


NA, not assayed.
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compounds from our previous studies, 1-(H)-imidazole-
5-nitrolic acid 1 and 1-methyl-imidazole-5-carboxamide
oxime 3 (Fig. 1), for further modification. Acetyl, pro-
pyl, and pivaloyl esters of these compounds were pre-
pared and tested for their ocular effects.


All esterifications were performed with acid chloride and
triethylamine in ethereal solution (Scheme 1). In the case
of nitrolic acid 1, addition of the acid chloride could also
occur to the imidazole ring nitrogen. The reacting posi-
tion could be controlled by adjusting the reaction condi-
tions. The desired esterification products 2a–c were
afforded with use of 1 equiv acid chloride and 1.5 equiv
triethylamine. Reactions had to be performed in an ice
bath with short reaction times (5–15 min). The appropri-
ate conditions were found with the acylation reaction,
and the same conditions were suitable for the other este-
rifications.23 When longer reaction times or different
proportions of reagents were used, the product was
either a compound that was concluded to be a diacyla-
tion product24 or a mixture of unreacted nitrolic acid,
the desired ester, and the diacylation product. Amidox-
ime esters 4a–c were prepared as nitrolic acid esters only
using longer reaction times.23


One shift was missing in the carbon spectra of pivaloyl
ester 2c in DMSO. Since the tertiary carbon of the t-bu-
tyl group has a chemical shift in the same region as the
DMSO signal, a further spectrum was measured in deu-
terated methanol. Compound 2c was only sparingly sol-
uble in methanol and only a low-quality carbon
spectrum could be obtained. However, the missing peak
could be identified.23


The previously tested parent compounds 1 and 3 low-
ered IOP when administered as intravitreal injections
in rabbits but had no effect when administered topical-
ly.20,21 Eyes are well protected against chemicals, so
poor bioavailability of topically administered ophthal-
mic drugs is a quite common problem. Esterifications
were performed to prepare prodrugs of compounds 1
and 3 with the aim of improving ocular penetration.
The effect of esterification was not the desired one since
the studied activities were lost. When compounds 2a–c
and 4a–c were administered topically (concentration
10 mM on the rabbit eye),25 they were not able to lower
IOP (Fig. 2). Compound 4a was not able to lower IOP
tested as intravitreal injection (concentration 10 mM).


The formation of cGMP by activating guanylate cy-
clase accounts for many of the physiological effects
of NO.26–30 NO has been shown to be a transmitter
of smooth muscle relaxation in the chamber angle of
the eye and it might thus be involved in the regulation
of aqueous humor dynamics. This relaxation of the
ciliary muscle and trabecular meshwork is mediated
via an increase in intracellular cGMP.31,32 In our pre-
vious studies, NO donors and cGMP activators, that
lowered IOP in rabbits in vivo, were shown to in-
crease the production of cGMP in the porcine iris–cil-
iary body in vitro.18,33 In the present study, the
concentration of cGMP was measured in iris–ciliary
bodies after administration of 2a–c, 4b, and 4c (con-

centrations 10 and 100 lM) (Table 1).34 Cyclic GMP
production was slightly increased after administration
of 2a (100 lM), 2b (10 lM), 2c (100 lM), and 4c
(10 lM), but the changes were not statistically
significant.


In conclusion, esters of 1-(H)-imidazole-5-nitrolic acid
and 1-methyl-imidazole-5-carboxamide oxime were pre-
pared to study the effect of esterification on ocular ef-
fects of these compounds. 1-(H)-Imidazole-5-nitrolic
acid esters were prepared selectively, without substitu-
tion on the ring nitrogen, by adjustment of the reaction
conditions. Esterification led to loss of the possibly ben-
eficial ocular effects shown in our previous study.
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Abstract—2 0-Substituted analogs of triclosan have been synthesized to target inhibition of the key malarial enzyme Plasmodium fal-
ciparum enoyl acyl carrier protein reductase (PfENR). Many of these compounds exhibit good potency (EC50 < 500 nM) against
in vitro cultures of drug-resistant and drug-sensitive strains of the P. falciparum parasite and modest (IC50 = 1–20 lM) potency
against purified PfENR enzyme. Compared to triclosan, this survey of 2 0-substituted derivatives has afforded gains in excess of
20- and 30-fold versus the 3D7 and Dd2 strains of parasite, respectively.
� 2006 Elsevier Ltd. All rights reserved.

Treatment of Plasmodium falciparum malaria has
depended for decades on the use of the aminoquinoline
chloroquine or the antifolate combination pyrimeth-
amine-sulfadoxine. P. falciparum infection is the most
widespread and the deadliest form of malaria—a disease
that afflicts 300–600 million people worldwide resulting
in 1–3 millions deaths per annum.1 The occurrence
and spread of drug-resistance necessitates new, highly
potent antimalarials that are not encumbered by existing
resistance mechanisms and are orally biovailable, afford-
able, and safe.


The inhibition of fatty acid synthesis in P. falciparum
has been a recent focus of drug discovery efforts to find
novel antimalarials.2 This synthetic pathway is believed
to be crucial to parasite survival as a result of its key role
in membrane construction and energy production. Syn-
thesis of fatty acids is regulated within the apicoplast—
an organelle derived from a cyanobacterial endosymbi-
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ont.3 Given the prokaryotic nature of the apicoplast,
its metabolic machinery differs significantly from that
of mammalian cells.4 For example, higher eukaryotes
and yeast utilize fatty acid biosynthetic machinery resid-
ing on a single multifunctional polypeptide (FAS-I),
whereas fatty acid synthesis in Plasmodium is reliant
on a dissociative process that utilizes a set of distinct en-
zymes composing a FAS-II pathway. This observation
hints at selectivity with regard to the human host in a
therapeutic strategy.


The enoyl reductase enzyme (PfENR) is responsible for
the final step in fatty acid synthesis: NADH-dependent
reduction of trans-2-enoyl-ACP to acyl-ACP (ACP =
acyl carrier protein). Triclosan (Fig. 1) is a known

Figure 1. Chemical structure of triclosan with demarcation of key


B-ring sites.
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inhibitor of PfENR, as determined with native enzyme
purified from P. falciparum or recombinant enzyme ex-
pressed in Escherichia coli.5,6 Furthermore, triclosan is
potent in the low micromolar range against P. falcipa-
rum5,7–10 and is reported to effectively treat P. berghei
in vivo infections in mice.5 A direct relation between tri-
closan binding to and inhibition of PfENR in vitro and
its whole cell properties is supported by the demonstra-
tion that triclosan also inhibits fatty acid synthesis with
cultured parasites or parasite extracts.5 Given triclosan’s
abundance (U.S. annual production > 1 · 106 lbs),11 its
safety as demonstrated by its widespread use in personal
care and household products, and the absence of a lipid
synthesis inhibitor in the antimalarial arsenal, we and
others have chosen to pursue the discovery of a triclo-
san-derived therapeutic for malaria.6,8,10,12–16


This work recently culminated in the X-ray crystal struc-
ture of triclosan and NAD+ co-factor bound to
PfENR.8 The structure demonstrated the critical bind-
ing element of triclosan to be the phenol moiety, while
suggesting vectors off the triclosan A and B rings where
additional functionality could be placed to enhance
binding affinity. We have pursued a strategy to build
off these aromatic ring positions to enhance enzymatic
and anti-parasitic activity. A significant gain in potency
could facilitate replacement or removal of the phenol,
due to its metabolic liability.17 Previously, we reported
efforts to explore SAR at the 4 0-position which resulted
in minor improvements in enzyme and anti-parasite
potency.16 This report details our further exploration
of the triclosan B-ring, focusing specifically on the 2 0-
position.


Examination of the triclosan:co-factor:PfENR structure
showed the 2 0-chloro is pointed toward the pyrophos-
phate portion of NAD+ and is approximately 4 Å from
two of the negatively charged oxygens (Fig. 2). We
hypothesized that a properly placed positively charged
amine off the 2 0-position could favorably interact with
one or both of these oxygens. In addition, a hydropho-
bic substituent on the amine could participate in favor-

Figure 2. X-ray crystal structure of triclosan (stick drawing) bound to


PfENR (ribbon and tube with key residues in stick format) in the


presence of NAD+ (space-fill). The 2 0-chloro is shown pointing


towards Ala-319 and Arg-318.

able interactions with proximal enzyme residues such as
Ala-319 and Arg-318. Compared to triclosan, 2 0-analogs
with these features could have enhanced interactions
with both the bound co-factor and enzyme, thus confer-
ring greater binding affinity for the co-factor:enzyme
complex and potentially enhanced anti-parasitic activi-
ty. Amino derivatives off the 2 0-position could also have
improved physiochemical properties.


The synthesis of triclosan analogs began with diaryl
ether anisoles 1a–d, prepared from commercially avail-
able materials via nucleophilic aromatic substitution
(Scheme 1). Aniline 2 was synthesized via hydrogenation
of nitroarene 1a followed by boron(III) bromide-medi-
ated cleavage of the methyl ether. Benzonitriles 1c and
1d were converted to the 2 0-aminomethyl compounds 3
and 4 via reduction with lithium aluminum hydride
and then methyl ether cleavage. In all cases, final com-
pounds were characterized by 1H NMR and LC–MS.


As shown in Scheme 2, reductive amination, utilizing
solid-phase reagents/scavengers18 and various alde-
hydes, allowed the functionalization of aminomethyl
derivatives 3 and 4 to provide 5–10, 11, and 14–18.
Interestingly, the reductive aminations proceeded more
cleanly (i.e., less dialkylation) with the corresponding
phenol than with the anisole (free base or hydrochloride
salt). Compound 4 was also coupled with benzoic acid
to afford amide 12 and sulfonylated with benzenesulfo-
nyl chloride to yield sulfonamide 13.


Anisole 1c could be converted to benzylic amine 19 via
nitrile reduction with lithium aluminum hydride fol-
lowed by reductive amination using the protocol of
Bhattacharyya.19


Analogs of 14 were prepared as shown in Scheme 3.
Benzonitrile 1d was transformed to a,a-dimethylamino
derivative 20 via a three-step sequence, featuring reduc-

Scheme 1. Reagents and conditions: (a) K2CO3, DMSO, D; (b) Ra-Ni,


H2, EtOH/EtOAc; (c) BBr3, DCM, 0 �C to rt; (d) LiAlH4, THF.


Ar = 4-chloro-2-methoxyphenyl.







Scheme 2. Reagents and conditions: (a) i—MP-Triacetoxyborohydride, RCHO, THF; ii—PS-PhCHO; iii—MP-TsOH; (b) PhCO2H, ACTU,


PS-HOBt, DIEA, DMF; (c) PhSO2Cl, pyridine, DCM/THF; (d) LiAlH4, THF; (e) i—Ti(O-i-Pr)4, p-ClC6H4CHO, THF/EtOH; ii—NaBH4, EtOH.


Scheme 3. Reagents and conditions: (a) CeCl3, MeLi, THF, �78 �C to rt; (b) BBr3, DCM, 0 �C to rt; (c) i—Ti(O-i-Pr)4, p-ClC6H4CHO, THF/EtOH;


ii—NaBH4, EtOH; (d) Ti(O-i-Pr)4, NaBH4, (HCHO)n, EtOH; (e) Ac2O, DCM. Ar = 4-chloro-2-methoxyphenyl.
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tive alkylation of the nitrile using an excess of in situ
prepared methylorganocerium reagent.20 N-methylation
of 14 and 20 was achieved via a Ti(O-i-Pr)4/NaBH4 med-
iated reaction with paraformaldehyde to provide 21 and
22, respectively.21 N-acetylation, however, was only
attainable with 16 to afford acetamide 23.


Reductive aminations to afford tertiary amines were
initiated from benzaldehyde 1b. In contrast to reduc-
tive aminations with aminomethyl analogs 3 and 4,
1b and various amines were observed to react most
smoothly with regard to a reductive amination path-
way in the presence of two equivalents of sodium tri-
acetoxyborohydride in 1,2-dichloroethane (Eq. 1).22


This synthetic protocol, followed by boron(III) bro-
mide-promoted methyl ether cleavage, afforded tertiary
amines 24–30.


Final compounds 2–30 were tested in two assay sys-
tems to determine their inhibition of PfENR enzymatic
activity and inhibition of parasite whole cell growth.
For both assays, the reported inhibitory concentrations
are tabulated as means ± standard error, taking into
account three independent determinations performed

in duplicate. Two parasite strains were utilized: 3D7,
which is drug-sensitive, and Dd2, which is resistant
to chloroquine and pyrimethamine-sulfadoxine. Both
systems were previously described in detail.8,16 To date,
fourteen independent determinations of the IC50 of tri-
closan have been made in the biochemical screen with
purified PfENR, resulting in a mean of 73 nM with a
standard error of 21 nM. For the parasite whole-cell
assay, 46 independent runs of triclosan have been con-
ducted. Against the 3D7 strain, the EC50 was deter-
mined to have a mean value of 2.9 lM and a
standard error of 0.2 lM versus the Dd2 strain, the
EC50 mean value for triclosan was 3.8 lM with a stan-
dard error of 0.2 lM.


ð1Þ







Table 1. Inhibitory properties of selected 2 0-substituted derivatives


Compound R1 R2 EC50
a3D7/Dd2


(lM)


PfENRa IC50


(lM)


Triclosan Cl Cl 2.9 ± 0.2/3.8 ± 0.2 0.073 ± 0.021


2 NH2 H 83 ± 15/140 ± 20 7 ± 2


3 CH2NH2 H 9.7 ± 1.5/7.2 ± 0.8 >50


a Values reported as means ± standard error.
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The first set of 2 0-derivatives prepared is shown in Table
1 where the 4 0-position was chosen to be hydrogen.
Although aminomethyl 3 is much less potent than ani-
line 2 against the purified enzyme, it is significantly more
efficacious against the cultured parasites.


In keeping with our design hypothesis, we examined the
effect of placing hydrophobic groups off the amine ter-
minus of 3 in order to improve its enzyme and anti-par-
asitic potencies over those of triclosan. As shown in
Table 2, compounds 5–10 achieve approximately an
order of magnitude increase in potency over 3 in the par-
asite assay. The 1-naphthyl 9, phenylpropyl 8, and p-Cl-
benzyl 6 derivatives are the most potent members of this
series against the parasite. In general, the compounds
also display an improvement in enzyme activity over 3,
although their micromolar level IC50 values against
PfENR appear incongruent with their nanomolar level
anti-parasitic potencies. It is interesting to note that of
the 2 0-substituted derivatives prepared to date, pheneth-
yl analog 7 is the most potent against purified enzyme
(IC50 = 2.5 lM).


Subsequently, triclosan derivatives with a 4 0-chloro were
prepared in an effort to improve enzyme and anti-para-
sitic potency while adhering more strictly to the triclosan
scaffold (Table 3). While 4 is observed to be more potent
than 3 against cultured parasites, it fails to offer an ob-
servable improvement in the enzyme assay. Surprisingly,
introduction of the 4 0-chloro group does not consistent-
ly improve the performance of these analogs in both as-
say systems. Phenylamide 12 and phenylsulfonamide 13

Table 2. Effect of secondary amine substituent with 4 0-hydrogen


Compound R


3 H


5 CH2Ph


6 CH2(p-ClC6H4)


7 (CH2)2Ph


8 (CH2)3Ph


9 1-Naphthyl


10 2-Naphthyl


a Values reported as means ± standard error.

derivatives are less active than 11 versus the enzyme and
parasite. Whereas utilization of polar moieties was not
tolerated, proper placement of hydrophobic functional-
ity off the phenyl ring of 11 generally afforded more po-
tent anti-parasitic compounds while leading to reduced
enzyme inhibition. For example, the 2-naphthyl deriva-
tive 17 exhibits EC50 values of 210 and 140 nM against
the two parasite strains, while the 5-(2,3-dihydrobenzof-
uranyl) analog 18 displays EC50 values of 180 and
110 nM against 3D7 and Dd2. Compound 18 exhibits
the most potent activity against Dd2 in the 2 0-substitut-
ed class.


Analogs of 6 and 14, containing a p-chlorobenzyl-2 0-
aminomethyl substituent, were investigated further and
the biological data are shown in Table 4. The impor-
tance of the phenol is underscored by the observation
that anisole 19 is much less potent than phenol 6 against
both the enzyme and parasite. Comparison of the data
for 6 and 14 shows that alteration of the 4 0-substituent
from hydrogen to chloride confers slightly more potency
against PfENR, while not significantly affecting anti-
parasitic activity. Interestingly, a,a-dimethylation of
the 2 0-benzylic carbon (cf. 20) slightly reduces the para-
site potency, while having no effect in the enzyme assay.
N-methylation (cf. 21) leads to a slight gain in the para-
site assay and a loss in enzyme inhibition. The combina-
tion of these two structural alterations in 22 leads to
increased anti-parasitic potency against the 3D7 strain
but not the Dd2 strain, with a slight loss in enzyme
activity. 22 exhibits the most potent activity in the 2 0-
substituted chemotype against the 3D7 strain of parasite
(EC50 = 140 nM). N-acetylation to afford 23 produces
losses in efficacy in both assay systems.


In light of the enhanced anti-parasitic activity of 21 due
to its N-methylation, a series of 2 0-N-methylamines was
synthesized and evaluated in both screening assays (Ta-
ble 5). Mono- and dimethylamino analogs 24 and 25
show enhanced activity compared to that of parent ami-
no 4 in both assays. The two N-methyl substituents were
next constrained in a ring system. Cyclic analogs (26–27)
display slight losses in parasite activity and are inactive
against PfENR. The N4-substituent of piperazines 28–
30 modulates potency against both cultured parasites

EC50
a 3D7/Dd2 (lM) PfENR IC50


a (lM)


9.7 ± 1.5/7.2 ± 0.8 >50


0.49 ± 0.02/0.42 ± 0.03 10 ± 3


0.33 ± 0.04/0.30 ± 0.04 35 ± 4


0.78 ± 0.05/0.75 ± 0.07 2.5 ± 0.9


0.32 ± 0.08/0.39 ± 0.08 19 ± 5


0.30 ± 0.02/0.37 ± 0.07 11 ± 4


0.45 ± 0.05/0.33 ± 0.09 46 ± 14







Table 4. Inhibitory properties of p-Cl-benzylamine derivatives


Compound Chemical structure EC50
a 3D7/Dd2 (lM) PfENRa IC50 (lM)


6


Cl


OH
O


H
N


Cl


0.33 ± 0.04/0.30 ± 0.04 35 ± 4


19
O


O


Cl


H
N


Cl


19 ± 2/24 ± 1 >50


14
O


OH


Cl Cl


H
N


Cl


0.32 ± 0.08/0.27 ± 0.10 7.2 ± 1.4


20


Cl


OH


O


H
N


Cl


Cl


0.41 ± 0.03/0.35 ± 0.02 7.2 ± 1.6


21
O


OH


Cl Cl


N


Cl


0.25 ± 0.06/0.19 ± 0.03 22 ± 2


22
OH


Cl


O


Cl


N


Cl


0.14 ± 0.01/ 0.38 ± 0.02 27 ± 4


23
O


OH


Cl Cl


N


O Cl


3.5 ± 0.2/5.9 ± 0.1 28 ± 3


a Values reported as means ± standard error.


Table 3. Effect of secondary amine substituent with 4 0-chloride


Compound R EC50
a 3D7/Dd2 (lM) PfENRa IC50 (lM)


4 H 2.7 ± 0.1/2.0 ± 0.5 >50


11 CH2Ph 0.77 ± 0.05/0.83 ± 0.01 3.3 ± 1.5


12 C(O)Ph 8.6 ± 1.8/12 ± 1 18 ± 8


13 SO2Ph 11 ± 1/17 ± 1 15 ± 7


14 CH2(p-ClC6H4) 0.32 ± 0.08/0.27 ± 0.10 7.2 ± 1.4


15 CH2(p-PhC6H4) 0.23 ± 0.06/0.15 ± 0.04 35 ± 15


16 1-Naphthyl 2.6 ± 0.1/2.2 ± 0.1 >50


17 2-Naphthyl 0.21 ± 0.06/0.14 ± 0.03 26 ± 7


18
O


0.18 ± 0.03/0.11 ± 0.01 9 ± 3


a Values reported as means ± standard error.
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Table 5. Inhibitory properties of selected amines


Compound NR1R2 EC50
a 3D7/Dd2 (lM) PfENRa IC50 (lM)


24 N(H)Me 0.58 ± 0.09/0.47 ± 0.13 27 ± 9


25 NMe2 0.18 ± 0.01/0.22 ± 0.01 19 ± 5


26 N 0.50 ± 0.03/0.45 ± 0.03 >50


27
N


0.73 ± 0.21/0.48 ± 0.26 >50


28
N


N
Ph


14 ± 2/15 ± 3 6.1 ± 1.0


29 N
N Ph


0.63 ± 0.05/0.62 ± 0.03 11 ± 2


30


N
N Ph


Ph


2.1 ± 0.1/1.4 ± 0.1 >50


a Values reported as mean ± standard error.


2168 J. S. Freundlich et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2163–2169

and purified enzyme. Compared to piperidine 27, signif-
icant gains in enzymatic potency against the enzyme are
realized with 28 (IC50 = 6.1 lM). The corresponding
anti-parasitic activities of these piperazines do not im-
prove significantly upon that of 27.


In conclusion, a series of 2 0-substituted triclosan
derivatives has been prepared and assayed for inhibi-
tion of PfENR and intracellular parasite growth. The
effort provided a number of compounds that are sig-
nificantly more potent than triclosan against the cul-
tured parasites. 5-(2,3-dihydrobenzofuranyl) analog
18 was 16 and 34 times more active than triclosan
against the 3D7 and Dd2 strains, respectively. Meth-
ylated analog 22 displayed anti-parasitic efficacy 21
and 10 times greater than triclosan against 3D7 and
Dd2, respectively. Studies are now required to assess
whether these compounds are cytotoxic or cytostatic.
Preliminary indications that this compound class is
cytotoxic come from the study of Waller et al.,9


who exposed synchronized parasites at different stages
to triclosan for 16 h periods. With ring stage para-
sites, susceptibility to triclosan was similar to that ob-
served when parasites were exposed for the full 48 h
of intracellular development, suggesting that the drug
action was toxic and not static. Nevertheless, further
experiments are required to rigorously address this,
including ‘washout’ experiments and these will be per-
formed with the more potent compounds from the tri-
closan series.


Given the micromolar activity of these and other 2 0-an-
alogs versus purified PfENR, it appears reasonable to
suggest the possibility of off-target activity. Future ef-
forts will seek to define the mode of action of these po-
tent antimalarials while further optimizing their activity.

These include studies on whether PfENR is the primary
target (indeed, it may very well not be the intracellular
target for these compounds) and parallel genetic investi-
gations to assess whether this target is essential. This will
be done in conjunction with probing other positions
along the diaryl ether scaffold of triclosan.
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Abstract—Based on the X-ray crystallography of our lead compound 1-(5-chloro-2,4-dimethoxyphenyl)-3-(5-cyanopyrazin-2-yl)
urea in the checkpoint kinase 1 (Chk1) enzyme, we modified R4, and to a lesser extent, R2, and R5 of the phenyl ring, and made
a variety of N-aryl-N 0-pyrazinylurea Chk1 inhibitors. Enzymatic activity less than 20 nM was observed in 15 of 41 compounds.
Compound 8i provided the best overall results in the cellular assays as it abrogated doxorubicin-induced cell cycle arrest
(IC50 = 1.7 lM) and enhanced doxorubicin cytotoxicity (IC50 = 0.44 lM) while displaying no single agent activity.
� 2006 Elsevier Ltd. All rights reserved.

R5


O
N CN O


Cl


O
N CNR4

When DNA is damaged by radiation or chemical
reagents, normal cells arrest in the G1 phase, via the
tumor suppressor protein p53, and attempt repair.1,2 Tu-
mor cells, however, often have mutated p53 and thus,
must rely on the S and G2 checkpoints to repair their
DNA.1–3 Checkpoint kinase 1 (Chk1) is a human nucle-
ar serine/threonine protein kinase. Upon DNA damage,
Chk1 is activated and can phosphorylate and destabilize
Cdc25A. This phosphorylation is necessary for S and
G2 arrest.4,5 Inhibition of Chk1 results in abrogation
of arrest in the S and G2 phases, thereby allowing the
DNA-damaged cells to progress prematurely into mito-
sis resulting in mitotic catastrophe or apoptosis.6–8


Therefore, abrogation of the S and G2 checkpoints
should lead to an increased and selective sensitivity of
cancer cells to DNA damaging reagents in p53-deficient
cells.1–3,9 Thus, selective inhibitors of Chk1 may be of
great therapeutic value in cancer treatment.


Several compounds such as UCN-01 have been reported
as Chk1 inhibitors.10,11 We12,13 and others14,15 recently
discovered N-aryl-N 0-pyrazinylureas to be a new class
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of Chk1 inhibitors. Our previous work focused on the
modification of R2 of the phenyl ring12,13 (1 wherein
R4 = H, Fig. 1). We also synthesized 1-(5-chloro-
2,4-dimethoxyphenyl)-3-(5-cyanopyrazin-2-yl)urea (2,
Fig. 1) as a potent Chk1 kinase inhibitor (Chk1
IC50 � 7 nM).12 Tolerance of the methoxy substituent
at R4 of the phenyl ring indicates that some amount of
space exists in this region of the Chk1 protein and that
other groups may be tolerated, as well. X-ray crystallog-
raphy of compound 2 in the Chk1 enzyme16 (Fig. 2)
showed that R2 points toward the ribose pocket of the
Chk1 enzyme, while R4 points toward the solvent front.
Based on this, we decided to modify R4 for possible
improvement of physical properties such as polarity
and solubility while keeping similar potency (1,
Fig. 1). Initially, R4 was altered, while R2 and R5 were
held constant as the methoxy and chloro moieties,

R2
N
H


N
H


N
O


N
H


N
H


N


1 2


Figure 1. Structure of compounds 1 and 2.
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Figure 2. X-ray crystal structure of compound 2 in the Chk1 enzyme.


Table 1. IC50 of compounds 6, 7, 8a–v, 14, and 15
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Compound R4– Chk1 IC50 (nM)
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respectively (Table 1). Later, R2 and R4 were concomi-
tantly altered, while R5 was held constant as the chloro
moiety or was removed completely (Table 2). The
synthesis and biological results are presented.


The synthesis of the urea compounds with various
amide substituents at R4 of the phenyl ring is shown
in Scheme 1. Methylation of compound 4 provided com-
pound 5, which was refluxed with one equivalent of
compound 3 in toluene12,13 to give urea compound 6.
Reduction of the nitro group gave intermediate 7, which
was subsequently reacted with a variety of acid chlorides
to provide compounds 8a–v.


The preparation of compound 15 is shown in Scheme 2.
Methylation of compound 9 was followed by nitro
group reduction and protection of the resulting amino
group with TFAA. The methyl group was then trans-
formed through bromination to benzyl bromide 11, sub-
sequent hydrolysis and oxidation to the corresponding
aldehyde 12. Following removal of the trifluoroacetyl-
protecting group, urea compound 14 was synthesized.
Finally, reductive amination achieved compound 15.


The preparation of compounds of structure 19 in
Scheme 3 began with replacement of the 2-chloro substi-
tuent of 2,4,5-trichloronitrobenzene with one equivalent
of pyrrolidine.17 Diversity was introduced into the mol-
ecule in the next step by replacement of the 4-chloro
moiety with a selection of alkyl alcohols. Subsequent
reduction followed by urea formation provided com-
pounds 19a–e.


Scheme 4 illustrates the synthesis of compounds of
structure 22. Compound 20 was obtained via reflux of
compound 16 and 10 equiv of NaOH in water for 3
days.18 Aromatic nucleophilic substitution with 2�
amines was followed by Mitsunobu reaction with a
variety of alcohols and intermediate 21. Nitro group
reduction and urea formation completed the
synthesis of compounds 22a–d.







Table 2. IC50 of compounds 19a–e, 22a–c, 25, 28, and 29a–e
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Scheme 2. Reagents and conditions: (a) MeI, K2CO3, DMF, rt, 72 h;


(b) SnCl2, MeOH, 50 �C, 24 h; (c) TFAA, pyridine, CH2Cl2, 0 �C, 3 h;


(d) NBS, AIBN, CCl4, reflux, 5 h; (e) Celite�, dioxane, H2O, reflux,


4 h; (f) Dess–Martin periodinane, CH2Cl2, rt, 5 min; (g) K2CO3,


MeOH, H2O, rt, 2 h; (h) 3, toluene, 100 �C, 12 h; (i) piperidine,


NaBH3CN, CH2Cl2, MeOH, AcOH, 50 �C, 24 h.
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The synthesis of compound 25 is shown in Scheme 5.
Replacement of the 2-chloro moiety was effected by
reacting 2,4,5-trichloronitrobenzene with excess (3-
methyl-oxetan-3-yl)-methanol and one equivalent of
NaOH.18 The 4-chloro moiety was then replaced using
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Scheme 1. Reagents and conditions: (a) MeI, K2CO3, DMF, rt, 72 h; (b) 3,


pyridine, CH2Cl2, rt, 2 h.

2-dimethylaminoethanol. Subsequent nitro reduction
and urea formation provided compound 25.


Preparation of compound 29, as shown in Scheme 6, be-
gan by amidation of compound 26 with MeNHOMe.
LiAlH4 reduction resulted in intermediate 27. Urea
formation provided core compound 28. Reductive
amination using a variety of secondary amines afforded
compounds 29a–e.


Results of the enzymatic assay12,13 of compounds 8a–v
are listed in Table 1. Compounds 8a–f, which contain
flexible chains, provided excellent enzymatic activity
ranging from 3 to 23 nM. Compound 8a carries a tertia-
ry aliphatic amine, which is very hydrophilic, and
showed the best enzymatic activity (IC50 = 3 nM).
Compounds 8b, 8c, and 8f vary in chain length from
5 to 9 atoms, yet they showed little variance in
enzymatic activity with IC50’s of 22, 18, and 23 nM,
respectively. Another subset of compounds we
looked at were pyridine-containing compounds 8g–j.
Compounds 8h–j showed excellent enzymatic activity
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(IC50’s = 8–11 nM). However, compound 8g is inactive
(IC50 > 10 lM). Compound 8g differs from compounds
8h and 8i only by placement of the pyridine nitrogen
atom. It may be, in this case, that the nitrogen atom
of the pyridine ring is unable to make the critical inter-
action needed to impart activity. In compounds 8k–v, a
variety of furan, thiophene, substituted, and unsubsti-
tuted phenyl rings were introduced into the molecule.
In general, the activities of these compounds are worse
than those seen for the compounds that contain hetero-
aliphatic chains (8a–f) or pyridine rings (8h–j, 8g is an
exception). However, compound 8u, which possesses
the highly polar methylsulfonyl group, is an exception
with an IC50 of 7 nM. Compound 8j is 6.4-fold more ac-
tive than compound 8m. This indicates pyridine rings
may provide better interaction with the enzyme than thi-
ophene rings. Compounds 8o, 8r, and 8s, all of which
have a phenethyl group, showed similar potencies de-
spite addition or placement of a methoxy substituent
with IC50’s of 68, 72, and 51 nM, respectively. Com-
pounds 8t and 8u form an interesting comparison. Com-
pound 8u is 195-fold more active than compound 8t.
This difference in activity stems from a single structural
change, compound 8u has a methylsulfonyl group at the
para position of the benzyl ring, while compound 8t has
a methoxy group.


The enzymatic activity of compounds 6, 7, 14, and 15 is
also shown in Table 1. Reduction of the nitro moiety of
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Scheme 6. Reagents and conditions: (a) MeNHOMeÆHCl, EDC, DMF/Et3N


amines, NaBH3CN, CH2Cl2, MeOH, AcOH, 50 �C, 24 h.

compound 6 to the amino group of compound 7 impart-
ed an 8-fold increase in activity. Alternatively, the in-
creased bulk of compound 15 from the reductive
amination of compound 14 does not impart a significant
change in activity. Compounds 15 and 14 showed very
similar potency, 12 and 14 nM, respectively.


The SAR of compounds 19a–e, 22a–c, and 25 are listed
in Table 2. Overall, these compounds showed very good
to excellent enzymatic activity with IC50’s ranging from
10 to 66 nM. The heteroaliphatic-substituted com-
pounds 19a–c showed decreased activity with increased
chain length. Their IC50’s are 10, 25, and 64 nM, respec-
tively. In compounds 22a–c, R4 was held constant as the
methylpiperidinyl moiety, while R2 was modified.
Although the R2 modifications ranged in size, polarity,
and flexibility, compounds 22a–c do not differ signifi-
cantly in activity (IC50 = 38–66 nM).


The SAR of compounds 28 and 29a–e are also shown in
Table 2. Removal of the chloro group from R5 was not
detrimental to the ability of these compounds to inhibit
Chk1. Direct comparison of compounds 28 and 29a
with their chloro-containing counterparts, compounds
14 and 15, respectively, showed a 3-fold decrease for
one compound and a slight increase in activity for the
other compound. Among compounds 29a–e, 29a, and
29d gave the best enzymatic activity, 10 and 13 nM,
respectively. Compounds 29a–c all have six-membered
heteroaromatic rings, however, compound 29b has a
morpholine ring and is 9.6-fold less active than com-
pound 29a. Compound 29c has a methylpiperidine ring
and is 7.3-fold less active than compound 29a.


A selection of compounds possessing the best IC50 val-
ues was also tested in one or more cellular assays,
including a MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carb-
oxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt) cell proliferation assay and FACS (fluores-
cence-activated cell sorting).12,13 The MTS assay mea-
sures the amount of surviving cells as an assessment
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Table 3. Results of the MTS and FACS cellular assays (lM)


Compound IC50 (nM) MTSa (lM) FACSb (lM)


Cpd alone Cpd/Doxc Ratio EC50 Cpd/Doxd Ratio


7 5 >58.9 15.0 >3.9


8a 3 8.65 0.89 9.7


8b 22 >59.3 24.0 >2.5


8f 23 >59.3 >59.3 >10 >10


8i 8 >59.3 0.44 >136 >10 1.71 >5.9


8j 9 >58.9 12.2 >4.8


8u 7 7.86 0.41 19.1


15 12 1.54 0.76 2.0 >10 0.14 >71


19a 10 0.83 0.22 3.8 3.66 0.58 6.3


29a 10 14.5 4.66 3.1 >10 1.45 >6.9


29d 13 16.4 6.55 2.5


a Tested using HeLa cells.
b Tested using H1299 cells.
c The Dox concentration was 100 nM.
d The Dox concentration was 500 nM.
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for cytotoxicity. FACS analysis measures abrogation of
the G2 checkpoint as an indicator of Chk1-based cellu-
lar mechanism for the compounds. These data, along
with the enzymatic assay data (IC50’s), are presented
in Table 3 as IC50 values at which the compound reduces
cell growth or decreases G2 cells by half. We have
defined an ideal result as a compound possessing little
or no antiproliferative activity when dosed alone
(>59.3 lM in the MTS assay and >10 lM in the FACS
assay), but possessing high antiproliferative activity in
the presence of doxorubicin (Dox) (ideally 61 lM), thus
providing the highest ratio.


From the data in Table 3, it is seen that good activity in
the enzymatic assay does not always translate into good
cellular activity. Factors such as cell permeability can
contribute to these differences. Compounds 7, 8b, 8f,
and 8j all have potent IC50’s ranging from 5 to 23 nM,
however, compounds 7, 8b, and 8j have only very weak
combination cellular activity: 15, 24.0, and 12.2 lM,
respectively. Compound 8f did not show any combina-
tion or single agent cellular activity in either the MTS
or FACS assay. Overall, the two cellular assays corrob-
orate well with each other. Compound 8i had no single
compound activity and showed strong combination
activity in the MTS assay. FACS analysis also showed
little single compound activity and had some combina-
tion activity. An apparent discrepancy between the
MTS and FACS assays was observed for compounds
15, 19a, and 29a. However, the different cell lines and
compound concentrations used in the two assays could
explain the limited variations. The MTS assay uses
HeLa cells that are more sensitive than the H1299 cells
used in the FACS assay. For example, a single com-
pound EC50 value of 0.83 lM for compound 19a in
the MTS assay became 3.66 lM in the FACS assay.
Moreover, the MTS assay measures proliferation, while
FACS analysis evaluates Chk1-based cellular mecha-
nism. The two parameters may vary in the cell lines.
The single compound activities for compounds 15 and
29a in the MTS assay were not detected in the FACS as-
say because the maximum concentration for FACS was
only 10 lM. For combination treatments, all three of

the compounds showed activity in both assays. Of the
compounds tested, 8i showed the best overall results
among all three assays possessing an IC50 of 8 nM,
MTS single agent activity for compound alone of
>59.3 lM and combination activity with doxorubicin
of 0.44 lM, and a ratio of single agent to combination
activity of >10.0 lM/1.7 lM in the FACS assay. In
addition, compounds 8a and 8u also showed moderate
to good activity having 9.7- and 19.1-fold MTS single/
combination ratios, respectively.


In summary, we have modified R4 of the urea phenyl
ring with a variety of chemical structures, and R2 and
R5 to some degree. Several compounds showed very
promising results as potent and selective Chk1 inhibi-
tors. In particular, compound 8i showed very good re-
sults throughout the enzymatic and cellular assays.
Although we have progressed toward our goal of finding
a potent and selective Chk1 inhibitor, additional work is
needed to obtain greater insight into the SAR of these
compounds.
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Abstract—Synthesis and in vivo evaluation of 2-{4-[4-(3-methoxyphenyl)piperazin-1-yl]-butyl}-4-methyl-2H-[1,2,4]triazine-3,5-
dione (5 or MMT), a high affinity and selective serotonin 5-HT1AR agonist PET tracer, are described. GTPcS assay shows that
MMT is an agonist with an EC50 comparable to 5-HT. Radiolabeling of 5 was achieved in 30% yield (EOS) from desmethyl-
MMT (4) with >99% chemical and radiochemical purities and a specific activity >1000 Ci/mmol. PET studies in baboon show that
[11C]5 penetrates the blood–brain barrier but, because of low specific binding and fast clearance of radioactivity it is not a suitable
PET tracer for the in vivo quantification of 5-HT1AR.
� 2006 Elsevier Ltd. All rights reserved.

The serotonin1A receptor (5-HT1AR) has been implicat-
ed in the pathophysiology of major psychiatric and neu-
rological disorders and the action of psychotropic
medications such as antidepressants.1–6 Successful
radioligands studied to date for 5-HT1AR are antago-
nists ligands such as [carbonyl-11C]WAY100635
(WAY) [carbonyl-11C]desmethyl-WAY100635 (DWAY)
or p-[18F]MPPF.7–9 The major limitation of using antag-
onist tracers in imaging the 5-HT1AR is that these have
comparable affinity to both the G-protein-coupled high
affinity state and uncoupled low affinity state of
5-HT1AR. In contrast, agonist PET radiotracers bind
preferentially to the HA state of the receptor, thereby
providing a more meaningful functional measure of 5-
HT1AR.10–12 An agonist tracer may also be more sensi-
tive to changes in endogenous serotonin concentrations

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Keywords: [11C]MMT; Positron emission tomography; Agonism;


Radiotracer.
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and allow measurement of 5-HT1AR occupancy by
agonist drugs. We have recently reported [11C]MPT as
a 5-HT1AR agonist PET ligand and this has been evalu-
ated in baboons.13 Parallel to these studies, structural
variants of MPT were examined in order to find an ago-
nist radioligand possessing more favorable kinetics to
quantify 5-HT1AR in vivo. Here, we report the synthesis
and evaluation of 2-{4-[4-(3-methoxyphenyl)piperazin-
1-yl]butyl}-4-methyl-2H-[1,2,4]triazine-3,5-dione (5 or
MMT), a phenyl analogue of MPT as an agonist PET
ligand for 5-HT1AR. We have synthesized 5 from 6-aza-
urazil in 5 steps (Scheme 1). Synthesis of the intermedi-
ate 4-methyl-2H-[1,2,4]triazine-3,5-dione (2) was
achieved in 76% yield by treating acetylated 6-azaurazil
with methyl iodide in the presence of sodium hydride
followed by deprotection with p-TsOH. Substitution of
4-chlorobutyl group in compound 2 was achieved in
70% yield by the addition of 1-bromo-4-chlorobutane
in the presence of sodium hydride. The synthesis of
MMT (5) has been accomplished by the condensation
of 2-(4-chlorobutyl)-4-methyl-2H-[1,2,4]-triazine-3,5-
dione (3) with 1-(3-methoxyphenyl)piperazine in 86%
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yield. Under identical conditions, synthesis of desmeth-
yl-MMT (4) was achieved by reacting 3 with 3-pipera-
zin-1-yl-phenol in 75% yield.14


The affinity (Ki) and selectivity of 5 has been determined
by radioligand binding assays through NIMH-psycho-
active Drug Screening Program (PDSP). Results show
that 5 has a Ki value of 1.1 nM for the 5-HT1AR and
has no appreciable affinity for a variety of biogenic
amines, receptors, and transporters (Table 1).


We examined the agonist properties of 5 on 5-HT1AR
using [35S]GTPcS binding in membranes of Chinese
hamster ovary cells stably expressing the human 5-
HT1AR (CHO-h5-HT1A cells).15 Figure 1 shows the
dose–response curves for 5-HT1AR stimulated

Table 1. In vitro binding data of 5


Target Ki (nM) Target Ki (nM)


5-HT1A 1.1 ± 0.09 5-HT6 >10,000


5-HT2B 33.7 ± 12.8 5-HT5a >10,000


Alpha 2C 109 ± 19 DOR >10,000


Sigma1 180 ± 44 NET >10,000


5-HT1B 228 ± 77 AMPA >10,000


Alpha 2A 250 ± 75 VMAT >10,000


5-HT7 328 ± 45 GABA >10,000


Alpha1B 378 ± 15 BZP >10,000


Alpha 1A 413 ± 25 KO-R >10,000


H1 839 ± 90 MDR1 >10,000


5-HT2A 2100 EP >10,000


H2 2126 5-HT1E >10,000


D2 2575 D3 >10,000


D5 >10,000 D4 >10,000


A1,A2,A3, A4 >10,000 H3, H4 >10,000


HERG >10,000 KA-R >10,000


5-HT3 >10,000 M >10,000


mGluR >10,000 NMDA >10,000


NK >10,000 NT >10,000


Ca+, Na+ channels >10,000 V >10,000


DAT >10,000 SERT >10,000


A, adenosine; Alpha Beta; BZP, benzodiazepine; AMPA, a-amino-3-


hydroxy-5-methyl-4-isoxazole-propionic acid; V, vasopressin; CB,


cannabinoid; D, dopamine; DAT, dopamine transporters; DOR: delta


opioid receptors; EP, prostanoid receptors: GABA, Gamma-amino


butyric acid; H, histamine; hERG, Human Ether-a-go-go; KOR, kappa


opioid receptors; M, muscarinic; MDR, multidrug resist; MOR, mu


opioid receptor; mGluR, metabotropic glutamate receptors; NMDA,


N-methyl-DD-aspartic acid; NK, neurokinin; SERT, serotonin trans-


porter; VMAT, vesicular monoamine transporter; NET, norepineph-


rine transporter; NT, neurotrophin.

[35S]GTPcS binding assay for 5 and 5-HT. The dose–
response curves show an increased binding of
[35S]GTPcS with respect to the basal level. The maxi-
mum level of agonist stimulated binding of [35S]GTPcS
is comparable for 5 and 5-HT with an Emax 95% for 5
relative to 5-HT. The dose–response curve of MMT is
also comparable to that of 5-HT with an EC50 of 0.3
and 0.7 nM, respectively. These results show that 5 is
a 5-HT1AR agonist with intrinsic activity similar to that
of 5-HT. 5-HT, unlike 5, showed a steeper slope at a
lower concentration of the ligand.


Compound 5 was obtained by methylation of 4 using
[11C]MeOTf using standard radiolabeling procedures
for phenols, that we previously optimized.16 Optimum
yields were obtained by treating 4 with [11C]MeOTf in
the presence of NaOH (Scheme 2).17 The crude product
was purified by reverse-phase HPLC followed by C-18
Sep-Pak� purification to obtain [11C]5 in 30% yield at
the end of synthesis (EOS) (n = 4, SD = ±5). The forma-
tion of [11C]5 was confirmed by co-injecting the [11C]-
product with non-radioactive compound and comparing
the HPLC retention times of the two compounds. Multi-
ple mobile phases were used for determining the purities
of the radioligand.17 Specific activity obtained for [11C]5
was 1400 Ci/mmol (n = 3, SD = ±300) based on a stan-
dard mass curve.
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Scheme 2. Radiosynthesis of [11C]5. Reagents and conditions: (a)
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HPLC.







J. Prabhakaran et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2101–2104 2103

PET studies were conducted in adult baboons using
[11C]5.18 The reconstructed brain image shows that
[11C]5 enters brain (Figure 2) however time–activity
curves (TACs) reveal very little retention of radioactivi-
ty in 5-HT1AR specific regions (Figure 3). The metabo-
lite analyses show that [11C]5 undergoes fast metabolism
and polar metabolites were found in baboon plasma and
the percentage of unmetabolized fractions were 92%,
87%, 52%, 32%, 22%, and 10% at 2, 4, 12, 30, 60, and
90 min, respectively.19 The lack of specificity of [11C]5
in baboon brain is possibly due to its metabolism in
brain.


In summary, we synthesized 5, an agonist ligand with a
Ki value of 1.1 nM and intrinsic agonist activity compa-
rable to those of 5-HT. The radiosynthesis of [11C]5 has
been achieved with 30% yield (EOS), high purity, and
specific activity. PET studies in anesthetized baboon
show that [11C]5 penetrates the blood–brain barrier.
Kinetic studies of the radiotracer in baboon demonstrate
a fast washout as well as no localized distribution of li-
gand binding, indicating minimal specific binding. The
lack of specific binding is unexpected given the compara-
ble Ki values of [11C]5 for 5-HT1AR (1.1 nM) and the
structurally identical [11C]MPT (Ki = 1.36 nM), which

Figure 2. PET and MRI images of [11C]5 in baboon brain (PET images


are normalized to the injected dose). (First column) Sum of 14–40 min


PET images; (Second column) sum of last 60 min PET images; (Last


column) MRI; (Top row) sagittal; (Bottom row) coronal views.


Figure 3. Time activity curves of the radiotracer in baboon after the


injection of [11C]5. CER, cerebellum; CIN, cingulate; HIP, hippocam-


pus; PFC, prefrontal cortex; OCC, occipital cortex.

specifically binds to 5-HT1AR regions.13 However, a
structure–activity relationship study of 5 may provide a
better PET ligand with in vivo kinetics that permit valid
and reliable measurement of 5-HT1AR binding.
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The catecholic antioxidant piceatannol is an effective
nitrosation inhibitor via an unusual double bond nitration


Maria De Lucia,a Lucia Panzella,a Orlando Crescenzi,b Alessandra Napolitano,a


Vincenzo Baroneb and Marco d’Ischiaa,*


aDepartment of Organic Chemistry and Biochemistry, University of Naples Federico II, Via Cintia, I-80126 Naples, Italy
bDepartment of Chemistry, University of Naples Federico II, Via Cintia, I-80126 Naples, Italy


Received 28 November 2005; revised 9 January 2006; accepted 9 January 2006


Available online 7 February 2006

Abstract—Piceatannol (1) was found to be more effective than caffeic acid, an established antinitrosating agent, in inhibiting
N-nitrosation of 2,3-diaminonaphthalene. Product analysis of the reaction mixture of 1 (20 lM) with nitrite ions (80 lM) at pH
3.0 and at 37 �C showed conversion to a single major nitration product, (E)-3,3 0,4,5 0-tetrahydroxy-b-nitrostilbene (2) (68% yield).
This would result from an unexpected nitration at the double bond sector via the 4-phenoxyl radical, which was analyzed at the
unrestricted DFT level.
� 2006 Elsevier Ltd. All rights reserved.

� Compound 1 or caffeic acid was incubated at 0–1 mM concentration

The study of the reactions of polyphenolic constituents
of the diet with mutagenic nitrosating species is an area
of great promise in cancer preventive strategies aimed at
controlling tumour initiating events. Several catechol
compounds of plant origin have emerged as efficient
scavengers of nitrosating species and have been suggest-
ed to play a role in lowering the impact of nitrosation
reactions on DNA base deamination and carcinogenic
N-nitrosamine formation following elevated nitrite
intake.1,2


So far, most of the interest in this field has been focused
on caffeic acid and its esters, which rank among the most
efficient nitrosation inhibitors.3–5 Hydroxytyrosol and
related phenols from extra-virgin olive oil,6 and green
tea catechins7–9 have also been shown to act as effective
inhibitors of nitrosation processes.


An attractive candidate, in the quest for novel efficient
antinitrosating agents, is piceatannol (trans-3,3 0,4,5 0-tet-
rahydroxystilbene, 1), a catechol component of red wine
polyphenolics10 found also in Vaccinium berries.11


Studies in the chemistry and bioactivity of 1 have
underscored its potent antioxidant, anti-inflammatory,
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anti-proliferative and cancer chemopreventive activi-
ties,12–17 but little is known about its potential nitrite
scavenging and antinitrosaminic properties.


In the present paper, we provide the first evidence for
the effective inhibitory properties of 1 in a model system
of N-nitrosation processes, involving the reaction of 2,3-
diaminonaphthalene (DAN) with nitrous acid leading to
fluorescent naphtho[2,3-d]triazole formation.3 For com-
parative purposes, 3,4-dihydroxycinnamic acid (caffeic
acid), an established inhibitor of DAN nitrosation,3


was also investigated.�


The results in Figure 1 show that, under the typical
conditions of the assay, 1 was more effective than caffeic
acid in inhibiting fluorophore development over
the whole concentration range examined. From fluores-
cence measurements, the ratio of the kinetic constants
k1/kcaffeic acid for the reactions of 1 and caffeic acid
with nitrite could be calculated as 1.7 ± 0.5 using the
equation below:3

in 50 mM acetate buffer (pH 4.0, 200 lL) in the presence of DAN


(0.2 mM) and sodium nitrite (20 mM). After 30 min 50 mM phos-


phate buffer (pH 7.4, 1.8 mL) was added to stop the reaction.


Naphtho[2,3-d]triazole was quantified by measuring the fluorescence


of each sample using an excitation wavelength of 375 nm and an


emission wavelength of 450 nm.
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Figure 1. Inhibition of N-nitrosation of DAN by 1 (�) and caffeic acid


(j) measured as fluorescence emission at 450 nm of naphtho[2,3-


d]triazole. Relative fluorescence represents the ratio of fluorescence


values measured in the presence versus that determined in the absence


of the inhibitor. Shown are the mean ± SD values for two separate


experiments.
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f =F ¼ 1� kIn½In�=kDAN½DAN�;
where f and F are the fluorescence intensities determined
in the presence and in the absence of the inhibitor (In),
respectively. For the reaction of DAN with nitrite the
reported rate constant of 8.6 · 109 M�1 s�1 was used.3


Based on this observation, the reaction of 1 with nitrite
ions was then investigated under conditions mimicking
at best those found in human gastric fluid during a
regular intake of physiological levels of nitrite.


At 20 lM concentration, 1 reacted with sodium nitrite
(4 M equivalents added in four portions at 30 min inter-
vals of time) in 0.1 M phosphate buffer (pH 3.0) at 37 �C
to give a major product, which was isolated in pure form
in 68% yield from a preparative scale reaction by pre-
parative HPLC� of the ethyl acetate extractable fraction.


The product displayed absorption maxima at 256, 277
and 373 nm (CH3OH), shifting to 285 and 472 nm in
CH3OH/0.1 M NaHCO3 solution (pH 8). It gave pseu-
domolecular ion peaks at m/z 312 [M+Na]+ and at m/z
288 [M�H]� in the ESI(+) and ESI(�)/MS spectrum,
respectively, suggesting a nitrated derivative. The 1H
NMR spectrum showed a set of aromatic/olefinic proton
resonances which lacked the expected 1H doublets for
the trans H-a and H-b protons. Besides the resonances
of the resorcin moiety, appearing as a doublet (2H,
J = 2.0 Hz) at d 6.25 and a triplet (1H, J = 2.0 Hz) at d
6.44, showing one-bond correlation with two carbon
resonances at d 109.9 and 105.1, respectively, and those
of the catechol ring (broad 3H singlet at d 6.71 due to
three overlapped proton resonances correlating with

� An octadecylsilane coated column (250 · 22 mm, 10 lm particle size)


was used, at a 10 mL/min flow rate; eluent: 1% TFA/methanol =


70/30.

three carbon signals at d 116.6, 119.5 and 126.5), a diag-
nostic feature was a down-field 1H singlet at d 8.07 cor-
relating with a carbon signal at d 136.1. These data
allowed unambiguous identification of the product as
the unexpected (E)-3,3 0,4,5 0-tetrahydroxy-b-nitrostil-
bene (2).
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This structural assignment was deduced from extensive
2D NMR analysis: in particular, the position of the
nitro group was determined by distinct cross-peaks in
the 1H,13C HMBC spectrum between the signal at d
8.07 and the carbon resonances at d 119.5 and 126.5
due to the catechol moiety. The E configuration at the
double bond was inferred from the characteristic
chemical shift of the H-a proton experiencing the mag-
netic anisotropy effect of the adjacent nitro group,18


and was confirmed by a correlation in the ROESY
spectrum between the resorcin doublet at d 6.25 and
the overlapped catechol signals at d 6.71.


The geometrical features of 2 were examined by DFT
optimizations,19 using the hybrid PBE0 functional20 in
combination with a medium-size basis set of the Pople
series, namely 6–31+G(d,p).21 Absolute NMR shielding
tensors were computed within the Gauge-Including
Atomic Orbitals (GIAO) ansatz22 at the PBE0/6–
311+G(d,p) level, which has proven reliable in similar
applications,23 and were converted to isotropic chemical
shifts using as reference the values obtained at the same
level for benzene. Since the experimental NMR data
have been collected in acetone, the polarizable continu-
um model (PCM)24 was used throughout to simulate the
solvent, in combination with the United Atom for Har-
tree-Fock (UAHF) parametrization for atomic radii.25


A few asymmetric conformers that were energy mini-
mized initially evolved to structures of Cs symmetry,
with the resorcinol ring perpendicular to a plane con-
taining the whole nitrostyrene moiety. Several addition-
al optimizations were performed on symmetric
conformers, differing by a 180� rotation of the catechol
ring and/or in the orientation of the phenolic hydroxyl
groups, and NMR calculations were carried out on the
main minima (Fig. 2).


The computed chemical shifts were Boltzmann averaged
and are compared to the experimental values in Table 1.
The data indicate a satisfactory agreement, with a note-
worthy simulation of the unexpectedly similar proton
shifts of the catechol ring.







Figure 3. LUMO of the o-quinone of 1.


Figure 2. Energy minimized structure of 2 (Cs symmetry conformer).


Table 1. NMR spectral data of 2 (acetone-d6)


1H (J, Hz) 13C


Experimental Calcd Experimental Calcd


1 — — 125.0 122.7


2 6.71 (br s) 6.56 119.5 119.1


3 — — 147.0 143.0


4 — — 151.0 148.2


5 6.71 (br s) 6.53 116.6 113.9


6 6.71 (br s) 6.40 126.5 127.5


a 8.07 (s) 8.28 136.1 140.4


b — — 148.5 144.6


1 0 — — 134.2 135.5


2 0/6 0 6.25 (d, 2.0) 5.92 109.9 106.2


3 0/5 0 — — 161.0 159.9


4 0 6.44 (t, 2.0) 6.28 105.1 100.3
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Careful HPLC analysis of the reaction mixture failed to
show the presence of additional nitration products (UV
evidence), the remainder of the mixture being made up
of unidentified species probably derived from oxidative
processes. Notably, when the reaction was run at pH
1.0, a marked decrease in the yield of 2 (less than 1%)
was observed. This was shown to be due to the instabil-
ity of 2, which was converted to unidentified species. A
greater stability of 2 was observed, however, at pH 3.0.


The observed site-specific nitration of 1 on the double
bond was unexpected, since o-diphenols bearing a conju-
gated double bond, such as chlorogenic acid (3a) and
other caffeic acid esters, usually react with acidic nitrite
to give ring nitrated products, for example, 6-nitrochlor-
ogenic acid (3b).4,5


To gain some mechanistic insights, in separate experi-
ments it was found that the tetra-O-methyl derivative
of 1 (prepared with methyl iodide following a reported
procedure),26 to which phenolic oxidation is precluded,
does not react with acidic nitrite under the usual reac-
tion conditions. This observation points to an oxidation
step as a necessary requisite for nitration of 1. This
would be carried out by HNO2 or NO2 (E0 = 0.99 V)27


derived by decomposition of HNO2 according to the
following main equations:

NO�2 þHþ¢ HNO2

HNO2 þHþ¢ NOþ þH2O


em. Lett. 16 (2006) 2238–2242

NOþ þNO�2 ¢ N2O3

N2O3 ¢ NOþNO2


As a result, one-electron oxidation of 1 would lead to
the corresponding semiquinone. This may dispropor-
tionate to give the o-quinone which may undergo nucle-
ophilic attack by nitrite ions, as previously suggested in
the case of caffeic acid derivatives, including 3a.4,5,28,29


This route, however, was ruled out in the light of sepa-
rate experiments, in which the o-quinone of 1 was gener-
ated in situ under different conditions, that is, by
tyrosinase-catalyzed or ferricyanide-promoted oxidation
of 1 at pH 7,30,31 in the presence of excess NO2


� (5 M
equivalents) without detectable conversion to 2. More-
over, from inspection of the LUMO32 of the putative
o-quinone of 1 shown in Figure 3, the b-position did
not appear as the most reactive electrophilic site with
respect to the other conceivably reactive positions.


Accordingly, a free radical coupling mechanism for the
nitrous acid-induced nitration of 1 was proposed, which
is schematically illustrated in Figure 4.


In the proposed scheme, one-electron oxidation of 1 at
the 4-OH group gives a highly delocalized radical (sem-
iquinone), akin to that from resveratrol.33 Semiquinone
intermediates are known to be formed by oxidation of
stilbene catechols and have been detected under neutral
conditions in the presence of Mg2+ or Zn2+ as spin sta-
bilizing agents.34 Homolytic coupling of the semiqui-
none with NO2 at the b-position would then give 2.


The results of a DFT investigation of the 4-phenoxyl
radical of 1 are consistent with those of the proposed
free radical mechanism.35 Figure 5 depicts the singly
occupied molecular orbital (SOMO) of one conformer
of the 4-phenoxyl radical of 1 in aqueous solution.
The orbital is p in character, and has an appreciably
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Figure 4. Proposed mechanism for the acid-promoted regioselective


nitration of 1 with nitrite ions under biomimetic conditions.


Figure 5. SOMO of the 4-phenoxyl radical of 1 (conformer #1).
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larger coefficient on the b-position, that is, the one
involved in nitration, than on the other conceivably
reactive site, namely C-5. The overall picture is essential-
ly unchanged for the other conformer of the radical,
both in vacuo and in aqueous solution.

Table 2. Selected Mulliken atomic spin densities of the 4-phenoxyl


radical of 1


In vacuo Aqueous solution


Conf. #1 Conf. #2 Conf. #1 Conf. #2


Relative energy


(kcal/mol)


0.0 0.0 0.0 0.2


C-b 0.297 0.332 0.300 0.333


C-5 0.194 0.239 0.163 0.204


C-20 0.099 0.106 0.102 0.109


C-40 0.110 0.119 0.118 0.127


C-60 0.087 0.094 0.091 0.098

To allow for a more quantitative comparison, the Mul-
liken atomic spin densities on the relevant double bond
and ring positions were determined. Data in Table 2
indicate that the spin density on C-b is much higher than
on the C-5 ring position. Appreciable spin density is also
present on the 2 0, 4 0, and 6 0 positions of the resorcinol
ring.


Despite the 3,4-dihydroxystyryl moiety in common with
caffeic acid esters, for example, 3a, only 1 reacts with
acidic nitrite via coupling of the 4-phenoxyl radical with
NO2. This may reflect an additional stabilization of this
radical by the resorcin ring, as shown by the significant
SOMO coefficient at the 4 0-position of 1 denoting exten-
sive spin delocalization (Fig. 5) as well as by spin density
data (Table 2). In the case of 3a and other caffeic acid
esters, the 4-phenoxyl radicals would expectedly be less
stable, escaping trapping by NO2. They would preferen-
tially disproportionate to give the o-quinones,4,5,29


which are amenable to nucleophilic attack by nitrite ions
to give ring nitration products.


In conclusion, we have shown that 1 is an efficient inhib-
itor of N-nitrosation processes in vitro. It is more effec-
tive than caffeic acid, an established nitrosation
inhibitor,3–5 and acts through a redox pathway involv-
ing reaction of the 4-phenoxyl radical with NO2 at the
double bond sector. These results may disclose new
mechanisms underlying the potent cancer chemopreven-
tive activity of 1.
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Abstract—This report describes the evaluation of N-thiolated b-lactam antibiotics as potential anti-Bacillus agents. N-Thiolated
b-lactams are a new family of antibacterials that previously have been found to selectively inhibit the growth of Staphylococcus
bacteria over many other genera of microbes. From the data presented herein, these lactams similarly inhibit a variety of Bacillus
species, including Bacillus anthracis. The preliminary structure–activity studies suggest that there is a need to balance the lipophilic
character of the C3/C4 groups in order to obtain optimal anti-Bacillus activity. Elongation or extensive branching of the organothio
substitutent diminishes antibacterial effects, with the sec-butylthio derivative providing the strongest activity.
� 2006 Elsevier Ltd. All rights reserved.
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Bacillus anthracis is a rod-shaped Gram-positive bacteri-
um that is the causative agent of anthrax infections.1,2 If
inhaled, spores of B. anthracis rapidly migrate to lym-
phonodes of the lungs, where they begin to germinate
and release toxins that cripple the immune response,
causing bacteremia, toxemia, and frequently, death.3


Concerns about the possible use of B. anthracis as a bio-
logical weapon have led to widespread efforts to prevent
or treat anthrax infections with vaccine or antibacterial
drug development, and to detect the microbe.4,5


Our laboratory has recently identified a new family of
anti-MRSA agents, N-thiolated b-lactams 1, which have
a mode of action distinct from that of all other b-lactam
antibiotics.6 Rather than interfering directly with cell wall
biosynthesis through irreversible acylation of penicillin
binding transpeptidases, these compounds seem to affect
cellular processes through transfer of the N-organothio
group to a bacterial thiol. We also note that these lactams
exert anti-proliferative properties against only a narrow
range of bacterial genera, most significantly, Staphylococ-
cus (including MRSA), Micrococcus, and Neisseria. This
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selectivity seems to be related to the levels and types of cel-
lular thiols present in each microbe that is sensitive to the
lactams, not to whether the microbes are Gram-positive
or Gram-negative classes. Given that Staphylococcus
and Bacillus are both prominent members of the Bacillales
taxonomic order of bacteria, we therefore turned to inves-
tigate whether these compounds could possess antibacte-
rial properties against Bacillus spp.

The lead compound in this study was N-methylthio-
substituted lactam 1a, which in previous studies was
found to have one of the most potent antigrowth activ-
ities against Staphylococcus bacteria.7 Prior studies on
the overall structure–activity features of additional ana-
logues of 1a determined that substituents at the C3 and
C4 centers of the lactam ring exerted rather subtle effects
on anti-MRSA activity,8 while relative and absolute ste-
reochemistry at these locations was largely inconsequen-
tial. This led to the suggestion that the mode of action of
the lactams requires passage of the lactam molecule
through the bacterial membrane prior to interaction
with a cytoplasmic thiol.
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1. Microbiological testing of b-lactam analogues


In this study, we investigated the anti-Bacillus properties
of a select number of differentially substituted b-lactams
based on structure 1. These analogues were prepared in
racemic form according to our previous reports.7–10 The
b-lactams were individually tested for antibacterial
activity against B. anthracis and six other species of
Bacillus by the Kirby–Bauer method of well diffusion
on agar plates. Previously, we have demonstrated that
the growth inhibition zone sizes for N-methylthio
b-lactams against Staphylococcus correlate well with
their minimum inhibitory concentrations (MICs)
obtained from broth dilution experiments, and thus rep-
resent a reliable way to gauge bioactivity within a closely
related series of analogues.7–10
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2. C3-substituted lactams


The first series of compounds examined in our
study consists of C3-oxygenated lactams 1b–e. The
selection of these five compounds was made based
on their different structural features to evaluate the
effects of lipophilicity and polarity on anti-Bacillus
activity.
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The growth inhibition zones observed for these com-
pounds against the seven Bacillus microbes are given
in Table 1. Lactams 1b and 1c showed enhanced activi-
ties compared to C3-methoxy lactam 1a, while the meth-
oxymethyl ether and benzoyl ester derivatives 1d and 1e
were consistently weaker. These results are somewhat
different to the trend we observed for MRSA, where
compound 1a was the most active, suggesting that Bacil-
lus may be more sensitive to lipophilicity within the C3


alkoxy side chain.


To evaluate the effects of steric crowding at the C3 cen-
ter, 3,3-disubstituted lactams 1f–i were studied next.


The zone data in Table 2 for these sterically more
crowded compounds indicate that the addition of lipo-
philicity at C3 generally increases bioactivity, compared
to the corresponding 3-monosubstituted lactam.
Replacement of the C3-alkoxy group for an acetoxy
does not seem to alter bioactivity, as shown for lactam
1i, whereas incorporation of the alkoxy- and alkyl resi-
dues into a spirocyclic ring (lactam 1j)11 significantly
diminishes activity.

2.1. C3-sulfonated lactams


Extending upon this survey of C3-alkoxy- and acyloxy-
substituted compounds, we tested three sulfonate-bear-
ing derivatives 1k–m (Table 3). Here, we found sizable
differences in bioactivity which is dependent on the size
(and lipophilicity) of the sulfonyl side chain. Whereas
the methanesulfonyl compound 1k is only weakly active
against six of the seven Bacillus microbes, and totally
inactive against B. megaterium, the phenylsulfonyl and
toluenesulfonyl variants 1l and 1m are appreciably more
active against B. anthracis.

2.2. C3-amino b-lactams


The trends observed thus far for lactams 1a–m strongly
suggest that polar side chains at C3 have a detrimental
influence on anti-anthracis activity. This pattern is also
observed for C3-amino-substituted analogues 1n–q, of
which only N-benzylamino compound 1o possesses
any bioactivity. This parallels what we found previously
for MRSA (Table 4).

2.3. C3-halogenated b-lactams


Our previous investigations have found that replace-
ment of the C3 methoxy substituent of lactam 1a for a
chloro group (1r) slightly increases antibacterial activity
against MRSA, while replacement of methoxy for







Table 2. Bioactivities of C3-disubstituted lactams 1f–j against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion on agar


plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B subtilis B. cereus


1f 29 25 20 22 20 21 22


1g 30 nd nd nd nd nd nd


1h 20 15 16 16 15 13 18


1i 29 20 nd 21 20 19 15


1j 14 10 9 9 13 0 17


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm (nd, not determined).


Table 1. Bioactivities of C3-alkoxy- or acyloxy-substituted lactams 1a–E against Bacillus bacteria determined by the Kirby–Bauer method of well


diffusion on agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


1a 25 18 19 16 20 18 21


1b 27 20 20 22 21 19 23


1c 27 24 19 20 19 18 22


1d 20 15 15 15 15 13 19


1e 20 18 11 12 18 13 19


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm.


Table 3. Bioactivities of C3-sulfonated lactams 1k–m against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion on agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


1k 10 8 10 0 10 10 14


1l 18 15 13 15 nd nd nd


1m 19 12 11 11 13 12 13


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm (nd, not determined).
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an iodo (1s) or azido (1t) group decreases activity. This
is also observed for all seven of the Bacillus species
(Table 5).12
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Finally, we note that the C3 unsubstituted lactam 1u, a
compound with only weak anti-MRSA properties, has
no in vitro activity against any of the Bacillus species test-
ed. This may be due to a need for lipophilic groups at both
the C3 and C4 centers, a feature that we now want to
address.

Table 4. Bioactivities of C3-amino-substituted lactams 1n–q against Bacillus


agar plates


Compound B. anthracis B. globigii B. thuringensis


1n 0 0 0


1o 10 9 9


1p 0 0 0


1q 0 0 0


Twenty micrograms of test compound in DMSO solution was used in each ca


the zone of growth inhibition obtained for each compound after 24 h of inc

3. C4-substituted lactams


The role of the C4 aryl group on anti-Bacillus activity of
these N-methylthio lactams was studied by varying the
ortho-chlorophenyl group for other substituents. First,
we varied the halogen, and then its location on the aryl
ring. For the ortho-substituted series of lactams 2a–e,
there is very little if any difference in bioactivity versus
that of the chlorophenyl lead compound 1a, indicating

bacteria determined by the Kirby–Bauer method of well diffusion on


B. megaterium B. coagulans B. subtilis B. cereus


0 0 0 0


7 0 0 11


0 0 0 0


0 0 0 0


se. The values indicate the average diameters in mm (of three trials) for


ubation at 37 �C, with a margin of error of ±1 mm.







Table 5. Bioactivities of C3-halogen-substituted lactams 1r–t against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion on


agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


1a 25 18 19 16 20 18 21


1r 22 22 18 20 15 18 21


1s 22 24 15 13 11 13 17


1t 20 14 14 11 15 14 17


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm.
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that effects of electronegativity or lipophilicity of the
substituent at this location of the ring are insignificant
(Table 6).
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Next, we varied the location of the aryl substituent
and found that the meta-substituted lactams (2f–j)
and para-substituted lactams (2k–n) possessed nearly
identical bioactivities against the seven Bacillus species

as that displayed by the initial ortho-substituted deriv-
atives (Tables 7 and 8). On the other hand, the meta-
nitrophenyl and para-acyloxyphenyl lactams (2j, 2o,
and 2p, respectively) were the only ones having signif-
icantly different, and sporadic, activities among the
seven Bacillus species. This overall invariance in activ-
ities of the halogen-substituted lactams was also ob-
served for lactams (2q–x) bearing multiple halogen
substituents at different positions of the aryl ring,
as well as for the unsubstituted phenyl analogue 2y
(Table 9).
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Finally, we looked at analogues 3a–c which have the
aryl moiety linked to the b-lactam ring through either
an alkenyl, alkynyl, or a more flexible alkyl tether. Once
again, each of these derivatives shows about the same
anti-Bacillus bioactivity as any of the other C4-arylated
compounds (Table 10).
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Table 6. Bioactivities of ortho-aryl-substituted lactams 1a versus 2a–e against Bacillus bacteria determined by the Kirby–Bauer method of well


diffusion on agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


1a 25 18 19 16 20 18 21


2a 25 18 19 17 15 12 20


2b 25 17 17 15 13 14 19


2c 22 16 17 14 17 17 18


2d 21 14 15 12 15 10 18


2e nd 14 13 10 13 0 nd


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm (nd, not determined).


Table 8. Bioactivities of para-aryl-substituted lactams 2k–p against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion on agar


plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


2k 20 19 20 18 15 10 0


2l 20 17 17 15 16 10 18


2m 25 20 20 16 18 19 18


2n 22 20 19 17 22 18 23


2o 20 19 16 15 10 19 15


2p 14 0 10 10 0 0 13


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm.


Table 7. Bioactivities of meta-aryl-substituted lactams 2f–j against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion on agar


plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


2f 25 18 19 16 20 15 20


2g 25 19 18 17 18 12 20


2h 27 20 19 16 20 16 21


2i 22 19 15 14 13 14 19


2j 10 10 0 0 0 0 17


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm.


Table 9. Bioactivities of C4-aryl-disubstituted lactams 2q–2y against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion on


agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


2q 24 16 17 19 14 12 19


2r 27 22 20 21 17 21 21


2s 22 20 18 20 20 15 20


2t 20 14 13 15 15 10 18


2u 25 20 17 16 18 13 20


2v 27 21 17 19 20 19 22


2w 26 20 19 22 18 17 21


2x 20 20 20 20 22 18 20


2y 21 14 15 11 14 12 18


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm.


Table 10. Bioactivities of C4-organoaryl-substituted lactams 3a–c against Bacillus bacteria determined by the Kirby–Bauer method of well diffusion


on agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


3a 23 18 16 17 16 14 23


3b 20 15 14 12 17 11 20


3c 23 16 16 18 18 16 20


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm.
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Table 11. Bioactivities of N-organothio-substituted lactams 1a versus 4 and 5–7 against Bacillus bacteria determined by the Kirby–Bauer method of


well diffusion on agar plates


Compound B. anthracis B. globigii B. thuringensis B. megaterium B. coagulans B. subtilis B. cereus


1a 25 18 19 16 20 18 21


4 40 39 30 36 37 39 30


5 10 10 0 0 0 0 0


6 10 0 9 10 0 nd nd


7 0 0 0 0 0 0 0


Cip 39 33 40 41 42 41 33


Twenty micrograms of test compound in DMSO solution was used in each case. The values indicate the average diameters in mm (of three trials) for


the zone of growth inhibition obtained for each compound after 24 h of incubation at 37 �C, with a margin of error of ±1 mm. Ciprofloxacin (Cip) is


included as a reference (nd, not determined).
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4. Effect of the N-organothio substituent on anti-Bacillus
bioactivity


Previously, we reported that the antibacterial proper-
ties of N-thiolated b-lactams against MRSA are
highly dependent upon the organothio substituent,
in terms of both the nature of the organo chain
as well as the oxidation state of the sulfur center.
The most active derivative from this study was
found to be the branched N-sec-butylthio lactam 4
(Table 1). Examination of 4 against the seven
Bacillus bacteria likewise determined that this com-
pound was significantly more active than N-methyl-
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thio lactam 1a, with zone sizes being on average
more than two times larger than those produced by
1a (Fig. 1).


Inspection of the actual plate from the Kirby–Bauer as-
say (Fig. 2) shows this clear distinction in activities be-
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Figure 1. Comparison of anti-Bacillus activities of lactams 1a and 4 to


that of ciprofloxacin. Each colored bar represents, in sequential order,


the seven Bacillus microbes listed in Table 11

tween lactams 1a and 4 versus ciprofloxacin (Cip). This
well diffusion experiment indicates that 4 is as potent a
growth inhibitor of Bacillus spp. as the current clinical
benchmark, ciprofloxacin. The minimum inhibition con-
centration (MIC) values for lactams 1a and 4 against
both the avirulent Sterne and virulent Ames strains of
B. anthracis were determined by broth microdilution to
be 4 and 0.5 lg/ml, respectively.13

Another interesting finding is that the more highly oxi-
dized N-sulfinyl analogue 5,14 N-sulfonyl lactam 6,14


and N-sulfonate compound 7 are all significantly weaker
in activity than the N-methylsulfenyl lactam 1a.


In this study, we have discovered a new family of
antibacterial agents for B. anthracis and other Bacillus
species. The structure–activity profiles of these N-thio-

Cip


Lactam 4Lactam 1a 


Figure 2. Kirby–Bauer disk diffusion assay comparing the relative


effectiveness of lactams 1a, 4, and ciprofloxacin (Cip). Twenty


micrograms of each compound in DMSO solution was used.
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lated b-lactams mirror to a large extent those observed
previously for MRSA, with some notable exceptions.
In general, lipophilic acyloxy or alkoxy groups at C3


of the lactam ring lead to the strongest growth inhibition
properties against each of the seven Bacillus microbes
examined. The C3 allyloxy and propoxy compounds
were on average slightly more active than the parent
C3 methoxy derivative. Spirocyclic ethers at C3 gave
lower activity than the open chain variants. At the C4


center, both aryl and strain chain organoaryl moieties
were found to be about equally potent, regardless of
the presence of unsaturation or aryl ring substituents.
The most important determinant of anti-Bacillus activi-
ty, as in the case for MRSA, was found to be the N-
organothio moiety, with the sec-butylthio compound 4
having the best overall bioactivity. The mode of action
of these lactams in Bacillus most likely parallels that in
Staphylococcus, with transfer of the N-organothio sub-
stituent from the lactam to a cellular thiol occurring
within the cytoplasm of the bacterium. A more complete
study on the mechanism of action of these compounds is
underway to identify the target and reasons for bacterial
species selectivity.
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Abstract—Structure–activity relationships and binding mode of novel heterocyclic factor VIIa inhibitors will be described. In these
inhibitors, a highly basic 5-amidinoindole moiety has been successfully replaced with a less basic 5-aminopyrrolo[3,2-b]pyridine
scaffold.
� 2006 Elsevier Ltd. All rights reserved.

We have reported the development of direct, small-mol-
ecule inhibitors of the factor VIIa-tissue factor complex
as novel anticoagulants.1–4 These and other published
factor VIIa (fVIIa) inhibitors5 contain an amidino
group (the P1 element) which interacts with Asp-189
(in the S1 pocket) via a salt-bridge. The strongly basic
amidino group, while providing a binding anchor to
the enzyme, is also the main limitation to oral bioavail-
ability. Herein, we describe our efforts to replace the
amidine functionality of our fVIIa inhibitors with a less
basic P1 element. Structure–activity relationships
(SARs) establishing in vitro potency for fVIIa and selec-
tivity against factor Xa (fXa), thrombin, and trypsin are
presented.


The potencies of our previously disclosed amidine-con-
taining fVIIa inhibitors 1 and 21 are shown in Table 1.
As a first step toward generating orally bioavailable
fVIIa inhibitors, we aimed to replace the amidino-aryl
group with a less basic heterocycle, while maintaining
critical interactions in the S1 pocket. Such a strategy
has been previously demonstrated with fXa and throm-
bin inhibitors.6 In order to assess the binding contribu-
tion from the amidine group on scaffold 1, we generated
the des-amidino benzimidazole 3. Not surprisingly,
removal of this group results in a >700-fold loss of
potency. Knowing that we needed significant binding
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interactions between our inhibitor and the S1 pocket,
we designed and generated a series of biaryl analogs that
could potentially interact with the Asp-189 and other
residues within the S1 pocket. From this work, the 5-
aminopyrrolo[3,2-b]pyridine 5 proved to be quite prom-
ising. Compound 5 had an inhibition constant of 0.3 lM
for fVIIa and possessed some selectivity over the related
serine proteases (fXa, thrombin, and trypsin). Surpris-
ingly, when the imidazopyridine analog 4 was generated,
it had significantly less activity toward fVIIa than its
analog 5.


In order to gain insight into the binding contributions of
the 5-aminopyrrolo[3,2-b]pyridine heterocycle in fVIIa,
we obtained a crystal structure of 5 bound to fVIIa.8


This structure was then overlaid with the fVIIa crystal
structure of an amidine analog of 5 reported earlier,4


as depicted in Figure 1. The key H-bonding contacts be-
tween inhibitor 5 and fVIIa are represented schematical-
ly in Figure 2.


The interactions of the indole N–H and the phenol with
the catalytic residues (Ser195, His57) are similar to those
observed for our amidine-based fVIIa inhibitors.1 This
similarity extends to the distal aryl ring of the molecule
where the 3 0-phenylnitro group occupies the fVIIa S1 0


pocket. Major differences between the binding modes
exist in two areas: the S2 region and the S1 pocket.
The indole ring of Trp215 relocates into what would
have been the S2 pocket. This indole now provides an
edge-to-face contact with the phenolic ring of 5. With
amidine-containing inhibitors, Trp215 is not displaced
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Table 1. SAR of amidine-containing compounds compared with non-amidino heterocyclic leads
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Compound Ki (lM)7


fVIIa fXa Thrombin Trypsin


1 0.015 0.32 >150 11


2 0.004 0.05 2.9 0.40


3 11 >150 >150 >150


4 39 >150 >150 >150


5 0.30 3.5 44 120


Figure 1. Crystal structure of 5 bound to fVIIa (protein shown in tan,


H-bonds indicated by dotted lines). This is overlaid with a fVIIa crystal


structure bound to an amidino analog (protein shown in orange,


inhibitor not shown). The rearranged residues 215–220 and Trp215 are


shown as ball and stick representations.


Figure 2. Representation of key interactions between 5 and fVIIa.
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and an S2 pocket is clearly defined. The second differ-
ence was seen in the S1 pocket, where the 5-aminopyr-
rolo[3,2-b]pyridine interacts with the protein in a novel
way. The residues from 215 to 220, which define one side
of the S1 pocket, have significantly rearranged from the
position observed for the amidine-based inhibitors.
Some parts of this loop appear to be somewhat disor-
dered. Whereas an amidine makes strong hydrogen
bonds to Asp189, Ser190, and Gly219, the aminopyri-
dine of 5 makes weak interactions with Gly219 and
Ser190 as shown in Figure 2.


With this binding model in hand, we can now offer a
rationale as to why inhibitor 4 was significantly less
potent than 5. We attribute this loss in potency
to an unfavorable entropic contribution of the imid-
azole tautomers combined with a change in pKa


(Scheme 1). The calculated pKa
9 for the pyridine


nitrogen of a 5-aminopyrrolo[3,2-b]pyridine is 8.79,
while a 5-amino imidazo[4,5-b]pyridine is predicted
to protonate the second imidazole ring nitrogen at
7.98. This pyridine protonation allows for an impor-
tant interaction of 5 with the rearranged Gly219.
Amidino inhibitors 1 and 2 have similar potencies
since the positive charge is localized at the amidine
in both these compounds.


Our next goal was to improve the potency and selectivity
profile of this novel 5-aminopyrrolo[3,2-b]pyridine
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N
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This protonation provides an 
important binding interaction


5-Aminopyrolo[3,2-b]pyridine


5-Aminoimidazo[4,5-b]pyridine


Scheme 1. Difference in pKa and site of protonation of 5-aminopyrol-


o[3,2-b]pyridine and 5-aminoimidazo[4,5-b]pyridine P1 groups.
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scaffold. We noted that the 60s loop, which forms the
interface between the S2 and S1 0 pockets of fVIIa, is sig-
nificantly different from that of fXa and thrombin.4


Building off the 3 0-aryl group of 5 should extend into
this region and might offer some selectivity gains for
fVIIa. Initial attempts to improve binding by incorpora-
tion of 1- and 2-naphthyls as well as ortho- and para-
substituted benzene moieties at the 3 0 position resulted
in reduced potency. A series of meta- substituted 3 0-
phenyl ring analogs were examined, several of which
proved to be quite successful. Selected examples are
shown in Table 2. Initially, we found that incorporation
of small groups at the meta position such as a methyl-
sulfone (as in 7), hydroxyl (as in 8), and a urea (as in
9) did not offer any potency gains over the initial lead
5. Next we chose to generate analog 10, whereby the
urea was extended out by one methylene and a hydro-
phobic aryl group was incorporated on the distal nitro-
gen of the urea. Analog 10 proved to have a 15-fold
improvement in binding to fVIIa (Ki = 0.02 lM) as com-
pared to 5. Crystal structures of inhibitors in our ami-
dino series show that a methyl urea can participate in
a specific H-bond with the carbonyl of His57.4 While
His57 is conserved in all serine proteases, the His57 car-
bonyl in fVIIa appears to have a conformation that is
ideal for this H-bond. In addition, it is the only enzyme
in the coagulation cascade with a Lys60a that can
hydrogen bond to the urea carbonyl and thereby im-
prove this interaction. The terminal phenyl substitution
on the urea may provide added thrombin selectivity due
to negative steric interactions with the 60s loop of
thrombin. Replacing the distal phenyl ring with a polar
pyridine or dimethylamino group, as in 11 and 12,
respectively, results in loss of potency, as compared to

Table 2. SAR of 5-aminopyrrolo[3,2-b]pyridine analogs
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Compound R Selectivity for fVIIa versus


fVII Ki
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5 NO2 0.30 12 147 400
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9
N
H


O


NH2
12 2.8 >13 >13


10
N
H


O


N
H


Ph 0.02 336 >7000 >7000


11
N
H


O


N
H


3-Py 0.062 90 >2000 >7000


12
N
H


O


N
H


N 1.4 11 >100 >100

10, perhaps due to a loss in hydrophobic interactions
or an unfavorable entropy.


Scheme 2 describes a synthetic route to compound 10
which can be generalized to apply to other compounds
described in Table 2. Protection of the commercially
available 2-amino-5-nitropyridine (13) with BOC-anhy-
dride followed by reduction of the nitro group under
hydrogenation conditions gave 14. Bromination of 14
using N-bromosuccinimide in DMF followed by subse-
quent treatment with BOC-anhydride affords 15 in high
yield. Bromide 15 was then coupled with 1610 producing
alkyne 17. Alkyne 17 is cyclized with TBAF and subse-
quent removal of protecting groups affords 18. Amine
18 is then treated with 19, the succinimidyl ester of phe-
nylcarbamic acid. The crude reaction mixture is then
purified by reverse-phase chromatography to afford
compound 10.


We have described the synthesis and SAR of novel fVIIa
inhibitors, wherein the amidinoindole group has been
successfully replaced with a less basic 5-aminopyrol-
o[3,2-b]pyridine moiety. A comparison of the fVIIa crys-
tal structures of these two classes of compounds reveals
that although the S1 pocket alters its conformation to
accommodate this change, the S1 0 region of the protein
remains virtually unchanged. We have therefore been
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Scheme 2. Synthesis of 10. Reagents and conditions: (a) NaHDMS,


THF, Boc-anhydride, 0 �C to rt; (b) 10% Pd–C, THF, MeOH, H2


(1 atm); (c) NBS, DMF 0 �C to rt; (d) BOC-anhydride, tBuOH; (e)


Pd(PPh3)2Cl2, triethylamine, CuI, acetonitrile, 80 �C; (f) TBAF, THF;


(g) HCl (4 N in dioxane), MeOH anhyd, (h) 19, triethylamine, DMF; (i)


NaOH (10% aq), MeOH, 50 �C.







R. Rai et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2270–2273 2273

able to adapt key elements of our amidino series of com-
pounds to this new class of fVIIa inhibitors.
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Abstract—A designed library of tripeptidomimics of Ornithyl-Proline (Orn-Pro) and Lysyl-Proline (Lys-Pro) conjugated with
various unnatural amino acids and carboxylic acid derived heterocyclics was synthesized and screened for possible inhibitors of
angiotensin-converting enzyme (ACE). Among the tripeptidomimics 10[MTP-Orn-Pro], 11[HTP-Orn-Pro], 14[TA-Orn-Pro] and
20[BPA-Orn-Pro] showed prominent inhibition with IC50 values in micromolar concentrations. Structure–activity relationship study
indicated that C3 side chain of Orn as compared to C4 side chain of Lys at P10 position was better suited to inhibit ACE, with
propionic acid (C3) derived heterocyclics and unnatural amino acids.
� 2006 Elsevier Ltd. All rights reserved.

Angiotensin-converting enzyme (EC 3.4.15.1, ACE), a
membrane anchored zinc metallopeptidase, plays a piv-
otal role in blood pressure regulation.1–3 In hypertension
and other related cardiovascular disorders like myocar-
dial infarction, CHF and atherosclerosis increased ACE
activity has been found. To reduce the activity of ACE
by ACE inhibitors has been a preferred therapy to treat
these disorders.4–6


Several ACE inhibitors have been developed during the
last two decades.7–15 The use of ACE inhibitors is
fraught with many side effects like dry cough, skin irrita-
tion, angiodema and other problems particularly multi-
ple dosing due to less bioavailability.16 To overcome the
problem of limited bioavailability, a new class of ACE
inhibitors, termed as peptidomimics,17,18 consisting of
nonpeptide moieties like unnatural amino acids or car-
boxylic acid derived heterocyclics conjugated with pep-
tide moiety, is being designed and synthesized. The
peptidomimics containing particularly proline19 may
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confer resistance against proteolysis20 by digestive
enzymes and hence result in enhanced bioavailability.


Our previous study demonstrated that propionic acid
(C3) derived heterocyclic containing tripeptidomimics
BPA-Val-Trp, HTP-Val-Trp and BPA-Ile-Pro were suit-
able ACE inhibitors.21 In the present work, based on
our previous study and structural–activity relationship
(SAR) studies of existing ACE inhibitors, two sets (set
A and set B) of libraries containing Lys and Orn with
Pro as a common moiety were designed and synthesized.
In the designing of dipeptide motif, usual amino acid
that is, Pro is put at P20 position, while P10 position is
occupied by usual (e.g., Lys) or unusual (e.g., Orn) ami-
no acids. At the P20 position, the –COO� group of Pro is
likely to interact with a positively charged side chain of
Arg (or Lys) in the S20 subsite of ACE.22,23 The S10 sub-
site, being hydrophobic in nature, preferentially accepts
linear amino acids like Lys or Orn for better interac-
tion.24 At the P1 position, unnatural amino acids and
carboxylic acid derived heterocyclic moieties are incor-
porated to interact with the S1 subsite and Zn2+ ion
located in the enzyme’s active site (Fig. 1).


The various moieties selected for the P1 position with
above-discussed dipeptide motif (Lys-Pro or Orn-Pro)
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Figure 1. Unnatural amino acids and carboxylic acid derived heterocyclic moieties.
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can be divided into two categories. First category con-
tains—unnatural amino acids derived from LL-trypto-
phan and LL-alanine like N-methyl-LL-tryptophan (MTP,
1), LL-b-homotryptophan (HomoTrp, 2), 5-hydroxy-LL-
tryptophan (HTP, 3), 3-(3-thienyl)-LL-alanine (TA, 4),
3-(2-furyl)-LL-alanine (FA, 5), LL-homophenylalanine
(HomoPhe, 6), 3-cyclohexyl-LL-alanine (CHA, 7) and
3,3-diphenyl-LL-alanine (DPA, 8). While the second cate-
gory contains—carboxylic acid derived heterocyclics
like (S)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
(TIC, 9), 2-benzimidazolepropionic acid (BPA, 10) and
3-(p-hydroxyphenyl)-propionic acid (HPPA, 11)
(Fig. 1).


All solvents and reagents used in the synthesis of tripep-
tidomimics were of peptide synthesis grade. The
reagents were purchased from Sigma chemical Co.
N,N-Dimethylformamide (DMF) and dichloromethane
(DCM) were from MERCK. Fmoc-protected LL-amino
acids and 2-chlorotrityl chloride resin were obtained
from Novabiochem. Unnatural amino acids and carbox-
ylic acid derived heterocyclic moieties were purchased
from Aldrich Chemical Co.


The designed library of tripeptidomimics was synthe-
sized by employing the technique of multiple parallel
synthesis on a solid support of 2-chlorotrityl chloride
resin by employing standard solid-phase peptide syn-

thesis using diisopropylethylamine (DIPEA) method25


and Hydroxybenzotriazole (HOBt)/diisopropyl carbo-
diimide (DIPCDI) activation method. Synthesized tri-
peptidomimics were cleaved from the resin by using
triflouroacetic acid and DCM (95%:5%) with required
scavengers and were purified by gel filtration on LH-
20 using methanol as eluent. The purity of tripepti-
domimics was assessed by reverse-phase HPLC on
C-18 columns (Table 1) and their masses were charac-
terized by MALDI-Tof (Kratos Analytical) and liquid
chromatography-mass spectrometry (LC-MS) (Table
1).


In vitro inhibition of ACE for these tripeptidomimic
compounds was evaluated by a synthetic substrate of
ACE, Hip-His-Leu, using the spectrophotometric meth-
od.26 The following assay components in a final volume
of 0.25 mL were incubated for 30 min at 37 �C: 100 mM
potassium phosphate buffer (pH 8.3), 5 mM Hip-His-
Leu, 300 mM NaCl, 2.5 lL of ACE (13.46 ± 0.03 mU/
mL) and 2.5 lL of 25 lM tripeptidomimics. The rate
of hydrolysis of Hip-His-Leu was determined by mea-
suring the absorbance of hippuric acid after extracting
into ethyl acetate, evaporating the solvent at 120 �C
and then redissolution into water. The extracted hippu-
ric acid was then measured by reading the absorbance at
228 nm to determine ACE inhibition potency of
tripeptidomimics.







Table 1. In vitro activity of tripeptidomimics as angiotensin-converting enzyme inhibitors


S. No. Compounds m/z b HPLC profile d


(rt, %)


ACE activitya


(mU/mL)


ACE inhibition


(%)


p-Value


Set A


1 MTP-Lys-Pro 444.03 5.6 (93.1) 8.20 ± 0.06 39.07 <0.0001


2 HomoTrp-Lys-Pro 443.8 5.5 (99.4) 9.40 ± 0.11 30.20 <0.0001


3 HomoPhe-Lys-Pro 404.8 5.6 (99.8) 10.42 ± 0.15 22.63 <0.05


4 TA-Lys-pro 418.3c 6.1 (82.1) 11.67 ± 0.13 13.33 <0.05


5 FA-Lys-Pro 381.30 5.5 (98.6) 12.11 ± 0.11 10.09 <0.05


6 CHA-Lys-Pro 397.3 5.5 (100) 13.11 ± 0.23 3.71 NSe


7 DPA-Lys-Pro 467.7 5.5 (99.6) 8.91 ± 0.06 33.82 <0.0001


8 TIC-Lys-Pro 403.0 5.6 (98.4) 10.85 ± 0.07 19.43 <0.0001


9 HPPA-Lys-Pro 394.6 5.7 (99.7) 9.52 ± 0.17 29.32 <0.05


SetB


10 MTP-Orn-Pro 430.01 5.6 (100) 4.88 ± 0.09 63.62 <0.0001


11 HTP-Orn-Pro 453c 5.4 (93.3) 4.2 ± 0.07 68.80 <0.0001


12 HomoTrp-Orn-Pro 429.2 5.8 (91.3) 12.23 ± 0.16 9.13 <0.05


13 HomoPhe-Orn-Pro 411.5 6.0 (100) 9.21 ± 0.07 31.72 <0.0001


14 TA-Orn-pro 382.96 5.4 (99.1) 3.41 ± 0.12 74.68 <0.0001


15 FA-Orn-Pro 366.98 5.5 (98.5) 8.67 ± 0.08 35.61 <0.0001


16 CHA-Orn-Pro 403.8c 5.6 (96.7) 9.32 ± 0.05 30.78 <0.0001


17 DPA-Orn-Pro 452.4 5.5 (99.30) 9.74 ± 0.15 27.67 <0.05


18 TIC-Orn-Pro 389.5 6.9 (100) 10.1 ± 0.06 25.01 <0.0001


19 HPPA-Orn-Pro 380.9 5.7 (99.4) 10.26 ± 0.07 23.76 <0.0001


20 BPA-Orn-Pro 402.3 6.1 (100) 4.70 ± 0.10 65.45 <0.0001


a Tripeptidomimics were assayed against bovine kidney extract of angiotensin-converting enzyme with activity 13.46 ± 0.03 mU/mL of assay volume


with synthetic substrate Hip-His-Leu.
b Mass analysed and confirmed by MALDI-Tof and LC-MS.
c Molecular mass + sodium ion.
d HPLC: C18 isocratic water/acetonitrile (70:30) 0.05% TFA.
e Non-significant ACE inhibition.
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The experimental data of the ACE inhibition studies
were compared by two-tailed Student’s t-test. A p-val-
ue 6 0.05 was considered significant (Table 1).


On the basis of in vitro screening, the tripeptidomimics,
which contain Lysyl-Proline dipeptide motif (set A),
were categorized into two groups based on their
inhibition potency. First group consisting of—MTP-
Lys-Pro (1), HomoTrp-Lys-Pro (2) and DPA-Lys-Pro
(7) showed 30–40% ACE inhibition (39.07%,
p < 0.0001; 30.20%, p < 0.0001 and 33.82%, p < 0.0001,
respectively). Second group consisting of least potent tri-
peptidomimics—HomoPhe-Lys-Pro (3), TA-Lys-Pro
(4), FA-Lys-Pro (5), CHA-Lys-Pro (6), TIC-Lys-Pro
(8) and HPPA-Lys-Pro (9) showed less than 30% ACE
inhibition (22.63%, p < 0.05; 13.33%, p < 0.05, 10.09%,
p < 0.05; 3.71%, p-NS; 19.43%, p < 0.0001 and 29.32%,
p < 0.05, respectively).


The tripeptidomimics containing Ornithyl-Proline (set
B) dipeptide motif were categorized into three groups
according to their inhibition potency. First group con-
sisting of—MTP-Orn-Pro (10), HTP-Orn-Pro (11),
TA-Orn-Pro (14) and BPA-Orn-Pro (20) showed 60–
75% ACE inhibition (63.62%, p < 0.0001; 68.80%,
p < 0.0001; 74.68%, p < 0.0001; and 65.45%,
p < 0.0001, respectively). Second group consisting of
the lesser potent tripeptidomimics—HomoPhe-Orn-Pro
(13), FA-Orn-Pro (15) and CHA-Orn-Pro (16) exhibited
30–40% ACE inhibition (31.72%, p < 0.0001; 35.61%,
p < 0.0001 and 30.78%, p < 0.0001, respectively). Third

group consisting of least potent tripeptidomimics—
HomoTrp-Orn-Pro (12), DPA-Orn-Pro (17), TIC-Orn-
Pro (18) and HPPA-Orn-Pro (19) showed only less than
30% ACE inhibition (9.13%, p < 0.05; 27.67%, p < 0.05;
25.01%, p < 0.0001 and 23.76%, p < 0.0001,
respectively).


The results were more encouraging when propionic acid
(C3) derived heterocyclic ring containing compounds,
that is, MTP, HTP, TA, FA and BPA, were introduced
with Ornithyl-Proline (set B) dipeptide motif as com-
pared to the Lysyl-Proline (set A) dipeptide motif at
P1 position. Further screening of four promising tripep-
tidomimics 10, 11, 14, and 20 (Fig. 2) had shown an
IC50 of 10 · 10�6 M, 4 · 10�6 M, 6 · 10�7 M and
10 · 10�6 M (Table 2). Among these four ACE inhibi-
tors, TA-Orn-pro (14) found to be the most potent.


Our previous study had shown that interaction of
dipeptidomimics is confined to S10 and S20 subsites of
the enzyme only, while tripeptidomimics have an addi-
tional interaction with S1 subsite of enzyme and also
help to chelate Zn2+ ion.21 In the present study, we,
therefore, focused only on tripeptidomimics. Two sets
of tripeptidomimics were designed and synthesized in
which at P20 position Pro was kept as a common moi-
ety with exchangeable amino acids Orn or Lys at the
P10 position.


Our studies found that Orn containing tripeptidomimics
MTP-Orn-Pro (10), HTP-Orn-Pro (11), TA-Orn-pro







Figure 2. Binding of tripeptidomimics to the hypothetical active site of ACE.
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(14) and BPA-Orn-Pro (20) showed more than 60% inhi-
bition, whereas tripeptidomimics having Lys in place of
Orn, that is, MTP-Lys-Pro (1), HTP-Lys-Pro,21 TA-
Lys-pro (4) and BPA-Lys-Pro21 showed less than 40%
inhibition. At P10 position, it seems that C4 side chain

of Lys with the selective nonpeptide moieties used in this
study is causing a hindrance in efficient binding with the
active site of ACE. On the other hand, the C3 side chain
of Orn acts as a desirable conformational constraint as
compared to the C4 side chain of Lys.







Table 2. IC50 of potent Orn-Pro based tripeptidomimics


Potent tripeptidomimics ACE activity (mU/mL) ACE inhibition (%) p-Value IC50 (M)


MTP-Orn-Pro (10) 4.88 ± 0.09 63.62 <0.0001 10 · 10�6


HTP-Orn-Pro (11) 4.2 ± 0.07 68.80 <0.0001 4 · 10�6


TA-Orn-pro (14) 3.41 ± 0.12 74.68 <0.0001 6 · 10�7


BPA-Orn-Pro (20) 4.70 ± 0.10 65.45 <0.0001 10 · 10�6
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Among the various nonpeptide moieties selected, 3-(3-thi-
enyl)-LL-alanine (TA) is found to be most suitable for P1


position with Orn-Pro dipeptide motif. TA-Orn-Pro
(14) showed better inhibition of ACE activity than other
tripeptidomimics. TA contains sulfur atom in its five-
membered aromatic ring of side chain, which has high
affinity for the divalent Zn2+ ion (Fig. 2). In case of capto-
pril, its –SH group is very prone to oxidation,27 while sul-
fur-containing aromatic ring of TA is not likely to
undergo oxidation or disulfide bond formation reactions
in physiological system. The replacement of TA with FA
as in tripeptidomimic 15 resulted in a two time decrease in
ACE inhibition potency. This decrease in potency may be
attributed to the fact that oxygen atom, being more elec-
tronegative and smaller in size than sulfur atom, cannot
make a strong co-ordinate bond with Zn2+.


ACE inhibition potency of the other three tripeptidom-
imics 10, 11 and 20 containing heterocyclic moieties with
indole or imidazole ring such as HTP, MTP and BPA
was significant. On the other hand, there was substantial
loss in the inhibitory potency in case of tripeptidomimic
12 having HomoTrp at P1 position. The possible expla-
nation for the lack of significant activity might be the
presence of the indole ring at the b-carbon atom of the
carboxyl group that increases the chain length of the
tripeptidomimic molecule by one carbon atom, which
results in the shifting of the hydrophobic imidazole ring
far from the S1 subsite (Fig. 2).


In conclusion, the results from the present study show
the valuable role of Orn in the tripeptidomimics to effec-
tively inhibit the activity of ACE. Propionic acid (C3)
derived heterocyclic ring containing unnatural amino
acids and carboxylic acid derived heterocyclics at P1 po-
sition linked to Ornithyl-Proline dipeptide motif may
have better interaction with the S1 subsite and Zn2+


ion than with Lysyl-Proline dipeptide motif.


The structural approach of the ACE inhibitors devel-
oped in the present work can be used with further suit-
able modifications in the heterocyclic moieties and
unnatural amino acids with dipeptide Orn-Pro to obtain
leads to potentiate ACE activity inhibition in basic as
well as clinical research applications.
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Abstract—Glycoceramides can activate NKT cells by binding with CD1d to produce IFN-c, IL-4, and other cytokines. An efficient
synthetic pathway for a-galactosylceramide (KRN7000) was established by coupling a protected galactose donor to a properly pro-
tected ceramide. During the investigation, it was discovered that when the ceramide was protected with benzyl groups, only b-ga-
lactosylceramide was produced from the glycosylation reaction. In contrast, the ceramide with benzoyl protecting groups produced
a-galactosylceramide. Isoglobotrihexosylceramide (iGb3) was prepared by glycosylation of Gala1-3Galb1-4Glc donor with 2-azido-
sphingosine in high yield. Biological assays on the synthetic KRN7000 and iGb3 were performed using human and murine iNKT
cell clones or hybridomas.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of KRN7000 and iGb3.

a-Galactosylceramides (a-GalCers) were discovered
from an extract of a marine sponge, Agelas mauritianus,
by the Pharmaceutical Division of the Kirin Brewery
Company in 1993 and were named agelasphins
(AGLs).1 Although a number of b-galactosylceramides
have been reported, AGLs were the first reported galac-
tosylceramides having an a-galactosyl linkage. All these
compounds were active substances in prolonging the life
span of mice when intraperitoneally inoculated with B16
mouse melanoma cells.2 Therefore, various analogues
were synthesized to explore for candidates with similar
antitumor activity and that were readily available from
large-scale chemical synthesis. Among these com-
pounds, AGL-582 emerged as the most desirable candi-
date for clinical application and was designated as
KRN7000 (Fig. 1).3 Further studies revealed that a-Gal-
Cers could stimulate natural killer T (NKT) cells via
presentation by CD1d. The NKT cells can regulate a
variety of microbial, allergic, autoimmune, and tumor
conditions through the rapid secretion of interleukin-4
(IL-4), interferon-c (INF-c), and other cytokines and
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chemokines.4 Because a-GalCers were either separated
from a marine sponge or chemically synthesized, they
are not the natural products of mammalian cells. Evi-
dences showed that during the development of NKT
cells from the mainstream T cell precursor pool to ma-
ture NKT cells, some endogenous glycolipid antigens
were essential for this process by presentation of
CD1d.5 Recently, Zhou et al. demonstrated that isogl-
obotrihexosylceramide (iGb3) was the primary endoge-
nous agonist ligand for NKT cells.6 Therefore, there
has been high demand for both KRN7000 and
iGb3 for immunology research and for preclinical
investigation.


Several methods for synthesis of KRN7000 have been
reported, which involved a crucial galactosylation reac-
tion with different galactose donors and lipid accep-
tors.7–10 Herein we used the active ‘armed’ perbenzyl-
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galactoside 511 as a donor. We first used a ceramide 4
with 3,4-dihydroxyl groups protected by benzyl groups
as an active ‘armed’ acceptor. As shown in Scheme 1,
the partially protected phytosphingosine 112 was sub-
jected to NaH and then benzyl chloride in dry DMF
to protect the two secondary hydroxy groups with ben-
zyl group. Removal of the ketal and Boc with trifluoro-
acetic acid afforded the amine 3. Then it was reacted
with fatty acid under the condensation with 1-ethyl-3-
(3-dimethylamino-propyl) carbodiimide (EDCI) to fur-
nish the ceramide 4. The ceramide 4 was subjected to
glycosylation with donor 5 with TMSOTf as an activa-
tor under �23 �C. Surprisingly, the b-glycosylated prod-
uct 6 was separated as a single glycosylation product.
The anomeric configuration was further confirmed by
NMR spectrums of b-GalCer which were consistent
with reported data.13


We hypothesized that the formation of b-anomeric
product was due to the high reactivity of the acceptor.
While the donor was activated by TMSOTf, the armed
acceptor attacked the donor in an SN2 fashion with a
transition state A (Fig. 2), before the full development
of oxacarbonium intermediate, resulting in b-configura-
tion production. We then predicted that a less reactive
acceptor would favor a-glycosylation through a fully
developed oxacarbonium intermediate.


Thus, we switched the protecting groups on the cera-
mide from benzyl to benzoyl (as ceramide 10) to
decrease the acceptor reactivity (Scheme 2). The com-
mercially available phytosphingosine was condensed
with hexacosanic acid N-hydroxysuccinimide ester to
give the amide 8.10 Then the primary hydroxy group
was selectively protected with trityl chloride in pyridine.
When TLC showed that the starting material disap-
peared, benzoyl chloride was added to protect the
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Figure 2. Transition state of glycosylation. (A) The armed acceptor


attacked donor via SN2 pathway; (B) the disarmed acceptor reacted


with fully formed oxacarbonium donor.

remaining two hydroxyl groups without work-up to af-
ford 9. The trityl was removed in methanol with the
presence of p-toluenesulfonic acid. Then the ceramide
10 was subjected to glycosylation with donor 5 under
activator TMSOTf. The glycoceramide 11 was isolated
as the sole product which had the desired a-configura-
tion. Then the benzoyl groups on sphingosine and the
benzyl groups on sugar were removed by saponification
in anhydrous methanol with NaOMe and hydrogena-
tion under catalysis of 10% Pd/C, respectively, to pro-
duce KRN7000.14


It is well known that the glycosylation outcome depends
on the delicate balance of donor/acceptor pair reactivity.
Herein we found out that the ‘armed’ sugar donor with
‘armed’ lipid acceptor produced a b-configuration and
‘armed’ sugar donor with ‘disarmed’ lipid acceptor pro-
duced an a-configuration. It is remarkable to see that
the concept of ‘armed’ and ‘disarmed’ even works
between a sugar donor and lipid acceptor.


Our synthesis of iGb3 started with the chemical synthe-
sis of Gala1-3Galb1-4Glc reported by our laboratory
(see Scheme 3).15,16 The known 1-benzyl-peracetyl lac-
tose 12 was deacetylated to generate 1-benzyl lactose
13. The regioselective monoalkylation of the C3 hydro-
xy group of the galactose unit with p-methoxybenzyl
chloride (PMBCl) was achieved through activating this
hydroxy group with dibutylstannylene acetal. Original-
ly, acetyl group was used to protect the remaining hy-
droxy groups on compound 13. In the glycosylation of
the trisaccharide donor with the lipid, however, only
an orthoester was obtained. Efforts for transforming this
orthoester to glycoside by treatment with tin chloride or
other Lewis acids failed. The bulky pivaloyl group,
which could significantly restrain the formation of the
orthoester, was then employed to give 15. Oxidative
cleavage of the PMB group by DDQ released the 3 0-
OH to afford the disaccharide acceptor 16. The glycosyl-
ation of acceptor 16 with perbenzyl phenyl thiogalacto-
side donor 22 was carried out under activation by NIS/
TfOH to afford the protected trisaccharide 17 in a yield
of 92%. At this juncture, the benzyl groups have to be
switched to acetyl groups to avoid the reduction of the
double bond on the lipid during hydrogenation.







Figure 3. (A) Base peak chromatogram of iGb3 (40 pmol). The main


chromatographic peak has been attributed to the sodiated form of


iGb3 (m/z 1186.7). (Inset) Positive-ion mode spectra of the iGb3


standard. The m/z 1146.5 ion has been attributed to the dehydrated


iGb3 by MS/MS analysis. (B) ESI-MS/MS spectra of the parent ion at


m/z 1186.7 ([M+Na]+). * represents the sodiated daughter ions. (Inset)


Structure and fragmentation of iGb3 attributed from the ESI-MS/MS


spectra. The nomenclature of Costello et al., expanded by Adams and


Ann, has been used.
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Selective exposure of the anomeric hydroxy group was
achieved by treatment with benzylamine in THF. It
was then converted to trichloroacetimidate 19, which
was ready for glycosylation with lipid 23.


Although Savage used an amide compound as an accep-
tor for glycosylation, the yield is around 45%.6 It is well
known that the amide has remarkable effects on the gly-
cosylation. So we used azide 2317 instead of amide for
the acceptor. It was also found that if the 3-OH on
sphingosine was protected with an ester, the acyl group
would shift to the amine while in reduction of the
azide.18 PMB is an excellent protecting group which
can be cleavaged by oxidation or in acidic condition.
The glycosylation of Schmidt’s type donor 19 and lipid
23 was performed at �20 �C for 2 h in 82% yield. The
azide was reduced to an amine by triphenylphosphine
with stoichiometric amount of water, then subjected to
amide formation with cerotic acid and EDCI to afford
protected iGb3 21. Cleavage of the PMB proceeded
smoothly in 10% of trifluoroacetic acid in dichlorometh-
ane. Finally, all the ester groups were removed by reac-
tion with sodium methoxide in refluxing methanol for
24 h to yield iGb3 in 92% yield.19


Liquid chromatography analysis coupled to mass spec-
trometry was performed to control the purity and confirm
the mass of the synthetic compounds. After injection of
large amounts of iGb3 (40 pmol), the base peak chro-
matogram and the ESI-MS spectra revealed highly pure
compounds (Fig. 3A). The m/z 1186.7 and 1146.5 ions
were attributed to the synthetic iGb3 by MS/MS spectra
analysis. Low energy CID experiments performed on
the sodiated adduct precursor ion allowed a partial struc-
tural analysis of iGb3 (Fig. 3B). The characteristic neutral
loss of the sugar groups (Y ions) confirmed the loss of the
3 hexose groups. Fragmentation of the sodiated forms
gave low intensity peaks and little structural information.
Replacement of sodium by lithium was then performed
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because it provides more informative structural data.
Analysis in the presence of excess lithium was performed
by direct infusion and generated similar fragmentation
patterns (data not shown). These investigations con-
firmed the ceramide moiety as a d18:1/C26:0.


Since there has been some controversy to the reported
activities of iGb3, here the bioassays on iGb3 were

Figure 4. (A) Stimulation of a human Va24i NKT cell clone (JS7) by


human CD1d-transfected C1R cells (C1R-hCD1d) in the presence of


different concentrations of a-GalCer or iGb3. iGb3 was solubilized


using methanol or DMSO, both at final concentration of 1% (v/v) in


the stimulation assay. Diagrams show the mean release of IL-4 (upper


panel) or IFN-c (lower panel) to cell culture supernatant after 40 h,


determined by ELISA, as pg/mL ± SD. (B) iGb3 (solubilized in


methanol) was used to stimulate the human Va24i NKT cell clone


JS63. C1R-hCD1d cells or human monocyte-derived DC were used as


APC. iGb3 was solubilized in methanol. The bar charts show the mean


release of IL-4 (left diagram) or IFN-c (right diagram) in culture


supernatants (ng/mL ± SD) in the presence of iGb3 (20 lg/mL) or


methanol alone. Final methanol concentration was 1% (v/v). (C)


Stimulation of the mouse Va14i NKT hybridoma FF1 by murine bone


marrow-derived DC in the presence of different concentrations of


iGb3. iGb3 was solubilized in methanol. The diagram shows the mean


release of IL-2 (pg/mL ± SD) in cell culture supernatants determined


by ELISA.

reported in detail. We performed T cell stimulation as-
says using human and murine iNKT cell clones or
hybridomas, as previously described.6 DMSO and meth-
anol were used to solubilize iGb3 and stimulation exper-
iments were performed at a final concentration of 1%
DMSO or methanol, a concentration which is not toxic
to cells. iGb3 stimulated human iNKT cells to release
interleukin-4 (IL-4) and interferon-c (IFN-c) when pre-
sented by hCD1d-transfected human B lymphoblastoid
cells (C1R) expressing high levels of hCD1d (Fig. 4A).
The stimulatory capacity of iGb3 strongly depended
on the solvent used. Only iGb3 dissolved in methanol
was able to stimulate the iNKT clone. IL-4 and IFN-c
release could be observed already at iGb3 concentra-
tions of 5 lg/mL and increased at higher doses in a
dose-dependent manner. Control a-GalCer was active
at doses as low as 10 pg/mL. Hence, iGb3 is less efficient
than the very strong agonist a-GalCer in stimulating the
used iNKT cell clone. The stimulatory capacity of iGb3
was then tested using C1R-hCD1d transfectants and
peripheral blood mononuclear cell (PBMC)-derived hu-
man dendritic cells (DC), that is, professional antigen-
presenting cells (APC) directly generated from fresh hu-
man blood. As shown in Figure 4B, iGb3 employed at
20 lg/mL in the presence of 1% methanol induced the
release of both IL-4 and IFN-c from human iNKT cells.
The extent of stimulation was lower when DC was used
as APC, likely because of the significantly lower expres-
sion levels of CD1d on DC as compared to C1R-hCD1d
transfectants (not shown). Finally, we also employed
iGb3, dissolved in methanol, in a murine iNKT stimula-
tion system using bone marrow-derived mouse DC as
APC and a murine iNKT hybridoma releasing interleu-
kin-2 (IL-2) as responder cells. iGb3 clearly stimulated
the murine iNKT hybridoma already at a concentration
of 0.2 lg/mL (Fig. 4C).


In summary, we developed an efficient synthetic route
for the synthesis of KRN7000 by controlling the galact-
osidic configuration using different protecting groups of
the ceramide. We also synthesized iGb3 from Gala1-
3Galb1-4Glc and 2-azido-sphingosine in high yield. Bio-
logical assays showed KRN7000 and iGb3 could stimu-
late both human and murine iNKT cells to produce
cytokines.
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Juan José Marugán, Ehab Khalil, Heather R. Hufnagel, Roger F. Bone,


Renee L. DesJarlais, Carl S. Crysler, Nisha Ninan, Maxwell D. Cummings,
Christopher J. Molloy and Bruce E. Tomczuk


Johnson & Johnson Pharmaceutical Research and Development, L.L.C., 665 Stockton Drive, Exton, PA 19341, USA


Received 18 November 2005; revised 10 January 2006; accepted 11 January 2006


Available online 3 February 2006

Abstract—Inhibiting the classical pathway of complement activation by attenuating the proteolytic activity of the serine protease
C1s is a potential strategy for the therapeutic intervention in disease states such as hereditary angioedema, ischemia–reperfusion
injury, and acute transplant rejection. A series of arylsulfonylthiophene-2-carboxamidine inhibitors of C1s were synthesized and
evaluated for C1s inhibitory activity. The most potent compound had a Ki of 10 nM and >1000-fold selectivity over uPA, tPA,
FXa, thrombin, and plasmin.
� 2006 Elsevier Ltd. All rights reserved.
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The complement cascade is a major component of the
innate immune system in mammals and other vertebrate
species.1 It plays a major role in the destruction of
invading microorganisms and the clearance of immune
complexes. Unregulated complement activation leading
to acute inflammation and tissue damage has been
implicated in the pathology of many disease states.2


Activation of the classical pathway has been implicated
in humorally mediated graft rejection,3 ischemia–reper-
fusion injury (IRI),4 hereditary angioedema (HAE),5


Vascular Leak Syndrome,6 and acute respiratory dis-
tress syndrome (ARDS).7 C1s is a trypsin-like serine
protease that is present as a proenzyme within the first
component of complement in the classical pathway.8


Under normal physiological conditions activated C1s
is inhibited by its endogenous inhibitor, C1 esterase
inhibitor (C1-INH). Pathological conditions result in
excessive activation of complement that is not sufficient-
ly inhibited by C1-INH. Furthermore, C1-INH can be
degraded by other proteases that are released during
complement-mediated inflammation. A small molecule
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inhibitor of C1s would be a useful therapeutic agent in
the treatment of complement-mediated disease.9


We have previously reported the discovery of a novel
series of thiopheneamidine C1s inhibitors (1).10 These
compounds, while having very good selectivity over
thrombin, plasmin, and FXa, had poor selectivity over
the serine protease urokinase plasminogen activator
(uPA). Because the thiopheneamidine moiety appeared
to be a good S1 binding fragment for C1s, several com-
pound libraries containing this moiety were screened for
C1s inhibitory activity. Compound 2 was identified as
an 11 lM inhibitor of C1s, with 2-fold selectivity over
uPA. Substituting the isopropyl residue with a phenyl
residue provided compound 3 with Ki = 0.75 lM for
C1s and 13-fold selectivity over uPA.

HN
NH2


1 K i (uPA) = 0.135 μM; Ki (C1s) = 0.065 μM

The observed selectivity profile for 1 and 3 may be relat-
ed, at least in part, to a difference at Lys614 (Gln192;
C1s numbering, followed by uPA/chymotrypsinogen



mailto:nsubasin@prdus.jnj.com





Arg557


Arg563


Ser617


Asp548


Lys614


Cys-Cys


Figure 1. Model of sulfone 3 bound to C1s. This figure shows selected


residues of C1s (PDB ID 1ELV; residue numbering is according to


1ELV; Ser617 is the catalytic serine, Asp548 is the canonical S1 acid


residue of trypsin-like serine proteases), with superposition of the


thiophene amidine as described previously.10 Cys-Cys indicates the


cystine disulfide formed by Cys613 and Cys644, and the dashed lines


indicate key intermolecular electrostatic contacts of the binding model


(see text). In this model, the side-chain conformation of Lys614 has


been adjusted from that described in the published crystal structure,11


to favor interaction with the sulfone moiety of 3. The distance between


Lys614:NZ and the two inhibitor sulfone oxygen atoms is 3.0 and


3.5 Å, respectively.


Table 1. SAR of sulfone substitution


S


MeS
S


R


O O


HN
NH2


Compound R C1s inhibition


Ki (lM)


2 CH2(CH3)2 11.0


3 Phenyl 0.75


4 2-Naphthyl 0.41


5 2-Pyridyl 2.29


6 1-Methylimidazol-2-yl 1.88


7 2-Methylfuran-3-yl 1.79


8 2-Thiopheneyl 2.24


9


H
N


N


Br


0.40


10 Benzyl 2.0
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numbering in parentheses). In the original description of
the C1s structure, Gaboriaud et al.11 noted the potential
of a role for Lys614 in binding specificity. Lys614 of C1s
is adjacent to S1 and is positioned so that it could play a
role in restricting access to S1 and/or the catalytic
region. Our binding models (Fig. 1),10,12 with inhibitors
modeled into S1 of the apo C1s structure, are consistent
with the previously hypothesized importance of Lys614
in active-site binding. We extend this hypothesis to
propose that Lys614 of C1s and the corresponding
uPA residue Gln192 are involved in defining C1s selec-
tivity for compound 3. Figure 1 details some of the
key features of our proposed C1s binding model for 3.
Arg557 and Arg563 are positioned to constrain the side
chain of Lys614 to point in the direction of S1, and
Lys614:NZ can form a hydrogen bond with one or pos-
sibly both of the sulfone oxygen atoms of 3 as it is posi-
tioned in our model. Such interactions cannot be readily
modeled for 1. Additionally, Gln192, the corresponding
residue in uPA, is too short to achieve a similar interac-
tion and also appears to be restricted from leaning into
S1 due to a hydrogen bonding interaction with Lys143
(not shown). Therefore, it seems reasonable to propose
that C1s shows an increased preference for 3 due to
hydrogen bonding interactions with Lys614:NZ.


Several other aryl- and alkyl-sulfonyl derivatives
(Table 1) were synthesized in order to identify a core
fragment with significantly potent inhibitory activity to-
ward C1s. The benzimidazole 9 was chosen as a starting
point for further lead optimization. In this paper, we de-
scribe structure–activity relationships and in vitro bio-
logical results for this series of C1s inhibitors.


Compounds 3–8 and 10 (Table 1) were synthesized
according to Scheme 1. Treating 4-Br-5-NO2-thio-

phene-2-carboxylate 3613 with an appropriate thiol at
�78 �C resulted in substitution at the 4-position to give
the corresponding thioether, which was oxidized to the
sulfone 37 by treating with MCPBA in refluxing
DCM. Treating the sulfone 37 with sodium thiomethox-
ide at �78 �C affords primarily the nitro-displacement
product, which was converted to the amidine 38 by
treating with trimethylaluminum and ammonium chlo-
ride in refluxing toluene.14 When the thiomethoxide
addition was performed at room temperature, mixtures
of nitro and sulfone displacement products were
observed.


Compounds 9, 11, 12, 34, and 35 were synthesized
according to Scheme 2. The diazonium salt of amine
3915 was treated with sulfur dioxide in the presence of
cupric chloride to give the sulfonyl chloride 40.16 Sulfo-
nyl chloride 40 was reduced with sodium sulfite to give
the sulfinate 41.17 Addition of 41 to 5,7-dihalo-benz-
imidazole (42) afforded the sulfone 43.18 Sulfone 43
was reduced with sodium dithionite to 44, which upon
heating with formic acid gave the benzimidazole 45.
Benzimidazole 45 was directly converted to the amidine
to give compound 9. Alkylation of 45 with the appropri-
ate alkylhalide to give the regioisomers 46 and 47, fol-
lowed by amidination, gave compounds 11, 12, 34,
and 35. To overcome the poor yields associated with this
method of benzimidazole synthesis, an alternative route
(Scheme 3) was also pursued.


The sulfinate 48 (R2 = Br) was obtained by converting
the corresponding sulfonamide19 to the sulfonyl chloride
by treating with chlorosulfonic acid,19 followed by
reduction with sodium sulfite. Sulfinate 48 (R2 = H)
was obtained by reducing the commercially available
4-acetylamino-3-nitrobenzenesulfonyl chloride, fol-
lowed by hydrolysis of the acetamide. Addition of 48
to the thiophene 36 gave a mixture of 49 and 50. Thio-
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methoxide addition occurs selectively at the 5-position
of both 49 and 50 to give compound 51.


Reduction of the nitro group followed by heating in for-
mic acid provided the benzimidazole 52.


Benzimidazole 52 (R2 = Br) was converted to the corre-
sponding amidine and BOC-protected to provide a com-
mon scaffold that was alkylated with the respective
alkylhalide and deprotected to provide compounds 15–
20 and 23–30. Benzimidazole 52 (R2 = H) was alkylated
with benzylbromide and converted to the amidine
directly to give compounds 31 and 32.

Compounds 14, 21, 22, and 33 were regioselectively
accessed (Scheme 4) starting from intermediate 51.
Compound 51 was diazotized and halogenated to give
compound 54. Displacement of the halogen with an
appropriate amine followed by reduction and cycliza-
tion in formic acid gave the benzimidazole 55. Com-
pound 45 (R2 = Br) was treated with benzeneboronic
acid in the presence of copper(II)acetate to provide
the N-phenyl derivative,20 which was treated with
trimethylaluminum and ammonium chloride in reflux-
ing toluene to give compound 13. Arylation occurs
regioselectively at the less hindered nitrogen of the
benzimidazole.
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Table 2 lists the Ki values for the inhibition of C1s.21 N-
methylation at either nitrogen (11,12) has minimal effect
on affinity, suggesting that these nitrogens are not in-
volved in a hydrogen bond. Interestingly, when R2 is
bromine the effect of N-alkylmethyl and N-arylmethyl
substitution on affinity varies depending on the nitrogen
that is substituted.


When the N-benzyl substituent is on the nitrogen prox-
imal to the bromine (20), there is a 13-fold improvement
in activity, whereas similar substitution at the distal
nitrogen (19) provides no enhancement in activity. This
pattern holds true for all the N-alkylmethyl and N-
arylmethyl substituents, where compounds 16, 18, 20,
24, 26, 28, and 30 provide 6- to 40-fold improvement

Table 2. SAR of the benzimidazole series


S


SMeS
O O
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NH2HN


R2


N
R1
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A B


Compound R2 R1


11 Br Me


12 Br Me
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16 Br Allyl
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31 H Benzyl


32 H Benzyl


33 H 2-Pyridylme


34 Cl 2,6-Difluoro


35 Cl 2,6-Difluoro

in activity, while the corresponding regioisomers 15,
17, 19, 23, 25, 27, and 29 show only marginal enhance-
ment in activity. Unfortunately, some of the key pieces
of information required to establish a single plausible
binding model that explains the observed SAR is lack-
ing. Most significantly, a structure of an inhibitor or
substrate complex is not available, and key specificity
determining regions of the available apo structure are
disordered.11 Our modeling studies suggest that bound
inhibitors could be making hydrophobic interactions
with the region of loop 322 that is disordered in the
apo structure.11 Nevertheless, our results suggest that
there is a hydrophobic binding site for the N-alkylmeth-
yl and N-arylmethyl substituents that is proximal to the
bromine. Even though further substitution on the aryl
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Table 3. Protease selectivity for compound 28


uPA tPA FXa Thrombin Plasmin Trypsin


Ki (lM)


>10a >10a 11.4 >15a >13a 1.4


a No inhibition observed at this screening concentration.
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group of the arylmethyl substituents does not provide
useful SAR information, the diminished activity of com-
pounds 21 and 22 suggests that substituents on the
methylene group can prevent the benzyl residue from
achieving a conformation that favors a positive interac-
tion with the hydrophobic binding pocket. The observed
loss of activity when the bromine was substituted with
hydrogen or chlorine (cf. 20–32 and 26–35) suggests that
this residue is contributing to affinity through intermo-
lecular hydrophobic contacts.


In conclusion, lead optimization studies around the aryl-
sulfonylthiophene-2-carboxamidine template has result-
ed in a series of N-benzylbenzimidazoles with good C1s
inhibitory potency and >1000-fold selectivity over uPA
(Table 3). Compound 28 also has good selectivity over
tPA, FXa, thrombin, and plasmin.21
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Abstract—The subtle modification of a selection of Ab42 inhibiting non-steroidal anti-inflammatory drugs (NSAIDs), through
synthesis of the geminal dimethyl analogues, was anticipated to ablate their cyclooxygenase activity whilst maintaining Ab42 inhi-
bition. Methylflurbiprofen 6 exhibited similar in vitro Ab42 inhibition to its parent NSAID Flurbiprofen and was further evaluated
in the Tg2576 mouse model of Alzheimer’s disease and an animal model of gastro-intestinal (GI) impairment, but proved unviable
for further clinical development.
� 2006 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a progressive, adult onset,
neurodegenerative disorder characterized by impair-
ments in memory and cognition. The disease displays
characteristic histological changes, including extracellu-
lar amyloid deposits and intracellular neurofibrillary
tangles (NFTs).1 The characteristic plaques present
within the AD brain are primarily composed of b-amy-
loid (Ab) peptides 40 and 42 amino acids in length. They
are derived from the proteolytic processing of the b-am-
yloid precursor protein (APP) through initial cleavage
by the b-secretase (BACE) and then c-secretase en-
zymes. The subsequent formation of Ab oligomers and
amyloid plaques is believed to contribute to neuronal
loss and ultimately failure of cognitive function. Bio-
chemical and genetic evidence suggests that an increased
production or decreased clearance of the longer Ab42


peptide appears to be a key contributor to AD.

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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In’t Veld et al., in a landmark epidemiological study
(Rotterdam), identified a link between prophylactic
NSAID use and a significant reduction in AD risk.2


Weggen and co-workers have identified a subset of
NSAIDs that lower the level of Ab42 peptide at thera-
peutically relevant doses in vitro.3 They further demon-
strated that Ibuprofen reduces the levels of Ab42 in a
transgenic mouse model.4 A number of reports also indi-
cate the potential beneficial effects of certain NSAIDs on
APP processing including potential mechanisms of ac-
tion through direct modulation of the c-secretase com-
plex.1e,4,5 However, whilst an attractive mechanism for
potential treatment of AD, prolonged NSAID usage is
associated with severe gastro-intestinal (GI) complica-
tions through chronic inhibition of the COX-1 enzyme.6


Thus, we sought to modify these agents to minimize
COX activity whilst maintaining their Ab42 inhibitory
action (Fig. 1).


Cyclooxygenase activity resides primarily in the (S)-
isomer (A) of NSAIDs, the (R)-enantiomer (B) being
largely COX inactive. However, in vivo racemization
(A! B) is known for several NSAIDs7 and as such
might pose an issue on chronic administration of the
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Table 1. In vitro potencies of common NSAIDs at Ab42 inhibitiona


Compound Ab42 % inhibition


SH-SY5Y SPA4CT HEK APP695


Sulindac sulfide 73% at 30 lM 54% at 40 lM


Ibuprofen 41% at 600 lM 28% at 100 lM


Indomethacin 53% at 100 lM 73% at 100 lM


Naproxen 3% at 300 lM ND


Sulindac sulfone 9% at 30 lM 0% at 40 lM


Diclofenac 17% at 100 lM ND


R-Flurbiprofen 23% at 100 lM 51% at 100 lM


S-Flurbiprofen 37% at 100 lM 65% at 100 lM


ND, no significant inhibition of Ab40 was observed.
a Inhibitory action measured in SH-SY5Y and HEK cell lines over-


expressing either the direct substrate SPA4CT or the precursor


APP695, respectively (Ref. 9).
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Scheme 1. Reagents and conditions: (i) MeOH, H2SO4 (cat), reflux;


(ii) LDA, THF, DMPU, �78 �C then MeI; (iii) KOTMS, THF, 45 �C.
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Figure 1. Hypothesis to eliminate COX activity of NSAIDs whilst


maintaining Ab42 inhibitory activity.
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(R)-enantiomer. For example, (R)-Flurbiprofen is a
weak COX-1 inhibitor (IC50 � 44 lM in human whole
blood)8 and shows racemization in humans.7d � We
envisaged that the dimethyl derivatives (C) would also
be poor COX inhibitors and retain Ab42 inhibitory ac-
tion. Furthermore, removal of the stereocenter obvious-
ly negates any complications from in vivo racemization.


We began our efforts by measuring the in vitro activity
of certain NSAIDs to inhibit Ab42 production and con-
firmed the published findings (see Table 1).3 Of note is
that both enantiomers of Flurbiprofen appear to signif-
icantly reduce the amount of Ab42 in vitro at high, but
clinically relevant, concentrations. Naproxen and
Diclofenac appeared to have negligible effect on Ab42


production at relevant concentrations which proved
surprising as these compounds constituted over 60% of
the prescribed drugs in the aforementioned ‘Rotterdam’
epidemiological study.2


Next, we synthesized the geminal dimethyl analogues of
a selection of these NSAIDs. We anticipated that these
compounds, being structurally similar to the parent
NSAID, should possess similar in vitro Ab42 inhibitory
action but much reduced COX activity. Synthesis of
these compounds is outlined (Scheme 1) along with
representative examples (Table 2).10 Fischer esterifica-
tion of the aryl propionic acid (a) followed by alkylation
under standard conditions yielded the geminal dimethyl
ester (b). Conversion of the ester to the acid (c) was
readily achieved by using potassium trimethylsilanolate
(KOTMS).11 However, synthesis of the geminal dimeth-
yl analogue (3) of Indomethacin required an alternative
synthetic procedure (Scheme 2).12


These compounds were then assayed for their ability to
lower Ab42 levels (Table 2) in vitro. Only the dimethyl
analogues of Carprofen 5 and Flurbiprofen (Methylflur-
biprofen, 6) showed similar inhibitory activities to their
parent NSAID, the latter being the most potent (67%
inhibition at 100 lM).


Despite the low level of in vivo racemization of (R)-
Flurbiprofen, chronic usage may still lead to gastro-
intestinal complications, especially if the therapeutic

� (R)-Flurbiprofen has recently entered clinical trials for prostate


cancer and an IND has been filed for its investigation as a treatment


for Alzheimer’s disease.


Flurbiprofen
F


'Methylflurbiprofen'


6 67


a Ab42 inhibitory activity measured at 100 lM in a HEK cell line


overexpressing APP695 (Ref. 9). No inhibition of Ab40 was observed.







Table 3. Pharmacokinetic parameters for Methylflurbiprofen (6)a


Rat Mouse Dog Monkey


IV


Cl (mL/min/kg) 1.3 0.7 0.28 3.8


Vdss (L/kg) 0.15 0.22 0.11 0.3


T1/2 3.4 4.6 11.3 8.0


PO


Cmax (lM) 15.2 24.4 76.4 27.3


Tmax (h) 2.0 0.25 0.33 0.25


F% 79 81 87 90


a Methylflurbiprofen dosed at 2 mg/kg po and iv in four species.
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Figure 2. Brain levels of Ab40 (top) and Ab42 (bottom). Ibuprofen and


Methylflurbiprofen dosed at 21 mg/kg (qid) for 3 days in Tg2576 mice


(n = 8). A c-secretase inhibitor (positive control) was given as a single


10 mg/kg dose on the final day (n = 4). Soluble Ab40 and Ab42 peptide


was extracted from brain homogenate using DEA, see Refs. 4 (dosing)


and 15 (extraction) for assay details.


N
H


MeO


N


MeO O


OH


O


Cl


N
H


MeO


O Br


N
H


MeO O


OH


i) ii)


iii)


3


Scheme 2. Reagents: (i) ZnCl2, BuLi then 2-bromoisobutyryl bromide; (ii) 2.4 M NaOH, EtOH; (iii) KHMDS (2.5 equiv), THF, 4-chlorobenzoyl
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dose is high. The degree of racemization is also species
specific, possibly presenting problems with chronic
dosing paradigms in pre-clinical animal studies.7a,b


Based on this information, we envisaged Methylflurbi-
profen would be superior due to its similar in vitro
activity at Ab42 inhibition, lack of activity against
COX, and inherent achirality. Encouragingly, Meth-
ylflurbiprofen was inactive in a human whole blood
assay against COX-1 (IC50 > 100 lM). (For compari-
son (S)-Flurbiprofen has an IC50 � 0.2 lM against
COX-1 in human whole blood.) Furthermore, Meth-
ylflurbiprofen showed no inhibitory activity against
the Notch receptor cleavage at 200 lM, a potential
benefit compared to direct c-secretase inhibition13


and the pharmacokinetic parameters are excellent
(see Table 3), showing good bioavailability (79–90%),
half-life (3.4–11.3 h), and low clearance (0.3–3.8 mL/
min/kg) in four species. Ancillary pharmacology also
showed excellent dose proportionality, no adverse tox-
icology, no adverse effects in a canine cardiovascular
model, and no significant activity when screened
against a panel of other enzyme targets (data not
shown).


Utilizing Ibuprofen as a positive control, Methylflurbi-
profen was then tested in vivo using the Tg2576 trans-
genic mouse14 model to ascertain its ability to inhibit
the production of Ab42 peptide. Subchronic 3 day dos-
ing at 21 mg/kg/day (qid) revealed no significant efficacy
in lowering levels of Ab42. In vitro data indicated Meth-
ylflurbiprofen as a more potent compound than Ibupro-
fen but surprisingly no difference in activity is observed
between them in this assay (Fig. 2). No significant effects
on Ab40 levels were observed.

Presumably, to achieve in vivo efficacy these compounds
have to enter the brain, and as such we measured the brain
and plasma exposure levels of Methylflurbiprofen 6 and
various NSAIDs upon oral administration (Table 4).


Brain penetration for these compounds in mice proved
low, with an average brain to plasma ratio of 3%







Table 4. Brain and plasma levels of common NSAIDs and


Methylflurbiprofena


Brain


(lM)


Plasma


(lM)


Brain/plasma


ratio


Ibuprofen 18 592 0.03


R-Flurbiprofen 41 1188 0.04


Indomethacin 3 266 0.01


Naproxen 27 887 0.03


Sulindac sulfide 1.7 296 0.006


Mefanamic acid 2.7 87 0.03


Fenoprofen 41 1358 0.03


Acetaminophen 43 64 0.68


Methylflurbiprofen (6) 13 849 0.02


a 50 mg/kg po dosing in mice (n = 3). Drug levels measured at Tmax.
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(excluding acetaminophen). This indicated that the
brain levels achieved within our transgenic study did
not achieve the in vitro IC50 of Ab42 inhibition. This
highlighted an apparent disconnect between brain levels,
IC50, and in vivo efficacy, and appears contrary to pub-
lished data.4 Similar findings have also been observed by
Lanz and co-workers.16


Epidemiological data suggest compounds of this nature
only reveal efficacy at reducing plaque within the AD
brain after chronic usage. Therefore, GI tract liabilities
from prolonged administration of Methylflurbiprofen 6
were analyzed in a radioactive Cr leakage assay (Fig. 3).
Human whole blood COX-1 analysis of Methylflurbipro-
fen indicated an IC50 > 100 lM. However, a 5 day,
100 mg/kg (bid) dosing regimen in rat showed significant
leakage within the 51Cr assay, the effects being compara-
ble to a 1 day, 30 mg/kg (bid) dose of Ibuprofen. This dose
was chosen to analyze the consequence of elevated plasma
levels potentially achieved upon chronic dosing. Whilst
the COX-1 activity of 6 is markedly reduced, plasma levels
in this assay (average of 430 lM, 1 h post-final dose)
clearly exceed those needed for COX-1 inhibition, thus
producing gastro-intestinal lesions.


In summary, epidemiological data available show a
tantalizing link between chronic NSAID usage and a
reduction in the risk of contracting Alzheimer’s disease.

Figure 3. GI permeability as measured using a 51Cr-EDTA excretion


assay. Methylflurbiprofen was dosed at 100 mg/kg (bid) for 5 days and


Ibuprofen at 30 mg/kg (bid) for 1 day (n = 6). Plasma levels for


Methylflurbiprofen at 1 h post-final dose averaged 430 lM, Assay


details are described in Ref. 17.

Continued use of racemic Flurbiprofen poses obvious
gastro-intestinal complications and use of (R)-Flurbi-
profen as a clinical agent for the treatment of AD might
also encounter similar complications due to in vivo race-
mization. Methylflurbiprofen has reduced activity to-
ward the COX enzyme and an inherent lack of
racemization liability. However, despite being as potent
in vitro at Ab42 inhibition as (R)-Flurbiprofen and more
potent than Ibuprofen, it appears only marginally effica-
cious in vivo at lowering Ab42 levels in the Tg2576
mouse model. Coupled with the observation that high
doses of 6 cause significant GI leakage, this compound
proved unviable for further development.
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Abstract—A library of sulfonamides/sulfamates has been investigated for the inhibition of the carboxyterminal truncated form of
the a-carbonic anhydrase (CA, EC 4.2.1.1) isolated from the gastric pathogen Helicobacter pylori (hpCA). This enzyme, incorpo-
rating 202 amino acid residues, showed a catalytic activity similar to that of the full length hpCA, with kcat of 2.35 · 105 s�1 and
kcat/KM of 1.56 · 107 M�1 s�1 at 25 �C and pH of 8.9, for the CO2 hydration reaction. All types of activity for inhibition of the bac-
terial enzyme have been detected. Dorzolamide and simple 4-substituted benzenesulfonamides were weak hpCA inhibitors (inhibi-
tion constants, KIs, in the range of 830–4310 nM). Sulfanilamide, orthanilamide, some of their derivatives, and indisulam showed
better activity (KIs in the range of 310–562 nM), whereas most of the clinically used CA inhibitors, such as methazolamide, ethox-
zolamide, dichlorophenamide, brinzolamide, topiramate, zonisamide, etc., acted as medium potency hpCA inhibitors (KIs in the
range of 124–287 nM). Some potent hpCA inhibitors were detected too (KIs in the range of 20–96 nM) such as acetazolamide, 4-
amino-6-chloro-1,3-benzenedisulfonamide, 4-sulfanilyl-aminoethyl-benzenesulfonamide, and 4-(2-amino-pyrimidin-4-yl)-benzene-
sulfonamide. Most of the investigated derivatives acted as better inhibitors of the human isoform hCA II than as hpCA inhibitors.
Since hpCA is essential for the survival of the pathogen in acid, its inhibition by compounds such as those investigated here might be
used as a new pharmacologic tool in the management of drug resistant H. pylori.
� 2006 Elsevier Ltd. All rights reserved.

The a-carbonic anhydrases (CAs, EC 4.2.1.1) are wide-
spread metalloenzymes in all life kingdoms.1–5 In higher
vertebrates, including humans, 16 isoforms have been
described up to now,6–8 of which at least CA II, IV,
VA, VB, VII, IX, XII, XIII, and XIV constitute valid
targets for the development of novel antiglaucoma, anti-
tumor, antiobesity or anticonvulsant drugs.9–13 Indeed,
by catalyzing a simple but fundamental reaction, the
reversible hydration of CO2 to bicarbonate and a pro-
ton, these metalloenzymes are involved in a multitude
of physiological and pathological processes,1–5 and their
inhibition leads to responses that may be exploited ther-
apeutically. Presently, other three genetically distinct
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classes of CAs have been described in various organ-
isms, the b-CA-d-CA families, proving that such a crit-
ical catalyst for life processes has been invented by
nature at least in 4 different occasions. Among them,
very recently representatives of the a- or b-CA class
have been cloned and characterized in Plasmodium falci-
parum,14 Mycobacterium tuberculosis,15 Cryptococcus
neoformans16 or Candida spp.,17 some of them being also
investigated from the inhibition point of view,14,16 as it
has been proved that these enzymes are critical for the
growth or virulence of these pathogens.14–17 Since many
of these organisms are highly pathogenic, and present
different degrees of resistance to the currently available
drugs targeting them, inhibition of their CAs may con-
stitute novel approaches to fighting such diseases.14–17


Helicobacter pylori, a Gram-negative neutralophile dis-
covered by Warren and Marshall in the early 1980s,18


was shown to be associated with chronic gastritis, peptic
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ulcers and, more recently, gastric cancer, the second
most common tumor in humans.19 H. pylori is a globally
spread pathogen with roughly 50% of the human popu-
lation being contaminated, causing sometimes severe
gastrointestinal diseases that lead to a significant mor-
bidity and mortality.20 Although there is an effective
treatment for peptic ulcer disease caused by H. pylori,
usually consisting of a triple therapy using two antibiot-
ics (amoxicillin and clarithromycin) and a proton pump
inhibitor (PPI), such first-line treatment/eradication reg-
imens are constantly being compromised by an increase
in the prevalence of antibiotic resistance.21–23 After fail-
ure of the eradication by the first-line treatment, an
empirical quadruple regimen (PPI, bismuth, tetracy-
cline, and metronidazole) has generally been used as
the second-line therapy. However, several studies have
demonstrated that even two consecutive regimens failed
to eradicate H. pylori in some patients.21–23 Thus, there
is a real need for the development of alternative thera-
pies, eventually exploiting novel targets, that should be
devoid of the problems araising with currently available
drugs.23


Helicobacter pylori has the unique ability among bacteria
to grow and multiply in the stomach, in the harsh and
highly acidic conditions at pH values as low as 1.4.24


Therefore, the pathogen has evolved in specialized pro-
cesses that maintain the cytoplasmic pH around 6.4 for
survival and growth. Basically, at least two enzymes are
involved in these processes: urease24 in the cytoplasm,
and an a-CA (from now on designated as hpCA) in the
periplasm24,25 which separates an outer membrane and
an inner membrane of this bacterium. However, a b-CA
has also been found in the cytoplasm of H. pylori, where
it seems to play an important role in the urea and bicar-
bonate metabolism, as well as acid resistance of the
pathogen.26


hpCA was cloned and purified by Lindskog’s group,27


which showed that the enzyme contains one polypeptide
chain of 247 amino acid residues, has a catalytic activity
similar to that of the human slow isoform hCA I (highly
abundant in red blood cells and the gastro-intestinal
tract)1–3 and that the enzyme is susceptible to inhibition
by sulfonamides (and thiocyanate). However, no quanti-
tative data were provided for acetazolamide inhibition
of hpCA in this study.27 Recently, Sachs’ group24,25


has proved that hpCA is essential for the acid acclima-
tion and survival of the pathogen. In an elegant study,25


using CA deletion mutants of H. pylori as well as the po-
tent, clinically used sulfonamide inhibitor acetazolamide
AAZ, it has been shown that the urease generation of
NH3 has a major role in regulation of the periplasmic
pH and inner membrane potential under acidic condi-
tions, allowing adequate bioenergetics necessary for sur-
vival and growth of the pathogen. In addition to urease,
interestingly, hpCA was also shown to be crucial to
these processes. Thus, Western analysis confirmed that
hpCA was bound to the inner membrane, being present
only within the periplasm. Furthermore, in the deletion
mutant (i.e., H. pylori lacking the hpCA) or in the wild-
type organism in the presence of acetazolamide, there
was an approximate 3 log10 decrease in acid survival

of the pathogen. Thus, buffering of the periplasm to a
pH consistent with viability depends not only on the
ammonia efflux from the cytoplasm (and thus, urease)
but also on the conversion of CO2 (produced by urease)
to bicarbonate by the periplasmic hpCA.25 This excel-
lent study25 is in fact a proof-of-concept that hpCA
may be an attractive drug target for developing anti-
Helicobacter pylori agents, provided that potent (and
hopefully specific) inhibitors can be found.


In the present study, we cloned and isolated a truncated
form of hpCA containing 202 amino acid residues, based
on the sequence deposited in the GenBank by the TIGR
sequencing center [http://www.tigr.org].28 Furthermore,
we evaluated the inhibitory effects of a panel of sulfona-
mides/sulfamates (known inhibitors of other a-CAs)29


against this enzyme, showing that effective inhibitors tar-
geting this bacterial CA can be detected/designed.


A large number of derivatives were investigated for the
inhibition of the bacterial enzymes hpCA. Simple aro-
matic and heteroaromatic sulfonamides of types 1–24
are among them. Derivatives AAZ-IND are clinically
used drugs: acetazolamide AAZ, methazolamide MZA,
ethoxzolamide EZA, and dichlorophenamide DCP are
the classical, systemically acting CA inhibitors
(CAIs).1–3 Dorzolamide DZA and brinzolamide BRZ
are topically acting antiglaucoma agents,1,4 benzolamide
BZA is an orphan drug belonging to this class of phar-
macological agents, whereas topiramate TPM and zon-
isamide ZNS are widely used antiepileptic drugs.11b,30


Sulpiride SLP31 and indisulam IND32 were recently
shown by this group to belong to this class of pharma-
cological agents. Compounds 1, 2, 4–6, 11, 12, 18–20,
23, and AAZ-SLP are commercially available, whereas
3, 7–10,33 13–17,34,35 21, 2236, and 2437 were prepared
as reported earlier by this group.


Two different length-polypeptides (202 and 247 residues)
were previously reported for hpCA.27,28 In the present
study, a recombinant form of hpCA lacking the last 45
carboxyterminal amino acid residues was synthesized
based on the sequence deposited in the GenBank by
TIGR sequencing center.28 The hpCA preparations were
obtained in this study by means of a GST-fusion protein
technique,38 previously reported for other a-CAs by our
group.9,11,12 The enzyme showed a catalytic activity very
similar to that of the enzyme reported earlier by Lind-
skog’s group (kcat of 2.4 · 105 s�1 and kcat/KM of
1.5 · 107 for the CO2 hydration reaction),27 with a kcat


of 2.35 · 105 s�1 and kcat/KM of 1.56 · 107 M�1 s�1 at
25 �C and pH of 8.9. Our data clearly show that the short,
carboxyterminal truncated form and the full length form
of hpCA are identical from the catalytic point of view,
which is in fact a logical result, since the carboxyterminal
peptide is generally not involved in the formation of the
active site in other a-CAs.1–5,27 On the other hand, hpCA
is quite similar to hCA I (kcat of 2.0 · 105 and kcat/KM of
5 · 107 in the same conditions),9a as already noted by Chi-
rica et al.27 However, in contrast to the previous prepara-
tion method,27 the GST-fusion protein technique allows
the facile preparation of high amounts of recombinant
hpCA needed for the inhibitor screening studies.
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Table 1. Inhibition of Hlicobacter pylori CA (hpCA) and of the human


isoforms hCA I and hCA II, with compounds 1–24 and the 11
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Sulfonamides and sulfamates are well known for their
high affinity for many a-CA isozymes, acting as potent

clinically used sulfonamides/sulfamates AAZ–IND


Inhibitor KI
* (nM) Selectivity ratio


hCA Ia hCA IIa hpCAb hCA II/hpCA


1 45,400 295 465 0.63


2 25,000 240 431 0.55


3 28,000 300 334 0.89


4 78,500 320 473 0.67


5 25,000 170 830 0.20


6 21,000 160 1035 0.15


7 8,300 60 1310 0.04


8 9,800 110 395 0.27


9 6,500 40 463 0.08


10 6,000 70 504 0.13


11 5,800 63 402 0.15


12 8,400 75 41 1.83


13 8,600 60 310 0.19


14 9,300 19 494 0.03


15 6 2 213 0.009


16 164 46 124 0.37


17 185 50 96 0.52


18 109 33 72 0.45


19 95 30 174 0.17


20 690 12 84 0.14


21 55 80 870 0.09


22 21,000 125 1157 0.10


23 23,000 133 1083 0.12


24 24,000 125 562 0.22


AAZ 250 12 20 0.60


MZA 50 14 171 0.08


EZA 25 8 155 0.05


DCP 1,200 38 363 0.10


DZA 50,000 9 4310 0.002


BRZ 45,000 3 246 0.01


BZA 15 9 287 0.03


TPM 250 10 205 0.04


ZNS 56 35 218 0.16


SLP 1,200 40 179 0.22


IND 31 15 434 0.03


a Human recombinant isozymes, stopped flow CO2 hydrase assay


method.41


b Recombinant, carboxyterminal truncated Helicobacter pylori enzyme


lacking the last 45 amino acid residues, stopped flow CO2 hydrase


assay method.41


* Errors in the range of 5–10% of the shown data, from three different


assays.

inhibitors with clinical applications as antiglaucoma,
diuretic, antiobesity or antitumor drugs.1–5,29 Various
isoforms are responsible for specific physiological func-
tions, and drugs with such a diversity of actions target
in fact quite different isozymes.1–5,29 In all of them, the sul-
fonamide/sulfamate drug binds in deprotonated form to
the catalytically critical Zn(II) ion, also participating in
extensive hydrogen bond and van der Waals interactions
with amino acid residues both in the hydrophobic and
hydrophilic halves of the enzyme active site, as shown
by X-ray crystallographic work of enzyme-inhibitor
complexes.10,11,13,34


In the early 1970s, it has been reported in the literature
that acetazolamide, AAZ, the CA inhibitor par excel-
lence, is also effective in the therapy of gastric and duo-
denal ulcers.42 The antiulcer effects of this potent CAI
(developed in the 1950s as the first nonmercurial diuret-
ic)43 were assigned as being due to the inhibition of CA
isoforms present in gastric mucosa, mainly CA I and II,
which were considered to be involved in gastric acid
secretion due to H+ ions generated by hydration of car-
bon dioxide.42,43 Interestingly, although the treatment of
ulcers with CAIs has not been widely used except by
Puscas,42 this approach was quite successful, since the
healing rate after 30 days of AAZ was 94% (as compared
to 48% for antacid-treated patients), and the relapse
after 2 years was only 6.2% after AAZ treatment as com-
pared to a relapse 34% for the antacid-treated patients.42


In light of the recent findings of Sachs’ group24,25 that
hpCA is essential for the life cycle of H. pylori (its ab-
sence in knockout bacteria, or due to inhibition with
AAZ leading to a 3 log10 decrease of the pathogen sur-
vival in acid), and considering that AAZ is probably a
potent hpCA inhibitor, we may reinterpret Puscas’
data42 as another proof-of-concept ‘experiment’ that
hpCA inhibitors can successfully be used for the man-
agement of gastric diseases. Thus, we decided to investi-
gate a library of sulfonamides/sulfamates (of types 1–24
and AAZ–IND) for their interaction with hpCA, in or-
der to detect potent inhibitors with potential use as gas-
tric drugs. Inhibition data of these sulfonamides/
sulfamates against the host isozymes hCA I, hCA II
(highly abundant in the blood and gastrointestinal
tract)1–3 and the bacterial enzyme hpCA are shown in
Table 1.41


Data of Table 1 show that all 35 compounds investigated
here act as inhibitors of the bacterial enzyme hpCA, at the
same time being inhibitory against the host a-CA iso-
forms hCA I and II, but with a quite different behavior
against the three targets (data for hCA I and II of com-
pounds 1–24 and AAZ–IND have previously been pub-
lished4,11–13 but are included for discussing the
selectivity issue of these CAIs for the bacterial versus
the host enzymes, see later in the text). The hCA I ZNS
data are new, together with the hpCA inhibition data of
all derivatives.


The following SAR can be drawn from data of Table 1
for the library of investigated sulfonamides/sulfamates:
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(i) a group of derivatives, including 5–7, 21–23, and
DZA, acted as weak hpCA inhibitors, with inhibition
constants in the range of 830–4310 nM. Except for the
heterocyclic sulfonamide DZA, all these compounds
are benzenesulfonamide derivatives possessing moieties
substituting the benzene ring in the para position with
respect to the sulfamoyl group, of the aminomethyl/eth-
yl-; hydroxymethyl/ethyl- or carboxy type (7 is the fluo-
rinated derivative of sulfanilamide). It may also be
noted that all these derivatives act as much better hCA
II and as weaker hCA I inhibitors, as compared to their
activity on hpCA; (ii) derivatives 1–4, 8–11, 13, 14, 24,
DCP, and IND were better hpCA inhibitors as com-
pared to the previously mentioned sulfonamides, with
inhibition constants in the range of 310–562 nM. From
the structural point of view, these sulfonamides belong
to a rather heterogeneous group of derivatives, being
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either orthanilamides (1, 24), 4-substituted benzenesulf-
onamides (2–4, IND), halogenated sulfanilamides (8–10)
or the heterocyclic compounds 13 and 14, and the ben-
zene-1,3-disulfonamide derivatives 11 and DCP. As the
previously discussed sulfonamides, also these derivatives
are much better hCA II inhibitors and much weaker
hCA I inhibitors, as compared to their action on the
bacterial enzyme. It should be noted the equipotency
of sulfanilamide 2 with its halogenated derivatives 8, 9,
and 10, whereas the fluoroderivative 7 is a much weaker
inhibitor; (iii) a group of derivatives, including 15, 16,
19, MZA, EZA, BRZ, BZA, TPM, ZNS, and SLP,
showed medium potency as hpCA inhibitors, with KIs
in the range of 124–287 nM. Again a rather large struc-
tural heterogeneity was noted, with some derivatives
being (3),4-(di)substituted benzene-sulfonamides/halo-
genated sulfanilamides (16 and SLP); but most of them
belonging to the heteroaromatic class of sulfonamides,
mainly 1,3,4-thiadiazole-2-sulfonamide (15, MZA,
BZA) and benzothiazole-2-sulfonamide derivatives (19,
EZA). The clinically used antiglaucoma heterocyclic sul-
fonamide BRZ, the antiepileptic sulfamate TPM as well
as the aliphatic sulfonamide ZNS also belong to this
class of medium potency hpCA inhibitors. It should be
noted the tremendous difference of activity between
DZA and BRZ, although the two compounds are struc-
turally similar. Thus, DZA is approximately 17.5 times
less effective as a hpCA inhibitor as compared to BRZ
(these two compounds are also very weak hCA I inhib-
itors but very potent hCA II inhibitors). On the other
hand, all these sulfonamides/sulfamates act as very po-
tent hCA II inhibitors (Table 1), whereas their activity
on hCA I is much more variable, as some of them are
strong inhibitors (15, MZA, EZA, BZA, ZNS, and
IND), others are medium potency inhibitors, whereas
others, as mentioned above, are quite weak hCA I inhib-
itors (DZA, BRZ); (iv) a last group of four derivatives
(12, 17, 18, and AAZ) showed potent hpCA inhibitory
activity, with inhibition constants in the range of 20–
96 nM. Several findings should be noted here. A large
difference of activity against hpCA has been found for
the two structurally related benzene-1,3-disulfonamides
11 and 12, with the last one being 9.80 times a better
inhibitor as compared to 11. Thus, the bulkier trifluoro-
methyl group in the 6 position of the benzene ring is det-
rimental to activity on hpCA as compared to a chlorine
atom in the same position. We also confirm the strong
inhibitory activity of AAZ against hpCA, as mentioned
by Chirica et al.27 (but with no quantitative data pub-
lished in their work), which possesses a KI of 20 nM,
being the most potent inhibitor detected in our study.
Interesting activity was also shown by the bicyclic deriv-
atives 17 and 18, which may be considered as good leads
for the design of better inhibitors. It may also be ob-
served by comparing the activity of derivatives 16 and
17, that an increase in the chain connecting the two rings
is beneficial for increasing the hpCA inhibitory efficacy;
(v) a main issue regarding the CAIs is their selectivity for
the target isozyme, considering the fact that the ubiqui-
tous human isoform hCA II (which is also a target for
many types of CAI-based drugs)1–5 has a high affinity
for sulfonamides/sulfamates.1–5 Indeed, as observed
from data of Table 1, most of the investigated com-

pounds from this study are better hCA II than hpCA
inhibitors, with selectivity ratios under the unity. Only
one of the investigated compounds, 12, showed a selec-
tivity ratio of 1.83, being thus a better inhibitor of the
bacterial over the host enzyme. Acetazolamide AAZ,
the best hpCA inhibitor detected here, shows a selectiv-
ity ratio of 0.60, being thus a better hCA II than hpCA
inhibitor. Work is in progress in our laboratories to de-
tect even more selective and potent hpCA inhibitors
belonging to other classes of compounds.


In conclusion, a library of sulfonamides/sulfamates
has been investigated for the inhibition of the carb-
oxyterminal truncated form of hpCA incorporating
202 amino acid residues. This enzyme showed a cata-
lytic activity similar to that of the full length hpCA,
with kcat of 2.35 · 105 s�1 and kcat/KM of
1.56 · 107 M�1 s�1 at 25 �C and pH of 8.9, for the
CO2 hydration reaction. All types of activity for inhi-
bition of the bacterial enzyme have been detected.
Dorzolamide and simple 4-substituted benzenesulfona-
mides were weak hpCA inhibitors (KIs in the range of
830–4310 nM). Sulfanilamide, orthanilamide, some of
their derivatives, and indisulam showed better activity
(KIs in the range of 310–562 nM), whereas most of the
clinically used CA inhibitors, such as methazolamide,
ethoxzolamide, dichlorophenamide, brinzolamide,
topiramate, zonisamide, etc., acted as medium potency
hpCA inhibitors (KIs in the range of 124–287 nM).
Some potent hpCA inhibitors were detected too (KIs
in the range of 20–96 nM) such as acetazolamide, 4-
amino-6-chloro-1,3-benzenedisulfonamide, 4-sulfanilyl-
aminoethyl-benzenesulfonamide, and 4-(2-amino-pyr-
imidin-4-yl)-benzenesulfonamide. Most of the investi-
gated derivatives acted as better hCA II than hpCA
inhibitors. Since hpCA is essential for the survival of
the pathogen in acid, its inhibition by compounds as
those reported here might be used as a new pharma-
cologic tool in the management of drug resistant H.
pylori.
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Abstract—New carbon-11 and fluorine-18 labeled N-acetyl-1-aryl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline derivatives were
designed and synthesized as potential positron emission tomography AMPA (2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl)propion-
ic acid) receptor ligands to image brain diseases. The single crystal structure of the most potent compound N-acetyl-1-(4 0-chlorophe-
nyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline (5a) is first reported.
� 2006 Elsevier Ltd. All rights reserved.

The AMPA (2-amino-3-(3-hydroxy-5-methylisoxazol-4-
yl)propionic acid) receptor antagonists may be useful
as potential neuroprotective agents in the treatment of
neurological diseases such as epilepsy, ischemia, Parkin-
son’s disease, and multiple sclerosis, since AMPA recep-
tors are involved in learning, memory, neuronal
degeneration, and even cell death. N-Acetyl-1-aryl-6,7-
dimethoxy-1,2,3,4-tetrahydroisoquinoline derivatives
are novel and highly potent noncompetitive AMPA
receptor antagonists recently developed by Gitto et al.1


In vivo biomedical imaging technique positron emission
tomography (PET) coupled with appropriate receptor
radioligands has become a clinically valuable and
accepted diagnostic tool to image brain diseases.2 To
further develop potential therapeutic drugs as diagnostic
agents, we designed and synthesized carbon-11 and fluo-
rine-18 labeled N-acetyl-1-aryl-6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline derivatives.


The synthesis of reference standard and desmethylated
precursors N-acetyl-1-aryl-6,7-dimethoxy-1,2,3,4-tetra-
hydroisoquinolines (5a–g), N-acetyl-1-aryl-6-hydroxy-7-
methoxy-1,2,3,4-tetrahydroisoquinolines (6a–c), and
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N-acetyl-1-aryl-6-methoxy-7-hydroxy-1,2,3,4-tetrahydro-
isoquinolines (7a–b) was performed using a modification
of the literature procedure.1 The synthetic approach is
outlined in Scheme 1. Commercially available starting
materials, suitable aromatic aldehydes (2a–g), were react-
ed with 2-(3 0,4 0-dimethoxyphenyl)ethylamine (1) to
afford the desired imine benziliden[2-(3 0,4 0-dimeth-
oxyphenyl)ethyl]amines (3a–g). The crude products were
used for the next step reaction without further purifica-
tion. The intramolecular cyclization reaction of the inter-
mediate imines (3a–g) catalyzed by trifluoroacetic acid
(TFA) formed the corresponding 1-aryl-6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinolines (4a–g). The acetylation
of the isoquinoline derivatives (4a–g) with acetyl
chloride provided N-acetyl compounds (5a–g). The
demethylation of the N-acetyl compounds (5a–c) with
aluminium trichloride and ethanethiol3 yielded mono-
desmethylated products 6-desmethylated isoquinoline
derivatives (6a–c) and 7-desmethylated isoquinoline
derivatives (7a–b).


The synthesis of target radioligands N-acetyl-1-aryl-6-
[11C]methoxy-7-methoxy-1,2,3,4-tetrahydroisoquinolines
(6-[11C]5a–c), N-acetyl-1-aryl-6-methoxy-7-[11C]meth-
oxy-1,2,3,4-tetrahydroisoquinolines (7-[11C]5a–b), N-ac-
etyl-1-(4 0-[11C]methoxyphenyl)-6,7-dimethoxy-1,2,3,
4-tetrahydroisoquinoline ([11C]5e), and N-acetyl-1-(4 0-
[18F]fluorophenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroiso-
quinoline ([18F]5g) is shown in Scheme 2. 6-Desmethy-
lated isoquinoline derivatives (6a–c), 7-desmethylated
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isoquinoline derivatives (7a–b), and N-acetyl-1-(4 0-
hydroxyphenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroiso-
quinoline (5e) were reacted with [11C]methyl triflate
(11CH3OTf)4 under basic conditions through O-
[11C]methylation and isolated by solid-phase extraction
(SPE) purification procedure using a C18 Sep-Pak car-
tridge5 to give carbon-11 labeled isoquinoline derivative
radiotracers 6-[11C]5a–c, 7-[11C]5a–b, and [11C]5e in
30–45% radiochemical yields based on [11C]CO2,
15–20 min overall synthesis time from end of bombard-
ment (EOB), >95% radiochemical purity, and >1.0 Ci/
lmol specific activity at the end of synthesis (EOS) mea-
sured by analytical HPLC method.6 N-Acetyl-1-(4 0-
nitrophenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquino-
line (5f) was labeled by a conventional nucleophilic
substitution with K18F/Kryptofix 2.2.2 in acetonitrile
at 120 �C for 15–20 min and purified by HPLC method7


to afford fluorine-18 labeled isoquinoline derivative
radiotracer [18F]5g in 15-25% radiochemical yield at
EOB. The specific activity was 1.0–1.2 Ci/lmol at EOS.


Compounds 5b–e are new noncompetitive AMPA
receptor antagonists first synthesized in this laborato-
ry. Compound 5a has been reported to be more po-
tent than talampanel, a noncompetitive AMPA
receptor antagonist currently being investigated in
phase III trials as an antiepileptic agent, and a highly
effective noncompetitive-type modulator of the AMPA
receptor indicated by electrophysiological studies.1 To
better understand the structure of the new PET radio-
ligands, the structure of the ligand 5a was determined
by X-ray crystallography. Compound 5a was obtained
in the form of air-stable, colorless crystals by slow
evaporation from a solution of 5a in ethyl acetate.







Figure 1. Molecular structure of compound 5a.
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The single crystal structure of compound 5a is first
reported, and the perspective view of 5a is shown in
Figure 1.


The characterization data for compounds 4a–g and
5a–g, experimental details, and characterization data
for new compounds 6a–c and 7a–b, and new tracers 6-
[11C]5a–c, 7-[11C]5a–b, [11C]5e, and [18F]5g, and crystal
data for compound 5a are given.8


In summary, an efficient and convenient chemical and
radiochemical synthesis of the precursors, reference
standards, and target tracers has been well developed.
The chemistry result provides the foundation for further
evaluation of carbon-11 and fluorine-18 labeled N-ace-
tyl-1-aryl-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline
derivatives as new potential PET radioligands for imag-
ing AMPA receptors in brain diseases.
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silica guard cartridge column 1 · 1 cm was obtained from
E. S. Industries, Berlin, NJ, and part number 300121-C18-
BD 10l. Semi-prep SiO2 Sep-Pak type cartridge was
obtained from Waters Corporate Headquarters, Milford,
MA. Sterile vented Millex-GS 0.22 lm filter unit was
obtained from Millipore Corporation, Bedford, MA; (b)
Compounds (4a–g) were synthesized using a modification
of the literature procedure1 in about 90% yield. 1-(4 0-
Chlorophenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquino-
line (4a). Mp: 112–114 �C. Rf = 0.68 (1:9 MeOH/CH2Cl2).
1H NMR (300 MHz, CDCl3): d 1.74 (s, 1H, NH), 2.73 (dt,
J = 4.82, 15.45 Hz, 1H, CHH), 2.87–2.97 (m, 1H, CHH),
3.00–3.08 (m, 1H, CHH), 3.15–3.23 (m, 1H, CHH), 3.64 (s,
3H, OCH3), 3.87 (s, 3H, OCH3), 5.02 (s, 1H, H-1), 6.19 (s,
1H, H-5), 6.63 (s, 1H, H-8), 7.18–7.30 (m, 4H, ArH). 1-(3 0-
Chlorophenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquino-
line (4b). Mp: 115–117 �C. Rf = 0.27 (EtOAc). 1H NMR
(300 MHz, CDCl3): d 1.78 (s, 1H, NH), 2.72 (dt, J = 5.14,
16.17 Hz, 1H, CHH), 2.87–2.96 (m, 1H, CHH), 2.99–3.07
(m, 1H, CHH), 3.15–3.22 (m, 1H, CHH), 3.66 (s, 3H,
OCH3), 3.87 (s, 3H, OCH3), 5.02 (s, 1H, H-1), 6.22 (s, 1H,
H-5), 6.63 (s, 1H, H-8), 7.12–7.16 (m, 1H, ArH), 7.24–7.25
(m, 3H, ArH). 1-(3 0,4 0-Dichlorophenyl)-6,7-dimethoxy-
1,2,3,4-tetrahydroisoquinoline (4c). Mp: 130–132 �C.
Rf = 0.48 (1:9 MeOH/CH2Cl2). 1H NMR (300 MHz,
CDCl3): d 1.76 (s, 1H, NH), 2.72 (dt, J = 5.14, 16.22 Hz,
1H, CHH), 2.86–2.99 (m, 1H, CHH), 3.01–3.07 (m, 1H,
CHH), 3.12–3.20 (m, 1H, CHH), 3.65 (s, 3H, OCH3), 3.87
(s, 3H, OCH3), 5.00 (s, 1H, H-1), 6.19 (s, 1H, H-5), 6.63 (s,
1H, H-8), 7.08 (dd, J = 2.20, 8.09 Hz, 1H, ArH), 7.36–7.40
(m, 2H, ArH). 6,7-Dimethoxy-1-(4 0-hydoxyphenyl)-1,2,3,4-
tetrahydroisoquinoline (4d). Mp: 195–197 �C. Rf = 0.20 (1:9
MeOH/CH2Cl2). 1H NMR (300 MHz, DMSO-d6): d 1.62
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(s, 1H, NH), 2.56–2.64 (m, 1H, CHH), 2.71–2.84 (m, 2H,
CH2), 2.95–3.02 (m, 1H, CHH), 3.47 (s, 3H, OCH3), 3.70 (s,
3H, OCH3), 4.77 (s, 1H, H-1), 6.16 (s, 1H, H-5), 6.68–6.98
(m, 3H, 2H, ArH and 1H, H-8), 6.98 (d, 2H, J = 8.82 Hz,
2H, ArH), 8.31 (s, 1H, ArOH). LRMS (EI): 285 (M+, 89%),
284 [(M�H)+, 100%]. HRMS (EI): calcd for C17H19NO3


285.1359, found 285.1346. 6,7-Dimethoxy-1-(4 0-methoxy-
phenyl)-1,2,3,4-tetrahydroisoquinoline (4e). Mp: 89–91 �C.
Rf = 0.65 (1:9 MeOH/CH2Cl2). 1H NMR (300 MHz,
CDCl3): d 2.04 (s, 1H, NH), 2.74 (dt, J = 5.14, 16.18 Hz,
1H, CHH), 2.88–3.07 (m, 2H, CH2), 3.18–3.25 (m, 1H,
CHH), 3.64 (s, 3H,4 0-OCH3), 3.80 (s, 3H, 6-OCH3), 3.87 (s,
3H, 7-OCH3), 5.00 (s, 1H, H-1), 6.25 (s, 1H, H-5), 6.62 (s,
1H, H-8), 6.83 (d, J = 8.83 Hz, 2H, ArH), 7.16 (d,
J = 8.09 Hz, 2H, ArH). 6,7-Dimethoxy-1-(4 0-nitrophenyl)-
1,2,3,4-tetrahydroisoquinoline (4f). Mp: 143–144 �C.
Rf = 0.71 (1:9 MeOH/CH2Cl2). 1H NMR (300 MHz,
CDCl3): d 1.76 (s, 1H, NH), 2.73 (dt, J = 5.14, 16.18 Hz,
1H, CHH), 2.88–2.97 (m, 1H, CHH), 3.01–3.09 (m, 1H,
CHH), 3.12–3.20 (m, 1H, CHH), 3.63 (s, 3H, OCH3), 3.87
(s, 3H, OCH3), 5.14 (s, 1H, H-1), 6.14 (s, 1H, H-5), 6.65 (s,
1H, H-8), 7.42 (d, J = 8.83 Hz, 2H, ArH), 8.16 (d,
J = 8.09 Hz, 2H, ArH). 6,7-Dimethoxy-1-(4 0-fluorophe-
nyl)-1,2,3,4-tetrahydroisoquinoline (4g). Mp: 84–86 �C.
Rf = 0.66 (1:9 MeOH/CH2Cl2). 1H NMR (300 MHz,
CDCl3): d 1.87 (s, 1H, NH), 2.73 (dt, J = 4.42, 16.18 Hz,
1H, CHH), 2.88–2.98 (m, 1H, CHH), 3.00–3.09 (m, 1H,
CHH), 3.17–3.24 (m, 1H, CHH), 3.64 (s, 3H, OCH3), 3.87
(s, 3H, OCH3), 5.03 (s, 1H, H-1), 6.20 (s, 1H, H-5), 6.63 (s,
1H, H-8), 6.96–7.03 (m, 2H, ArH), 7.20–7.25 (m, 2H, ArH);
(c) Compounds (5a–g) were synthesized using a modifica-
tion of the literature procedure1 in about 90% yield. N-
Acetyl-1-(4 0-chlorophenyl)-6,7-dimethoxy-1,2,3,4-tetrahy-
droisoquinoline (5a). Mp: 143–145 �C. Rf = 0.60 (EtOAc).
1H NMR (300 MHz, CDCl3): d 2.14 (s, 3H, NCOCH3),
2.73 (dt, J = 3.30, 14.71 Hz, 1H, CHH), 2.89–3.00 (m, 1H,
CHH), 3.29–3.39 (m, 1H, CHH), 3.68–3.75 (m, 1H, CHH),
3.75 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 6.48 (s, 1H, H-1),
6.66 (s, 1H, H-5), 6.83 (s, 1H, H-8), 7.16 (d, J = 8.09 Hz,
2H, ArH), 7.22 (d, J = 8.09 Hz, 2H, ArH). N-Acetyl-1-(3 0-
chlorophenyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquino-
line (5b). Mp: 194–195 �C. Rf = 0.66 (EtOAc). 1H NMR
(300 MHz, CDCl3): d 2.17 (s, 3H, NCOCH3), 2.73 (dt,
J = 3.68, 15.44 Hz, 1H, CHH), 2.89–3.00 (m, 1H, CHH),
3.31–3.41 (m, 1H, CHH), 3.69–3.74 (m, 1H, CHH), 3.77 (s,
3H, OCH3), 3.89 (s, 3H, OCH3), 6.49 (s, 1H, H-1), 6.66 (s,
1H, H-5), 6.83 (s, 1H, H-8), 7.14–7.16 (m, 1H, ArH), 7.19–
7.22 (m, 3H, ArH). LRMS (EI): 345 (M+, 100%). HRMS
(EI): calcd for C19H20ClNO3 345.1126, found 345.1126. N-
Acetyl-1-(3 0,4 0-dichlorophenyl)-6,7-dimethoxy-1,2,3,4-tet-
rahydroisoquinoline (5c). Mp: 125–127 �C. Rf = 0.59
(EtOAc). 1H NMR (300 MHz, CDCl3): d 2.17 (s, 3H,
NCOCH3), 2.73 (dt, J = 3.50, 14.70 Hz, 1H, CHH), 2.89–
3.00 (m, 1H, CHH), 3.29-3.39 (m, 1H, CHH), 3.69–3.75 (m,
1H, CHH), 3.77 (s, 3H, OCH3), 3.89 (s, 3H, OCH3), 6.46 (s,
1H, H-1), 6.67 (s, 1H, H-5), 6.80 (s, 1H, H-8), 7.10 (dd,
J = 1.84, 8.09 Hz, 1H, ArH), 7.26–7.35 (m, 2H, ArH).
LRMS (EI): 379 (M+, 100%). HRMS (EI): calcd for
C19H19Cl2NO3 379.0737, found 379.0725. N-Acetyl-6,7-
dimethoxy-1-(4 0-hydroxyphenyl)-1,2,3,4-tetrahydroisoquin-
oline (5d). Mp: 208–210 �C. Rf = 0.70 (1:9 MeOH/CH2Cl2).
1H NMR (300 MHz, DMSO-d6): d 2.06 (s, 3H, NCOCH3),
2.60–2.70 (m, 1H, CHH), 2.79–2.90 (m, 1H, CHH), 3.19–
3.27 (m, 1H, CHH), 3.61–3.65 (m, 1H, CHH), 3.61 (s, 3H,
OCH3), 3.73 (s, 3H, OCH3), 6.55 (s, 1H, H-1), 6.60 (s, 1H,
H-5), 6.63 (d, J = 8.09 Hz, 1H, ArH), 6.77 (s, 1H, H-8), 6.88
(d, J = 8.09 Hz, 2H, ArH), 9.32 (s, 1H, OH). LRMS (EI):
327 (M+, 100%). HRMS (EI): calcd for C19H21NO4


327.1465, found 327.1460. N-Acetyl-6,7-dimethoxy-1-(4 0-

methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline(5e). Mp:
110–112 �C. Rf = 0.57 (EtOAc). 1H NMR (300 MHz,
CDCl3): d 2.14 (s, 3H, NCOCH3), 2.71–2.76 (m, 1H,
CHH), 2.88–2.99 (m, 1H, CHH), 3.32–3.42 (m, 1H, CHH),
3.65–3.70 (m, 1H, CHH), 3.74 (s, 3H, OCH3), 3.77 (s, 3H,
OCH3), 3.88 (s, 3H, OCH3), 6.50 (s, 1H, H-1), 6.64 (s, 1H,
H-5), 6.78 (s, 1H, H-8), 6.80 (d, J = 8.09 Hz, 2H, ArH), 7.14
(d, J = 8.09 Hz, 2H, ArH). N-Acetyl-6,7-dimethoxy-1-(4 0-
nitrophenyl)-1,2,3,4-tetrahydroisoquinoline (5f). Mp: 181–
183 �C. Rf = 0.67 (EtOAc). 1H NMR (300 MHz, CDCl3): d
2.16 (s, 3H, NCOCH3), 2.72 (dt, J = 3.38, 16.18 Hz, 1H,
CHH), 2.91–3.02 (m, 1H, CHH), 3.29–3.39 (m, 1H, CHH),
3.71–3.76 (m, 1H, CHH), 3.76 (s, 3H, OCH3), 3.89 (s, 3H,
OCH3), 6.47 (s, 1H, H-1), 6.69 (s, 1H, H-5), 6.90 (s, 1H, H-
8), 7.41 (d, J = 8.09 Hz, 2H, ArH), 8.11 (d, J = 8.82 Hz, 2H,
ArH). N-Acetyl-6,7-dimethoxy-1-(4 0-fluorophenyl)-1,2,3,4-
tetrahydroisoquinoline (5g). Mp: 162–164 �C. Rf = 0.66
(EtOAc). 1H NMR (300 MHz, CDCl3): d 2.16 (s, 3H,
NCOCH3), 2.72 (dt, J = 3.30, 14.71 Hz, 1H, CHH), 2.89–
3.00 (m, 1H, CHH), 3.30–3.40 (m, 1H, CHH), 3.68–3.74
(m, 1H, CHH), 3.75 (s, 3H, OCH3), 3.89 (s, 3H, OCH3),
6.48 (s, 1H, H-1), 6.66 (s, 1H, H-5), 6.85 (s, 1H, H-8), 6.95
(t, J = 8.45 Hz, 2H, ArH), 7.21 (dd, J = 5.51, 8.09 Hz, 2H,
ArH); (d) General procedure for preparation of compounds
6a–c and compounds 7a–b from mono-demethylation of
compounds 5a–c. To a stirred solution of 5 (1.5 mmol) in
ethanethiol (1 mL) and dichloromethane (10 mL) cooled in
an ice-water bath was added AlCl3 (6.0 mmol, 0.8 g, 4 equiv
of 5a–c). The reaction mixture was kept to stir for 2 h.
Subsequently the mixture was poured into water, extracted
with dichloromethane, washed with brine, dried by
Na2SO4, filtered, and then evaporated to give a crude
product, which was purified by column chromatography
(20% EtOAc/hexane) on silica gel to afford 6a–c in about
40% yield and 7a–b in about 25% yield. N-Acetyl-1-(4 0-
chlorophenyl)-6-hydroxy-7-methoxy-1,2,3,4-tetrahydroiso-
quinoline (6a). Mp: 168–169 �C. Rf = 0.67 (EtOAc). 1H
NMR (300 MHz, CDCl3): d 2.13 (s, 3H, NCOCH3), 2.73
(dt, J = 3.68, 16.18 Hz, 1H, CHH), 2.84–2.95 (m, 1H,
CHH), 3.29-3.39 (m, 1H, CHH), 3.64–3.71 (ddd, J = 2.94,
5.14, 13.23 Hz, 1H, CHH), 3.77 (s, 3H, OCH3), 5.68 (t,
J = 3.62 Hz, 1H, OH), 6.47 (s, 1H, H-1), 6.74 (s, 1H, H-5),
6.82 (s, 1H, H-8), 7.16 (d, J = 8.82 Hz, 2H, ArH), 7.22 (d,
J = 8.09 Hz, 2H, ArH). LRMS (EI): 331 (M+, 100%).
HRMS (EI): calcd for C18H18ClNO3 331.0970, found
331.0965. N-Acetyl-1-(3 0-chlorophenyl)-6-hydroxy-7-meth-
oxy-1,2,3,4-tetrahydroisoquinoline (6b). Mp: 173–175 �C.
Rf = 0.67 (EtOAc). 1H NMR (300 MHz, CDCl3): d 2.16 (s,
3H, NCOCH3), 2.69 (dt, J = 3.66, 16.15 Hz, 1H, CHH),
2.84–2.89 (m, 1H, CHH), 3.31–3.41 (m, 1H, CHH), 3.65–
3.72 (ddd, J = 2.94, 5.14, 13.24 Hz, 1H, CHH), 3.78 (s, 3H,
OCH3), 5.69 (t, J = 4.68 Hz, 1H, OH), 6.49 (s, 1H, H-1),
6.74 (s, 1H, H-5), 6.82 (s, 1H, H-8), 7.11–7.15 (m, 1H,
ArH), 7.17–7.25 (m, 3H, ArH). LRMS (EI): 331 (M+,
100%). HRMS (EI): calcd for C18H18ClNO3 331.0970,
found 331.0963. N-Acetyl-1-(3 0,4 0-dichlorophenyl)-6-hy-
droxy-7-methoxy-1,2,3,4-tetrahydroisoquinoline (6c). Mp:
197–199 �C. Rf = 0.63 (EtOAc). 1H NMR (300 MHz,
CDCl3): d 2.14 (s, 3H, NCOCH3), 2.70 (dt, J = 3.68,
16.18 Hz, 1H, CHH), 2.84-2.95 (m, 1H, CHH), 3.29-3.39
(m, 1H, CHH), 3.66–3.73 (ddd, J = 2.94, 5.15, 13.23 Hz,
1H, CHH), 3.78 (s, 3H, OCH3), 5.69 (s, 1H, OH), 6.45 (s,
1H, H-1), 6.75 (s, 1H, H-5), 6.78 (s, 1H, H-8), 7.09 (dd,
J = 1.84, 8.82 Hz, 1H, ArH), 7.26–7.35 (m, 2H, ArH).
LRMS (EI): 365 (M+, 100%). HRMS (EI): calcd for
C18H17Cl2NO3 365.0580, found 365.0577.N-Acetyl-1-(4 0-
chlorophenyl)-7-hydroxy-6-methoxy-1,2,3,4-tetrahydroiso-
quinoline (7a). Rf = 0.58 (EtOAc). 1H NMR (300 MHz,
CDCl3): d 2.14 (s, 3H, NCOCH3), 2.73 (dt, J = 2.94,
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12.51 Hz, 1H, CHH), 2.84–2.97 (m, 1H, CHH), 3.31–3.41
(m, 1H, CHH), 3.66-3.75 (m, 1H, CHH), 3.86 (s, 3H,
OCH3), 5.80 (s, 1H, OH), 6.58 (s, 1H, H-1), 6.64 (s, 1H, H-
5), 6.74 (s, 1H, H-8), 7.13–7.20 (m, 4H, ArH). LRMS (EI):
331 (M+, 100%). HRMS (EI): calcd for C18H18ClNO3


331.0970, found 331.0966. N-Acetyl-1-(3 0-chlorophenyl)-7-
hydroxy-6-methoxy-1,2,3,4-tetrahydroisoquinoline (7b).
Rf = 0.62 (EtOAc). 1H NMR (300 MHz, CDCl3): d 2.15
(s, 3H, NCOCH3), 2.73 (dt, J = 3.68, 16.18 Hz, 1H, CHH),
2.88–2.99 (m, 1H, CHH), 3.36-3.46 (m, 1H, CHH), 3.68–
3.75 (m, 1H, CHH), 3.90 (s, 3H, OCH3), 5.82 (s, 1H, OH),
6.61 (s, 1H, H-1), 6.66 (s, 1H, H-5), 6.77 (s, 1H, H-8), 7.17–
7.21 (m, 4H, ArH). LRMS (EI): 331 (M+, 100%). HRMS
(EI): calcd for C18H18ClNO3 331.0970, found 331.0962; (e)
Tracers 6-[11C]5a–c, 7-[11C]5a–b, and [11C]5e, typical exper-
imental procedure for the radiosynthesis: The precursor
(6a–c, 7a–b, or 5d) (0.3-0.5 mg) was dissolved in CH3CN
(300 lL). To this solution was added 6 N NaOH (2-3 lL).
The mixture was transferred to a small volume, three-
necked reaction tube. 11CH3OTf was passed into the
air-cooled reaction tube at �15 to �20 �C, which was
generated by a Venturi cooling device powered with 100 psi
compressed air, until radioactivity reached a maximum
(�3 min), then the reaction tube was heated at 70–80 �C for
3 min. The contents of the reaction tube were diluted with
NaHCO3 (1 mL, 0.1 M). This solution was passed onto a
C18 cartridge by gas pressure. The cartridge was washed
with H2O (2· 3 mL), and the aqueous washing was
discarded. The product was eluted from the column with
EtOH (2· 3 mL) and then passed onto a rotatory evapo-
rator. The solvent was removed by evaporation under high
vacuum. The labeled product 6-[11C]5a–c, 7-[11C]5a–b, or
[11C]5e was formulated with NaH2PO4 (50 mM), whose
volume was dependent upon the use of the labeled product
6-[11C]5a–c, 7-[11C]5a–b, or [11C]5e in tissue biodistribution
studies (�6 mL, 3· 2 mL) or in micro-PET imaging studies
(1–3 mL), sterile-filtered through a sterile vented Millex-GS
0.22 lm cellulose acetate membrane, and collected into a
sterile vial. Total radioactivity was assayed and total
volume was noted. The overall synthesis time was
15–20 min. The decay corrected radiochemical yield, from
11CO2, was 30–45%, and the radiochemical purity was
>95% by analytical HPLC. Retention times in the analyt-
ical HPLC system were: RT6a–c, 7a–b, 5d = 2.10–2.95 min,
RT6-[11C]5a–c, 7-[11C]5a–b, [11C]5e = 3.35–4.40 min. The
chemical purities of the target tracers 6-[11C]5a–c,
7-[11C]5a–b, and [11C]5e were >93%; (f) Tracer [18F]5g:
No-carrier-added (NCA) aqueous H18F (0.5 mL) prepared
by 18O(p,n)18F nuclear reaction in a RDS-112 cyclotron on
an enriched H2


18O water (95+%) target was added to a

Pyrex vessel which contains K2CO3 (4 mg, in 0.2 mL H2O)
and Kryptofix 2.2.2 (10 mg, in 0.5 mL CH3CN). Azeotropic
distillation at 115 �C with HPLC grade CH3CN (3· 1 mL)
under a nitrogen steam efficiently removed water to
form anhydrous K18F-Kryptofix 2.2.2 complex. The
nitro-precursor 5f (2–3 mg, dissolved in 0.5 mL CH3CN)
was introduced to the K18F-Kryptofix 2.2.2 complex.
The radiolabeling reaction was monitored by analytical
radio-HPLC method. Retention times (RTs) in the
analytical HPLC system were: RT5f = 2.93 min,
RT[18F]5g = 3.68 min, and RTK18F = 1.88 min. The reac-
tion mixture was sealed and heated at 120 �C for 15–20 min
and was subsequently allowed to cool down, at which time
the crude product was passed through a Silica Sep-Pak
cartridge to remove Kryptofix 2.2.2 and unreacted K18F.
The Sep-Pak column was eluted with 15% MeOH/CH2Cl2
(5.0 mL), and the fractions were passed onto a rotatory
evaporator. The solvent was removed by evaporation under
high vacuum (0.1–1.0 mmHg) to give a crude product
[18F]5g. The mixture containing precursor and product was
purified with semi-preparative HPLC method. The contents
of the mixture residue were diluted with HPLC mobile
phase 3:1:3 CH3CN/MeOH/20 mM, pH 6.7 KHPO4


�, and
injected onto the semi-preparative HPLC column. The
product fraction was collected, the solvent was removed by
rotatory evaporation under vacuum, and the final product
[18F]5g was formulated in saline, sterile-filtered through a
sterile vented Millex-GS 0.22 lm cellulose acetate mem-
brane, and collected into a sterile vial. Total radioactivity
was assayed and total volume was noted. The overall
synthesis, purification, and formulation time was 60–70 min
from EOB. RTs in the semi-preparative HPLC system were:
RT5f = 4.57 min, RT[18F]5g = 6.92 min. The radiochemical
yield of [18F]5g was 15–25%. Chemical purity, radiochem-
ical purity, and specific radioactivity were determined by
analytical HPLC method. The chemical purities of precur-
sor 5f and standard sample 5g were >96%, the radiochem-
ical purity of target radiotracer [18F]5g was >99%, and the
chemical purity of radiotracer [18F]5g was �92%; (g) X-ray
crystallography. The crystallographic measurements were
carried out on a Siemens P4 diffractometer with graphite-
monochromated Mo-Ka radiation (k = 0.71073 Å) and 12-
kW rotating generator. The data were collected at 110 K.
The structure was solved and refined using the programs
SHELXS-97 (Sheldrick, 1997) and SHELXL (Sheldrick
1997). The program X-Seed (Barbour, 1999) was used as an
interface to the SHELX programs. X-ray coordinates have
been deposited with the Cambridge Crystallographic Data
Centre (CCDC) for small molecules and the deposition
number is CCDC 294643.
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Abstract—A series of heterocycle-containing oxindoles was synthesized and their HIV antiviral activities were assessed. Some of
these analogs exhibited potent inhibitory activities against both wild-type virus and a number of drug-resistant mutant viruses.
In addition, oxindole 9z also showed promising pharmacokinetics.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1.

Highly active antiretroviral therapy (HAART) is the
standard of care for AIDS patients. The majority of
HIV-infected individuals are currently taking reverse
transcriptase inhibitors as a critical part of HAART.
However, during the long-term therapy, resistance to
chemotherapy can develop in a significant number of
patients. In recent years, resistance and cross-resistance
to all marketed reverse transcriptase inhibitors have
become an increasing problem in the treatment of AIDS
patients.1–8 There is an urgent need to develop novel
classes of reverse transcriptase inhibitors that are effec-
tive against the drug-resistant mutants.


In the previous report, we disclosed the discovery of a
series of novel oxindoles as HIV-1 non-nucleoside re-
verse transcriptase inhibitors as well as their preliminary
SAR.9 Oxindole 1 is a potent inhibitor for HIV replica-
tion (Fig. 1). Unfortunately, it exhibited extremely high
clearance, low exposure, and low oral bioavailability.
Therefore, our next effort was directed to optimizing
the physicochemical properties for this series of com-
pounds. Oxindole 1 had poor rat liver microsomal sta-
bility in vitro, which was presumably the cause for its
low exposure. Since ester moieties are known to be met-
abolically unstable, our first effort was to replace the
ester moiety with its bioisosteric tetrazole.
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The synthesis of the tetrazole analogs 6 and 7 is shown
in Scheme 1. Wittig reaction of isatin 2 gave the
corresponding olefin 3 in excellent yield. Olefin 3 was

Scheme 1. Synthesis of tetrazole analogs 6 and 7. Reagents and


conditions: (a) CNCHPPh3 (1.2 equiv), benzene, 80 �C, 4 h, 95%;


(b) CH2N2 (excess), Et2O, 0–25 �C, 5 h; (c) toluene, reflux, 8 h, 65%


over 2 steps; (d) N3SnMe3 (1.5 equiv), xylene, reflux, 16 h, 89%; (e)


CH2N2 (excess), Et2O, 0 �C-25 �C, 1 h, 50% (6:7 = 2:1).
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then treated with diazomethane at room temperature
followed by refluxing in xylene to provide the spiral
oxindole 4 in moderate yield. Nitrile 4 reacted with
azidotrimethyltin to afford tetrazole 5 in excellent yield.
Methylation of 5 using diazomethane led to a 2:1
regioisomeric ratio of 6 and 7. Their structures were
established by NOSEY studies. Not surprisingly,
tetrazole 5 was inactive against HIV virus, as it is the
equivalent of the corresponding acid (Table 1). Tetra-
zole 6 showed strong inhibition against HIV virus with
almost equal potency to its ester analog. On the other

Table 1. Anti-HIV activities of oxindoles10,11


Compound EC50 (lM) CC50 (lM)


Efavirenz 0.0005 �10


Nevirapine 0.05 >10


1 0.015 >10


5 >10 7.606


6 0.055 >10


7 >10 >10


9a 0.200 >10


9b 0.073 >10


9c 0.027 >10


9d 0.216 >10


9e 0.245 >10


9f 5.554 >10


9g 0.086 >10


9h 0.160 >10


9i 1.267 >10


9j >10 >10


9k 0.844 >10


9l 4.967 >10


9m >10 >10


9n 6.770 >10


9o 0.006 1.699


9p >10 >10


9q >10 >10


9r >10 >10


9s >10 >10


9t 0.244 >10


9u >10 >10


9v >10 >10


9w >10 >10


9x 0.167 >10


9y >10 >10


9z 0.008 >10


9aa >10 >10


9ab 0.039 >10


9ac 0.023 >10


9ad 0.023 >10


9ae 0.005 >10


9af 0.436 >10


9ag 0.463 >10


9ah 0.18 >10


9ai 0.010 >10


9aj 0.587 >10


10a 0.018 7.949


10b 0.016 >10


10c 0.557 >10


10d 0.138 >10


10e 0.504 >10


10f 1.806 6.127


10g 0.648 >10


12a 0.028 5.238


12b 0.008 >10


12c 0.010 >10

hand, compound 7 was inactive, as the methyl group
was presumably placed at the wrong position in the
binding pocket.


Encouraged by this result, we decided to further explore
the ester region and seek for additional replacement for
the ester/tetrazole moiety. A library of analogs with aryl
or heteroaryl moieties in the place of the ester/tetrazole
was rapidly synthesized in a two-step sequence for
biological evaluations (Scheme 2). Reaction of isatin 2
with various aryl or heteroaryl aldehydes furnished the
corresponding olefins 8a–8aj. Under rhodium (II) ace-
tate catalysis, olefin 8 reacts with diazomethane to afford
various aryl and heteroaryl analogs 9a–9aj. Interesting-
ly, the simple furan analog 9a exhibited a 200 nM EC50,
whereas the monomethyl and dimethyl analogs (9b and
9c) showed an EC50 of 73 and 27 nM, respectively.
These data suggest the critical role of the methyl groups
in filling the corresponding hydrophobic pocket.
Analogs with bulkier substitutions on the furan ring
(9d, 9e, and 9f) had decreased inhibitory activities, sug-
gesting that the pocket has limited space, while structur-
ally rigid analog 9g showed potent activity.


Among the 2-thiophene analogs (9h–9l), only the 5-ethyl
analog (9h) exhibited strong inhibition. Replacement of
the ethyl group with a polar nitro group at the 5 position
(9j) completely abolished the inhibitory activity, as
expected. The 2-methyl analog 9k lost activity signifi-
cantly, and this could be a result of the steric interaction
between the methyl group and the oxindole ring, which
forces one of the rings to adopt a conformation that re-
sults in unfavorable binding (Fig. 2). Interestingly, the
3-thiophene analog 9o showed the highest activity,
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Scheme 2. Synthesis of aryl analogs 9a–9aj. Reagents and conditions:


(a) ArCHO (1.5 equiv), piperidine (cat.), EtOH, 80 �C, 3–8 h, 65–80%;


(b) CH2N2 (excess), Rh(OAc)2 (cat.), CH2Cl2, 25 �C, 16 h, 40–65%.







Figures 2. Docking of 9ad and efavirenz into the HIV-1 NNRT site.12


Table 2. Pharmacokinetics of 1 and 9za


Compound nAUCb (min lg/mL) nCmax
b (nM) F%


1 0.90 17.9 27


9z 5.43 68.4 46


a Winsor rats.
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presumably due to its optimum interaction with the en-
zyme in the hydrophobic pocket, although some cyto-
toxicity was observed in this analog. The pyrrole
analogs (9m, 9n), thiazole analog (9p), and imidazole
analog (9q) are essentially inactive, which could be a re-
sult of the increased polar surface area and/or unfavor-
able steric interactions with the enzyme. A series of
phenyl analogs (9t–9y) were also synthesized. Among
these, only 9t and 9x showed moderate activity. While
the 2-pyridinyl analog 9z exhibited surprisingly single
digit nanomolar EC50, its isomers 9r and 9s were com-
pletely inactive, suggesting an important role of the pyr-
idine nitrogen in the interaction with the enzyme.


Encouraged by the potent activity of 9z, a series of 2-
pyridyl analogs (9aa–9aj) were synthesized using the
same chemistry (Scheme 2). Additional analogs 10a–
10g were prepared from 9ac via Stille, Heck or Sono-
gashira couplings (Scheme 3). From the data in Table
2, it is very clear that small to medium size hydrophobic
moieties as R1 and/or R2 are preferred for favorable
interactions (Scheme 2), which was supported by molec-
ular modeling studies (Fig. 2). Among these analogs,
9ac, 9ad, 9ae, 10a, and 10b exhibited very potent inhib-
itory activity for HIV replication.

Scheme 3. Synthesis of oxindoles 10a–10g. Reagents and conditions:


(a) For 10a–10e: RSnnBu3 (1.3 equiv), Pd(PPh3)4 (cat.), toluene, reflux,


16–24 h, 40–85%; (b) For 10f: acrylic acid methyl ester (3.0 equiv),


Pd(OAc)2 (cat.), PPh3 (1.0 equiv), NaHCO3 (1.0 equiv), DMF, 80 �C,


36 h, 65%; (c) For 10g: CH3CCH (1.5 equiv), PdCl2(PPh3)2 (cat.), CuI


(cat.), iPr2NH2:DMF = 1:1, 25 �C, 16 h, 85%.

Molecular modeling studies were carried out to under-
stand how these inhibitors interact with the HIV reverse
transcriptase. The potent inhibitors in this series, such as
9ad, could fit into the NNRTI binding pocket with high
affinity (Fig. 2). Pyridyl analog 9ad almost overlaps with
efavirenz in space when docked into the NNRTI pocket.
The cyclopropane moiety not only rigidifies the mole-
cule for a proper fit into the pocket, but also fits into
the same hydrophobic pocket as the trifluomethyl moie-
ty in efavirenz. The pyridine moiety, on the other hand,
fits into another hydrophobic pocket as the cyclopro-
pane moiety in efavirenz does. The lactam NH in both
molecules interacts with the K101 carbonyl oxygen via
a critical hydrogen bond.


From previous SAR and molecular modeling studies,9


we have learned that gem-dimethyl substitutions on
the cyclopropane ring could potentially enhance the
potency in the original ester series. To find out if the
same enhancement could happen when the ester moiety
is replaced with heterocycles, analogs 12a–12c were syn-
thesized in moderate yields by reacting 9ac, 9ae, and 9ai
with 2-diazopropane (11), respectively (Scheme 4). As
expected, all three gem-dimethyl analogs showed potent
anti-HIV activity.


With wild-type potency established, we began to
determine the mutant profile for this series. Selected
oxindoles were screened against a panel of NNRTI-re-
sistant mutants, and the data are shown in Table 3.
Nevirapine (NVP) exhibits good antiviral activity
against I135V and E138K mutant viruses, but is ineffec-
tive against viruses possessing the single mutations of
K103N, V106A, Y181C or Y188L. NVP possesses only
moderate activity in the submicromolar range against
the remainder of the mutant viruses in the select panel.
On the other hand, efavirenz (EFV) is effective against
most of these mutant viruses, with the exception of
Y188L. Most of the oxindoles showed decent antiviral

b po, 50 mg/kg; AUC and Cmax are normalized to 1 mg/kg.
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Table 3. Antiviral activities (EC50, lM) of selected oxindoles against HIV-1-resistant mutants10


Compound WT L100I K103N V106A I135T I135V E138K V179E Y181C Y188L F227C F227L


Efavirenz 0.0005 0.010 0.032 0.004 0.001 0.001 0.002 0.006 0.0011 0.28 0.008 0.001


Nevirapine 0.050 0.164 5.053 8.458 0.207 0.079 0.031 0.116 >10 >10 0.733 0.148


9c 0.027 0.260 >10 0.630 0.236 0.059 0.052 2.465 3.070 >10 0.957 0.063


9o 0.006 0.008 0.100 0.513 0.048 0.017 0.030 0.324 0.031 1.252 0.142 0.002


9z 0.008 0.174 >10 0.259 0.127 0.026 0.045 0.898 3.227 >10 0.528 0.013


9ac 0.023 0.277 1.928 0.166 0.046 0.014 0.032 0.048 0.134 6.518 0.145 0.048


9ae 0.003 0.178 11.096 0.149 0.016 <0.003 0.020 0.088 0.085 22.638 0.578 0.088


10a 0.018 2.087 14.280 2.516 0.076 0.055 0.028 0.101 0.265 23.106 0.658 2.354


10b 0.016 0.100 2.240 0.147 0.068 0.263 0.038 0.060 0.063 1.969 0.313 0.365


12b 0.008 0.228 0.696 0.041 0.037 0.029 0.026 0.010 0.120 1.068 0.087 0.014


12c 0.010 0.058 2.346 0.102 0.055 0.047 0.071 0.483 0.717 >10 2.075 0.381


2112 T. Jiang et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2109–2112

activity against L100I, I135T, I135V, E138K, V179E,
and F227L mutant viruses. However, similar to nevira-
pine and efavirenz, these oxindole analogs exhibited
poor antiviral activity against K103N and Y188L. In
general, the oxindoles are not as potent as EFV toward
these mutants but are superior to NVP. A few of them,
such as 9o and 12b have significantly improved mutant
profiles compared to nevirapine. Further optimization
would be required to achieve potency in all of these
NNRTI-resistant mutant viruses.


In vitro studies suggested that many of these heterocy-
cle-containing analogs have improved water solubility
and metabolic stability. Compound 9z was also studied
for its pharmacokinetic properties in vivo. Compared to
ester 1, the pyridine analog 9z showed significantly im-
proved exposure (Table 2).


In summary, following a lead from previous studies, a
series of oxindoles with aromatic moieties in the place
of metabolically unstable ester moiety was synthesized,
and a number of these analogs exhibited potent antiviral
activity toward wild-type virus as well as certain drug-
resistant mutants. Among these, compound 9z also
exhibited promising pharmaceutical properties.
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Abstract—The discovery of heteroaryl-phenyl-substituted pyrazole derivatives as canine selective COX-2 inhibitors is described.
Structure–activity relationship (SAR) studies of this class of compounds led to the identification of compound 1 which demonstrated
a canine whole blood COX-2 inhibitory IC50 of 12 nM and selectivity ratio of COX-1/COX-2 greater than 4000-fold.
� 2006 Elsevier Ltd. All rights reserved.

Nonsteroidal anti-inflammatory drugs (NSAIDs) such
as aspirin exhibit their anti-inflammatory effect by
inhibiting cyclooxygenase (COX)1–3 which catalyzes
the first step in arachidonic acid metabolism.4 It was
realized in the late 1980s that the isozyme COX-1 is
constitutive and responsible for the physiological pro-
duction of prostaglandins, while COX-2 is inducible
and responsible for the elevated production of prosta-
glandins during inflammation.5 COX-3, another isozy-
me of COX, was also reported recently.6 The chronic
use of NSAIDs to treat pain and inflammation is often
accompanied by side effects such as gastric ulceration,
bleeding, and renal function suppression. It is believed
that a selective COX-2 inhibitor will greatly reduce
these side effects.7–10 Several COX-2 selective inhibi-
tors, including celecoxib (Celebrex�),11 valdecoxib
(Bextra�),12 rofecoxib (Vioxx�),13 and etoricoxib (Arr-
oxin�), have shown excellent efficacy in humans with
few side effects.
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Progressive degenerative joint disease, or osteoarthritis,
is the most common cause of chronic pain in dogs.14 It is
estimated that one out of every five adult dogs, or
approximately 8 million animals, has osteoarthritis, yet
nearly half (48%) of these patients are untreated.15 As
with humans, chronic use of NSAIDs in dogs is often
associated with GI side effects.16 Carprofen (Rimadyl�)
and deracoxib (Deramaxx�), with moderate COX-2
selectivity, are marketed agents for the treatment of
pain and inflammation for dogs.17a,17b Another canine
COX-2 selective inhibitor under clinical evaluation is
firocoxib.18 In the search for the next generation canine
COX-2 selective inhibitor, in addition to the pyrazole
derivatives reported recently,19 we discovered that
heteroaryl-phenyl-substituted pyrazole derivatives such
as compound 1 are highly selective and potent canine
COX-2 inhibitors. The synthesis and SAR of this class
of compounds will be discussed.


The synthesis of 2 0-pyridine-4-methylsulfone pyrazole
derivatives20 is outlined in Scheme 1. The pyrazoles were
prepared via condensation of the hydrazine with the
respective diketone. The commercially available 2,5-
dibromopyridine 2 was converted to 2-bromo-5-methyl-
sulfanylpyridine 3 by a lithium–halogen exchange
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reaction followed by addition of methyldisulfanylme-
thane. The methylsulfanyl functional group was
transformed to a methanesulfonyl moiety in 4 by
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Scheme 1. Reagents and conditions: (a) n-BuLi, Et2O, �78 �C;


(MeS)2, 98%; (b) MCPBA, DCM, 95%; (c) NH2NH2, EtOH, reflux,


then conversion to HCl salt, 100%; (d) RCOOEt, NaOMe, DME, rt,


60–95%. (e) EtOH, reflux, 50–95%.

MCPBA-mediated oxidation. Displacement of bromine
with hydrazine furnished 5-methanesulfonylpyridin-2-
yl-hydrazine, which was converted to its HCl salt 5
in situ. The 1,3-diketones 7a and 7b were synthesized
using Claisen condensation of the heteroaryl-substituted
acetophenones 6 with either ethyl trifluoroacetate or
ethyl difluoroacetate in DME. The condensation of
hydrazine 5 with the 1,3-dicarbonyl 7 in ethanol then
provided the 1,5-diarylpyrazole 8 as the major product,
which was readily separated from its 1,4-diarylpyrazole
isomer 9 by flash chromatography.


The preparation of the heteroaryl-substituted acetophe-
nones 6 is illustrated in Scheme 2. The hydroxy group in
acetophenone 10 was activated by treatment with triflic
anhydride. The resultant triflate 11 was reacted with
2-furyl-tributyltin by palladium-mediated coupling to
afford acetophenone derivative 6a. When compound 11
was reacted with 2-thiazolyl-tributyltin, acetophenone
derivative 6b was obtained. To synthesize acetophenone
derivative 6c, the a-bromoketone 12 was condensed with
thioformamide to give 13, which was then converted to
acetophenone 6c by palladium mediated coupling with
tributyl-(1-ethoxy-vinyl)-stannane.


The chemistry that was employed to prepare 6a was fol-
lowed to synthesize the acetophenone precursors for
pyrazole analogs 18, 19, 20, 21, and 29.
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Table 1. In vitro whole blood COX-1 and COX-2 inhibition data for CF3 substituted pyrazole derivatives


NN


N
MeO2S


CF3


R1


R2


R3


Compound R1 R2 R3 WB IC50 (lM) Ratio


COX-1 COX-2 COX 1/2


1
O


Cl H >50 0.012 >4167


14
O


H H 18.2 0.020 759


15
O


CN H 2 0.013 154


16
O


F H 27.9 0.050 558


17
O


Me H 3.4 0.01 340


18
O


C(O)NH2 H 2 0.41 4.9


19
O


CO2Me H — >0.500 —


20
N


S
CN H 23.4 0.11 212


21
N


S H H >50 0.16 >313


22
N


S Me H 15.5 0.09 172


23
N


S Cl H 16 <0.05 >320


24
N


S H F 22.7 0.29 78


25
N


O Me H 12.7 0.03 487


26
N


O
Me H 11.1 0.065 171


27
N


S H H — >0.5 —


28
N


S
H H 50 0.21 238


29
N


S
H H 2.7 0.18 15


30 H
N


S H — >0.5 —
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Figure 1. Comparison of lameness scores (bars show mean + standard


error of the mean) for dogs given vehicle or 1 prior to induction of


acute knee joint synovitis in one hind leg.22 The asterisks over the error


bars indicate statistical differences in the means at each time point


(p 6 0.001) as determined by an unpaired t-test.
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Compounds were tested in canine whole blood in vitro
assays for inhibition against COX-1 and COX-2 en-
zymes.21 The biological activities of the trifluoromethyl
substituted pyrazoles are summarized in Table 1. Com-
pounds with furyl, oxazole or thiazole at the para posi-
tion of the phenyl ring demonstrated good COX-2
inhibitory activity and selectivity. Interestingly, com-
pound 29 only exhibited moderate selectivity when the
thiazole is attached to the phenyl ring at position 5 0


compared to position 2 0 in the case of 28 or position
4 0 in the case of 21. When the heteroaryl ring is attached
to the phenyl ring at meta position as shown in 30, or
there is a methyl group on the heteroaryl ring as shown
in 27, no COX-2 inhibitory activity was observed.


Next, we examined the effects of other substituents (R2,
R3) on the biological activity of these compounds. When
the substituents are F, Cl, Me or CN, the resultant pyr-
azoles demonstrated very good potency and high selec-
tivity. However, when the substituents are formamide,
or methoxcarbonyl, the resultant pyrazole derivatives
showed little activity. These results indicate the SAR is
very sensitive for this class of pyrazoles in the canine
whole blood in vitro assay.


Finally, we investigated the effects of changing CF3 to
CF2H on the pyrazole ring; the latter analogs being
more polar than the CF3 analogs. As illustrated in
Table 2, when the CF3 is replaced by CF2H, the
potency of the resultant compounds remained about
the same, however, the selectivity was slightly nega-
tively impacted.


Pharmacokinetic studies with compound 1 demonstrat-
ed 34% oral bioavailability and 16.4 h half-life. It was
then progressed to a canine in vivo synovitis model.

Table 2. In vitro whole blood COX-1 and COX-2 inhibition data for


CF2H-substituted pyrazole derivatives


NN


N
MeO2S


CF2H


R1


R2


Compound R1 R2 WB IC50 (lM) Ratio


COX-1 COX-2 COX 1/2


31
O


H 12 0.130 92


32
O


Cl 5.5 0.010 550


33
O


F 5 0.060 83


34
N


S Me 3.8 0.019 200

The analgesic effect of 1 was evaluated in a beagle
acute inflammatory model in which lameness develops
following induction of synovitis in one knee joint.
Dogs were dosed orally once a day with either vehicle
or 1 at a dosage of 6.6 mg/kg for 3 consecutive days to
achieve steady-state plasma concentrations and synovi-
tis induced 16 h after the last drug dose. Compared to
placebo dogs, lameness was improved at all time points
from 19 to 22 h following the last dose as illustrated in
Figure 1.


In summary, the heteroaryl-phenyl-substituted pyrazole
derivatives demonstrated potent in vitro activity inhibit-
ing canine COX-2 with very high selectivity in a canine
whole blood assay. This resulted in the discovery of
compound 1 which demonstrated canine whole blood
COX-2 IC50 of 12 nM, COX-1/COX-2 selectivity greater
than 4000, and an excellent efficacy profile for the treat-
ment of pain and inflammation in dogs.
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Abstract—A novel oxindole was discovered as an HIV non-nucleoside reverse transcriptase inhibitor via HTS using a cell-based
assay. Systematic structural modifications were carried out to establish its SAR. These modifications led to the identification of
oxindoles with low nanomolar potency for inhibiting HIV replication. These novel and potent oxindoles could serve as advanced
leads for further optimizations.
� 2006 Elsevier Ltd. All rights reserved.
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HIV-1/AIDS is a global health threat and the leading
cause of deaths due to infectious disease. More than
20 million people have died of AIDS since the first
reported cases in 1981, with 3.1 million deaths in 2004
alone (UNAIDS/WHO). Rates of new HIV infections
in developing countries continue to climb at an alarming
rate, largely due to the high cost of the current drug reg-
imen. For HIV-infected patients undergoing highly
active antiretroviral therapy (HAART), mortality rates
have significantly declined. However, treatment failures
remain high due to side effect-driven compliance issues
that in turn drive the evolution of drug-resistant viruses
and regimen failure.1,2 Non-nucleoside reverse trans-
criptase inhibitors (NNRTI) are among the most com-
monly prescribed drugs for antiviral therapy and are
often used as first line therapy. To date, three NNRTIs
have been approved for clinical use including nevirapine
(Viramune�),3 delavirdine (Rescriptor�),4 and efavirenz
(Sustiva�).5 However, these and all other approved
drugs that target viral gene products induce drug-resis-
tant variants of HIV-1.6,7 It is clear that more effective,
safer, and economical drugs targeting drug-resistant
virus are needed in order to control the spread of the
disease.
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Using a cell-based HIV reporter infection assay, a
screening hit, oxindole 1 (Figure 1), was identified with
�75 nM EC50. Compound 1 is an oxindole with a
unique spiral cyclopropane moiety. Since the relative
stereochemistry around the cyclopropane moiety was
not known, we first carried out resynthesis to establish
its structure and confirm the activity. The synthesis of
1 is shown in Scheme 1.


Treatment of isatin 2 with Wittig reagent 3 leads to the
formation of two stereoisomers 4 and 5 in a 5:1 ratio with
a combined yield of 75%. Olefin 4 was first treated with
diazomethane, and the resulting crude mixture was then
brought to reflux in toluene to give oxindole 1 in 67%
yield.8 Similarly, isomer 6 was prepared from olefin 5 in
a comparable yield. The stereochemistry of compounds
4–6 and 1 was established based on NOE studies. While
1 exhibited a 50 nM EC50 in the cell-based assay, its
diastereoisomer 6 was completely inactive, affirming that
the antiviral activity of 1 is due to its specific interactions
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Figure 1.
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Scheme 1. Synthesis of oxindoles 1, 4–9. Reagents and conditions: (a)


3 (1.2 equiv), benzene, 80 �C, 4 h, 76%; (b) CH2N2, Et2O, 0–25 �C, 5 h;


(c) toluene, reflux, 8 h, 67% over 2 steps; (d) for 9a–9e: 1 (1.0 equiv),
nBu3SnR7 (1.4 equiv), Pd(PPh3)2Cl2 (cat), DMF, 25 �C, 16 h, 63–88%;


(e) for 9f: 7h (1.0 equiv), H2, 10% Pd/C (cat), 25 �C, 2 h, 78%.
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with the reverse transcriptase. Oxindole 1 could be effec-
tively docked into the HIV-1 NNRTI site as shown in
Figure 2. The key binding features of the molecule 1 are
the hydrogen bond between NH of the oxindole ring
and the backbone oxygen of K101, and a placement of
the ester into the hydrophobic pocket outlined by residues
P95, L100, Y181, Y188, W229, and L234.


With the stereochemistry established and activity
confirmed, we set out to conduct systematic structural
modifications to establish its SAR. Using the established
chemistry, analogs with different substituents on the
aromatic ring were synthesized (Scheme 1, 7a–7l, 9a–9f).

Figure 2. Docking of oxindole 1 into the HIV-1 NNRTI site.9

Analogs with different ester moieties (7m–7o) were also
synthesized in a similar fashion. Similar chemistry was
also utilized to synthesize the tetra-substituted cyclopro-
pane analog 7p. Interestingly, a diazo intermediate 8
could be isolated after the initial reaction with diazome-
thane, which subsequently lost N2 to yield the cyclopro-
pane. To further explore the SAR around the 5 position
of the oxindole, compound 1 was allowed to couple
with several stannanes under the Stille conditions, giving
rise to the corresponding coupled products 9a–9e. Addi-
tionally, nitro analog 7h was hydrogenated to give the
corresponding anilino analog 9f.


These analogs were tested in the aforementioned cell-
based HIV infection assay, and their antiviral activities
are shown in Table 1. Removal of Br, or its replacement
with a smaller F (7a and 7b), led to significantly reduced
antiviral activities. On the other hand, replacement of Br
with electron-withdrawing Cl and CN gave analogs 7c
and 7e with similar antiviral activities. The vinyl analog
9a showed slightly reduced activity (EC50 = 126 nM).
Any other substitutions examined, whether larger or
smaller, electron-donating or -withdrawing, gave ana-
logs (7d, 7f, 7g, 7h, and 9c–9f) with significantly reduced
activities. These data suggest that there is a limited space
for substitution at position 5, and a small hydrophobic
moiety (Cl, Br, CN or vinyl) is required for optimal
interactions. Several analogs with substitutions at other
positions of the aromatic ring (7i–7l) were also exam-
ined, and all of these analogs were inactive, suggesting
that there is a very limited space for substitution at
positions 4, 6, and 7.


While the isopropyl ester analog 7m showed comparable
antiviral activity, the bulkier tert-butyl ester analog 7n
exhibited slightly improved activity. However, the
extended benzyl ester analog 7o showed only weak activ-
ity, suggesting that the target has a somewhat defined
hydrophobic pocket to accommodate the changes in this
region. Free acid 10 showed only micromolar inhibition
for HIV reporter virus. These results are consistent with
the molecular modeling studies which suggest that the
reverse transcriptase has a medium-size hydrophobic
pocket for this region of the molecule (Fig. 2).


Continuing the exploration of the ester region in 1, a
series of amides (11a–11f) were prepared from acid 10
and various amines (Scheme 2). Among these analogs,
the pyrrolidinyl and thiazolidinyl amides (11c and 11e)
showed the highest antiviral activities with low submi-
cromolar potency. The primary amide 11a was com-
pletely inactive, which was presumably due to the
presence of an additional amide NH. The diethyl amino
analog 11b exhibited significantly reduced antiviral
activity compared to 1, which is likely due to increased
steric bulk. The smaller but more polar methoxymethyl
amino analog 11f also displayed submicromolar potency
(Table 1). Treatment of 11f gave rise to ketone 12, which
had activity similar to that of 11f. The decrease in anti-
viral activities was likely due to their increased polarity
in this region which would lead to unfavorable interac-
tions with the reverse transcriptase as suggested by the
molecular modeling studies (Fig. 2).







Table 1. Anti-HIV activities of oxindoles13,14


Compound EC50 (lM) CC50 (lM)


Efavirenz 0.0005 �10


Nevirapine 0.050 >10


1 0.066 >10


4 2.276 >10


5 >10 >10


6 >10 >10


7a 0.279 >10


7b 0.289 >10


7c 0.059 >10


7d 0.486 >10


7e 0.066 >10


7f 1.095 >10


7g 2.234 >10


7h 1.031 >10


7i 2.252 >10


7j 7.363 >10


7k >10 >10


7l >10 >10


7m 0.059 >10


7n 0.040 >10


7o 5.578 >10


7p 33.296 >10


9a >10 >10


9b 0.126 >10


9c 0.608 2.194


9d 2.651 1.938


9e 0.358 8.062


9f 2.702 1.990


10 7.629 >10


11a >10 >10


11b 1.421 >10


11c 0.191 >10


11d 0.586 >10


11e 0.180 >10


11f 0.656 >10


12 0.620 >10


15a >10 >10


15b 0.197 >10


15c 0.463 6.625


15d 5.624 >10


16 >10 >10


17 >10 >10


20 >10 >10


22a 0.015 >10


22b 0.030 >10


22c 1.210 >10


22d >10 >10


22e 1.459 >10
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To further explore the SAR around the ester region, sev-
eral analogs lacking the carbonyl moiety were prepared
according to Scheme 3. Isatin 2 was first reacted with
tosyl hydrazine to the corresponding tosyl hydrazone
and then was treated with sodium hydroxide to give
the diazo lactam 13.10 Under rhodium catalysis, diazo
13 reacted with olefin 14 to furnish the corresponding
cyclopropane analog 15 in moderate yields.11,12 Com-
pounds 15a–15d were typically obtained as inseparable
mixtures of two diastereoisomers (in a ratio of roughly
4:1), which were directly assayed for their antiviral activ-
ity. The homolog 15a and the bulky phenoxy analog 15d
exhibited diminished activities. The straight-chain ana-
logs 15b and 15c also displayed substantially reduced

activity. These results suggested that the carbonyl moie-
ty is important in anchoring the molecule for effective
interactions with the target as predicted by the modeling
studies.


To address the role of the lactam moiety, the N-methyl
analog 16 and the thiolactam 17 were synthesized from 1
via methylation and treatment with Lawesson’s reagent
(Scheme 4). As expected, both compounds were inactive
against the HIV reporter virus, suggesting that both the
NH and the carbonyl oxygen moieties are critical for the
antiviral activities. These results are in agreement with
the modeling studies, which indicate that the lactam car-
bonyl forms a critical hydrogen bond with K101 of the
reverse transcriptase, and there is no space for substitu-
tion on the lactam nitrogen (Fig. 2).


The cyclopropane-ring-opened analog 20 was prepared
from lactam 18 via sequential alkylations with methyl
iodide and ethyl bromoacetate (Scheme 5). Oxindole
20 was found to be completely inactive in the antiviral
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assay. Additionally, neither the E nor the Z olefin ana-
log had any antiviral activity. These data demonstrated
a critical role of the cyclopropane moieties in optimizing
the molecules for effective interactions. Various substit-
uents were placed on the cyclopropane in order to fur-
ther explore the SAR around the cyclopropane region.
The synthesis of these analogs (22a–22e) is shown in
Scheme 5, which involves the cyclopropanation of olefin
4 with the carbene precursor 21. Among these analogs,
the gem-dimethyl analog 22a exhibited significantly im-
proved potency with an EC50 of 15 nM. While one of the
ethyl analogs, 22b, showed a 30 nM EC50 in the HIV
infection assay, its diastereoisomer, 22c, had significant-
ly diminished potency (EC50 = 1.2 lM). The cyclcopen-
tane analog 22e also showed similar activity to 22c.
However, the bulkier analog, 22d, completely lost antivi-
ral activity, indicating a limited hydrophobic pocket to
accommodate this part of the molecule.


While the gem-dimethyl analog 22a has significantly
improved potency, analog 7p, which has a methyl substi-
tution on the other carbon of the cyclopropane moiety,
was completely inactive. These results suggested that the
cyclopropane region is sensitive to small perturbation.


In summary, a series of novel oxindole was discovered
as a potent non-nucleoside reverse transcriptase inhibi-
tor using HTS. Modeling was utilized to aid the design
of new analogs and the detailed understanding of
ligand–target interactions. Systematic modifications of
the lead molecule not only defined its SAR, but also
led to the identification of increased antiviral activity
targeting the early stages in HIV infection.
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Abstract—Structural analysis of the essential binding elements of the oxindole-based kinase inhibitor (1) led to the identification of a
novel class of heterocyclic-substituted pyrazolones. Knoevenagel condensation of a variety of activated methylene nucleophiles with
indole or pyrrole carboxaldehydes provided a focused library of molecules, each containing elements of kinase pharmacophore
probe. Initial screening for VEGFR-2 kinase inhibition eliminated several of the probes. Identification of an active pyrazolone motif
and further optimization resulted in several highly potent VEGFR-2 inhibitors with cellular efficacy, anti-angiogenic activity ex vivo
in rat aortic ring explant cultures, and oral anti-tumor efficacy in nude mice.
� 2006 Elsevier Ltd. All rights reserved.
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Despite tremendous advancement in the field of combi-
natorial chemistry relating to drug discovery, skepticism
has been expressed at the success rate of generating lead
structures against molecular targets from such large
chemical libraries.1 This drawback has resulted in an ini-
tiation of efforts to explore more focused libraries with
drug-like physical properties and reduced molecular
weight.2 Herein we report, a structure-guided chemical
library building process, where step-by-step structural
modifications have generated a novel class of vascular
endothelial growth factor receptor-2 (VEGFR-2) kinase
inhibitors with oral anti-tumor efficacy in nude mice.
Examination of a known class of oxindole-based inhib-
itors (1, Scheme 1) identified the key binding elements.
Retrosynthetic analysis fragmented these inhibitors into
active methylene nucleophiles and aryl aldehydes.
Exploiting the classic Knoevenagel condensation3 intro-
duced structural diversity in a rapid fashion.


Major organic reactions (such as Aldol, Diels–Alder,
etc.,) generate typical structural patterns in products
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Structural Diversity


Scheme 1. Retrosynthesis of SU 5416 and kinase re-design strategy.

they form and these patterns become diagnostic features
in retrosynthetic analysis during synthesis of complex
substances such as natural products.4 Additionally, if



mailto:rtripath@cephalon.com





R


O


OR'


O
N


N
H


O


R


N
H


CH3


CH3


O


H


NH2-NH2.xH2O
EtOH/reflux


EtOH/Piperidine/Heat


11
6 3


Pyrazolone


+


Scheme 2.


S


N N
H


N N
H


O


CH3


CH3


N


N


N
H


N N
H


O


CH3


CH3


O
N
H


N N
H


O


CH3


CH3
2.7 μM


157 nM   63 nM


10


12 13


43 nM
14


Figure 2.


NH NH


O O


O


N
N
H


O


R
NH


N
H


O
S


NH


N
H


O
O


NH


O


O


N


N
H


O
O


R N
H


N N
H


O


CH3


CH3


Ph


H


                    10
  Initial hit IC50 (VEGFR 2) = 2.7 μM μ


4 5 6 7


8 9


Z


Figure 1.


R. Tripathy et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2158–2162 2159

such a structural pattern present in a molecule consti-
tutes an essential recognition motif against a target pro-
tein, then retrosynthetic analysis can play a role in a
chemical library building process. By following the reac-
tions as depicted by a retrosynthesis, an essential struc-
tural motif against that protein can be generated and
grafted on different chemical structures simply by vary-
ing the reaction components. As a result, architectural
diversity of structures with preservation of essential rec-
ognition elements and depletion of undesired segments
of the original molecule can be achieved.


Vascular endothelial growth factor (VEGF)5 and the cell
surface receptors in human, VEGFR-2 (also known as
KDR; kinase domain containing receptor),6 are consid-
ered to play an important role in angiogenesis,7 which is
vital for survival and proliferation of tumor cells.8 In
recent years, several classes of small molecule-based
VEGFR-2 kinase inhibitors have emerged as promising
anti-angiogenic agents for possible treatment against a
wide variety of cancers.9 One of the pioneering classes
of compounds in this area of research belongs to
3-substituted indolin-2-ones, developed in the laborato-
ry of Sugen, Inc. This motif was shown to interact with
the kinase at the ATP binding site (X-ray study), where
the indoline core occupies the adenine segment of the
ATP.10 Of particular interest is the indolin-2-one, SU
5416 (1).9a The five-membered ring lactam unit of 1
forms two critical hydrogen bonding interactions with
the enzyme. Structure–activity relationship (SAR) of 1
also showed that the exocyclic double bond and substi-
tuted pyrrole unit are crucial for kinase inhibitory activ-
ity. Retrosynthetic analysis of SU 5416 (1, Scheme 1)
shows that the essential part of the pharmacophore
(i.e., the lactam unit and the exocyclic double bond)
belongs to a structural architecture of Knoevenagel con-
densation reaction, and the compound is easily formed
(Scheme 1) by the reaction of oxindole (2) with an
appropriate pyrrole aldehyde (3).


In our continuing interest in kinase library generation,11


a strategy to generate a novel class of VEGFR-2 kinase
inhibitors was to build in chemical diversity around the
key lactam-enone moiety of 1. Our aim was: (1) to re-
place the oxindole moiety with another cyclic lactam
(Step 1, Scheme 1) a critical part of our design, (2) to
preserve the 3,5-dimethyl pyrrole segment, a pharmaco-
phore presentation similar to 1, and (3) select an oxin-
dole replacement and expand the scope of this strategy
by substituting the 3,5- dimethyl pyrrole segment with
various aryl aldehydes as the condensation component
in a parallel synthesis fashion (Step 2, Scheme 1).


Commercially available or known active methylene
compounds (4–9) bearing a cyclic lactam unit were
subjected to Knoevenagel condensation with 3,5-
dimethyl pyrrole-2-carboxaldehyde (3) and the resulting
products were tested against VEGFR-2 kinase to gener-
ate a possible hit (Fig. 1). After screening a set of com-
pounds, we were able to generate our first hit (10) with a
2.7 lM inhibitory activity,12a which came from a con-
densation involving 3-phenyl-substituted pyrazolone as
a single geometrical isomer.13 We further optimized

the 3-substituent of our lead structure 10, by using dif-
ferently substituted pyrazolones.


A variety of pyrazolones (6) could be generated from the
reaction of b-ketoesters (11) and hydrazine hydrate.14


These were subsequently condensed with 3,5-dimethyl
pyrrole carboxaldehyde (3) in ethanol and using piperi-
dine as the catalyst (Scheme 2). This method of parallel
library generation in solution was found favorable, as a
single geometrical isomer of the double bond precipitat-
ed out of the reaction mixture in most cases and simple
filtration provided compounds with high purity. We
were pleased to find that the 3-substituent on the pyra-
zolones plays a dramatic role in enhancing potency
(Fig. 2). In general, it was found that pyrazolone with
an attached heterocyclic ring is preferred, while two het-
ero atoms on the heterocyclic ring demonstrate greater
VEGFR-2 kinase inhibition.
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After successful oxindole replacements were in hand, we
turned our attention to the 2,5 dimethyl pyrrole segment
of the molecules. Commercially available aryl carboxal-
dehydes were condensed with a series of hetero-substi-
tuted pyrazolones. After determining VEGFR-2 kinase
inhibition, we found that N-methyindole-3-carboxalde-
hyde (15) was a potential replacement for our pyrrole,
as the corresponding condensation products (data
shown for 16 and 18, Fig. 3) have comparable potencies
(14 vs 16 and 13 vs 18).15 Reduced kinase inhibitory
activities of the compounds 17 and 19, where the lactam
NH is arylated and the exocyclic double bond has been
saturated, respectively (Fig. 3), provide evidences
regarding the importance of the lactam-enone pharma-
cophore of the pyrazolones.10
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Structure–activity relationship (SAR) for analogs of
compounds 16 and 18, substitution on the indole ring,
showed further potency enhancement against VEGFR-
2 kinase, Table 1 recording representative examples. A
variety of substituents are tolerated on the benzene ring
of the indole nucleus, particularly at the C-4 position,
resulting in several molecules with potency <10 nM. In
another set of SAR, it was found that N-methyl group
on the indole segment is favored for VEGFR-2
activity.16


In general, pyrazolone-based compounds demonstrated
better inhibition of human VEGFR-2 in human umbilical
vein endothelial (HUVEC) cell-based phosphorylation
assays than against murine VEGFR-2 (FLK-1) in SVR
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Figure 4. Dose-related effects of the pyrazolone VEGFR-2 kinase
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cell-based phosphorylation assays. The data for HUVEC
versus SVR (SVEN 1 ras, murine endothelial pancreatic
islet cells) are comparable for the inhibitors bearing 4-
methoxy and halogen substituents on the indole ring of
the pyrazine-based inhibitors (16e–g, Table 1). The cell
activities for methylenedioxy group at 4 and 5 positions
were also found to be good (16h and 18d, Table 1).


A number of these compounds have shown significant
anti-angiogenic activity ex vivo in rat aortic ring explant
cultures,18 inhibition of HUVEC capillary tube forma-
tion19 in vitro (data not shown), and significant anti-tu-
mor efficacy following oral administration to nude mice
bearing SVR murine angiosarcoma xenografts.20 Data
have been shown for a representative compound 18d,
which was easily synthesized from the reaction of the
pyrazolone 22 with the indole aldehyde 24 by heating
in ethanol in the presence of piperidine (Scheme 3).


Selectivity profile against a representative panel of ki-
nases for 18d is shown in Table 2. While poor enzymatic
inhibitions for 18d were observed against PKC, Trk A,
and CDK1/Cyclin B1, significant activities were ob-
served against other VEGFR isozymes.


The inhibitor 18d showed dose-related inhibition in
microvessel growth relative to untreated control during
peak phase of vessel growth, with 55%, 66% (p < 0.01),
75% (p < 0.01), and 90% (p < 0.001) inhibition observed
at 4, 40, 100, and 400 nM, respectively (Fig. 4), clearly
indicating anti-angiogenic properties associated with
pyrazolone-based VEGFR-2 kinase inhibitors.


More importantly, compound 18d was also tested for
anti-tumor efficacy on the growth of SVR tumors
(Fig. 5) in nude mice. The compound 18d was dosed
orally at 30 mg/kg twice a day for 10 days. Significant
inhibition in tumor growth was noticed beginning at
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Scheme 3. Synthesis of 18d, a compound selected for anti-tumor and


anti-angiogenic evaluation.


Table 2. Kinase selectivity profile for 18d


Kinase assay % Inhibition (IC50 in nM)


PKC 13% at 1 lM


Trk A 44% at 1 lM


Cdk 1/Cyclin B1 (>10,0000)


VEGFR-1 25% at 300 nM


VEGFR-3 63% at 300 nM

day four of dosing and extending throughout the study
relative to vehicle treated controls (Fig. 5).21


In conclusion, we have demonstrated a structure-guided
library building process in solution phase, where we
have grafted key structural elements of a known kinase
inhibitor on different structural classes which resulted in
the identification and optimization of a novel class of
VEGFR-2 kinase inhibitors. SAR on pyrazolone class
of molecules resulted in inhibitors which were extremely
potent against the isolated enzyme as well as in cells.
Some of these molecules demonstrated anti-angiogenic
activity ex vivo in rat aortic ring explant cultures and
oral anti-tumor efficacy in nude mice (shown for com-
pound 18d).
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Abstract—Protection times provided by 31 synthetic repellents against Aedes aegypti mosquitoes were correlated with the chemical
structures of these repellents using Codessa Pro software. Two statistically significant quantitative models with R2 values of ca. 0.80
are presented and discussed.
� 2006 Elsevier Ltd. All rights reserved.

Repellents are materials that disrupt the natural behav-
ior of blood-seeking insects and other organisms; repel-
lents provide personal protection and represent the first
line of defense for humans and animals against biting. A
well-known standard repellent is N,N-diethyl-3-meth-
ylbenzamide or N,N-diethyl-m-toluamide (DEET, com-
pound 7, Table 1).1 However, it has become urgent to
locate repellents which are more effective than DEET.


Few attempts have previously been made to apply
QSAR modeling to repellent activities. One reason for
this is that most of the extensive testing that has been
carried out1 has yielded only semi-quantitative data.
An exception is the work of Suryanarayana et al.2 who
measured a set of 31 repellents and proposed the corre-
lation Eq. 1, where logP, logVp, and ML are lipophilic-
ity, vapor pressure, and molecular length, respectively,
and a–d are constants.


PT ¼ a log P þ b log V pþ c log MLþ d. ð1Þ
However, Eq. 1 has a low correlation coefficient R at
0.551 (corresponding to a R2 of 0.304) and in addition,
one of the descriptors is the measured vapor pressure

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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which has to be obtained before Eq. 1 can be used to
predict the activity of unknown compounds.


Other authors3 have also suggested that vapor pressure
and boiling point were related to repellent activity;
repellency is lost at vapor concentrations below a certain
minimum.4,5 Factors including evaporation from human
skin, skin absorption, and penetration clearly influence
repellent bioassays.6 Test-related factors (such as the
mosquito species utilized the cage size and the mosquito
density) also affect repellent bioassays.7


Ma et al.4 discussed the Suryanarayana’s data set and
postulated that amide group made an important contri-
bution for potent repellent activity, but reported no
numerical correlation. The same group explored molec-
ular similarity between insect juvenile hormone and
DEET analogues but they did not explore any quantita-
tive correlation with structure.8


The present QSAR study correlates mosquito repellent
activity (protection time, PT) as reported by Suryanara-
yana et al.2 with theoretical molecular descriptors; we
have also examined repellency using vapor pressure as
an external descriptor in view of the importance attrib-
uted to it by earlier workers.


Methodology for a general QSAR approach has previ-
ously been incorporated in the Codessa Pro9 software
package which enables the calculation of numerous
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Table 1. DEET (compound 7) and DEPA analogues
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ID Compound PT (h) Ring R R1 = R2 CAS nr. Exp Vp (Torr) Pred. logVp


1 o-Chlorobenzamide 5 a 2-Cl CH3 6526-67-6 9.63E-04 �2.94


2 Cyclohexamide 3 s H CH3 17566-51-7 0.0225 �1.77


3 m-Toluamide 3 a 3-CH3 CH3 6935-65-5 2.18E-03 �2.42


4 o-Ethoxylbenzamide 2.83 a 2-OC2H5 CH3 90526-02-6 1.65E-04 �3.75


5 Benzamide 1.67 a H CH3 611-74-5 0.0157 �2.02


6 p-Anisamide 1 a 4-OCH3 CH3 7291-00-1 4.38E-04 �3.35


7 m-Toluamide 5 a 3-CH3 C2H5 134-62-3 1.35E-03 �3.25


8 Benzamide 4 a H C2H5 1696-17-9 2.30E-03 �2.79


9 Cyclohexamide 4 s H C2H5 5461-52-9 2.92E-03 �2.34


10 o-Ethoxylbenzamide 3.5 a 2-OC2H5 C2H5 3688-82-2 2.58E-05 �4.61


11 p-Toluamide 2.83 a 4-CH3 C2H5 2728-05-4 3.65E-04 �3.25


12 p-Anisamide 1 a 4-OCH3 C2H5 7465-86-3 7.22E-05 �4.17


13 Benzamide 3 a H i-C3H7 14657-86-4 3.14E-04 �3.62


14 m-Toluamide 2.67 a 3-CH3 i-C3H7 5448-37-3 5.10E-05 �4.11


15 Cyclohexamide 2 s H i-C3H7 67013-94-9 3.70E-04 �3.60


16 p-Anisamide 1.17 a 4-OCH3 i-C3H7 349397-58-6 1.07E-05 �5.02


17 o-Ethoxybenzamide 1.08 a 2-OC2H5 i-C3H7 5442-04-6 3.70E-06 �5.49


18 o-Chlorobenzamide 1 a 2-Cl i-C3H7 349397-59-7 2.39E-05 �4.53


19 p-Toluamide 0.5 a 4-CH3 i-C3H7 5448-37-3 5.10E-05 �4.12


R1 R2 �3.16


20 m-Toluamide 0.67 a 3-CH3 HC2H5 26819-07-8 1.85E-03 �2.86


21 Benzamide 0.58 a H HC2H5 614-17-5 3.95E-04 �3.07


22 Cyclohexamide 0.5 s H HC2H5 138324-59-1 8.66E-04 �3.08


23 p-Toluamide 0.08 a 4-CH3 HC2H5 26819-08-9 7.67E-04 �3.98


24 p-Anisamide 0.08 a 4-OCH3 HC2H5 7403-41-0 1.29E-04 �4.33


25 o-Ethoxybenzamide 0.08 a 2-OC2H5 HC2H5 99985-68-9 5.68E-05 �3.76


N, R1, R2 �3.66


26 Benzamide 3 a H Piperidine 776-75-0 3.16E-04 �4.19


27 Cyclohexamide 2 s H Piperidine 7103-46-0 1.56E-04 �4.66


28 m-Toluamide 1.42 a 3-CH3 Piperidine 13290-48-7 4.41E-05 �4.21


29 o-Chlorobenzamide 1 a 2-Cl Piperidine 22342-21-8 1.94E-05 �5.12


30 p-Toluamide 1 a 4-CH3 Piperidine 13707-23-8 4.90E-05 �2.94


31 p-Anisamide 0.75 a 4-OCH3 Piperidine 57700-94-4 8.81E-06 �1.77
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quantitative descriptors from the molecular structural
formula.10,11 Codessa Pro has previously correlated suc-
cessfully numerous physical properties12 including chro-
matographic retention times and response features,
melting and boiling points, solvent scales, and refractive
indexes.13 Recent examples include correlations for: (i)
binding energies for 1:1 complexation systems of organic
guests and b-cyclodextrin,14 (ii) the in vitro minimum
inhibitory concentration (MIC) of 3-aryloxazolidin-2-
one antibacterials15, and (iii) partition coefficients of
medicinal drugs between human breast milk and
plasma.16


We correlated the 31 protection times (PT) determined
by Suryanarayana et al.2 by testing the compounds at
a dose of 1 mg/cm2 onto the external surface of a human
hand followed by exposure to 200 female (5–7 days old)
Aedes aegypti mosquitoes. The PT is defined as the peri-
od of protection in minutes until two consecutive bites
are made within a 30 min interval. The reported protec-
tion times represent averages of multiple determina-

tions. The compound dataset represents 31 amide
analogues of N,N-diethyl-m-toluamide (DEET) and
N,N-diethylphenylacetamide (DEPA) (see Table 1).


Conformational searches were carried out over all 31
structures using the AMBER2 force field method in
molecular mechanics (MM) optimization encoded in
HyperChem software17 in our attempts to obtain the
lowest energy conformer within a reasonable computa-
tional time. Depending on the number of free torsion
angles in each molecule numerous conformers (between
100 and 200) were found by MM optimizations. These
optimizations were concluded when a gradient of
0.01 kcal/(Å mol) was reached for a certain conformer.
The lowest energy conformer for a given molecule was
then subjected to the quantum-mechanical semi-empiri-
cal AM1 calculations18 in order to calculate the molecu-
lar characteristics. These optimized structures were
loaded in Codessa Pro and more than 740 theoretical
descriptors were calculated. These descriptors can be
classified into several groups: (i) constitutional, (ii)
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topological, (iii) geometrical, (iv) thermodynamic, (v)
quantum chemical, and (vi) charge-related. The stepwise
regression algorithm19 encoded in Codessa Pro software
was used to select significant descriptors for building
multilinear QSAR models. The treatment started with
the reduction in the number of molecular descriptors.
If two descriptors intercorrelated highly with each other,
then only one of them was selected; descriptors with
insignificant variance for the data set treated were also
rejected. This helps to speed up the descriptor selection
and reduce the probability of including unrelated
descriptors by chance. The ‘best multilinear regression’
(BMLR) approach encoded in Codessa Pro provides a
QSAR equation that best fits the experimental data in
terms of the Fisher criterion and the cross-validation
coefficient R2


cv.


A major decision in developing successive QSAR is
when to stop adding descriptors to the model during
the stepwise regression procedure. A simple technique
to control the model expansion is the so-called ‘breaking
point’ in the improvement of the statistical quality of the
model, by analyzing the plot of the number of descrip-
tors involved in the obtained models versus squared cor-
relation coefficient values corresponding to those
models. Frequently, the statistical improvement of the
regression model is less significant (DR2 < 0.02–0.04)
after a certain number of independent variables in the
model (‘breaking point’). Consequently, the model cor-
responding to the breaking point is considered the
best/optimum model.


Another important step in the QSAR modeling is to val-
idate the obtained model. Internal validation was car-
ried out for the best model obtained by Codessa Pro
as follows: (i) the parent data points (31) were divided
into three subsets (A–C): the first, fourth, seventh, etc.,
data points go into the first subset (A), the second, fifth,
eight, etc., into the second subset (B), and the third,
sixth, ninth, etc., into the third subset (C), (ii) the three
sets A–C were prepared as the combinations of two
training subsets (A and B), (A and C), and (B and C),
respectively. The remaining subsets (A, B, and C, respec-
tively) become the corresponding test sets then, and (iii)
a correlation equation was derived for each of the train-
ing sets with the same descriptors (but different regres-
sion coefficients). Next, the equation obtained was
used to predict the protection time values for the com-
pounds from the corresponding test set.


Another validation that was used in this study is leave-
one-out approach.20 This validation was performed for

Table 2. The best 4-descriptor QSAR model with R2 = 0.78, N = 31, F = 23


Descriptor no. X ±DX t test R2


0 21.1 2.09 10.1


1 �86.2 10.5 �8.19 0.16


2 �0.93 0.13 �6.89 0.54


3 �0.99 0.23 �4.28 0.71


4 �2.66 0.91 �2.91 0.79


a Descriptor definitions are given in Supplementary material.

the main models. Thus, the efficiency of the QSAR equa-
tions to predict protection time was estimated based on
the comparison of criterion such as the cross-validation
coefficient R2


cv. We also divided the parent data set to
provide an external test set consisting of every fifth com-
pound; we used the remaining 26 compounds as a train-
ing set to obtain a 4-descriptor model (R2 = 0.83), where
the external set was tested. It gave a satisfactory
R2


pred ¼ 0:76.


The best statistical model obtained by using Codessa
Pro descriptors for the PT data is shown in Table 2.
This model includes 4-descriptors that are ordered by
descending order according to their statistical signifi-
cance (t test). In Table 2, X and DX are the
regression coefficients and their standard errors. The
co-linearity of any pair of the descriptors is less than
r2


col ¼ 0:42.


Therefore, the model descriptors can be considered suf-
ficiently orthogonal. The number of parameters was
selected according to the breaking point rule for the
improvement of R2 as demonstrated in Figure 1.


There are several treatments of Vp in the literature sug-
gesting that the vapor pressure can be correlated well
with the protection time.3,6 Because of the importance
of the vapor pressure indicated by the previous workers,
we tested whether the use of Vp as a descriptor would
improve the correlation. It was clearly not appropriate
to use measured Vp since an equation including such a
descriptor could not be used conveniently for predictive

.9 and s2 = 0.51


R2
cv s2 Descriptora


Intercept


0.08 1.78 Principal moment of inertia A, D1


0.46 1.00 Structure information content (0), D2


0.63 0.65 Kier and Hall index (order 2), D3


0.70 0.51 Tot hybrid. comp. of molec. dipole, D4
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purposes. The dependence of Vp on structure depends
somewhat on the type of compound considered, there-
fore a new QSPR model for the vapor pressure was de-
rived specifically for the data set of 31 DEET analogues.


Experimental vapor pressures (Vp) of these compounds
were taken from the SciFinder catalog.21 Using Codessa
Pro in the normal manner gave the 3-descriptor model
for the vapor pressure shown in Table 3 with the follow-
ing statistical characteristics: R2 = 0.956, R2


cv = 0.940,
F = 198.82, and s2 = 0.041.


The most significant descriptor according to the t test in
Table 3 is D5, the gravitation index calculated over all
bonds of the molecule. As can be noted, with descriptor
D5 alone the model R2 is already 0.80. In addition, the
combination of the descriptors D5 and D6 shows that
the equation is similar to the more general model devel-
oped in work (22) which is based on 411 compounds. All
these suggests that the QSPR equation in Table 3 is reli-
able and can be used for adequate prediction of the va-
por pressure.

Table 3. Three-parameter model for the vapor pressure (Vp) based on 31 co


Descriptor no. X ±DX t test R2 R2
cv


0 10.49 1.01 10.41


1 0.01 3e-4 �23.19 0.80 0.77


2 �26.51 2.88 �9.21 0.88 0.85


3 0.43 0.06 7.01 0.96 0.94


b Descriptor definitions are given in Supplementary material.


Table 4. The best 4-parameter model with calculated descriptor (logVp)2: R


Descriptor no. X ±DX t test R2 R2
cv


0 41.10 11.74 3.49


1 �77.09 8.61 �8.95 0.165 0.08


2 �0.25 0.03 �8.86 0.70 0.64


3 0.41 0.10 3.95 0.77 0.67


4 �44.62 15.08 �2.95 0.80 0.72


c Descriptor definitions are given in Supplementary material.


Table 5. Predicted protection times (PT) in hours


ID Exp. PT Pred. PT-2 Pred. PT-4


1 5 4.49 4.24


2 3 2.13 2.98


3 3 3.37 2.80


4 2.83 3.61 3.50


5 1.67 2.69 2.16


6 1 0.92 1.32


7 5 3.66 3.71


8 4 3.84 3.32


9 4 3.45 3.81


10 3.5 2.84 3.24


11 2.83 2.93 3.16


12 1 1.65 2.24


13 3 2.65 2.93


14 2.67 1.71 2.15


15 2 2.35 2.52


16 1.17 0.59 0.57


Predicted PT-2 using the model in Table 2.


Predicted PT-4 using the model in Table 4.

Next, values of the vapor pressure predicted by Table 3
relationship (see Table 1) were used as an external
descriptor in the common descriptor pool to try to im-
prove the model of Table 2 for the protection times.
Two functional relations were constructed from the pre-
dicted Vp, that is, (i) logVp and (ii) (logVp)2. After load-
ing these descriptors in the whole Codessa Pro storage,
the BMLR algorithm was run again in order to build
the models. The best 4-descriptor model found among
744 descriptors is shown in Table 4. This equation
included the (log Vp)2 as an independent variable. More-
over, a model with two descriptors (including (log Vp)2)
already gave a significantly high correlation R2 = 0.70 as
can be seen from Table 4.


Tables 2 and 4 show that these two models are close
from a statistical point of view. However, the equation
in Table 4 is better than that of Table 2 in terms of
R2, s2, and F. Also, the values of the statistical parame-
ters show that the models are robust and describe well
the experimental data. The Table 5 values of the protec-
tion time collects predicted from each of the models

mpounds


s2 Descriptorb


Intercept


0.18 Gravitation index (all bonds), D5


0.11 H-donors FPSA (version 2), D6


0.04 Tot molecular 2-center resonance energy/no. of atoms, D7


2 = 0.80, F = 26, and s2 = 0.47


s2 Descriptorc


Intercept


1.77 Principal moment of inertia A, D1


0.65 (logVp)2, D8


0.51 HA-dependent HDSA-2(Zefirov), D9


0.47 Minimum atomic orbital electronic population, D10


ID Exp. PT Pred. PT-2 Pred. PT-4


17 1.08 0.71 1.00


18 1 1.88 1.21


19 0.5 1.73 1.47


20 0.67 0.95 1.68


21 0.58 0.74 0.71


22 0.5 0.84 0.97


23 0.08 0.12 0.31


24 0.08 0 �0.30


25 0.08 �0.59 �1.28


26 3 2.96 2.19


27 2 1.2 1.28


28 1.42 2.03 1.39


29 1 2.15 1.63


30 1 1.61 1.57


31 0.75 0.57 0.92
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given in Tables 2 and 4. Graphical presentations of these
predictions are provided in Figures 2 and 3.


It can be noted from both figures and Table 5 above that
the PT of the compounds with ID 24 and 25 was predict-
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Figure 2. Experimental versus predicted PT according to the model in


Table 2.
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Figure 3. Experimental versus predicted PT according to the model in


Table 4.


Table 6. Internal validation of the QSAR models


Training set N R2 (fit) R2
cv (fit) s2 (fit


Model in Ta


A + B 20 0.84 0.72 0.43


A + C 21 0.83 0.73 0.51


B + C 21 0.72 0.67 0.59


Average 0.80 0.71 0.51


Model in Ta


A + B 20 0.78 0.74 0.58


A + C 21 0.82 0.72 0.54


B + C 21 0.82 0.70 0.39


Average 0.81 0.72 0.51

ed as a negative value. However, these compounds are
not outliers according to the model errors (standard
deviation). Since the BMLR method is not a constrained
algorithm by the experimental values, this is possible.


In order to test the predictive power of the models an
internal threefold cross-validation was performed for
the current data set. The results of this testing are shown
in Table 6. The data sets A–C are divided as was ex-
plained previously. The superior robustness of the Table
4 model is also evident from Table 6.


The descriptors involved in the models could be possibly
explained as follows: (i) D1 and D2, that are molecular
shape related descriptors, represent the repellent fit into
a receptor active center, (ii) D5 describes the repellent
chemical reaction with a receptor active center. Basical-
ly, the repellent activity quantified by the protection
time can be assigned to the influence of three main
molecular interactions. First, vaporization is connected
with the duration of time when a mosquito can have
contact with the repellent. As shown above and in previ-
ous models of vapor pressure,22 the molecular size and
shape descriptors such as D1 and D2 play a determining
role for vapor pressure of compounds. The second
important characteristic is the structural fit on an un-
known active receptor center. The third kind of interac-
tion should relate to the chemical reaction with a
receptor, resulting in the act of repelling. Again, this
should be directly related to the shape and size descrip-
tors of this QSPR model (D1 and D2). The interaction
between the active compound and its biological counter-
part can be also reflected by D3, that is connected to the
shape and branching of the compound, and to descrip-
tor D4 that characterized the charge distribution in the
compound. The dipole moment indicates the intrinsic
polarity of the molecule. Its magnitude is also a good
indicator of lipophilicity and hydrophobicity; the larger
its magnitude, the higher is its hydrophilicity.4


Regarding functional groups and structural correlations,
all compounds in the data set include an O atom. The
descriptors D9 and D10 are connected to the hydrogen
donor capabilities of the molecule and the orbital elec-
tronic population. In turn, it could possibly influence
the protection time of the repellent.3 The most active
compounds seem to be compounds with the aromatic
ring bearing one substituent (CH3 or Cl). The examina-

) Test set N R2 (pred) s2 (pred)


ble 2


C 11 0.71 0.80


B 10 0.60 0.97


A 10 0.82 0.62


0.71 0.79


ble 4


C 11 0.91 0.51


B 10 0.87 0.72


A 10 0.83 1.02


0.87 0.75
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tion of the respective descriptor values for such com-
pounds showed a tendency for D8 and D1 values to be
low. Change of the aromatic via alicyclic was usually
slightly deleterious to PT. These structural criteria could
be used for guidance for the synthesis of active repellents.


The equations possess one common descriptor: Princi-
pal moment of inertia A. It is likely that this descriptor
related linearly to the experimental data and is impor-
tant for the mass distribution of the molecule (see Sup-
plementary material for the descriptor definition).
Finally, the Principal moment of inertia A possesses
the largest t values in both equations (t values define
the statistical significance of a descriptor).


The model in Table 4 (in contrast to the model in Table
2) R2 of 0.70 with just two descriptors. The addition of
the external descriptor (log Vp)2 drastically improves the
quality of the fit. We also tested as an additional exter-
nal descriptor the lipophilicity logP (octanol–water par-
tition coefficient), however, its inclusion did not lead to a
better QSAR model.


Two QSAR models were developed for the description
of mosquito repellent protection times PT with satisfac-
tory statistical characteristics. The models include 4-de-
scriptors revealing the linear relationship with the
protection times of 31 repellents. External descriptors
such as log Vp and its square function were added to
the descriptor pool since the vapor pressure is important
factor for the PT.


An additional QSPR model was developed for logVp


and thus no experimental data are needed for predic-
tions of the PT from this data set. The examination of
this descriptor space revealed that the descriptor
(log Vp)2 is statistically significant and improves the
model quality significantly. In addition, the descriptors
that appeared in the models and feature the shape and
volume as well as the charge distribution of compounds
are likely important for determining the activity of the
repellents. The PT predicted by both models (see Table
5) are slightly higher for compounds 8 and 9 that possess
experimental PT values lower than DEET (7). However,
the main prediction trend of these equations follows the
experimental data within the error limits.


The success of the present work suggests that a general
QSPR treatment of repellents could be of great benefit
in synthetic efforts in the effort to discover better com-
pounds for practical use.
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Abstract—A set of novel heterocyclic pyrimidyl hydrazones has been synthesized as inhibitors of glycogen synthase kinase-3
(GSK-3) with the most active exhibiting low nanomolar activity. Quantum mechanical calculations indicate that of the
conformational factors that could determine binding affinity, the planarity of the phenyl ring in relation to the central core and
the conformation of the hydrazone chain may be the most influential.
� 2006 Elsevier Ltd. All rights reserved.
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ZN
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N
NH


OMe


1  X=N, Y=N, Z=CH


2  X=C, Y=CH, Z=NH


3  X=C, Y=CH, Z=NMe


4  X=N, Y=CH, Z=CH


5  X=N, Y=CH, Z=N


6  X=C, Y=N, Z=NH


Figure 1.

Glycogen synthase kinase-3 (GSK-3), a protein in the
serine/threonine kinase family, is broadly expressed
and serves many functions within the human body.1


Among some of the diseases that GSK-3 may affect
are Alzheimer’s disease, diabetes, various cancer types,
and neurological disorders.2 One function of GSK-3 is
to mediate the conversion of glycogen to glucose and
is regulated in part by insulin signaling. In patients with
insulin resistance, GSK-3 is constituently active, which
leads to an increase in plasma glucose levels and hyper-
glycemia.3 Inhibitors of GSK-3 could reduce glucose
levels by mimicking the effect of insulin signaling on
GSK-3 and thus could be used as anti-diabetic treat-
ments. As part of our research efforts to discover effec-
tive medicines for the treatment of metabolic diseases,
we became interested in inhibitors of GSK-3 as a poten-
tial treatment for diabetes.


We recently disclosed a series of GSK-3 inhibitors de-
signed around a pyrazolopyrimidine template (1,
Fig. 1).4 While the compounds described therein were
interesting inhibitors that showed a broad spectrum of
activity against GSK-3, our efforts were mainly focused
on peripheral modifications but retained a pyrazolo-
pyrimidine core. This communication describes our
efforts to discover potent GSK-3 inhibitors in which
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the pyrazole portion of the core structure was varied,
as exemplified by structures 2–6 (Fig. 1).5


The binding of 1 to the ATP-binding pocket of GSK-3
has been described and several key interactions were ob-
served (Fig. 2).6 Hydrogen bonding interactions of 1
with the b-strand of GSK-3 are required for binding,
and for this reason we opted to retain the hydrazinopyr-
imidine portion of the core. The hydrazone moiety was
shown to adopt an S-cis conformation which provides a
desirable binding interaction with the protein back-
bone.4 Previous structure–activity relationships (SAR)
suggested that the phenyl ring at N-1 is required to exist
in a co-planar arrangement with the pyrazolopyrimidine
core in order to access a narrow pocket of the protein.
We became interested in pyrazole modifications as a
way to further enhance the co-planar relationship of
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Figure 2. Model of 1 docked into the active site of GSK-3.7 This


representation depicts the S-cis conformation of the hydrazone and


also indicates the importance of ring planarity of the 3-methoxyphenyl


ring with the pyrazolopyrimidine core.
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the phenyl ring with the core, as well as strengthen the S-
cis conformation of the hydrazone.


The syntheses of the new inhibitors are described in
Schemes 1–4.4,5 The synthesis of 2 began using a modi-
fied literature procedure to access 8 (Scheme 1).8 With
the desired functionality present, 8 was treated with
Na2CO3 to remove the carbamate protecting group on

OMe


CN


a,b,c
N


NH2


OMe


CO2Et


NC
d,e,f N


7 8


g


Scheme 1. Reagents and conditions: (a) HCO2Et, NaH; (b) H2NCH2CN, Na


(d) Na2CO3, MeOH, 71%; (e) HCO2H, reflux, 75%; (f) POCl3, 100 �C; (g) (M


pyridine-4-carboxaldehyde, pyrrolidine (cat.), EtOH, 80 �C, 80%.


N


N
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Cl
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O
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Cl


N H


OMe
11 12


Scheme 2. Reagents and conditions: (a) ethylene glycol, p-TsOH, PhH, 100 �C


(c) 1.5 M aq HCl, THF, 80 �C, 61%; (d) hydrazine hydrate, EtOH, 80 �C, 44%

the pyrrole. Ring closure with formic acid and subse-
quent chlorination as previously described4 provided
the desired pyrrolopyrimidine 9. The chloro group was
displaced with hydrazine followed by condensation with
pyridine-4-carboxaldehyde to provide 2. Alternatively,
the N-methyl derivative 3 could be accessed by methyl-
ation of 9. Displacement of the chloro group and con-
densation as above gave 3.


The preparation of pyrrolopyrimidine 4 is depicted in
Scheme 2. Aldehyde 119 was protected as the 1,3-dioxo-
lane prior to chemoselective displacement of only one of
the chloro groups to provide the pyrrole precursor 12.
Acid catalyzed hydrolysis of the 1,3-dioxolane and sub-
sequent cyclization provided 4-chloropyrrolopyrimidine
13. Compound 4 was obtained upon displacement of the
chloro group with hydrazine hydrate and condensation
with the appropriate aldehyde.


Imidazopyrimidine 5 was synthesized according to the
outline depicted in Scheme 3. 5-Amino-4,6-dichloropyr-
imidine10 was treated with 3-methoxyaniline to afford a
monosubstituted product, which was subsequently treat-
ed with diethoxymethyl acetate11 to afford ring closure
and provide 15. From that point the route described
above was followed to install the hydrazone.


The synthesis of pyrazolopyrimidine 6 is shown in
Scheme 4. (3-Methoxyphenyl)acetonitrile was treated
with ethyl diazoacetate followed by ring closure with

N


N


RCl


OMe


h,i


9  R=H


10 R=Me


N


NN


N


RN


OMe


H N


2  R=H
3  R=Me
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, 64%; (b) m-anisidine, p-TsOH (cat.), THF, sealed tube, 130 �C, 39%;


; (e) pyridine-4-carboxaldehyde, pyrrolidine (cat.), EtOH, 80 �C, 78%.







Table 1. Conformational energy and GSK-3 inhibitory activity of


novel heterocyclic compounds 2–6


N


X
Y


ZN


N


N
NH


OMe


Compound X Y Z pIC50 Cis versus


trans energya


(kcal/mol)


Planarity


energyb


(kcal/mol)


1 N N CH 8.2 �5.7 0.13


2 C CH NH 8.3 �8.3 0.61


3 C CH NMe 6.3 ND ND


4 N CH CH 7.5 �4.7 3.2


5 N CH N 6.2 �0.06 2.6


6 CH N NH 8.3 �8.3 0.0


a The cis versus trans energy refers to the conformation of the hydra-


zone moiety.
b Planarity energy refers to the energy required to force a co-planar


conformation between the phenyl ring and the core.
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Scheme 4. Reagents and conditions: (a) EtO2CCHN2, NaOEt, NaOH, 29%; (b) formamidine acetate; (c) POCl3; (d) hydrazine hydrate, EtOH, 80 �C;


(e) pyridine-4-carboxaldehyde, pyrrolidine (cat.), EtOH, 80 �C.
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pyridine-4-carboxaldehyde, pyrrolidine (cat.), EtOH, 80 �C.
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formamidine acetate to provide 14. Treatment with
POCl3 provided the chloro derivative, which was prose-
cuted in a similar manner as previously described to af-
ford the desired product 6.


Compounds 2–6 were evaluated as inhibitors of GSK-3
and the results are shown in Table 1.12 The pyrrole
analog 2 was equipotent to 1 (pIC50 = 8.3), however
N-methylation (3) gave a 100-fold loss of activity. The
isomeric pyrrole (4) was shown to be an order of magni-
tude less active than both 1 and 2. Imidazole 5 was also
significantly less active (pIC50 = 6.2), but the isomeric
pyrazole (6) was shown to be equipotent with 1 and 2.
Thus, we observed that both 2 and 6 were comparable
in activity to 1.


While the discovery of potent core templates was exciting,
we sought to explain the difference in activities of our
inhibitors. We compared the conformations of 2–6 with
that of 1 to determine the existence of any favorable bind-
ing interactions. One conformational aspect that had
been previously observed was the preference for planarity
of the phenyl ring at N-1.4 The planarity can be modulat-
ed by ortho substituents on the phenyl ring, as these are in
close proximity to N-2. One explanation of this effect is
that with nitrogen at the 2-position (e.g, 1), only a minimal
steric interaction with the hydrogens on the ortho-posi-
tion of the phenyl ring exists (Fig. 3). To assess the poten-
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tial importance of this interaction, ab initio calculations
were performed on the inhibitors and are shown in
Table 1.13 The results suggest that increasing the twist of
the phenyl ring could clearly account for the observed
modulation in activity of our inhibitors. In addition, the
conformation of the hydrazone chain is another factor
influencing binding as seen in 2 and 6. In both of these
inhibitors, the S-cis hydrazone conformation is preferred
due to an intramolecular hydrogen bond. Methylation of
2 removed the hydrogen bond (3), dramatically decreas-
ing the activity.


When the substitution pattern is that as in 4, the steric
interactions of the phenyl and hydrogen at C-2 were
amplified and the activity was reduced significantly.
The trend was observed with 5 as well, as an order of
magnitude decrease in binding was observed. However,
this trend was not followed with pyrrole 2 which also
contains a C–H at the 2-position. We believe that the in-
creased bond length between C-1 and the phenyl ring in
2 lessens the non-covalent interaction between C-2 and
the ortho hydrogens on the phenyl ring, thus reducing
any potential contributions to the activity. In addition
to the twist of the phenyl ring in compound 5, N-3 inter-
acts unfavorably with the nitrogen of the hydrazone
(Fig. 3). This interaction could lower the preference of
cis versus trans orientation, which in turn could be par-
tially accountable for the observed decrease in activity.


In conclusion, we have synthesized novel heterocyclic
inhibitors of GSK-3 based on a template previously dis-
covered. The activity can be rationalized by computa-
tional analysis and thus can be modulated based on
the heterocycle and the substitution pattern about the
ring. The most active compounds were currently being
further evaluated as potential anti-diabetic treatments
and these results will be reported in due course.
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S(PO3)YR-amide), 2.5 lM ATP and 0.2 lCi/well
[c33P]ATP. After 40 min, the reaction was stopped by
addition of 100 mM EDTA and 1 mM ATP, solution in
100 mM Hepes followed by a solution of streptavidin
coated SPA beads (Amersham) in PBS to give a final
concentration of 0.25 mg of beads per assay well. The
plates were counted on a Packard TopCount NXT
microplate counter.


13. The energies were calculated at the HF/6-31G(d) level of
theory with Gaussian 98 from Gaussian, Inc. The values
reported reflect the energy difference of the trans hydra-
zone conformation relative to the cis hydrazone, with a
value of 0 kcal/mol indicating that no preference between
the two conformations exists. A positive number suggests
that a preference for the trans hydrazone conformation
exists and a negative number suggests that a preference for
the cis hydrazone conformation exists.
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Abstract—PTPases are considered to be involved in the etiology of diabetes mellitus and neural diseases, such as Alzheimer’s disease
and Parkinson’s disease. Therefore, PTPase inhibitors should be useful tools to study the role of PTPases in these diseases and other
biological phenomena, and which can be developed into chemotherapeutic agents. In the present study, we have synthesized novel
benzofuran isoxazolines 13–21 via 1,3-dipolar cycloaddition reaction using karanjin (1) and kanjone (2), isolated from Pongamia
pinnata fruits. All the synthesized compounds were evaluated against PTPase enzyme. Compounds 19 and 20 displayed significant
inhibitory activity with IC50 values 76 and 81 lM, respectively.
� 2006 Published by Elsevier Ltd.

Diabetes mellitus is a chronic, incurable disease which
altered the metabolism of lipid, carbohydrates, and pro-
teins in humans and increased the risk of complications
from artery diseases, myocardial infarction, hyperten-
sion, and dyslipidemia, and clinically characterized by
peripheral hyperglycemia. Diabetes can be classified
clinically as insulin-dependent diabetes mellitus (IDDM,
or type-1 diabetes) and non-insulin-dependent diabetes
mellitus (NIDDM, or type-2 diabetes). Type-2 diabetes
is common and found in >90% patient characterized
by either normal/abnormal insulin secretion or function.
Insulin resistance is central to type-2 diabetes and is
known to involve decreased tyrosine phosphorylation
of insulin receptors (IR) despite normal insulin levels.1


Protein tyrosine phosphatases (PTPases) constitute a di-
verse family of enzymes and are responsible for the
selective dephosphorylation of tyrosine residues.2 Sever-
al PTPs, including PTP1B, LAR, PTPa, and PTPe, are
capable of dephosphorylation the IR, and thereby atten-
uating tyrosine kinase activity. Furthermore, PTP1B has
been implicated in the insulin resistance associated with
diabetes and obesity3 by the finding of correlations
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between insulin resistance and the level of PTP1B in
muscle and adipose tissue.4 This is further supported
by a variety of cellular and biochemical studies where
PTP1B has been shown to play a role in the dephospho-
rylation of the IR. Therefore, the use of specific PTP1B
inhibitors may enhance insulin action and represents a
novel strategy for the treatment of type-2 diabetes.5


Small molecule PTP1B inhibitors may find an important
clinical role as novel insulin sensitizers in the treatment
of type-2 diabetes.6 Importantly, 2-(oxalylamino) benzo-
ic acid (OBA) I seems to be one of the potent ‘minimal
unit’ phenyl phosphate mimetics identified so far.7 A
synthetic small molecule that selectively inhibits PTP1B
action is, therefore, expected to have a similar beneficial
effect in human and might be developed into therapeutic
agents for treatment of type-2 diabetes and obesity.
Since N-phenyloxamic acid appears to be the potent
non-phosphorus containing PTyr mimetic, a series of
hetrocycle carboxylic acids (II–V) were identified as a
potential N-phenyloxamic acid mimetic with reduced
pKa in the literature8 and shown in Figure 1.


Our phytochemical investigation9 resulted in isolation of
antihyperglycemic compound karanjin (1) from Pong-
amia pinnata fruits. Karanjin displayed around 35%
antihyperglycemic activity in Streptozotocin-induced
diabetic rat at 100 mg/kg dose. Similar observation
was also accorded in alloxan-induced diabetic rats in a
previous investigation.10 Inspired from the biological
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profile of karanjin and emergence of PTP1B as important
therapeutic target in antidiabetic drug research, we have
designed a novel synthetic strategy to couple the benzof-
uranoid moiety from active compound 1 to known
PTPase inhibitor isoxazoline pharmacophore (Fig. 1).
We have thereby synthesized a new class of benzofuran
isoxazolines (13–21) and studied PTPase inhibition.


The key intermediates of the series 7 and 12 were synthe-
sized using 1 and 2 as starting material isolated from
P. pinnata. The synthesis of 7 and 12 is described in
(Scheme 1). Basic hydrolysis of 1 and 2 with KOH in
aqueous ethanol11 produced karanjic acid (3, 86%) and
kanjonic acid (8, 88%) as a white powder.


Reaction of 3 and 8 with methyl iodide in the presence
of K2CO3 in dry acetone afforded methyl esters 4 and
9 in quantitative yields. Reduction of esters 4 and 9 with
DIBAL afforded a mixture of aldehyde and alcohol.
Therefore, esters 4 and 9 were first converted to alcohols
5 (95%) and 10 (92%) with LiAlH4 and then oxidized
with pyridinium chloro chromate (PCC) to give alde-
hydes 6 and 11 in quantitative yields. Treatment of 6
and 11 with hydroxylamine hydrochloride in the pres-
ence of base afforded oximes 7 (92%) and 12 (90%) as
anti-isomer.12a,b (Scheme 2).


The oximes 7 and 12 were subjected to oxime-olefin
cycloaddition reaction with substituted olefins (styrene,
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4-methoxy styrene, 2-vinyl pyridine, 4-vinyl pyridine,
1-vinyl imidazole, and trans-methoxy cinnamate) in
the presence of chloramine-T13 to produce isoxazolines
(13–21) in good yield. Product 18 proceeds regiospecif-
ically to cis-cycloadduct, it is confirmed by vicinal
spin–spin coupling constant of Ha and Hb protons
(J = 7.0 Hz).14 All the synthesized compounds were
characterized by spectroscopic data and elemental
analysis.15–23


Vanadate is a non-selective inhibitor of PTPases, and
many of the studies have shown that treatment with
vanadate can normalize blood glucose level in diabet-
ics.24 Taking sodium vanadate as a standard inhibitor,
we have evaluated PTP1B inhibitory activity of benzofu-
ran isoxazolines at 100 lM concentration and their re-
sults are summarized in Table 1. Two of the screened
compounds, that is, 19 and 20 demonstrated PTP1B
inhibitory activity at 100 lM concentration to around
80%. The effect of the test compounds on PTPase was
studied by preincubating the test compound with en-
zyme in the reaction system for 10 min and the residual
protein tyrosine phosphatase activity was determined
according to the method of Goldstein et al.25 The
1.0 ml p-nitrophenylphosphate (pNPP) as the substrate,
assay mixture contained 10 mM PNPP in 50 mM
HEPES buffer (pH 7.0), with 1 mM EDTA and DTT,
respectively. The reaction was stopped by addition of
500 lL of 0.1 N NaOH and the optical density was
determined at 410 nm. Control tubes omitting the
enzyme were always run in parallel to nullify the non-
enzymic reaction and for calculating the concentration
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Table 1. PTP1B inhibitory activity of the title compounds 13–21


Product R1 R2 R3 Inhibition (%) IC50 (lM) Ki (lM)


Karanjin — — — 15.8 — —


13 H H 22.5 ± 2.69 227 45.0


14 H H OCH3 49.1 ± 7.71 150 27.5


15 H H
N


17.4 ± 7.92 — —


16 H H N 14.7 ± 0.42 — —


17 H H
N


N 14.9 ± 2.92 — —


18 H CO2CH3 18.5 ± 4.24 199 72.5


19 OCH3 H 80.4 ± 0.14 76 30.0


20 OCH3 H OCH3 79.6 ± 3.31 81 32.0


21 OCH3 H
N


18.4 ± 6.65 — —


Na3VO4 — — — 56.2 — —


Results are means+SE of three independent experiments.
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of p-nitrophenolate ions produced in the reaction mix-
ture. A molar extinction coefficient of 1.78 · 104 was
used to determine the concentration of p-nitrophenolate
produced in the system.


It is evident from the activity profile (Table 1) that
karanjin is a weak PTP1B inhibitor, whereas its benzo-
furan isoxazolins were found to show good inhibition.
The structure–activity relationship study showed that
substitution at C-5 (phenyl, substituted phenyl, and het-
erocycles) of isoxazoline did not show any significant
improvement in activity except for 14, whereas introduc-
tion of methoxy at C-7 in compounds 19 and 20 remark-
ably enhanced the activity profile as compared to the
reference compound sodium vanadate.


In summary, we have synthesized benzofuran isoxazo-
lines 13–21 starting with naturally occurring furanoflavo-
noids 1 and 2, and tested for PTPase inhibitory activity.
Analogues 19 and 20 displayed promising inhibitory
activity among the synthesized compounds. Further mod-
ification and biological studies are under progress.
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75%); viscous; ½a�31


D �3.5 (c 0.33, CHCl3); IR (neat) mmax:
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7.34 (2H, d, J = 5.9 Hz, H-2 0, H-6 0), 7.23 (1H, d,
J = 8.6 Hz, H-7), 6.93 (1H, d, J = 2.1 Hz, H-3), 5.68 (1H,
dd, J = 10.9, 7.3 Hz, H-12), 4.04 (3H, s, OMe-4), 4.03 (1H,
dd, J = 17.5, 10.9 Hz, H-11a), 3.44 (1H, dd, J = 17.2,
7.2 Hz, H-11b); 13C NMR (CDCl3, 50 MHz) d: 158.4 (C-
10), 156.0 (C-8), 152.5 (C-4), 150.0 (C-3 0, C-5 0), 145.6 (C-
10), 144.9 (C-2), 126.7 (C-6), 125.9 (C-2 0), 121.3 (C-6 0),
119.0 (C-9), 114.7 (C-5), 107.3 (C-3), 105.4 (C-7), 80.9 (C-
12), 60.8 (OMe-4), 46.0 (C-11); FAB MS (+ve): m/z 294,
295 [M+H]+. Elemental analysis: calc. for C17H14N2O3: C,
69.38; H, 4.79; N, 9.52. Found: C, 69.74; H, 4.57; N,
9.77%.


19. The procedure for the synthesis of 13 was repeated with 7
(0.53 g, 2.77 mmol), 1-vinyl imidazole (0.39 g, 4.15 mmol),
and chloramine-T (0.93 g, 3.32 mmol), afforded 17 (0.48 g,
61%); viscous; ½a�31


D �2.5 (c 0.27, CHCl3); IR (neat) mmax:
3014, 2955, 1595, 1474, 1423, 1360, 1219, 1082, 1061, 972,
921, 874 cm�1; UV (CHCl3) kmax: 249 nm; 1H NMR
(CDCl3, 200 MHz) d: 8.07 (1H, d, J = 2.1 Hz, H-2), 7.89
(1H, br s, H-2 0), 7.66 (1H, d, J = 8.6 Hz, H-6), 7.41 (1H, d,
J = 8.6 Hz, H-7), 7.35 (1H, d, J = 2.1 Hz, H-3), 7.23 (1H,
br s, H-4 0), 6.94 (1H, br s, H-5 0), 6.78 (1H, dd, J = 9.0,
2.9 Hz, H-12), 4.15 (3H, s, OMe-4), 4.10 (1H, dd, J = 18.5,
9.1 Hz, H-11a), 3.80 (1H, dd, J = 18.5, 2.9 Hz, H-11b); 13C
NMR (CDCl3, 50 MHz) d: 157.5 (C-10), 156.3 (C-8),
152.1 (C-4), 145.7 (C-2), 125.2 (C-6, C-2 0), 118.1 (C-9),
113.2 (C-5), 106.3 (C-3, C-5 0), 105.5 (C-7, C-4 0), 84.9 (C-
12), 60.3 (OMe-4), 43.3 (C-11); FAB MS (+ve): m/z 284
[M+H]+. Elemental analysis: calcd for C15H13N3O3: C,
63.60; H, 4.63; N, 14.83. Found: C, 63.83; H, 4.40; N,
14.97%.


20. The procedure for the synthesis of 13 was repeated with 7
(1.25 g, 6.54 mmol), trans-methyl cinnamate (1.58 g,
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9.81 mmol), and chloramine-T (2.20 g, 7.84 mmol), affor-
ded 18 (1.55 g, 67%); colorless crystals, mp 88–90 �C; ½a�31


D
�4.1 (c 0.31, CHCl3); IR (KBr) mmax: 2953, 1738, 1594,
1469, 1354, 1244, 1165, 1062, 976, 855 cm�1; UV (CHCl3)
kmax: 244 nm; 1H NMR (CDCl3, 200 MHz) d: 7.80 (1H, d,
J = 8.6 Hz, H-6), 7.56 (1H, d, J = 2.2 Hz, H-2), 7.37 (5H,
m, H-2 0 to H-6 0), 7.22 (1H, d, J = 8.9 Hz, H-7), 6.92 (1H,
d, J = 1.6 Hz, H-3), 5.83 (1H, d, J = 7.0 Hz, H-12), 4.68
(1H, d, J = 7.0 Hz, H-11), 4.0 (3H, s, OMe-4), 3.70 (3H, s,
COOMe); 13C NMR (CDCl3, 50 MHz) d: 170.3
(COOMe), 158.6 (C-10), 153.7 (C-8), 151.9 (C-4), 144.7
(C-2), 140.2 (C-1 0), 129.2 (C-3 0, C-5 0), 128.9 (C-4 0), 126.2
(C-6), 126.0 (C-2 0, C-6 0), 118.1 (C-9), 113.7 (C-5), 107.1
(C-3), 105.6 (C-7), 86.7 (C-12), 64.0 (C-11), 60.2 (OMe-4),
53.0 (COOMe); FAB MS (+ve): m/z 351, 352 [M+H]+.
Elemental analysis: calcd for C20H17NO5: C, 68.37; H,
4.88; N, 3.99. Found: C, 68.58; H, 4.69; N, 4.15%.


21. The procedure for the synthesis of 13 was repeated with 12
(0.31 g, 1.40 mmol), styrene (0.21 g, 2.10 mmol), and
chloramine-T (0.47 g, 1.68 mmol), afforded 19 (0.34 g,
75%); white crystals, mp 104–105 �C; ½a�31


D �2.5 (c 0.23,
CHCl3); IR (KBr) mmax: 2940, 2848, 1596, 1574, 1481,
1356, 1222, 1104, 1060, 971, 912, 881 cm�1; UV (CHCl3)
kmax: 280, 314 nm; 1H NMR (CDCl3, 200 MHz) d: 7.60
(1H, d, J = 2.2 Hz, H-2), 7.46–7.34 (5H, m, H-2 0 to H-6 0),
7.31 (1H, s, H-6), 6.88 (1H, d, J = 2.2 Hz, H-3), 5.71 (1H,
dd, J = 10.7, 8.5 Hz, H-12), 4.0 (3H, s, OMe-4), 3.93 (1H,
dd, J = 17.3, 10.4 Hz, H-11a), 3.91 (3H, s, OMe-7), 3.51
(1H, dd, J = 17.3, 8.4 Hz, H-11b); 13C NMR (CDCl3,
50 MHz) d: 156.0 (C-10), 147.1 (C-4), 146.5 (C-8), 145.2
(C-2), 142.2 (C-7), 141.6 (C-1 0), 129.1 (C-3 0, C-5 0), 128.5
(C-4 0), 126.3 (C-2 0, C-60), 121.8 (C-9), 115.9 (C-5), 106.3
(C-3), 105.5 (C-6), 83.2 (C-12), 61.6 (OMe-4), 56.7 (OMe-
7), 45.9 (C-11); FAB MS (+ve): m/z 323, 324 [M+H]+.
Elemental analysis: calcd for C19H17NO4: C, 70.71; H,
5.30; N, 4.33. Found: C, 70.85; H, 5.21; N, 4.49%.


22. The procedure for the synthesis of 13 was repeated with 12
(0.34 g, 1.53 mmol), p-methoxy styrene (0.30 g, 2.29 mmol),
and chloramine-T (0.51 g, 1.83 mmol), afforded 20 (0.36 g,

66%); colorless crystals, mp 128–129 �C; ½a�31
D �4.2 (c 0.28,


CHCl3); IR (KBr) mmax: 3145, 2961, 2915, 2838, 1612, 1514,
1478, 1413, 1354, 1250, 1055, 889, 829 cm�1; UV (CHCl3)
kmax: 319 nm; 1H NMR (CDCl3, 200 MHz) d: 7.59 (1H, d,
J = 1.9 Hz, H-2), 7.35 (2H, d, J = 8.5 Hz, H-3 0, H-5 0), 7.31
(1H, s, H-6), 6.90 (2H, d, J = 8.5 Hz, H-2 0, H-6 0), 6.88 (1H,
br s, H-3), 5.65 (1H, dd, J = 10.0, 8.0 Hz, H-12), 3.99 (3H, s,
OMe-4), 3.92 (3H, s, OMe-7), 3.92 (H-11a, merged with
methoxy signal), 3.50 (1H, dd, J = 17.4, 8.8 Hz, H-11b); 13C
NMR (CDCl3, 50 MHz) d: 159.9 (C-4 0), 156.2 (C-10), 147.I
(C-4), 146.5 (C-8), 145.2 (C-2), 142.2 (C-7), 133.5 (C-1 0),
128.2 (C-2 0, C-60), 121.8 (C-9), 116.0 (C-5), 114.5 (C-3 0, C-
50), 106.2 (C-3), 105.5 (C-6), 83.1 (C-12), 61.6 (OMe-4 0),
56.7 (OMe-4), 55.7 (OMe-7), 45.7 (C-11); FAB MS (+ve):
m/z 353, 354 [M+H]+. Elemental analysis: calcd for
C20H19NO5: C, 67.98; H, 5.42; N, 3.96; Found: C, 68.11;
H, 5.27; N, 4.16%.


23. The procedure for the synthesis of 13 was repeated with 12
(0.36 g, 1.62 mmol), 2-vinyl pyridine (0.25 g, 2.43 mmol),
and chloramine-T (0.54 g, 1.94 mmol), afforded 21 (0.31 g,
59%); viscous; ½a�31


D +5.2 (c 0.34, CHCl3); IR (neat) mmax:
2933, 1622, 1477, 1358, 1220, 1058 cm�1; UV (CHCl3)
kmax: 242, 308 nm; 1H NMR (CDCl3, 200 MHz) d: 8.60
(1H, d, J = 3.1 Hz, H-3 0), 7.73 (2H, m, H-5 0, H-6 0), 7.61
(1H, br s, H-2), 7.29 (1H, s, H-6), 7.23 (1H, br s, H-4 0),
6.89 (1H, br s, H-3), 5.83 (1H, br t, J = 7.3 Hz, H-12), 3.99
(3H, s, OMe-4), 3.92 (3H, s, OMe-7), 3.92 (H-11a and H-
11b merged with methoxy signal); 13C NMR (CDCl3,
50 MHz) d: 160.8 (C-1 0), 156.3 (C-10), 149.7 (C-3 0), 147.2
(C-4), 146.6 (C-8), 145.2 (C-2), 142.1 (C-7), 137.4 (C-5 0),
123.2 (C-6 0), 121.8 (C-9), 115.6 (C-5), 106.2 (C-3), 105.5
(C-6), 83.0 (C-12), 61.6 (OMe-4), 56.7 (OMe-7), 44.4 (C-
11); FAB MS (+ve): m/z 325 [M+H]+. Elemental analysis:
calcd for C18H16N2O4: C, 66.66; H, 4.97; N, 8.64. Found:
C, 66.79; H, 4.82; N, 8.80%.


24. Sekar, N.; Li, J.; Shechter, Y. Crit. Rev. Biochem. Mol.
Biol. 1996, 31, 339.


25. Goldstein, B. J.; Bittner-Kowalezyk, A.; White, M. F.;
Harbeck, M. J. Biol. Chem. 2000, 275, 4283.
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Abstract—A novel series of potent blockers of the monocarboxylate transporter, MCT1, is disclosed. From very potent but
lipophilic lead compounds, systematic changes to all parts of the molecule, targeting reduction in logD, afforded compounds
with significantly improved overall properties. These compounds show potent immunomodulatory activity.
� 2006 Elsevier Ltd. All rights reserved.

An important component of the immune response is
activation of T-cells following antigen challenge. How-
ever, undesirable activation can lead to graft rejection
following transplantation and to autoimmune diseases
such as rheumatoid arthritis.


Upon activation, T-cells produce the autocrine growth
factor, IL-2, whose regulation relies on the nuclear
factor of activated T-cells (NFAT-1).1 TacrolimusTM


(FK-506) and cyclosporin, when bound to their immu-
nophilin (FKBP and cyclophilin, respectively), reduce
IL-2 production by inhibiting calcineurin, which in turn
reduces NFAT-1 translocation to the nucleus.2 While
both compounds are effective clinical agents, renal and
other toxicities limit their widespread use. Researchers
at Sterling Winthrop Pharmaceuticals pursued an
alternative, calcineurin independent, approach to IL-2
inhibition via NFAT-1 and identified a number of inter-
esting compounds including the pyrrolopyrimidinedione
1.3
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Intrigued by these results, we chose to investigate this
area further. The synthesis and properties of a novel
series of compounds derived from 1 are presented below.
Importantly, we demonstrated that in primary T-lym-
phocytes these compounds do not exert their activity
through effects on IL-2 regulation. Moreover, through
compound-led target identification4 we were able to
show, by photoaffinity labelling and proteomic charac-
terisation, that the actual molecular target of these com-
pounds is the monocarboxylate transporter, MCT1.
This was supported by a strong correlation between
binding at MCT1 and in vitro immunomodulatory
activity in an assay measuring inhibition of PMA/
ionomycin-induced human PBMC proliferation.5


The monocarboxylate transporters are a family of
proteins which transport lactate and other small mono-
carboxylates. We have shown that MCT1 expression is
rapidly upregulated upon T-lymphocyte activation in
order to meet the demand for lactate efflux resulting
from an increased glycolytic rate. Inhibition of lactate
efflux by potent blockade of lactate transport results in
the accumulation of lactate within the cell and feedback
inhibition of glycolysis. This suppression of cellular
metabolism results in the inability of T-lymphocytes to
sustain the rapid rate of cell division occurring during
the early immune response to antigen recognition,
without being cytotoxic. Blockade of MCT1 is thus a
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novel mechanism of immunosuppression distinct from
current therapies.


Initial chemical effort focussed on synthesising com-
pounds with changes to the heterocyclic scaffold.
Amongst numerous new cores investigated, those con-
tained in compounds 2 and 3, prepared as previously de-
scribed, were most interesting (Fig. 1).5 The new
compounds displayed excellent affinity for MCT1. How-
ever, these compounds were too lipophilic and, as a con-
sequence, suffered from poor aqueous solubility and
high in vitro metabolic clearance in human hepatocytes
as well as potent CYP2C9 inhibition (Table 1).


In modern drug discovery programmes, it is well
recognised that compound optimisation often results
in an increase in both molecular complexity and lipo-
philicity, driven by the need to increase potency,
thereby defining the required lead properties and
resulting in the concept of ‘leadlikeness’.6,7 Given the
high starting potency in this case, our strategy, con-
versely, was to substantially reduce lipophilicity while
accepting some reduction in activity in order to im-
prove overall properties.


To explore 5- and 6-substituent changes (see Fig. 1 for
numbering), the pyrimidinothiophene ring system was
used as this facilitated introduction of diversity at both
positions. Initially 2-trifluoromethylphenylmethyl was
chosen as the 6-position (e.g., 4), as this gave similar
properties to naphthylmethyl (e.g., 3). The 5,6-unsubsti-
tuted pyrimidinothiophene 55 was selectively brominat-
ed at the 6-position. Following deprotonation with
LDA at the 5-position, a bromide migration occurred.8


The resulting anion 6 was reacted with 2-trifluorometh-
ylbenzaldehyde to provide the 5-bromo intermediate 7.
Oxidation of this compound gave the keto compound
8 which was now activated towards nucleophilic attack
at the 5-position. Following addition of the desired thiol
the keto group could be removed via a standard two-
step process (Scheme 1). Alternatively, deoxygenation
of bromothiophene 7 gave the key intermediate 9 having
the desired 6-substituent and a functionalised 5-position
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Figure 1. Structures of compounds 1–3.


Table 1. Comparison of heterocyclic scaffolds


Compound MCT1 binding Ki
a Human Heps Clint


(nM) (lL/min/106cells)


1 0.33 nd


2 0.10 36


3 0.28 58


nd, not determined.
a FB binding (Ref. 5).

which, following halogen–metal exchange, could be
reacted with a range of electrophiles. Reaction with sul-
fur provided a route to functionalised thioethers
(Scheme 2) while quenching with sulfur dioxide or car-
bon dioxide allowed the synthesis of sulfonamides and
amides (Scheme 3).


The homologous thioethers 10–14 showed significantly
improved in vitro metabolic stability over 4 and had
comparable affinities for MCT1, albeit less than that
of the starting compound. Reintroducing hydroxyl
groups on the cyclopentyl thioether gave a range of
compounds 15–18 which generally displayed good affin-
ity but also showed high intrinsic clearance in human
hepatocytes. The dihydroxypropyl derivative 19 was sig-
nificantly less active than the monohydroxypropyl lead 4
and showed no improvement in hepatic clearance
(Table 2).


These results indicated that, although the hydroxy
group interacted favourably with the transporter giving
high activity, it was detrimental to metabolic stability. In
agreement with this, examination of the metabolite pro-
file following incubation of compound 3 in human hepa-
tocytes indicated that the primary route of metabolism
was glucuronidation on the hydroxyl group.


Although reducing lipophilicity was an ultimate goal of
this work, in this initial phase it can be seen that
measured logD values remained high for all compounds,
within a range much narrower than calculated, and
displaying variations which did not follow the expected
trend (see measured vs calculated values, Table 2). For
example, addition of a second hydroxyl group in going
from 4 to 19 led to an increase in logD where a reduc-
tion would be expected. Similarly, in the non-hydroxyl-
ated compounds, sequentially increasing the number of
carbons from ethyl 10 to cyclohexyl 14 reduced logD
where a significant increase would be anticipated. It is
likely that this inconsistency is due to ‘hydrophobic
collapse,’ that is, lipophilic 5- and 6-substituents interact
intramolecularly leading to less than expected bulk
lipophilicity.9
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CYP2C9 IC50 Sol (mg/mL) logD
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nd 0.08 4.4


2.60 <0.001 4.8


0.50 <0.001 4.8
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Scheme 1. Reagents and condition: (a) Br2, DCM, 98%; (b) LDA, THF, �78 �C; (c) 2-CF3C6H4CHO, 71% (two steps); (d) tetrapropylammonium
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N


N


O


O


iBu


S


CF3


Br


N


N


O


O


iBu


S


CF3


R


S OH


OH*


S


*


OH


OH
S


*


OH


S


*


OH


S


*


S


OH


*


OH


SO2


*


7


9


b,c,da


(rac)-19


(rac)-16(rac)-15 (rac)-17


18


12


(rac)-20


Scheme 2. Reagents and condition: (a) TFA, Et3SiH, 83%; (b) i-PrMgCl, THF, 0 �C; (c) S8; (d) for 12: bromocyclobutane, NaBH4, NaHCO3, H2O,


THF, 36% (three steps); for (rac)-15: cyclopentane epoxide, NaBH4, NaHCO3, H2O, THF, 36% (three steps); for (rac)-16 and (rac)-17: i—2-


cyclopentenone, dil HCl(aq), THF; ii—NaBH4, MeOH, 4% and 16% (four steps); for 18: i—3-tosyloxycyclopentene, NaHCO3, H2O, THF; ii—OsO4,


NMO, THF, H2O, 7% (four steps); for (rac)-19: glycidol, NaBH4, NaHCO3, H2O, THF, 23% (three steps); for (rac)-20: mCPBA, DCM (on (rac)-17),


10% (four steps).
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In an effort to significantly reduce measured lipophilici-
ty, changes to the thioether link were made, exemplified
here for the hydroxycyclopentyl series which ultimately
provided one of the most favoured 5-substituents.
Replacing thioether 17 with sulfone 20 gave a drop in
activity and very high CYP2C9 inhibition. Replacing
the cyclopentane with the equivalent pyrrolidine to give
the sulfonamide 21 improved activity, however,

CYP2C9 inhibition was again high. The analogous
amide 22 had the lowest logD in this set, displayed good
affinity and also showed improved human hepatocyte
stability and lower CYP2C9 inhibition relative to the
sulfone and sulfonamide analogues (Table 3).


More amide analogues were also evaluated (Table 4). In
this series, the non-hydroxylated 4, 5 and 6-membered
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triethylamine, DCM, 70% (four steps); for 22–27: i—CO2, 0 �C, 75% (two steps); ii—oxalyl chloride, cat. DMF, DCM; iii—RR 0NHÆHCl,


triethylamine, DCM, 22–67% (two steps).


Table 2. Comparison of 5-substituents


Compound MCT1


binding


Ki
a (nM)


Human


Heps Clint


(lL/min/106 cells)


logD Calculated


logDb


4 0.35 43 4.1 5.7


10 6.0 nd 4.5 6.6


11 2.2 2 4.4 6.9


12 13 3 >3.5 7.0


13 3.2 4 4.2 7.5


14 6.0 4 4.1 8.1


15 2.7 11 4.2 5.8


16 0.29 26 nd 5.7


17 0.42 31 4.4 5.7


18 0.68 82 4.4 4.7


19 6.5 59 >4.5 4.7


nd, not determined.
a FB binding (Ref 5).
b Ref. 10.


Table 4. Comparison of 5-amides


Compound MCT1


binding


Ki
a(nM)


Human


Heps Clint


(lL/min/106 cells)


logD


22 4.9 17 1.7


23 9.2 18 3.5


24 5.5 27 3.8


25 8.7 nd 4.1


26 37 11 2.9


27 3.5 7 3.2


nd, not determined.
a FB binding (Ref. 5).


Table 3. Comparison of 5-linking group


Compound MCT1


binding


Ki
a (nM)


Human


Heps Clint


(lL/min/106 cells)


CYP2C9


IC50 (lM)


logD


17 0.42 31 0.2 4.4


20 12 31 0.2 3.2


21 1.1 82 0.2 3.3


22 4.9 17 1.7 2.7


a FB binding (Ref. 5).
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rings (23, 24 and 25) showed similar properties, while
the smaller dimethyl amide 26 was less active. In this
case, the logD trend was in the expected direction.
The hydroxy-substituted azetidine 27 showed potency

similar to that of the non-hydroxy derivative 23 but
was more metabolically stable, perhaps due to the alco-
hol being tertiary.


Alternative groups at both the 1- and 3-positions were
also examined but no substituents significantly better
than the original methyl and isobutyl were found (data
not shown).


Attention was then turned to the 6-substituent. In order
to prepare a range of 6-heterocyclic 5-amides, predicted
to have lower logD, the synthesis was modified to allow
incorporation of the 6-substituent at a later stage via key
intermediates 28 or 29 (Schemes 4 and 5).5


While a range of 6-heteroaryl compounds were prepared
with various different 5-amides, results are again
presented here for the (R)-5-hydroxypyrrolidine amide
series derived from 22 as this was found to be amongst
the best 5-amides and the trends described are represen-
tative of those found with other amides (Table 5). The
quinolines 30 and 31 gave good potency and stability
along with an appreciably lower logD relative to the tri-
fluoromethylphenyl derivative 22, 30 being the better
isomer with respect to CYP2C9 inhibition. 4-Isoquino-
line 32 showed very potent CYP3A4 inhibition. The
indole 33 had properties similar to those of 22 but suffered
from high inhibition of both CYP2C9 and CYP3A4. The
azaindole 34 was more stable, had much reduced CYP
inhibition and had a lower logD than the indole 33 but
was also less active. In the imidazole series, the 2-methyla-
mino benzimidazole 35 gave the best balance of proper-
ties with good potency, very good stability, low CYP
inhibition and low logD. The methyl benzimidazole 36
and methyl imidazole 37 were both less active. It is note-
worthy that the combination of an amide at the 5-posi-
tion and a heteroaryl group at the 6-position was
required in order to reduce the logD to the desired range.


In summary, novel MCT1 blockers have been discov-
ered which show potent inhibition of PMA/ionomycin-
induced human PBMC proliferation. By reducing logD,
the drug-like properties of the series were significantly
improved with respect to solubility, plasma protein
binding (ppb), human metabolic stability and CYP2C9
inhibition (cf. 3 and 30, Table 6). Good potency was
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NaOH, H2O, THF, MeOH; (c) RR 0NHÆHCl, EDCI, HOBt, DCM or PyBrOP, DIPEA, THF, 7–58%.


Table 5. 6-Substituent changes


Compound MCT1 binding Ki
a (nM) Human Heps Clint CYP2C9 IC50 CYP3A4 IC50 (lM) logD


(lL/min/106 cells) (lM)


22 1.9 17 1.7 nd 2.7


30 4.8 6 16 16 1.7


31 5.3 <3 6.0 20 2.0


32 3.9 nd 13 <0.07 1.7


33 0.79 6 1.4 1.0 2.4


34 4.7 <3 35 6.7 1.7


35 6.6 <3 11 >50 1.6


36 16 <3 2.5 >50 1.3


37 26 <3 8.7 >50 1.6


nd, not determined.
a SPA binding (Ref. 11).


Table 6. Summary of progress


Compound MCT1 binding Ki
a Human Heps Clint CYP2C9 IC50 Sol (mg/mL) logD ppb (% free)


(nM) (lL/min/106 cells) (lM)


3 0.08 58 0.50 <0.001 4.8 0.1


30 4.8 6 16 0.52 1.7 36


a SPA binding (Ref. 11).
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achieved due to the very high potency of the lead com-
pound. Unfortunately, many of the amides described
here, including 30, exist as a mixture of conformational
isomers resulting from restricted rotation about both the
amide carbon–nitrogen and the carbonyl–aryl bonds.
Further studies with these compounds, including atrop-
isomeric properties and implications, will be reported in
due course.
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(a) i—2-chloromethyliodobenzene, Cs2CO3, DMF; ii—
LDA, TsS(CH2)3OTBDMS, THF; (b) (CH3)6Sn2,
Pd(PPh3)4, toluene; (c) chloramine-T, Na125I, methanol;
(d) TBAF, THF.
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Abstract—The bradykinin 1 (B1) receptor is upregulated during times of inflammation and is important for maintaining inflamed
and chronic pain states. Blocking this receptor has been shown to reverse and/or ameliorate pain and inflammation in animal
models. In this report, we describe a new class of B1 receptor antagonists that contain the piperidine acetic acid tetralin core. A
structure–activity relationship for these analogs is described in this paper. The most potent compounds from this class have
IC50s < 20 nM in a B1 receptor functional assay. One of these compounds, 13g, shows modest oral bioavailability in rats.
� 2006 Elsevier Ltd. All rights reserved.

The kinins and their cognate receptors play a prominent
role in pain and inflammation. The bradykinin subtype
2 (B2) receptor is constitutively expressed in the central
and peripheral nervous system, vascular and tissue
endothelium, and on a number of inflammatory cells.1,2


In contrast, the bradykinin subtype 1 (B1) receptor is
only expressed at very low levels or not at all under basal
conditions, but it is rapidly upregulated following tissue
injury and during inflammation.3–5 Although the B1 and
B2 receptors have similar signaling cascades, they have
very different patterns of regulation. When the B2
receptor is activated by its ligands, bradykinin (BK) or
kallidin, it is rapidly desensitized and internalized.6


The B1 receptor, on the other hand, is thought to
maintain chronic inflammation and pain, since the
receptor is not desensitized and internalized when
activated by its ligands, des-Arg(9)-BK or des-Arg(10)-
kallidin.1 The B1 receptor, therefore, is an attractive

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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drug target since it is important for maintaining
inflammation and chronic pain states.


Several groups have demonstrated that peptide antago-
nists to the B1 receptor inhibit inflammation and pain in
animal models. In rats for example, B1 receptor peptide
antagonists reversed or prevented the development of
hyperalgesia induced by Freund’s adjuvant, UV light,7


and zymosan.8 In the mouse streptozotocin-induced
diabetic model, a B1 receptor peptide antagonist attenu-
ated thermal hyperalgesia.9 A systemically administered
B1 receptor peptide antagonist also inhibited nocicep-
tive spinal reflex 10 in hyperalgesic rabbits induced with
Freund’s adjuvant. More recently, in a carrageenan-
induced hyperalgesia model, a subcutaneous injection
of a B1 peptide antagonist (des-Arg10-[Leu9]-kallidin)
reversed mechanical hyperalgesia.11


In the past few years, non-peptide, small molecule
antagonists to the B1 receptor have appeared in the lit-
erature. Compounds from these reports inhibited noci-
ceptive spinal reflex in rabbits,12 hyperalgesia in mice,13


and prevented neuropathic pain in rats.14 This last study
used a compound named SSR-240612 (Sanofi), which is
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reported to be in Phase I clinical trials for the treatment
of chronic pain.


Given the evidence supporting the involvement of B1 in
inflammation and pain, we launched an effort to identify
orally available non-peptide B1 antagonists. In this re-
port, we describe the discovery and SAR of a new class
of non-peptide antagonists exemplified by compound 2.


A pharmacophore found on many non-peptide B1
receptor antagonists contains an aryl sulfonamide, a
linker group, and a basic group.15 A compound identi-
fied early in our research program has a similar motif
(see Fig. 1). Compound 1 contains a naphthyl sulfon-
amide attached to a b-phenylalanine (linker group) that
is appended to a benzyl amine (basic group). This com-
pound had an IC50 = 4.8 lM in our human B1 function-
al assay (calcium influx). To improve the potency of this
compound, we added conformational constraints to the
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Figure 1. Design of a conformationally constrained analog.
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65 �C (65%); (d) 5 mol% (R)-methyl CBS reagent, 1.2 equiv BH3ÆDMS, tolue


2.1 equiv LiAlH4, THF (73%); (g) HOBT, EDC, DMF; (h) MnO2, THF;


CH2Cl2.

structure hoping to bias a bioactive conformation. To
that end, we replaced the b-phenylalanine with a piper-
idine-2-acetic acid group and the benzyl amine group
with a tetralin ring system, which resulted in a com-
pound with two less rotatable bonds. Besides adding
conformational constraints, we removed two of the
phenyl rings and alkylated the terminal amine. The re-
sult was compound 2, which was threefold more potent
(IC50 = 1.5 lM) than compound 1. Encouraged by these
results, we prepared additional analogs in this series,
which we describe in this publication.16


A synthetic approach that provided analogs of 2 is out-
lined in Scheme 1. The tetralin portion was constructed
from commercially available 6-methoxy tetralone (3).
Demethylation of 3 using HBr provided phenol 4, which
was converted to the corresponding triflate 5. Carbonyl-
ation of 5 with carbon monoxide in the presence of meth-
anol gave methyl ester 6. CBS reduction17 of 6 gave the
S-alcohol 7 in >99% ee. Treating alcohol 7 with diphe-
nylphosphoryl azide and diazobicycloundecene gave
the R-azide 8 with inversion.18 Exhaustive reduction of
8 with LiAlH4 gave the amino alcohol 9. This product
was coupled with the commercially available Boc-pro-
tected R-piperidine acetic acid (10) to give 11. Benzylic
oxidation of 11 with manganese dioxide followed by
reductive amination gave compound 12. Deprotection
of 12 gave an intermediate that was sulfonylated in the
last step to give an arylsulfonamide. Compounds 13a–q
all have the tert-butyl amine on the tetralin, but the aryl-
sulfonamide group is varied. Compounds 14a–j hold
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constant the meta-trifluoromethylphenylsulfonamide
while the amine groups are varied.


Our first step was to explore the structure–activity rela-
tionship (SAR) of the aryl group on the sulfonamide
(see Table 1).19 Analogs were prepared that contained
substituents at the 4-position of the aryl ring (13a–f).
The most potent compound in this set contained the
4-methyl group, compound 13a (IC50 = 130 nM). Ana-
logs with larger groups at the 4-position were tolerated,
but none were as potent as 13a (see analogs 13b–d).
Compounds with smaller groups at the 4-position had
even higher IC50s. The 4-chloro analog, 13e, was sixfold
less potent than 13a, which suggests that potency was
more affected by electronics than by size since the methyl
group and chloro group have similar van der Waals
radii. Even the analog with the 4-methoxy group, 13f,
was 10-fold less potent than 13a, which was surprising
since the 4-butoxy analog, 13d, was only fivefold less
potent than 13a.


Exploring substitutions on the 3-position we found that
the 3-chloro analog, 13h, had an IC50 = 73 nM, and the
3-trifluoromethyl analog, 13g, had an IC50 = 13 nM,
which was more than 180-fold more potent than com-
pound 2. To see if potency could be improved by adding
the 4-methyl group to these two analogs, we prepared
compounds 13i and 13k. No improvement in potency
was seen for the 3-trifluoromethyl-4-methyl analog,
compound 13k (IC50 = 16 nM vs 13 nM for 13a). How-
ever, the 3-chloro-4-methyl analog, 13i, was threefold
more potent (IC50 = 22 nM) than the 3-chloro analog
13h.

Table 1.


N
S


O
O H


N


O


N
H


X


Compound X hB1 binding


IC50
a (nM)


hB1 functional


IC50
a (nM)


2 H 1700 ± 220 2400 ± 1200


13a 4-Me 93 ± 27 130 ± 50


13b 4-CF2CF3 360 ± 30 210 ± 30


13c 4-Ph 690 ± 80b 540 ± 140c


13d 4-O(CH2)3CH3 1200 ± 260b 590 ± 70


13e 4-Cl 560 ± 70 810 ± 150


13f 4-OMe 780 ± 170b 1400 ± 300b


13g 3-CF3 23 ± 8b 13 ± 8b


13h 3-Cl 120 ± 30 73 ± 10


13i 3-Cl, 4-Me 15 ± 5b 22 ± 9b


13k 3-CF3, 4-Me 11 ± 3 16 ± 7


a Values reported represent an average of two determinations for each


compound unless otherwise noted.
b n = 4.
c n = 3.

We also replaced the aryl ring with a set of heteroaryl
compounds (see Table 2). The benzothiophene analog,
13m, was the most potent compound in this set with an
IC50 = 66 nM, while the benzthiadiazole analog, 13n,
was threefold less potent than 13m. The potency of the
quinoline and isoquinoline analogs, 13o and 13p, was
affected by the position of nitrogen. The quinoline analog
had an IC50 = 440 nM. However, the isoquinoline analog,
13p, which differs from 13o only by a small change in the
position of the ring nitrogen, was 10-fold less potent than
13o. The N-methylimidazole analog, 13q, had significant-
ly reduced activity (IC50 > 40 lM).


We then explored alternatives to the NH-tert-butyl
group on 13g by preparing a group of analogs with var-
ious other amines on the tetralin ring (see Table 3). Ana-
logs containing branched alkyl groups were 3- to 18-fold
less potent than 13g (see compounds 14a–c). Com-
pounds that either had an amine with an electron-with-
drawing or an electron-donating group were also
prepared. The trifluoroethyl analog, 14d, was 54-fold
less potent than 13g, but the methoxyethyl analog,
14e, was only fourfold less potent than 13g. Compounds
containing amines with small cycloalkyl groups
(14f–14h) all had similar potencies (IC50 = 30–50 nM).

N
H


Compound Ar hB1 binding


IC50
a (nM)


hB1 functional


IC50
a (nM)


13m


S


14 ± 1 66 ± 8


13n


N
S


N 150 ± 20 180 ± 70b


13o
N


220 ± 50 440 ± 250c


13p


N


610 ± 130 4300 ± 110


13q
N


N
>100,000 >40,000


a Values reported represent an average of two determinations for each


compound unless otherwise noted.
b n = 4.
c n = 3.







Table 3.
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O H
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F3C


Compound R hB1 binding


IC50
a (nM)


hB1 functional


IC50
a (nM)


13g NH-tert-butyl 23 ± 8b 13 ± 8b


14a NH-iso-propyl 72 ± 1 110 ± 30


14b NHCH2-tert-Butyl 59 ± 12 230 ± 70


14c NH-iso-butyl 13 ± 2b 42 ± 18b


14d NH–CH2CF3 1900 ± 1500c 700 ± 480d


14e NH–CH2CH2OCH3 21 ± 5b 46 ± 12


14f NH–CH2-cyclo-propyl 16 ± 1 31 ± 5


14g NH-cyclo-propyl 48 ± 2 47 ± 18


14h NH-cyclo-butyl 58 ± 14 54 ± 4


14i N(CH3)2 62 ± 13 160 ± 43


14j Azetidine 1100 ± 230 4300 ± 340


a Values reported represent an average of two determinations for each


compound unless otherwise noted.
b n = 4.
c n = 32.
d n = 188.


Table 4.


N
H
N


O X


N
H


S
O
OF3C


( )n


Compound n X hB1 binding


IC50
a (nM)


hB1 functional


IC50
a (nM)


13g 2 CH2 23 ± 8 13 ± 8


15a 2 O 160 ± 30c 95 ± 40


15b 1 O 1500 ± 10b 960 ± 90


a Values reported represent an average of four determinations for each


compound unless otherwise noted.
b n = 2.
c n = 6.


Table 5. In vitro potency and rat pharmacokinetics of compounds


13g21


hB1


binding


IC50 (nM)


hB1


functional


IC50 (nM)


t1/2
a


(h)


Cla


(mL h�1 kg�1)


Vssa


(mL kg�1)


Oral


%Fb


23 ± 8 13 ± 8 2 2200 5400 19%


a Dosed iv (1 mg kg�1) in DMSO.
b Dosed po (10 mg kg�1) in 2% HPMC/1% Tween 80 in water.
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Finally, two analogs containing smaller tertiary amines
were tested. Dimethylamine derivative, 14i, was 12-fold
less potent than 13g, and the analog with the azetidine
group, 14j, was 330-fold less potent than 13g.


Derivatives containing alternatives to the piperidine and
tetralin were also investigated (see Table 4). Replacing
the tetralin ring on 13g with a chroman ring20 gave com-

pound 15a. This single modification from a methylene to
an oxygen in the right-hand ring system resulted in a
compound that was ca. sevenfold less potent than 13g.
Contracting the ring size from a piperidine to pyrroli-
dine ring resulted in compound 15b, which was 10-fold
less potent than 15a.


In summary, we have prepared several compounds with
low-nanomolar IC50s in the human B1 receptor func-
tional assay. In addition, all compounds were selective
for the B1 receptor since the human B2 receptor IC50s
were all >20,000 nM. In this series of compounds, a
bulky electron-withdrawing group on the 3-position on
the arylsulfonamide is preferred. Small alkyl and halo
groups are tolerated at the 4-position, but larger groups
are less potent. On the amine portion of this series, the
groups preferred were secondary amines with branched
alkyl groups. Less preferred were those amines with
three carbons or fewer. Changes to the tetralin also
resulted in less potent compounds.


Finally, we examined the pharmacokinetics of 13g in
rats (see Table 5) to determine how this compound
might perform in vivo. This compound had a half-life
of 2 h and oral bioavailability of 19%. The large volume
of distribution (>5 L kg�1) suggests that the compound
may reach the peripheral tissue where the B1 receptor
would be expressed during times of inflammation. Our
efforts to modify this compound to improve the potency
and pharmacokinetic profile will be reported in future
publications.
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Abstract—A series of 2-amino-9-aryl-7H-pyrrolo[2,3-d]pyrimidines were designed and synthesized to target focal adhesion kinase
(FAK). A number of these pyrrolopyrimides exhibited low micromolar inhibitory activities against focal adhesion kinase, and their
preliminary SAR was established via systematic chemical modifications. The 2-amino-9-aryl-7H-pyrrolo[2,3-d]pyrimidines represent
a new class of kinase inhibitors.
� 2006 Elsevier Ltd. All rights reserved.
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Focal adhesions are found at the cell membrane where
the cytoskeleton interacts with the proteins of the extra-
cellular matrix. The clustering of integrins at these sites
attracts a large complex of proteins which regulate pro-
cesses such as anchorage-dependent proliferation and
cell migration. Signal transduction mediated by interac-
tions between cells and the extracellular matrix (ECM)
at focal adhesions is an important determinant of cell
fate. Focal adhesion kinase (FAK) was first discovered
in 1992 and was implicated in integrin signaling.1–3 It
is a 125 kDa protein tyrosine kinase recruited at an early
stage to focal adhesions and is phosphorylated in
response to cell attachment and mediates focal adhesion
formation.4,5 FAK is known to promote cellular move-
ment and survival. In a variety of human epithelial and
mesenchymal tumors, such as melanoma, lymphoma,
and multiple myeloma, FAK is highly active. Moreover,
increased FAK expression correlates with increased
invasiveness and increased ability of cancer to metasta-
size. Inhibition of FAK signaling in vitro induces cell
growth arrest, reduces motility, and in certain contexts
causes cell death in cancer cell lines.6–12
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In the mouse xenograft studies using human melanoma
cells, antisense oligonucleotides against FAK inhibited
the growth of the primary tumor and virtually eliminat-
ed metastases with few adverse effects to normal tis-
sues.13,14 These observations suggest that FAK
represents a promising therapeutic opportunity for both
the treatment of primary disease and the prevention of
metastatic disease.


While much of research has been performed to elucidate
the biological roles of FAK, the only documented FAK
inhibitors are described by AstraZeneca and a represen-
tative structure is shown in Figure 1 (1a).15


Despite screening historical kinase-directed medicinal
chemical libraries of inhibitors, we were unable to dis-
cover interesting starting points for lead optimization.
To circumvent this problem, we employed a rational
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Table 1. Inhibitory activities of pyrrolo[2,3-d]pyrimidines21


Compound IC50 (lM) Compound IC50 (lM)


1a 0.1 7aa 0.3


7a >10 7ab >10


7b >10 7ac >10


7c >10 7ad 0.6


7d >10 9a 7.9


7e 0.5 9b >10


7f 0.9 9c 7.5


7g >10 10a 0.2


7h 0.7 10b 0.1


7i 1.0 10c 9.0


7j 1.2 10d >10


7k 0.7 10e 0.5


7l 1.5 10f 0.8


7m 7.0 10g 0.5


7n 0.7 10h 0.3


7o 0.6 10i >10


7p 2.0 10j 0.8


7q >10 10k 0.8


7r >10 10l >10


7s >10 15 >10


7t >10 16 0.2


7u 3.0 18 >10


7v >10 19 0.1


7w >10 23 >10


7x 0.4 24 0.2


7y 0.2 25 0.2


7z 8.0 26 >10


2174 H.-S. Choi et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2173–2176

design approach where we introduced a five-membered
ring to bridge the pyrimidine 4 and 5 positions (Fig. 1)
to yield the pyrrolopyrimidine 1b. Although pyrrolopyr-
imidines have been reported as kinase inhibitors,16


2-amino-9-arylpyrrolopyrimidines have not been docu-
mented previously. The route used to prepare pyrrolo-
pyrimidine analogs is shown in Scheme 1. Starting
from commercially available 5-bromo-2,4-dichloro-
pyrimidine (2), the chlorine at the 5 position was regio-
selectively displaced by an amino group in excellent
yield. Palladium-catalyzed cross coupling of the result-
ing pyrimidine intermediate with vinyl stannane gave
the corresponding vinyl ether 4, which was cyclized to
furnish pyrrolopyrimidine intermediate 5 upon treat-
ment with hydrochloric acid.17 The 2-pyridyl moiety
was first introduced at the 9-position via copper-medi-
ated coupling,18 followed by the displacement of the
remaining chlorine with various amines to provide the
targeted pyrrolopyrimidines (7a–7ad). While many of
these analogs did not show significant inhibitory
activities against FAK in a biochemical time-resolved
fluorescence assay, several compounds exhibited submi-
cromolar IC50s (Table 1, 7e, 7h, 7n, 7o, 7x, 7y, 7aa, and
7ad). This was very encouraging as they could serve as
starting points for optimization. The preliminary data
suggested that a phenyl moiety as R2 is preferred for
inhibitory activity (Scheme 1 and Table 1).


We next examined the effect of different substitutions at
the 9-position. The synthesis of these analogs is shown
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Scheme 1. Synthesis of pyrrolopyrimidines 7a–7ad. Reagents and


conditions: (a) NH3 (l), THF, 25 �C, 15 h, 94%; (b) EtOCHCHSnBu3


(1.2 equiv), Pd(PPh3)4 (0.05 equiv), toluene, 110 �C, 16 h, 58%; (c) HCl


(3.0 N), iPrOH, reflux, 2 h, 96%; (d) 2-bromopyridine (1.5 equiv), 1,4-


dioxane, CuI (0.1 equiv), K3PO4 (20 equiv), trans-1,2-diaminocyclo-


hexane (0.1 equiv), 90 �C, 4 h, 89%; (e) R1R2NH (2.0 equiv), KOtBu,


THF, reflux, 7 h, 30–65%.

in Scheme 2. Vinyl ether 4 was converted into aniline-
substituted pyrrolopyrimidine 8 in one pot in the pres-
ence of hydrochloric acid. Pyridine analogs (9a–9c) with
1, 2 or 3 methylene linkers were prepared from 8 via a
Mitsunobu reaction. All three analogs showed weak or
no activity. These data suggest that the distance of the
pyridine moiety from the pyrrolopyrimidine is impor-
tant for favorable interactions with the enzyme. To fur-
ther probe this region, different aryl moieties could be
introduced via copper-mediated coupling to give 10a–
10l in moderate to good yields.18 Among these com-
pounds, the simple 2- and 3-pyridyl analogs (10a and
10b) possessed IC50 of 0.2 and 0.1 lM against FAK,
respectively. As the 4-pyridyl analog 10c, exhibited sig-
nificantly diminished activities (9.0 lM), it suggested
that the position of pyridine nitrogen plays an important
role via either hydrogen bonding or electrostatic interac-
tions. Several electron-donating or -withdrawing substi-
tutions were introduced to the 3-pyridyl ring (10f–10h)
to probe the electronic preference of the 9-position.
The conclusion was that while all substitutions reduced
activity, an electron-donating group (10h) is favored
over an electron-withdrawing group (10f). Heterocycle
substitutions lead to variable results, thiophene (10d)
lost activity, while thiazole (10e) retained activity. The
activity of thiazole (10e) provided further evidence for
the importance of a basic nitrogen in this region of the
inhibitor. Two regioisomeric pyrimidine analogs were
also prepared. While 10i completely lost the activity,
its isomer 10j still showed submicromolar activities,
which again suggests the importance of the position of
the nitrogen atom in this region.
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With the preliminary SAR information on the substitu-
tions in hand, we decided to explore the importance of
pyrrole moiety on the interaction with the enzyme.
The first two analogs designed to address this question
are 18 and 19 and their synthesis is shown in Scheme
3. Condensation of succinic acid diethyl ester with ethyl
formate led to aldehyde intermediate 12, which was
reacted with trimethoxyguanidine 13 to furnish the tri-
substituted pyrimidine 14 in moderate yield. The hydro-
xy group was then converted into chlorine in excellent
yield using phosphorus oxychloride. Palladium-cata-
lyzed coupling of the resulting pyrimidine chloride with
2-aminopyridine led to 2,4-diaminopyrimidine 16 in
good yield.19 Compound 16 could also be prepared in
one step from 1a through reaction with stannane acetate
under the Negishi–Reformatsky coupling conditions.20


Sponification of the ethyl ester followed by the lactam
formation using thionyl chloride gave the target mole-
cule 18. Compound 19 was prepared from 16 in two
steps: (1) reduction of the ester by LAH to the corre-
sponding alcohol and (2) Mitsunobu cyclization. Com-
pound 19 could also be synthesized in excellent yield
from 10a by palladium-catalyzed hydrogenation. Enzy-
matic assay against FAK demonstrated that 18 was
inactive, while 19 still retained similar biological activity.
These data suggest that the electronics on the pyrroli-
dine nitrogen or the conformation of the pyrrolidine,
and possibly sterics in this region, is crucial for the activ-
ity. The electron-withdrawing 8-carbonyl is detrimental
to the interaction with the enzyme.


Several additional analogs (23–26) were synthesized to
further explore the SAR in this region (Scheme 4). Selec-
tive displacement of 5-bromo-2,4-dichloro-pyrimidine
(2) with 2-aminopyridine gave 20 in moderate yield.

Additional displacement of the remaining chlorine in
20 with trimethoxyaniline led to diaminopyrimidine 1a
in good yield.15 Heck coupling of 1a with ethyl acrylate
gave the corresponding olefin intermediate 21. Hydroge-
nation of the double bond followed by the treatment of
the resulting ester led to the lactam target 23. Partial
reduction of the lactam with DIBAL-H furnished the
corresponding pyrimidinol 24. The ester moiety in 22
can be completely reduced using LAH. Cyclization of
the resulting alcohol under the Mitsunobu conditions
gave 25 in moderate yield. Target 26 was obtained by
directly treating ester 21 with sodium ethoxide. Consis-
tent with the loss of FAK activity for 8-keto compound
18, neither 23 nor 26 exhibited significant FAK inhibito-
ry activity. As had been observed for the saturated pyr-
rolidinyl analog 19, the corresponding fused piperidinyl
analog 24 also exhibited an IC50 of 0.2 lM.


In summary, we have discovered that 2-amino-9-aryl-
7H-pyrrolo[2,3-d]pyrimidines can be elaborated into
moderately potent FAK inhibitors based on rational de-
sign. Efficient and flexible chemistries have been devel-
oped to synthesize pyrrolopyrimidine analogs with
various substitutions at the 2 and 9 positions. These com-
pounds are different from the previously reported pyrrol-
opyrimidines-based kinase inhibitors, which possess
characteristic 3,8, or 3,9 disubstitutions. Thus, 2-ami-
no-9-aryl-7H-pyrrolo[2,3-d]pyrimidines represent a new
class of kinase inhibitors. Preliminary SAR studies sug-
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gested that a combination of an electron-rich arylamino
group at the 2-position and pyridinyl group at the 9-po-
sition resulted in moderately potent FAK inhibitors
(7aa, 10a, 10b, 10h, 19, 24 and 25). It appears that the
correct positioning of the substituents at the 9-N and
the electronics on the N are important for the inhibitory
activities against FAK, and the oxo-analogs (18 and 26)
exhibited significantly reduced activities. Interestingly,
the aromaticity of the pyrrole moiety does not have big
impact on the activity (10a, 10b vs 19, 24, and 25).
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Abstract—Fifteen novel (E)-a-(methoxyimino)-benzeneacetate derivatives, the analogues of strobilurins, which contain two
pharmacophoric substructures of (E)-methyl methoxyiminoacetate moiety and 1,3,4-oxadiazole ring were stereoselectively synthe-
sized. It was first found that the coupling reaction could give stereoselectively the key intermediate (E) and (Z)-methyl 2-(hydroxy-
imino)-2-o-tolylacetate 2 with a ratio of 14:1. The preliminary bioassays indicated that all the compounds 1 showed potent
fungicidal activity against Rhizoctonia solani, Botrytis cinereapers, Gibberella zeae, Physalospora piricola and Bipolaris mayclis,
and all of the tested compounds 1a–1o had more potent fungicidal activities against R. solani than Kresoxim-methyl.
� 2006 Elsevier Ltd. All rights reserved.

Strobilurins have been an important class of agricultural
fungicides such as Kresoxim-methyl and Trifloxystrob-
in.1,2 These compounds exhibit strong fungicidal activity
against various fungi by binding to electron transfer at
the ubiquinol-oxidation centre (Qo-site) of the bc1-en-
zyme complex (complex III).1–3 These well-known stro-
bilurins have an (E)-methyl methoxyiminoacetate
moiety as a common pharmacophoric substructure,
isosteric with (E)-methyl b-methoxyacrylate group and
these (E)-configured compounds have been shown to
exhibit biological activity higher than that of the corre-
sponding (Z)-stereoisomers.1 The methods used for the
synthesis of strobilurin fungicides include the lactone
ring opening of phthalide,1 the Pinner reaction of acy-
lcyanides4,5 and the coupling reactions assisted by orga-
nometallic reagents.6 Although the required (E)-isomer
generally predominates, all these approaches tend to
produce mixtures of stereoisomers. On the other hand,
1,3,4-oxadiazole ring derivatives also exhibit a broad
spectrum of biological activities such as fungicidal,7,8


antimicrobial and antibacterial activities,9 and 1,3,4-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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oxadiazole ring is a major pharmacophoric substruc-
ture. In view of these facts, we will have developed a
new and efficient method for stereoselective synthesis
of methyl (E)-a-(methoxyimino)-benzeneacetate and
synthesized some novel analogues of strobilurins which
contain both (E)-methyl methoxyiminoacetate and
1,3,4-oxadiazole ring moieties, methyl (E)-a-(methoxyi-
mino)-2-[(5-aryl-1,3,4-oxadiazole-2-mercapto)-methyl]-
benzeneacetates 1, in order to obtain better fungicidal
activities.


According to retro-synthetic analyses and the litera-
ture,2,6 both methyl 2-oxo-2-arylacetate and methyl 2-
hydroxyimino-2-arylacetate 2 are the key intermediates
of the analogues of strobilurins. Our initial goal was
to develop a new method for synthesis of methyl 2-
oxo-2-arylacetate in which the commercially available
and cheap arylamines and glyoxylic acid were used as
starting material based on previous literature.10,11 In
our work, we first found that the coupling reaction
between aryldiazonium salt derived from 2-methylani-
line and methyl 2-(hydroxyimino)-acetate gave stereose-
lectively oxime 2 in 44% yield.12 The E/Z ratio
determined in the crude mixture by 1H NMR spectros-
copy was ca. 14:1. After further column chromatogra-
phy purification, the purity of E-2 could exceed 99% in
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41% yield. The compound E-2 was methylated by sodi-
um hydride-dimethyl sulfate in 91% yield and succes-
sively brominated with NBS to afford oxime ether 4 in
81% yield.


The designed compounds were synthesized according to
Scheme 1.The starting hydrazide 5 was obtained by pro-
longed heating of benzoic acid ethyl ester with hydrazine
hydrate in methanol. Hydrazide 5 was reacted with car-
bon disulfide and potassium hydroxide, in ethanol,
followed by acidification to yield 5-aryl-2-mercapto-
1,3,4-oxadiazoles 6a–6o (56–89%).13 The targeted prod-
ucts 1a–1o were synthesized by reaction of oxime ether
5 with different oxadiazoles 6a–6o in the presence of
NaOCH3 in dry DMF (49–85%). The structures of
1a–1o were confirmed by element analyses, IR, 1H
NMR, 13C NMR and EI-MS spectral data.14 The (E)-con-

Scheme 1. Stereoselective synthesis of (E)-a-(methoxyimino)-benzeneacetate derivatives 1. Reagents and conditions: (a) MeO2C–CH@NOH,


CuSO4–Na2SO3, pH 6–7; (b) NaH, Me2SO4; (c) NBS, CCl4, reflux; (d) NH2NH2ÆH2O, reflux 6 h; (e) CS2, KOH, reflux 8 h; (f) CH3ONa /DMF,


overnight.


able 1. Fungicidal activities of (E)-a-(methoxyimino)-benzeneacetate derivatives 1a–1o (50 lg/ml, inhibition %)


Compound R Inhibition %


Rhizoctonia solani Botrytis cinereapers Gibberella zeae Physalospora piricola Bipolaris mayclis


1a H 92.4 97.6 79.4 94.9 88.0


1b 4-MeO 91.8 94.2 85.7 93.8 92.5


1c 4-C6H5-CH2O 98.0 90.6 89.2 96.9 95.0


1d 3-Cl 94.4 85.4 96.9 92.6 90.9


1e 2,3-Cl2 91.6 83.3 84.3 96.7 84.0


1f 2,4-Cl2 92.6 98.8 74.3 88.9 85.7


1g 2,5-Cl2 97.0 88.5 90.6 100 82.7


1h 2,4-Cl2-5-F 97.8 98.8 88.6 100 81.6


1i 2-F 92.6 97.6 98.0 100 92.3


1j 4-F 97.9 100 98.6 100 91.7


1k 2-F-4-Br 97.9 100 85.7 100 92.9


1l 2,3-F2 100 100 98.6 100 96.4


1m 4-CF3 95.6 84.6 93.8 100 81.8


1n 2-I 90.2 96.2 98.4 96.3 86.4


1o 4-NO2 85.9 88.5 92.5 96.3 86.4


Kresoxim-methyl 66.1 97.2 96.8 98.5 90.6

T


figurations of compounds 1 were assigned on the basis of
their 2D-NOESY spectra of 1H NMR, and the 2D-
NOESY experiments all showed the absence of the
cross-peak between the resonance of the NOCH3 pro-
tons and that of 6-ArH.


The fungicidal activities of the title compounds 1 were
tested at a concentration of 50 lg/ml by the modified
method from the literature.15 The five fungi used, Rhi-
zoctonia solani, Botrytis cinereapers, Gibberella zeae,
Physalospora piricola and Bipolaris mayclis, belong to
the group of field fungi and were isolated from corre-
sponding crops. The results of preliminary bioassays
were compared with that of commercial agricultural
fungicide, Kresoxim-methyl. As indicated in Table 1,
all the compounds 1a–1o showed potent fungicidal
activities against all of the fungi tested, and the fluori-
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nated compounds such as 1j and 1l showed activity high-
er than that of Kresoxim-methyl. In particular, all of the
tested compounds 1a–1o had more potent fungicidal
activities against R. solani than Kresoxim-methyl. These
results also demonstrated that the introduction of 1,3,4-
oxadiazole rings to the strobilurin fungicides might im-
prove their fungicidal activities.


In conclusion, 15 novel (E)-a-(methoxyimino)-benze-
neacetate derivatives were stereoselectively synthesized,
and their activities were tested. All of the tested com-
pounds showed potent fungicidal activity against all of
the fungi tested, especially it was found that compounds
1a–1o had higher fungicidal activities against R. solani
than Kresoxim-methyl.
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(70 eV) m/z (%): 413 (M+, 6.5), 382 (M�CH3O+, 18.2), 367
(M�HCOOCH3


+), 206 (M�HetS+, 76.4), 131 (43.4),116
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5-ArH), 7.41 (t, J = 7.2 Hz, 1H, 4-ArH), 7.61 (d, 2H,
J = 7.2 Hz, 3-ArH); 7.91 (d, J = 7.2 Hz, 2H, 2 0 and 6 0-
ArH). 13C NMR (150 MHz, CDCl3) d = 35.0, 53.4, 64.2,
70.6, 115.5, 127.7, 128.3, 128.5, 128.7, 128.9, 130.1, 130.5,
130.7, 134.4, 136.4, 149.2, 161.6, 163.4, 163.5, 166.0. MS
(70 eV) m/z (%): 490 (M+, 15.8), 489 (M+, 13.0), 443 (62.0),
206 (M�HetS+, 99.7), 146 (50.7), 131 (98.1), 116
(NCC6H4CH2


+, 100), 89 (97.9), 59 (48.3). Anal. Calcd
for C26H23N3O5S: C, 63.79; H, 4.74; N, 8.58. Found: C,
63.82; H, 4.71; N, 8.64.
Compound 1d: 78%, mp 126.2–126.7 �C. IR (KBr) m: 3055,
2965, 1725, 1601, 1065, 1017 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.91 (s, 3H, COOMe), 4.09 (s, 3H, N–OCH3),
4.41 (s, 2H, –SCH2), 7.19 (d, J = 7.2 Hz, 1H, 6-ArH), 7.39
(t, 1H, 5-ArH), 7.41 (d, 1H,J = 6.6 Hz, 3-ArH), 7.43 (t,
1H, J = 6.9 Hz, 4-ArH), 7.49 (t, 1H, J = 7.2 Hz, 5 0-ArH),
7.63 (d, 1H, J = 7.2 Hz, 40-ArH), 7.95 (s, 1H, 2 0-ArH). 13C
NMR (150 MHz, CDCl3) d = 35.2, 53.7, 64.4, 125.2,
125.6, 127.1, 128.6, 129.2, 130.7, 130.9, 131.0, 132.1,
134.1, 135.6, 149.5, 163.7, 164.9, 165.1. MS (70 eV) m/z
(%): 418 (M+, 2.4), 389 (13.7), 387 (M�CH3O+, 40.7), 373
(35.7), 371(100), 206 (M�HetS+, 69.1), 146 (20.6),
139(27.3), 116 (N„CC6H4CH2


+, 20.0). Anal. Calcd for
C19H16ClN3O4S: C,54.61; H, 3.86; N, 8.23. Found: C,
54.65; H, 3.82; N, 8.27.
Compound 1e: 80%, mp 123.2–124.3 �C. IR (KBr) m: 3040,
2973, 1727, 1601, 1067, 1015 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.91 (s, 3H, COOMe), 4.10 (s, 3H, N-OCH3),
4.42 (s, 2H, -CH2-), 7.19 (d, J = 7.2 Hz, 1H, 6-ArH), 7.33
(t, 1H, 5-ArH), 7.38 (d, 1H, 3-ArH), 7.38–7.42 (m, 3H,
4 0,4 and 50-ArH), 7.68 (dd, 1H, J = 7.8 and 1.8 Hz, 4 0-
ArH), 7.89 (d,J = 7.8 Hz, 1H, 6 0-ArH). 13C NMR
(150 MHz, CDCl3) d = 35.2, 53.7, 64.4, 125.4, 128.1,
128.6, 129.1, 129.7, 130.3, 130.7, 130.9, 131.9, 133.6,
134.3, 135.5, 149.5, 163.7 (N@C–S), 164.1, 165.5
(COOMe). MS (70 eV) m/z (%): 452 (M+, 5.2), 422
(11.8), 420 (M�MeOH+, 14.2), 407 (83.5), 405
(M�COOMe+, 100), 205 (15.4), 206 (M�HetS+, 9.6),
173 (diClC6H3C„O+, 18.3), 116 (N„CC6H4CH2


+, 21.1),
89 (9.8), 59 (10.9). Anal. Calcd for C19H15Cl2N3O4S: C,
50.45; H, 3.34; N, 9.29. Found: C, 50.48; H, 3.43; N, 9.17.
Compound 1f: 75%, mp 108.7–109.5 �C, IR (KBr) m: 3065,
2982, 1726, 1599, 1060, 1010 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.91 (s, 3H, COOMe), 4.09 (s, 3H, N–OCH3),
4.42 (s, 2H, SH2–), 7.19 (d, J = 7.2 Hz, 1H, 6-ArH), 7.37–
7.43 (m, 3H, 50, 4 and 5-ArH), 7.56 (s, 1H, 3 0-ArH), 7.64
(d, 1H, J = 7.2 Hz, 60-ArH), 7.87 (d, 1H, J = 8.4 Hz, 2 0-
ArH). 13C NMR (150 MHz, CDCl3) d = 35.2, 53.7, 64.4,
121.8, 128.1, 128.5, 129.1, 130.3, 130.7, 130.9, 131.6, 131.9,
134.2, 134.3, 138.4, 149.47, 163.7, 163.8, 165.3. MS (70 eV)
m/z (%): 454 (M+2+, 2.2), 452 (M+, 3.8), 407 (17.2), 405
(23.6), 389 (13.7), 206 (M�HetS+, 100), 175 (23.5), 173
(diClC6H3C„O+, 27.6), 146 (50.2), 131 (60.8), 116
(N„CC6H4CH2


+, 65.1), 89 (11.3), 59 (25.1). Anal. Calcd
for C19H15Cl2N3O4S: C, 50.45; H, 3.34; N, 9.29. Found:
C, 50.49; H, 3.28; N, 9.31.
Compound 1g: 84%, mp 106.7–107.8 �C. IR (KBr) m:3040,
2952, 1727, 1600, 1067, 1017 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.89 (s, 3H, COOMe), 4.10 (s, 3H, N–OCH3),
4.42 (s, 2H, –CH2–), 7.19 (d, J = 7.2 Hz and 1.2 Hz, 1H, 6-
ArH), 7.65 (d, J = 7.2 Hz, 1H, 3-ArH), 7.38–7.40 (m, 2H,
4 0 and 5 0-ArH), 7.42–7.47 (m, 3H, 4 and 5-ArH) 7.91 (d,
1H, J = 2.4 Hz, 6 0-ArH). 13C NMR (150 MHz, CDCl3)
d = 35.21 (NCH3), 36.17 (SCH2), 53.71 (COOCH3), 64.43
(NOCH3), 124.5, 128.6, 129.2, 130.4, 130.7, 130.9, 140.0,
131.7, 132.9, 133.6, 134.3, 149.5 (Ar-C@N), 163.5 (N@C–
S), 163.7 (Ar 0-C@N), 165.5 (COOMe). MS (70 eV) m/z
(%): 452 (M+, 3.8), 422 (11.2), 420 (M�CH3O+, 14.8), 407
(86.0), 405 (100), 206 (M�HetS+, 63.5), 205 (94.5), 176

(30.3), 173 (39.5), 147 (35.5), 116 (N„CC6H4CH2
+, 42.5),


89 (17.1), 59 (16.7). Anal. Calcd for C19H15Cl2N3O4S: C,
50.45; H, 3.34; N, 9.29. Found: C, 50.39; H, 3.40; N, 9.33.
Compound 1h: 77%, mp 101.5–102.4 �C, IR (KBr) m: 3043,
2957, 1725, 1601, 1067, 1016 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.92 (s, 3H, COOMe), 4.09 (s, 3H, N–OCH3),
4.32 (s, 2H, SCH2), 7.19 (d, J = 7.2 Hz, 1H, 6-ArH), 7.34
(t, J = 7.8 Hz, 1H, 4-ArH), 7.40 (t, J = 8.1 Hz, 1H, 5-
ArH), 7.61 (d, J = 6.6 Hz, 1H, 3 0-ArH), 7.64 (d, 1H, 3-
ArH), 7.75 (d, J = 7.2 Hz, 1H, 5 0-ArH). 13C NMR
(150 MHz, CDCl3) d = 35.3, 53.7, 64.4, 118.4, 118.6,
125.9, 129.2, 130.4, 130.7, 131.0, 131.2, 132.1, 132.7,
133.0, 134.3, 149.5, 157.6, 163.7, 165.7. MS (70 eV) m/z
(%): 470 (M+1+, 1.7), 449 (9.5), 438 (M�MeO+, 12.4), 425
(83.7), 423 (100), 407 (32.1), 405 (38.5), 206 (M�HetS+,
11.5), 193 (13.9), 191 (diClFC6H3C„O+, 22.7), 146 (10.8),
131 (4.0), 116 (NCC6H4CH2


+, 26.9), 89 (13.3), 59 (15.6).
Anal. Calcd for C19H14Cl2FN3O4S: C, 48.52; H, 3.00; N,
8.93. Found: C, 48.56; H, 3.06; N, 8.86.
Compound 1i: 73%, mp 160.1–160.4 �C, IR (KBr) m:3050,
2949, 1727, 1602, 1066, 1018 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.91 (s, 3H, COOCH3), 4.01 (s, 3H, N–
OCH3), 4.42 (s, 2H, SCH2–), 7.19 (d, J = 6.6 Hz, 1H, 6-
ArH), 7.23 (t, J = 9.0 Hz, 1H, 5-ArH), 7.28 (t, J = 7.8 Hz,
1H, 4-ArH), 7.40 (d, J = 7.8 Hz, 1H, 3 0-ArH), 7.41 (d,
J = 7.2 Hz, 1H, 3-ArH), 7.52 (t, J = 6.6 Hz, 1H, 5 0-ArH),
7.64 (d, J = 7.2 Hz, 1H, 6 0-ArH), 7.98 (t, J = 6.6 Hz, 1H,
40-ArH). 13C NMR (150 MHz, CDCl3) d = 35.2, 53.7, 64.4
(NOCH3), 125.1, 128.6, 129.1, 130.3, 130.8, 131.1, 133.8,
133.9, 134.5, 149.5, 159.4, 161.1, 163.0, 163.7, 165.2 (Ar 0–
C@N). MS (70 eV) m/z (%): 401 (M+, 4.81), 206
(M�ArCH@NO+, 100), 146 (20.5), 131 (14.0), 116
(N„CC6H4CH2


+, 32.8), 89 (13.1), 59 (12.2). Anal. Calcd
for C19H16FN3O4S: C, 56.85; H, 4.02; N, 10.47. Found: C,
56.79; H, 4.10; N, 10.52.
Compound 1j: 85%, mp 93.3–93.9 �C, IR (KBr) m: 3230,
2984, 1727, 1600, 1064, 1014 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.90 (s, 3H, COOCH3), 4.09 (s, 3H, N–
OCH3), 4.45 (s, 2H, SCH2–), 7.19 (m, 3H, 2 0, 6 0 and 6-
ArH), 7.39 (t, 1H, J = 5.7 Hz, 4-ArH), 7.40 (t, 1H,
J = 5.7 Hz, 5-ArH), 7.62 (d, 1H, J = 7.2 Hz, 3-ArH),
7.98 (dd, 2H, J = 9.0Hz and J = 5.40 Hz, 3 0 and 50-
ArH). 13C NMR (150 MHz, CDCl3) d = 35.3, 53.7, 64.4,
116.8, 116.9, 120.4, 128.6, 129.2, 129.4, 129.5, 130.4, 130.7,
130.9, 134.5, 149.5, 164.3, 164.4 (Ar 06-C), 165.5
(COOMe), 166.0 (Ar 0–C@N). Anal. Calcd for
C19H16FN3O4S: C, 56.85; H, 4.02; N, 10.47. Found: C,
56.88; H, 4.08; N, 10.41.
Compound 1k: 64%, mp 91.5–92.5 �C. IR (KBr) m: 3065,
2945, 1725, 1601, 1060, 1010 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.90 (s, 3H, COOCH3), 4.08 (s, 3H, N–
OCH3), 4.41 (s, 2H, SCH2–), 7.17 (d, J = 7.2 Hz, 1H, 6-
ArH), 7.37–7.44 (m, 4H, 3 0, 50, 60 and5-ArH), 7.62 (d, 1H,
J = 7.2 Hz, 3-ArH), 7.86 (d, 1H, J = 8.1 Hz, 4-ArH). 13C
NMR (150 MHz, CDCl3) d = 35.7 (SCH2) 53.7
(COOCH3), 64.4 (NOCH3), 127.0, 127.1, 128.6, 128.7,
129.1, 130.3, 130.7, 131.5, 134.4, 149.5, 160.7, 162.5, 163.7,
165.2. MS (70 eV) m/z (%): 480 (M+, 3.6), 451 (14.8), 449
(M�COOCH3+, 12.0), 435 (11.0), 433 (81.1), 201 (25.3),
146 (12.1), 116 (N„CC6H4CH2


+, 25.7), 89 (11.3), 59
(11.9). Anal. Calcd for C19H15BrFN3O4S: C, 47.51; H,
3.15; N, 8.75. Found: C, 47.52; H, 3.18; N, 8.78.
Compound 1l: 79%, mp 107.6–108.5 �C. IR (KBr) m: 3050,
2955, 1726, 1600, 1066, 1013 cm�1. 1H NMR (600 MHz,
CDCl3) d = 3.91 (s, 3H, COOCH3), 4.09 (s, 3H, N–
OCH3), 4.40 (s, 2H, SCH2–), 7.19 (d, J = 6.6 Hz, 1H, 6-
ArH), 7.28–7.74 (m, 5H, 3 0, 40, 5 0 and 3, 4-ArH), 7.80 (d,
J = 8.4 Hz, 1H, 60-ArH). 13C NMR (150 MHz, CDCl3)
d = 35.3, 53.7, 64.5, 116.6, 118.8, 123.8, 128.7, 129.2,
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129.2, 130.3, 130.7, 131.1, 134.4, 149.5, 159.4, 161.1, 163.7,
164.6, 164.9. MS (70 eV) m/z (%): 419 (M+, 1.7), 388
(14.6), 374 (100), 355 (29.3), 206 (53.3), 205 (88.4), 146
(25.7), 116 (N„CC6H4CH2


+, 39.3), 89 (14.9), 59 (13.3).
Anal. Calcd for C19H15F2N3O4S: C, 54.41; H, 3.60; N,
10.02. Found: C, 54.43; H, 3.58; N, 10.08.
Compound 1m: 82%, IR (KBr) m: 3055, 2950, 1727, 1600,
1060, 1015 cm�1. 1H NMR (600 MHz, CDCl3) d = 3.92
(s, 3H, COOMe), 4.10 (s, 3H, N–OCH3), 4.45 (s, 2H,
–CH2–), 7.20 (dd, J = 7.2 Hz and J = 1.2 Hz, 1H, 6-
ArH), 7.39 (t, 1H, J = 7.2 Hz, 4-ArH), 7.42 (t, 1H,
J = 7.2 Hz, 5-ArH), 7.65 (d, J = 7.2 Hz, 1H, 3-ArH), 7.76
(d, 1H, J = 8.4 Hz, 20 and 6 0-ArH), 8.15 (d,
2H,J = 8.4 Hz, 30 and 5 0-ArH). 13C NMR (150 MHz,
CDCl3) d = 37.4, 54.2, 64.70, 126.6, 126.7, 127.1, 127.5,
128.7, 129.2, 130.4, 130.7, 130.9, 134.3, 149.8, 162.5,
161.7, 165.59. MS (70 eV) m/z (%): 451 (M+, 1.8), 420
(12.0), 406 (8.2), 173(CF3C6H5C„N+, 100), 206 (76.4),
146 (42.8), 116 (N„CC6H4CH2


+, 67.2), 59 (73.1). Anal.
Calcd for C20H16F3N 3O4S: C, 53.21; H, 3.57; N, 9.31.
Found: C, 53.25; H, 3.55; N, 9.34.
Compound 1n: 49%, IR (KBr) m: 3050, 2965, 1727, 1601,
1063, 1015 cm�1. 1H NMR (600 MHz, CDCl3) d = 3.92
(s, 3H, COOMe), 4.09 (s, 3 H, N–OCH3), 4.42 (s, 2H,
–SCH2), 7.19 (d, J = 7.2 Hz, 1H, 6-ArH), 7.35–7.41 (m,

2H), 7.43 (t, 1H, J = 7.5 Hz, 4-ArH), 7.61 (d, 1H,
J = 7.5 Hz,3-ArH), 7.77 (d, 1H, J = 7.8 Hz, 6 0-ArH),
8.04 (d, 1H, 30-ArH). 13C NMR (150 MHz, CDCl3)
d = 35.1, 53.7, 64.4, 94.5 (2 0-C), 128.6, 128.7, 129.1,
129.2, 130.4, 130.8, 130.9, 131.6, 132.8, 134.4, 141.8,
149.5, 163.7, 165.1, 165.7. MS (70 eV) m/z (%): 509 (M+,
0.1), 463 (8.7), 206 (M�HetS+, 100), 131 (100), 116(92.5),
89 (41.3). Anal. Calcd for C19H16IN3O4S: C, 44.81; H,
3.17; N, 8.25. Found: 44.78; H, 3.19; N, 8.19.
Compound 1o: 64%, IR (KBr) m: 3062, 2945, 1726, 1601,
1072, 1018 cm�1. 1H NMR (600 MHz, CDCl3) d = 3.89
(s, 3H, COOMe), 4.08 (s, 2H, NOCH3), 4.37 (s, 3H, S–
CH2), 6.90–6.95 (d, J = 8.4 Hz, 2H, 30 and 50-ArH), 7.17
(d, J = 7.2 Hz, 1H, 6-ArH), 7.40 (t, 1 H, J = 7.2 Hz, 4-
ArH), 7.37 (t, 1H, J = 7.2 Hz, 5-ArH), 7.62 (d, 1H,
J = 7.2 Hz, 3-ArH), 7.78 (d, J = 8.4 Hz, 2H, 2 0 and 6-
ArH). 13C NMR (150 MHz, CDCl3) d = 35.3, 53.7, 64.8,
115.1, 128.7, 129.1, 130.3, 130.7, 130.9, 134.7, 149.5,
150.1, 162.6, 163.7, 165.3. MS (70 eV) m/z (%): 400 (M+,
28), 433 (M�CH3O+, 27.3), 229 (96.5), 206 (75.0), 171
(CF3C6H5C„N+, 19.0), 131 (100), 116 (99.7), 59 (56.0).
Anal. Calcd for C19H16N4O6S: C, 53.27; H, 3.76; N,
13.08. Found: C, 53.28; H, 3.77; N, 13.09.


15. Wang, H.-Q.; Ding, M.-W.; Liu, Z.-J. Heteroat. Chem.
2004, 15, 333, and therein reference.
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Abstract—Herein are described a series of novel heterocyclic analogs of the 4-amino-3-benzimidazol-2-ylhydroquinolin-2-one
scaffold. These compounds are potent inhibitors of receptor tyrosine kinases and exhibit favorable pharmacokinetic profiles. The
synthesis and SAR of these compounds are described.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. The carbocyclic 3-benzimidazol-2-ylhydroquinolin-2-one


scaffold.

Receptor tyrosine kinases (RTKs) and their ligands are
involved in important signal transduction pathways
within the cell. In particular, vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF), platelet derived growth factor (PDGF), and
their receptors play fundamental roles in cell prolifera-
tion, differentiation, motility, and apoptosis.1–4 Under
aberrant growth conditions as in cancer, these signal
transduction pathways can be deregulated and contrib-
ute to sustained angiogenesis and evasion of apoptosis
of tumor cells.5,6 Inhibition of receptor tyrosine kinases
represents an attractive therapeutic modality in oncolo-
gy, and a number of RTK inhibitors are currently being
evaluated preclinically or in clinical trials.7–9


3-Benzimidazol-2-ylhydroquinolin-2-ones (Fig. 1) are a
class of potent VEGFR, FGFR, and PDGFR RTK
family inhibitors with attractive physicochemical and
pharmacokinetic properties and significant efficacy in
murine and human xenograft tumor models.10–12 Con-
current with the development of the SAR around
the 3-benzimidazol-2-ylhydroquinolin-2-one series, we
explored several other classes of compounds where the

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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A or D aryl ring (Fig. 1) was replaced with a five- or
six-membered ring heterocycle.


Ring A and ring D pyridino-analogs were synthesized in
a manner analogous to the carbocyclic series13 using a
LHMDS promoted one-pot tandem acylation–cycliza-
tion (Scheme 1). The desired heteroaromatic aminonitr-
iles14–20 and azabenzimidazole acetates21,22 were
synthesized as described in the literature or with slightly
modified procedures.


Table 1 shows a comparison between compounds in the
carbocyclic series (compounds 1–4) and the A ring pyr-
idyl series (compounds 5–11). The 3-benzimidazol-2-
yl-4-hydroxyhydroquinolin-2-one analog (1) was found
to be 6-fold less potent against VEGFR-1 than the corre-
sponding 4-amino analog (2). An additional potency
improvement was obtained with the introduction of a
basic amine on ring D (3 and 4).



mailto:cynthia_shafer@chiron.com
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Scheme 1. Synthetic scheme for synthesis of heterocyclic analogs of 4-amino-3-benzimidazol-2-ylhydroquinolin-2-ones.


Table 1. SAR comparing the carbocyclic series with the ring A heterocyclic analogs


1


2


34
Y
Y


Y


Y


N
H


O


X


N
H


N R
5


6


7
8


Compound X Y R VEGFR-1


IC50 (lM)


m-VEGFR-2a


IC50 (lM)


m-PDGFRba


IC50 (lM)


FGFR-1


IC50 (lM)


HMVEC


EC50 (lM)


1 OH CH H 0.162 0.114 0.395 0.215 0.428


2 NH2 CH H 0.028 0.025 0.102 0.044 0.078


3 NH2 CH N O 0.012 0.004 0.038 0.021 0.040


4 NH2 CH N N 0.010 0.013 0.027 0.008 0.020


5 OH 8-N H 3.94 3.00 6.53 5.00 >10


6 OH 7-N H 0.184 0.168 1.59 0.576 2.20


7 NH2 7-N H 0.004 0.003 0.057 0.010 0.053


8 NH2 7-N N O 0.004 0.002 0.064 0.010 0.084


9 NH2 7-N N N 0.003 0.001 0.043 0.004 0.016


10 NH2 6-N N O 0.037 0.057 0.018 0.100 0.768


11 NH2 5-N N N 0.074 0.033 0.055 0.043 0.089


a For both of the biochemical VEGFR2 and PDGFRb assays, the highly conserved mouse homologs have been used.
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The 3-benzimidazol-2-ylhydropyridino pyridin-2-one
series (Scheme 1 in which one of the Y = N) demon-
strates a marked dependence of the activity on the posi-
tion of the nitrogen within the ring. Replacing C-8 with
a nitrogen led to >20-fold loss of activity (Table 1, 5 vs
1). The same replacement at C-7, however, resulted in a
compound (6) inhibiting VEGFR-1 with a potency com-
parable to that of the carbocyclic analog (1). Further-
more, changing the substituent at C-4 from hydroxyl
to amino (7) greatly improved potency in both the

biochemical and cell based assays measuring VEGF-
mediated proliferation in endothelial cells. Incorporat-
ing a basic amine on the D ring gave similarly potent
biochemical results with improved physicochemical
properties (8 and 9).23 Moving the nitrogen to the C-6
position (10) led to a 3- to 9-fold decrease in potency
against VEGFR-1 compared to the carbocyclic analog
(3) and the 7-N pyridyl (8), respectively. The slight in-
crease in affinity for PDGFRb and decrease for
FGFR-1 suggests N-6 as a potential handle for
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PDGFRb selective compounds. However, compound
10’s cellular activity is 19-fold worse than the carbocy-
clic analog (3) and 9-fold worse than the least potent
heterocyclic analog. Last, incorporation of the nitrogen
at the 5 position of ring A (11) resulted in a 7-fold loss of
enzymatic activity against VEGFR-1 and a similar loss
of cellular potency compared to the carbocycle (4). It
is worth noting that, irrespective of the structural mod-
ification, the activity against the two isoforms of the
VEGF receptor is always very similar in both the carbo-
cyclic and heterocyclic series.


The effect of incorporating a nitrogen into the D ring was
then evaluated. The 4-amino-3-imidazolo[4,5-b]pyridin-
2-ylhydroquinolin-2-one series (Scheme 1, Z = N) shows
a structure–activity relationship nearly identical to that
of the carbocyclic series (Table 2). Combination of the
most potent A ring heterocyclic series (7-N) with the aza-
benzimidazole series (13) gave IC50 values consistent with
ring A heterocycle replacement alone. Besides offering no
advantage with respect to in vitro biochemical and cellu-
lar activity, the azabenzimidazole analogs also exhibited
inferior aqueous solubility.24


One additional structural modification to be carried out
was replacement of the six-membered ring A with a five-
membered ring heterocycle, such as thiophene, imidazole
or pyrazole. A two-step synthesis (Scheme 2) was, in
some cases (i.e., 18), necessary for this series because
the amide intermediate would not cyclize under the
LHMDS/THF conditions. In those cases, the amide,
which could be identified by the diagnostic 1H NMR

Table 2. SAR comparing the carbocyclic parent with the ring D heterocycli


1


2


34


Y
N
H


O


NH2 N


7


Compound Y Z R VEGFR-1
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15 CH N N N 0.014
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Scheme 2. Synthetic scheme for five-membered ring A analogs.

signal of the a methylene,25 was isolated and treated with
NaOMe in MeOH at 90 �C overnight, to yield the
desired cyclized product (as confirmed by 1H NMR) in
low yield (<10%). Attempts to incorporate a morpholino
group on ring D of 16 to potentially improve in vitro
potencies failed, as decomposition occurred when the
amide was subjected to the NaOMe/MeOH conditions.
The activities of these compounds in the biochemical
assays are reported in Table 3. In general, the affinities
for all targets are lower for the five-membered ring
heterocycles compared to the heterocyclic six-membered
A-rings. The thiophene (16) was the most potent of these
analogs with an IC50 of 0.132 lM against VEGFR-1.
Compound 16 also showed modest selectivity against
PDGFRb, while the imidazole (17) and pyrazole (18
and 19) analogs were significantly less potent against
FGFR-1. In addition, compounds 17 and 19 demon-
strated a 4- to 8-fold selectivity for PDGFRb versus
VEGFR-1, with compound 19, where the pyrazole nitro-
gen is methylated, exhibiting the best selectivity.


Pharmacokinetic experiments in mice (Table 4) showed
that ring A (8) and ring D (14) pyridyl analogs both
have high oral bioavailability on par with the carbocy-
clic parent (3). Compound 8 had a moderate clearance
but a very short iv half-life. Compound 14 had an iv
half-life similar to the carbocyclic parent (3) but higher
hepatic clearance.


In order to understand interactions of these compounds
with the ATP binding site of VEGFR-2, a docking
model of compound 8 in the active site of a homology

c analogs
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Figure 2. Docking model of compound 8 in VEGFR-2 homology


model. Surface of the binding site is colored by atom-type (oxy-


gen = red, nitrogen = blue, and carbon = white). Hydrogen bonds to


hinge residues are labeled, as is the surface from the catalytic Lys866.


Table 3. SAR of five-membered ring A analogs


Compound A B C R VEGFR-1


IC50 (lM)


m-VEGFR-2


IC50 (lM)


m-PDGFRb
IC50 (lM)


FGFR-1


IC50 (lM)


HMVEC


EC50 (lM)


16 S CH CH — 0.132 0.109 0.691 0.348 0.850


17 N CH N H 0.602 0.552 0.154 2.66 3.68


18 N N CH H 0.691 0.507 0.326 3.17 3.82


19 N N CH Me 4.30 3.00 0.575 3.00 0.321


Table 4. Pharmacokinetic profile comparison of carbocyclic and ring


A heterocycle analogs (iv 5 mg/kg, po 20 mg/kg)


Compound F


(%)


CL


(mL/min/kg)


t1/2


(iv, min)


t1/2


(po, min)


3 100 13 71 216


8 87 24 26 78


14 84 61 65 57
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model of VEGFR-2 was developed.26 In this model, the
core of compound 8 forms three hydrogen bonds to the
hinge domain of the kinase as indicated in Figure 2,
while the morpholino group points out into solvent.
The slight increase in affinity as observed for the 7-posi-
tion pyridyl analogs could be due to an interaction with
the catalytic Lys866. This residue is known to be flexible
and could reach the 7-position for hydrogen bonding.
The loss of affinity for the N-8 analog, compound 5,
could be due to unfavorable interactions between the
pyridyl-N and the backbone Glu915-CO.


In conclusion, replacement of ring A with a five-
membered ring heterocycle (thiophene, imidazole or
pyrazole) resulted in analogs with reduced affinity
against kinases involved with angiogenesis and blood
vessel maintenance. The in vitro potency of ring D
pyridyl analogs, on the other hand, was quite similar
to that of the carbocyclic series. The disadvantage of
the ring D heterocycles, however, was both the infe-
rior solubility and the high hepatic clearance. Ring A
six-membered heterocyclic analogs varied in their
potency, with the N-7 analogs being slightly more
potent than the parent carbocycle. This series, howev-
er, had higher hepatic clearances and shorter in vivo
half-lives, which made them unsuitable for further
development.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.01.020.
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23. Compared to 7, compounds 8 and 9 showed a 4-fold and
>50-fold solubility improvement, respectively.


24. Unpublished result.
25. Uncyclized amide intermediate can be distinguished by a


diagnostic signal of the methylene protons at 4.0–4.3 ppm.
26. The VEGFR-2 homology model was built using


Chemical Computing Group’s MOE software.

Default settings were used in the alignment and
homology modeling module and the FGFR1 crystal
structure (2FGI) from the Brookhaven Protein Data
Bank was used as a template. Compound 8 was
built and optimized in the active site of the
homology model using the Flo+apr2003 software
from Thistlesoft.
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Abstract—A diastereoselective synthesis of diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1H,5H)-
diones is described employing a tandem Michael-aldol addition as key step. The novel compounds exhibit antiproliferative activity
in a panel of in vitro cultivated cancer cell lines. The bioinformatic tool COMPARE was able to discriminate between two closely
related subgroups of the title compounds, namely 1,3- and 2,3-disubstituted derivatives.
� 2006 Elsevier Ltd. All rights reserved.
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Scheme 1. Synthesis of darpones 2. Reagents and conditions: (i)


NH4OAc, NH4Fe(SO4)2, AcOH, N2, reflux.

The darpones 2 are a class of compounds displaying in vi-
tro and in vivo antiproliferative activity against tumor
cells. The biochemical mechanism underlying the growth
inhibitory effects of darpones is still unknown.1–4 For the
general synthesis of darpones, the oxidative cyclization of
the 1,5-diones 1 is a key step (Scheme 1). The intermedi-
ates 1 are prepared by Michael addition reactions of the
1H-[1]benzazepine-2,5(3H,4H)-dione 3 and 1,3-diaryl-
propenones 4 in the presence of 0.1 equivalents of potas-
sium hydroxide.1 Serendipituosly, we found that upon
employing higher concentrations of the basic catalyst, a
tandem Michael-aldol addition leads diastereoselectively
from the mentioned starting materials to a new com-
pound class, namely 1,3-diaryl-3-hydroxy-2,3,3a,10a-
tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1H,5H)-
diones 5 (Scheme 2).


Because 5 bear a weak structural resemblance to the dar-
pones 2, the former were tested in the In Vitro Cell Line

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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Screening Project (IVCLSP) of the American National
Cancer Institute. Although the overall in vitro antipro-
liferative activity of 5a–g was only modest with averaged
growth inhibition values (meangraph midpoint values;
MG MID) between 10 and 100 lM, distinct cancer cell
lines were inhibited selectively, for example, the NSCL
cancer cell line NCI-H460 (Table 1).


The reaction leading to 5 furnishes the depicted racemic
(1SR,3RS,3aSR,10aRS) diastereomers. In the crude
reaction mixtures, less than 10% of side diastereomers
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Scheme 2. Synthesis of diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]-


cycylopenta[e]azepine-4,10(1H,5H)-diones 5 and 7. Reagents and


conditions: (i) 1 equiv KOH, EtOH, rt; (ii) 2 equiv KOH, EtOH, rt.
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were detected by NMR spectroscopy. These side prod-
ucts and traces of open chain precursors 1 were easily re-
moved during the workup procedure which consisted of
collecting the precipitate from the reaction mixture and
crystallization from ethanol.


In order to structurally modify the parent motif 5, it was
intended to shift the 1-aryl substituent to the 2-position.
For the synthesis of the so-designed 2,3-diaryl-3-hy-
droxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopenta[e]aze-
pine-4,10(1H,5H)-diones 7 by an analogous procedure,
it would have been necessary to replace the chalcones 4
by 1,2-diarylpropenones. Since it is well known that the
latter are relatively unstable due to formation of Diels–
Alder dimers,5 the Mannich bases 66–8 were employed in
the cyclization reactions as precursors for the corre-
sponding 1,2-diarylpropenones. Again, upon treatment
with potassium hydroxide in ethanol the products of
tandem Michael-aldol cyclizations were formed diastere-
oselectively, albeit in poor to moderate yields (15–49%)
(Table 1, entries 7a–g). Again, side diastereomers were
detected in the crude reaction mixtures only in a low ex-
tent (<10%). Both for compound series 5 and 7 the rel-
ative stereochemistry was determined by assignment of
the aliphatic proton signals by COSY experiments and
subsequent evaluation of NOESY spectra as exemplified
for compound 7a (Fig. 1).


In the IVCLSP, the 2,3-diaryl analogs 7 revealed an
enhanced average antiproliferative potential compared
to the 1,3-diaryl structures. Furthermore, a characteris-
tic selectivity pattern with regard to the antiproliferative
activity on specific cell lines was observed which
appeared to be distinct of that found for the 1,3-diaryl
analogs 5. For example, the NSCL cancer cell line
HOP-62, which was scarcely affected by members of
the 1,3-diaryl series 5, was inhibited by the 1,2-diaryl
analogs 7 in low micromolar concentrations.


For a further rational development of the novel com-
pound classes 5 and 7 as anticancer agents it is of high
relevance to detect the biological targets underlying their
antiproliferative activity. From structural similarity of 5

or 7 to established anticancer agents such a mechanism
is not obvious. However, the selectivity pattern of a
compound displayed in the IVCLSP can be used to gen-
erate a hypothesis on the nature of the growth inhibition
mechanism.


In the IVCLSP, the antiproliferative activities of test
compounds are determined in vitro on distinct cancer cell
lines from nine different tumor entities, representing leu-
kemia, melanoma and cancers of the lung, colon, brain,
ovary, breast, prostate, and kidney. For this purpose,
the cancer cells are incubated with five concentrations be-
tween 10�8 and 10�4 M of the test compound for two
days. A sulforhodamine B assay is employed to determine
the surviving cells. GI50 values (GI50 = concentration to
inhibit cell growth by 50%) are calculated for the single
cell lines. An averaged GI50 value over all the cell lines
in the screen is calculated defining the average antiprolif-
erative activity of a test compound. This averaged param-
eter is designated meangraph midpoint (MG-MID).9,10


The selectivity pattern of a compound displayed in the
IVCLSP can be exploited for the generation of hypoth-
eses regarding the mechanism of action of an antiprolif-
erative compound. The basis for such a study is a
COMPARE analysis which pairwise compares the selec-
tivity patterns of two given compounds within the cell
line panel of the IVCLSP. As a result of the COMPARE
analysis a Pearson correlation coefficient (PCC, values
between �1 and +1) is calculated. A high PCC suggests
that two agents share a similar antiproliferative mecha-
nism.9,11–13 To check whether the compound classes 5
and 7 display typical selectivity patterns and thus exhibit
characteristic antiproliferative mechanisms, a matrix
COMPARE analysis was performed in which all com-
pounds listed in Table 1 were compared pairwise. From
the results of the matrix COMPARE analysis given in
Table 2 the high discriminatory capability of the tool be-
comes obvious: with just one single exception (correla-
tion of 5b and 7g) significant (p < 0.01) correlations
could not be detected when members of the two sub-
groups were compared (refer to values within the rectan-
gle marked in Table 2). In contrast, within a subgroup a
high pattern consistency was found: 13 out of 21 possible
correlations were found significant within the subgroup
5, and all 28 correlations in subgroup 7 were considered
significant. These findings suggest that both compound
classes 5 and 7 constitute groups of antiproliferative
agents with different but characteristic mechanisms of ac-
tion. In this context, it has to be stressed that the levels of
significance (p values) are not indicating the potential
biological meaning of a correlation but, rather, they are
a measure of purely mathematical significance based on
the relative variance of the two data sets being correlated.


COMPARE analyses with members of the 5 and 7 series
in the NCI database of standard agents revealed that
4-nitro-estrone-4-methylether (NSC321803) and bleomy-
cin (NSC 125066) were frequently ranked in the top posi-
tions of standard agents correlated to 7 (data not shown).
However, since the two standard agents are not sharing
an obvious common mechanism this observation is not
helpful in the search for the biological targets of 7.







Table 1. Structural, chemical, and physical data of diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cycylopenta[e]azepine-4,10(1H,5H)-diones 5 and 7
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Compound R1 R2 R3 Yield


(%)


mp (�C) Log10 GI50 (M)


HOP-62b


Log10 GI50 (M)


NCI-H460c


Log10 GI50


(M) MG-MIDd


Correlation with


epidermal growth factor


receptor (MT1093)e,f


Correlation with AXL


(receptor tyrosine kinase)


(MT994)e,f


5a 4-MeO-Ph H Ph 59 230–235 >�4.0 �5.1 �4.1 0.035 (53) 0.148 (53)


5b 4-Cl-Ph H Ph 39 238–239 >�4.0 �5.0 �4.1 0.095 (54) 0.195 (54)


5c 3-Cl-Ph H Ph 34 229–230 >�4.0 �5.2 �4.1 �0.170 (55) �0.157 (55)


5da Ph H 3-Cl-Ph 39 224–225 >�4.0 �5.7 �4.5 �0.106 (59) �0.130 (59)


5ea Ph H 2-Naphthyl 42 238–239 >�4.0 �6.7 �4.8 �0.047 (59) 0.022 (59)


5f Ph H 1,3-Benzodi-


oxol-5-yl


42 254 (dec) �4.1 �5.6 �4.3 �0.185 (55) �0.077 (55)


5g 4-MeO-Ph H 3-Cl-Ph 60 236 >�4.0 �5.0 �4.2 �0.083 (49) �0.108 (49)


7a H Ph Ph 44 247–258 (dec) �5.4 �5.4 �4.9 0.441 (49) 0.528 (49)


7ba H 4-Me-Ph Ph 49 261–262 (dec) �5.6 �5.1 �5.3 0.491 (59) 0.439 (59)


7ca H 4-MeO-Ph Ph 29 261–263 (dec) �5.6 �4.9 �4.9 0.480 (59) 0.505 (59)


7da H 4-Cl-Ph Ph 53 271–276 (dec) �5.6 �5.4 �5.3 0.417 (59) 0.423 (59)


7ea H 3-Cl-Ph Ph 33 244–247 (dec) �5.1 �4.6 �4.7 0.368 (59) 0.376 (59)


7fa H Ph 4-Me-Ph 15 286 (dec) �5.4 �4.7 �4.8 0.493 (59) 0.536 (59)


7ga H 4-Me-Ph 4-Me-Ph 29 258–262 (dec) �5.2 �5.4 �5.2 0.211 (59) 0.28 (59)


7ha H 4-Cl-Ph 4-Me-Ph 32 270–272 (dec) �5.3 �5.7 �5.4 0.325 (59) 0.358 (59)


Antiproliferative activity of 5 and 7 in the In Vitro Cell Line Screening Project (IVCLSP) of the National Cancer Institute and correlation with selected molecular targets (MT) determined in the cell lines


of the IVCLSP. Numbers in brackets correspond to the cell lines that were used for calculation.
a Average of 2 experiments.
b Non-small cell lung cancer cell line.
c Non-small cell lung cancer cell line.
d MG-MID, meangraph midpoint, mean value for all tested cancer cell lines. If the indicated effect was not attainable for distinct cell lines within the used concentration interval, the highest tested


concentration (=100 lM) was used for the calculation.
e The correlation (Pearson correlation coefficient, PCC) with RNA levels (log values) of the distinct target is given. Numbers in brackets correspond to the number of cell lines that were used for


calculation.
f The data given in bold italics are considered significant (p < 0.01). The distinct p values were calculated from the PCCs and the number of cell lines by StaTable vers.1.0.2 (Cytel Software, Cambridge,


MA 02139, USA).
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Figure 1. NOESY-assignment of the aliphatic and OH protons in


compound 7a. The signal of the HO proton in position 3 (5.43 ppm)


displays cross-relations with the signals at 3.68 and 2.59 ppm, showing


that these protons are located on one side of the cyclopentane plane.


On the other side of the plane are located H-3a (3.80 ppm) and H-2


(3.33 ppm), as is demonstrated by a NOE. The stereochemical


assumption depicted in Fig 1 is further supported by the observation


of NOEs between the signals at 2.85 and 3.33 ppm one the one hand


and between H-3a and signals caused by hydrogen nuclei of the phenyl


substituent at C-3 on the other hand.
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The NCI’s database of molecular targets (MTs) contains
expression levels of proven or putative biological targets
determined in the cancer cell lines of the IVCLSP. A
COMPARE analysis in the MTs database with the
IVCLSP selectivity pattern of a test compound as seed
might contribute hints to its mechanism of action,
although it must be kept in mind that in this case two
different patterns are compared: a pattern of endpoint
(GI50) determinations after two days of compound
exposure and a pattern of target expression in steadily
growing cells. The COMPARE with 5 and 7 in the
molecular targets database revealed distinct entries that
were frequently found in lists of MTs ranked by PCCs
with compounds 7; among others the positively correlat-
ed targets MT994 (AXL receptor tyrosine kinase).14 and
MT1093 (epidermal growth factor receptor, EGFR),15


although the correlation coefficients were not high in
absolute terms (for PCC values refer to Table 1). The
only compound that is not exhibiting a significant corre-
lation with any of these targets is derivative 7g, which
therefore has to be regarded as relatively untypical for
the compound class. Of note, both molecular targets
are tyrosine kinases that have been related to cancer,
and of these the EGF receptor kinase is one of the main
target molecules of kinase inhibitors that are currently
clinically evaluated as antitumor drugs.16 In contrast,
neither the AXL receptor tyrosine kinase nor the EGFR
kinase was significantly correlated with a compound
from series 5. In order to gain information whether
the antiproliferative activity of the novel structures is
based on a direct inhibition of phosphorylating en-
zymes, representatives 5c and 7a from both series were
tested in a commercially available screening system on
16 cancer-related kinases (Aurora-A, CDK4/CycD1,
CDK2/CycE, EGFR, Erb-b2, PDGFR-beta, PLK1,
AKT1, IGF1-R, VEGF-R1, VEGF-R2, VEGF-R3,
TIE2, EPHB4, FAK, and SRC). In this preliminary as-
say, the compounds were tested in 10 lM concentrations
in the presence of 0.1 lM ATP.


The results (Fig. 2) revealed in contrast to our prediction
from the COMPARE analyses that while 7a did not show
noteworthy kinase inhibition 5c inhibited seven receptor
tyrosine kinases (EGFR, Erb-b2, IGF1-R, VEGFR-R1,
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Figure 2. Residual activities [%] of cancer-related protein kinases after incubation with 10 lM diaryl-3-hydroxy-2,3,3a,10a-tetrahydrobenzo[b]cyc-


ylopenta[e]azepine-4,10(1H,5H)-diones 5c (j) or 7a (h); ATP concentration, 0.1 lM. The displayed diagram represents one of two tests runs which


were performed in singlicate, respectively. In the second run, 1 lM test compound was used (data not shown). As parameter of the assay quality, the


Z’ factor17 was calculated, which did not drop below 0.43 and exceeded 0.70 in most cases. As an additional control, for the distinct enzymes the


coefficients of variation (CV) of a 1% DMSO plate (n = 88) were calculated, which did not exceed 13.39% and were lower than 10% in most cases.
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VEGF-R2, TIE2, and EPHB4) by more than 50%. Based
on these findings we speculate that the modest antiprolif-
erative activity of compounds 5 might be caused by a
moderate unselective inhibition of receptor tyrosine ki-
nases. It is surprising that although most of the com-
pounds 7 showed a positive correlation with the EGF-
receptor expression (MT1093, Table 1) neither this nor
any other of the tested receptor kinases was inhibited by
7a. Besides a direct kinase inhibition by 7a, which seems
unlikely based on our findings, several other putative
mechanisms can be used as hypotheses for an explanation
of the observed correlation with the molecular targets of
Table 1. For instance, compounds 7 could interact with
molecules of signaling cascades in which the kinases are
involved. Furthermore, it should be considered that the
molecular targets in the IVCLSP might be intercorrelated
with other cancer-relevant molecules that have not yet
been screened and constitute the actual biological target.
For instance, the expression of the two mentioned tyro-
sine kinases in the IVCLSP is highly intercorrelated with
a PCC of 0.776.


In conclusion, we have disclosed diastereoselective syn-
theses18 of two closely related antiproliferative compound
series 5 and 7 which are clearly distinguished by the bioin-
formatic tool COMPARE. Although protein kinases
apparently are involved in the growth inhibitory activity
displayed by 5 and 7, a defined mechanism still has to be
established. Based on the preliminary results reported
here, further investigations addressing the antiprolifera-
tive mechanism as well as the role of single enantiomers
of the title compounds appear promising.
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Abstract—1,5-Dideoxy-1,5-iminoalditols of various configurations as well as isofagomine were N-alkylated with non-polar straight
chain spacer-arms by a set of simple standard procedures. The spacer-arms’ terminal functional groups, primary amines, were
employed to introduce fluorescent tags such as dansyl and dapoxyl moieties. Resulting derivatives in the DD-xylo, DD-gluco, DD-galacto
as well as GlcNAc series showed distinctly improved glycosidase inhibitory activities compared to parent compounds and are
designed to be useful analytical tools.
� 2006 Elsevier Ltd. All rights reserved.
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1a  - 7a: R = (CH2)5CN

Iminosugars including iminoalditols and related bicyclic
alkaloids are well-known, (usually) competitive, glycosi-
dase inhibitors.1 Quite a few representatives of this class
of compounds have found important roles as diagnostic
compounds such as in the investigation of glycoprotein
trimming glycosidases2 or as pharmaceutical substances
such as in the treatment of diabetes type II symptoms.3


Other biological activities associated with their glycosi-
dase inhibitory properties are anti-viral, anti-cancer
and anti-metastatic, anti-infective as well as insect
anti-feedant and plant growth-regulating effects.4


Recently, we have found that some fluorescently labeled
derivatives of the glucosidase inhibitor 2,5-dideoxy-2,5-
imino-DD-mannitol (or DMDP) are powerful inhibitors
exceeding the parent compound’s activity by two orders
of magnitude.5 Such labeled inhibitors are deemed to be
highly useful diagnostic tools for activity-based high-
throughput analyses as well as on-gel-staining. With
the aim to evaluate a more general means of tagging
of iminosugars than was operative in the mentioned
structurally quite restricted case, we resorted to the con-
nection of fluorophores to the iminosugars via non-po-
lar medium length spacer-arms. These moieties were
conveniently attached to the ring nitrogen of the
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inhibitors 1–7 according to Scheme 1.6 Starting from
the respective free inhibitor (Scheme 2), the ring nitro-
gen was alkylated with 5-bromohexanoic nitrile to give

1b – 7b: R = (CH2)6NH2


1c  – 7c : R = (CH2)6NHDansyl
1d, 2d: R = (CH2)6NHDapoxyl
1e : R = (CH2)5CONH(CH2)2NHDansyl 


Scheme 1. Inhibitors and intermediates.
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Scheme 2. General reaction sequence example (DD-gluco series). Reagents and conditions: (a) Br(CH2)5CN, Na2CO3, DMF, 40 �C; (b) Raney-Ni, H2,


MeOH, 24 h; (c) dansylCl or dapoxylCl, NEt3, DMF.
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compounds 1a–7a followed by reduction of the nitriles
to the corresponding primary amines 1b–7b which, in
turn, were reacted with the dansyl or dapoxyl fluoro-
phors to yield compounds 1c–7c as well as 1d and 2d.
Introducing a variation of the spacer-arm, compounds
1 were transformed into N-alkylated derivative 1e
(Scheme 1).


Compounds investigated are reversible inhibitors of the
enzymes probed in this study.7 In the DD-gluco (1c–e),
DD-galacto (3c), as well as N-acetyl-DD-glucosamine (4c)
series, practically independent of the fluorophores em-
ployed in this study, improvements over the parent com-
pounds were observed (Table 1). Comparing dansyl (1c
and 2c), and dapoxyl (1d and 2d) labeled compounds of
the same configuration, the respective dapoxyl deriva-
tive was found to be slightly less active than its corre-
sponding dansyl counterpart. In the DD-manno series,
the N-substituent in 2c led to an acceptable four- to five-
fold reduction of inhibitory activity.

Table 1. Ki values of new compounds in comparison with parent


inhibitors


Compound Ki (lM)


1 12a


1c 0.32a


1d 1.0a


1e 0.14a


2 18b


2c 78b


2d 65b


3 12.5c


3c 0.95c


4 80d


4c 1.8d


5 206e


5c 7.6e


6 0.01f


6c 0.5f


7 0.007a


7c 9.0a


a b-Glucosidase Agrobacterium sp.
b a-Mannosidase jack beans.
c b-Galactosidase Agrobacterium sp.
d b-DD-Hexosaminidase Streptomyces plicatur.
e b-Xylosidase Thermoanaerobact. Sacch.
f a-LL-Fucosidase human liver.

Contrasting these gratifying results, iminofucitol 6c
showed markedly decreased potency. The same was true
for tagged isofagomine 7c, which lost activity by three
orders of magnitude compared to parent compound 7,
in keeping with previous findings8 that N-alkylation of
this powerful b-glucosidase inhibitor results in signifi-
cant losses of inhibitory power.
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1a–7a in yields ranging between 45% and 90%. Standard
hydrogenation of a 5% solution of the respective hexanoic
nitrile under an atmosphere of H2 (50 bar) in MeOH in the
presence of excess Raney-Ni for 24 h, followed by chro-
matography (CHCl3/MeOH/concd NH4OH, 50:50:1) gave
primary amines 1b–7b in yields between 20% and 60%.
Treatment of primary amines 1b–7b, with 3% solution in
dry DMF with the respective fluorophor (dansyl or
dapoxylchloride, 1.2 equiv) in the presence of Et3N
(2 equiv) gave the corresponding fluorescently tagged
inhibitors 1c–7c, 1d, and 2d in yields ranging between
30% and 60%. Chromatography: Silica gel 60 (Merck),
CHCl3/MeOH/NH4OH (300:100:1 or 500:100:1). Electro-
spray mass spectra were recorded with a HP 1100 series
MSD, Hewlett Packard. Samples were dissolved in aceto-
nitrile/MeOH mixtures. The scan mode for negative ions
(mass range 100–1000 D) was employed varying the
fragmentation voltage from 30 to 130 V. NMR spectra
were recorded at 200 as well as 500 MHz (1H), and at 50
and 125 MHz (13C) from samples in MeOH-d4 unless stated
otherwise. Chemical shifts are listed in d employing
residual, not deuterated, solvent as the internal standard.
The signals of aromatic groups were found in the expected
regions and are not listed explicitly.
Compound 1a: 13C NMR: d 120.0 (C-6 0), 78.9, 70.3, 69.0,
66.3, 57.6, 56.0 (C-1, C-2, C-3, C-4, C-5, C-6), 52.3 (C-1 0),
26.3, 25.1, 23.2, 16.1 (C-2 0, C-3 0, C-4 0, C-5 0). 1H NMR
(D2O): d 3.74 (m, 2H, H-6a, H-6b), 3.44 (ddd, 1H, J1a,2


10.1 Hz, J1e,2 4.8 Hz, J2,3 9.7 Hz, H-2), 3.27 (dd, 1H, J3,4


9.2 Hz, H-3), 3.14 (dd, 1H, J4,5 8.8 Hz, H-4), 2.96 (dd, 1H,
J1a,1e 11.9 Hz, H-1e), 2.80–2.50 (m, 2H, H-1 0), 2.40–2.22
(m, 4H, H-1a, H-5, H-5 0), 1.62–1.20 (m, 6H, H-2 0, H-3 0, H-
4 0). MS (API-ES): Calcd for [C12H22N2O4]: m/z 258.3201.
Found: m/z 257.30 [M�H].
Compound 1c: 13C NMR: d 78.6, 69.5, 68.5, 66.1, 58.3, 56.7
(C-1, C-2, C-3, C-4, C-5, C-6), 49.1 (C-1 0), 44.6 (Me2N-
aryl), 42.5 (C-6 0), 29.2, 26.2, 26.0, 23.5 (C-2 0, C-3 0, C-40, C-
5 0). 1H NMR: d 3.91 (br d, 1H, J6a,6b 12.0 Hz, H-6a), 3.83
(dd, 1H, J5,6b 2.4 Hz, H-6b), 3.53 (m, 1H, H-2), 3.42 (dd,
1H, J3,4 = J4,5 9 Hz, H-4), 3.20 (dd, 1H, J2,3 9 Hz, H-3),
3.08 (m, 1H, H-1e), 2.90 (m, 7H, H-1 0a, Me2N-aryl), 2.66
(m, 1H, H-1 0b), 2.38 (m, 2H, H-1a, H-5), 1.42–1.05 (m, 8H,
H-2 0, H-3 0, H-4 0, H-5 0). MS (API-ES): Calcd for
[C24H37N3SO6]: m/z 495.6430. Found: m/z 494.60 [M�H].
Compound 1d: 13C NMR: d 79.4, 70.9, 69.6, 66.2, 58.3, 56.2
(C-1, C-2, C-3, C-4, C-5, C-6), 52.5 (C-1 0), 42.8 (C-6 0), 39.2
(Me2N-aryl), 29.5, 26.9, 26.3, 24.0 (C-2 0, C-3 0, C-4 0, C-5 0);
1H NMR: d 3.85 (dd, 1H, J5,6a 2 Hz, J6a,6b 12.7 Hz, H-6a),
3.81 (dd, 1H, J5,6b 3 Hz, H-6b), 3.45 (ddd, 1H, J1a,2 = J2,3


9.8 Hz, J1e,2 4.9 Hz, H-2), 3.33 (dd, 1H, J3,4 8.8 Hz, H-4),
3.20 (dd, 1H, H-3), 2.96 (dd, 1H, J1a,1e 10.8 Hz, H-1e), 2.90
(t, 2H, H-1 0), 2.76 (m, 1H, H-6 0a), 2.50 (m, 1H, H-6 0b), 2.14
(dd, 1H, H-1a), 2.08 (m, 1H, H-5), 1.50–1.17 (m, 8H, H-2 0,
H-3 0, H-4 0, H-5 0). MS (API-ES): Calcd for [C29H40N4O7S]:
m/z 588.7288. Found: m/z 587.70 [M�H].
Compound 1e: 13C NMR: d 175.3 (C@O), 79.2 (C-3), 70.6
(C-4), 69.3 (C-2), 66.2 (C-5), 57.9 (C-6), 56.3 (C-1), 52.4 (C-
1 0), 44.7 (Me2N-aryl), 42.1 (C-5 0), 39.1 (C-7 0), 35.6 (C-8 0),
26.8, 25.4, 23.7 (C-2 0, C-3 0, C-4 0). 1H NMR: d 3.86 (m, 2H,
H-6a, H-6b), 3.49 (ddd, 1H, H-2), 3.37 (dd, 1H, J3,4 10.3 Hz,
H-4), 3.15 (dd, 1H, J2,3 8.8 Hz, H-3), 3.17 (t, 2H, H-6 0), 3.02
(dd, 1H, J1a,1e 10.9 Hz, J1e,2 4.9 Hz, H-1e), 2.92 (t, 2H, H-
7 0), 2.88 (s, 6 H, Me2N-aryl), 2.85–2.79 (m, 1H, H-1 0), 2.63–
2.58 (m, 1H, H-1 0), 2.23 (dd, 1H, J1a,2 11.2 Hz, H-1a), 2.19
(m, 1H, H-5), 2.01 (t, 2H, H-5 0), 1.56–1.45 (m, 4H, H-3 0, H-
4 0), 1.30–1.20 (m, 2H, H-2 0). MS (API-ES): Calcd for
[C26H40N4SO7]: m/z 552.6953. Found: m/z 552.60 [M�H].
Compound 2a: 13C NMR: d 119.9 (C-6 0), 73.0, 66.4, 66.3,
66.2, 55.5, 54.5 (C-1, C-2, C-3, C-4, C-5, C-6), 52.8 (C-1 0),

25.6, 24.9, 22.3, 16.0 (C-2 0, C-30, C-4 0, C-5 0). 1H NMR: d
3.78 (m, 1H, H-2), 3.73–3.55 (m, 2H, H-6a, H-6b), 3.54 (dd,
1H, J3,4 = J4,5 9 Hz, H-4), 3.24 (dd, 1H, J2,3 2.6 Hz, H-3),
3.10 (dd, 1H, J1a,1e 12.8 Hz, J1e,2 4 Hz, H-1e), 3.10–2.80 (m,
3H, H-1 0, H-5 0), 2.68 (m, 1H, H-5 0), 2.20 (m, 2H, H-1a, H-
5), 1.60–1.10 (m, 6H, H-2 0, H-3 0, H-4 0). MS (API-ES): Calcd
for [C12H22N2O4]: m/z 258.3201. Found: m/z 257.20 [M�H].
Compound 2b:13C NMR: d 75.3, 68.4, 68.3, 66.0, 57.8, 55.2
(C-1, C-2, C-3, C-4, C-5, C-6), 52.3 (C-1 0), 39.8 (C-6 0), 28.2,
26.6, 25.9, 23.9 (C-2 0, C-3 0, C-4 0, C-5 0). MS (API-ES): Calcd
for [C12H26N2O4]: m/z 262.3520. Found: m/z 261.30 [M�H].
Compound 2c: 13C NMR: d 74.7, 67.9, 67.8, 66.0, 57.2, 55.0
(C-1, C-2, C-3, C-4, C-5, C-6), 52.7 (C-1 0), 44.7 (Me2N-aryl),
42.5 (C-6 0), 29.2, 26.5, 26.0, 23.6 (C-2 0, C-3 0, C-4 0, C-5 0). 1H
NMR: d 3.91 (m, 2H, H-2, H-6a), 3.84 (dd, 1H, J5,6b 2 Hz,
J6a,6b 11.7 Hz, H-6b), 3.73 (dd, 1H, J3,4 8.8 Hz, J4,5 9.3 Hz,
H-4), 3.37 (dd, 1H, J2,3 2.4 Hz, H-3), 3.04 (br s, 1H, H-1e),
2.90 (s, 6H, Me2N-aryl), 2.86 (t, 2H, H-1 0), 2.76 (m, 1H, H-
60a), 2.44 (m, 2H, H-1a, H-6 0b), 2.32 (br s, 1H, H-5), 1.40–
1.10 (m, 8H, H-2 0, H-3 0, H-4 0, H-5 0). MS (API-ES): Calcd
for [C24H37N3SO6]: m/z 495.6430. Found: m/z 494.60
[M�H].
Compound 2d: d 75.4, 68.5, 68.4, 65.8, 58.0, 55.3 (C-1, C-2,
C-3, C-4, C-5, C-6), 52.5 (C-1 0), 42.8 (C-6 0), 39.2 (Me2N-
aryl), 29.4, 26.9, 26.3, 24.0 (C-2 0, C-3 0, C-4 0, C-5 0). 1H
NMR: d 3.87 (dd, 1H, J5,6a 2.4 Hz, J6a,6b 11.7 Hz, H-6a),
3.83 (dd, 1H, J5,6b 2.4 Hz, H-6b), 3.79 (m, 1H, H-2), 3.64
(dd, 1H, J3,4 9.3 Hz, J4,5 8.8 Hz, H-4), 3.28 (dd, 1H, J2,3


3.3 Hz, H-3), 3.01 (s, 6H, Me2N-aryl), 2.92 (m, 3H, H-1e, H-
10), 2.71 (m, 1H, H-6 0a), 2.51 (m, 1H, H-6 0b), 2.40 (dd, 1H,
J1a,2 1.5 Hz, J1a,1e 12.2 Hz, H-1a), 2.07 (ddd, 1H, H-5), 1.50–
1.16 (m, 8H, H-2 0, H-3 0, H-4 0, H-5 0). MS (API-ES): Calcd
for [C29H40N4O7S]: m/z 588.7288. Found: m/z 587.70
[M�H].
Compound 3a: 13C NMR: d 120.1 (C-6 0), 75.6, 71.7, 67.6,
63.5, 61.1, 56.5, 52.5 (C-1, C-2, C-3, C-4, C-5, C-6, C-10),
26.4, 25.2, 23.1, 16.2 (C-2 0, C-3 0, C-4 0, C-5 0). MS (API-ES):
Calcd for [C12H22N2O4]: m/z 258.3201. Found: m/z 257.30
[M�H].
Compound 3b: 13C NMR: d 76.1, 71.1, 67.8, 64.2, 61.3, 56.9,
52.7 (C-1, C-2, C-3, C-4, C-5, C-6, C-1 0), 40.2 (C-6 0), 29.5,
27.0, 26.3, 23.9 (C-2 0, C-3 0, C-4 0, C-5 0). 1H NMR: d 3.98 (dd,
1H, J3,4 3 Hz, J4,5 1.5 Hz, H-4), 3.84–3.77 (m, 3H, H-2, H-
6a, H-6b), 3.22 (dd, 1H, J2,3 9.5 Hz, H-3), 2.99 (dd, 1H,
J1a,1e 11.0 Hz, J1e,2 4.9 Hz, H-1e), 2.81 (t, 2H, H-1 0), 2.79 (m,
1H, H-6 0a), 2.50 (m, 1H, H-6 0b), 2.38 (ddd, 1H, H-5), 2.11
(dd, 1H, J1a,2 10.5 Hz, H-1a), 1.65–1.26 (m, 8H, H-2 0, H-3 0,
H-4 0, H-5 0). MS (API-ES): Calcd for [C12H26N2O4]: m/z
262.3520. Found: m/z 261.35 [M�H].
Compound 3c: 13C NMR: d 74.6, 70.3, 66.4, 64.7, 60.2, 54.9,
52.9 (C-1, C-2, C-3, C-4, C-5, C-6, C-1 0), 44.6 (Me2N-aryl),
42.4 (C-6 0), 29.2, 26.3, 25.9, 23.1 (C-2 0, C-3 0, C-4 0, C-5 0). 1H
NMR: d 3.97 (dd, 1H, H-4), 3.78 (ddd, 1H, H-2), 3.74 (m,
2H, H-6a, H-6b), 3.20 (dd, 1H, J2,3 9.3 Hz, J3,4 3.4 Hz, H-3),
2.91 (dd, 1H, J1a,1e 11.3 Hz, J1e,2 4.9 Hz, H-1e), 2.90 (s, 6H,
Me2N-aryl), 2.85 (t, 2H, H-1 0), 2.58 (m, 1H, H-6 0a), 2.37 (m,
1H, H-6 0b), 2.52 (m, 1H, H-5), 2.06 (dd, 1H, J1a,2 10.3 Hz,
H-1a), 1.35–0.97 (m, 8H, H-2 0, H-3 0, H-4 0, H-5 0). MS (API-
ES): Calcd for [C24H37N3SO6]: m/z 495.6430. Found: m/z
494.40 [M�H].
Compound 4a: 13C NMR: d 172.5 (CO), 120.0 (C-6 0), 76.3,
71.2, 66.2, 58.0, 54.1, 52.0 (C-1, C-2, C-3, C-4, C-5, C-6),
50.4 (C-1 0), 26.4, 25.2, 23.6, 21.6 (C-2 0, C-3 0, C-4 0, C-50),
16.1 (COMe). MS (API-ES): Calcd for [C14H25N3O4]: m/z
299.3731. Found: m/z 298.20 [M�H].
Compound 4b: 13C NMR: d 172.4 (CO), 76.2, 71.6, 66.4,
58.6, 54.5, 52.2 (C-1, C-2, C-3, C-4, C-5, C-6), 50.8 (C-1 0),
40.8 (C-6 0), 31.1, 27.1, 26.5, 24.4 (C-2 0, C-3 0, C-4 0, C-50),
21.6 (COMe). 1H NMR: d 3.90 (dd, 1H, J5,6a 2.5 Hz, J6a,6b
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11.7 Hz, H-6a), 3.83 (dd, 1H, J5,6b 3.2 Hz, H-6b), 3.81 (m,
1H, H-2), 3.40 (dd, 1H, J3,4 9.3 Hz, J4,5 9.0 Hz, H-4), 3.21
(dd, 1H, J2,3 10.0 Hz, H-3), 3.03 (dd, 1H, J1e,2 4.6 Hz, J1a,1e


11.2 Hz, H-1e), 2.83 (m, 1H, H-1 0a), 2.72 (t, 2H, H-6 0), 2.54
(m, 1H, H-1 0b), 2.13 (m, 1H, H-5), 2.09 (dd, 1H, J1a,2 11 Hz,
H-1a), 1.97 (s, 3H, COMe), 1.57–1.26 (m, 8H, H-2 0, H-3 0, H-
40, H-5 0). MS (API-ES): Calcd for [C14H29N3O4]: m/z
303.4049. Found: m/z 302.3 [M�H].
Compound 4c: 13C NMR: d 172.4 (CO), 76.5, 71.5, 66.2,
58.4, 54.4, 52.2 (C-1, C-2, C-3, C-4, C-5, C-6), 50.7 (C-1 0),
44.7 (Me2N-aryl), 42.6 (C-6 0), 29.3, 26.7, 26.1, 24.1 (C-2 0, C-
30, C-4 0, C-5 0), 21.6 (COMe). 1H NMR: d 3.86–3.78 (m, 3H,
H-2, H-6a, H-6b), 3.39 (dd, 1H, J3,4 = J4,5 9.3 Hz, H-4), 3.21
(dd, 1H, J2,3 9.8 Hz, H-3), 2.97 (dd, 1H, J1e,2 4.4 Hz, J1a,1e


11.2 Hz, H-1e), 2.89 (s, 6H, Me2N-aryl), 2.84 (t, 2H, H-1 0),
2.68 (m, 1H, H-6 0a), 2.43 (m, 1H, H-6 0b), 2.12 (m, 1H, H-5),
2.07 (dd, 1H, J1a,2 11.2 Hz, H-1a), 1.98 (s, 3H, COMe),
1.34–0.65 (m, 8H, H-2 0, H-3 0, H-4 0, H-5 0). MS (API-ES):
Calcd for [C26H40N4O6S]: m/z 536.696. Found: m/z 535.5
[M�H].For compounds 5a and b, see Häusler, H.; Rupitz,
K.; Stütz, A. E.; Withers, S. G. Chem. Mon. 2002, 133, 555;
compound 5c: 13C NMR: d 79.2 (C-3), 70.2 (C-2, C-4), 58.3
(C-1, C-5), 57.6 (C-1 0), 44.7 (Me2N-aryl), 42.5 (C-6 0), 29.2,
26.7, 26.3, 26.1 (C-2 0, C-3 0, C-40, C-5 0). 1H NMR: d 3.23
(ddd, 2H, J2,3 = J3,4 8.8 Hz, H-2, H-4), 2.84 (dd, 1H, H-3),
2.68 (m, 2H, J1e,2 = J4,5e 4.7 Hz, H-1e, H-5e), 2.64 (s, 6H,
Me2N-aryl), 2.60 (dd, 2H, J1a,2 = J4,5a 10.3 Hz, J1a,1e = J5a,5e


11.0 Hz, H-1a, H-5a), 2.01 (t, 2H, H-10), 1.70–0.77 (m, 8H,
H-2 0, H-3 0, H-4 0, H-5 0). MS (API-ES): Calcd for
[C12H22N2O3]: m/z 242.3207. Found: m/z 241.3 [M�H].
Compound 6a: 13C NMR: d 120.0 (C-6 0), 73.9, 71.8, 65.7,
63.0 60.5 (C-1, C-2, C-3, C-4, C-5), 52.5 (C-1 0), 25.7, 24.9 (C-
20, C-30, C-4 0, C-5 0), 16.1 (C-6). 1H NMR: d 4.01 (ddd, 1H,
J1a,2 = J2,3 10 Hz, J1e,2 4.6 Hz, H-2), 3.90 (br s, 1H, H-4),
3.53 (m, 1H, H-3), 3.40–3.32 (m, 2H, H-1e, H-5), 3.14 (m,
1H, H-6 0a), 3.05 (m, 1H, H-6 0b), 2.83 (dd, 1H, H-1a), 2.51
(m, 2H, H-1 0), 1.80–1.46 (m, 8H, H-2 0, H-3 0, H-4 0, H-5 0),
1.40 (d, 3H, J5,6 6.6 Hz, H-6). MS (API-ES): Calcd for
[C12H22N2O3]: m/z 242.3207. Found: m/z 241.20 [M�H].
Compound 6c: 13C NMR: d 76.4, 73.9, 68.1, 58.3, 56.9, 52.6
(C-1, C-2, C-3, C-4, C-5, C-1 0), 42.5 (C-6 0), 29.6, 26.9, 26.2,
23.3 (C-2 0, C-3 0, C-4 0, C-5 0), 15.6 (C-6). 1H NMR: d 3.75
(ddd, 1H, J1a,2 = J2,3 10.3 Hz, J1e,2 4.9 Hz, H-2), 3.60 (dd,
1H, J3,4 2.9 Hz, J4,5 1.4 Hz, H-4), 3.20 (dd, 1H, H-3), 2.89
(m, 1H, H-1e), 2.88 (s, 6H, Me2N-aryl), 2.85 (t, 2H, H-1 0),
2.49 (m, 1H, H-6 0a), 2.35–2.24 (m, 2H, H-5, H-6 0b), 1.99
(dd, 1H, J1a,1e 10.7 Hz, H-1a), 1.34–0.94 (m, 8H, H-2 0, H-3 0,

H-4 0, H-5 0), 1.12 (d, 3H, H-6). MS (API-ES): Calcd for
[C24H37N3SO5]: m/z 479.6436. Found: m/z 478.4 [M�H].
Compound 7a: 13C NMR: d 119.9 (C-600), 71.8, 69.3, (C-3,
C-4) 59.7, 56.8, 55.5, 53.6, 41.9 (C-2, C-6, C-5, C-5 0, C-100),
25.6, 24.8, 23.7, 16.0 (C-200, C-300, C-400, C-500). 1H NMR: d
3.83 (dd, 1H, J5;50a6:6 Hz, J 50a;50b11:2 Hz, H-5 0a), 3.76 (ddd,
1H, H-3), 3.70 (dd, 1H, J5;50b3:4 Hz, H-5 0b), 3.57–3.45 (m,
2H, H-2e, H-6e), 3.41 (dd, 1H, J3,4 9.5 Hz, J4,5 9.2 Hz, H-4),
3.11 (m, 2H, H-100), 2.87 (dd, 1H, J5,6a 11.7 Hz, J6a,6e


12.7 Hz, H-6a), 2.75 (dd, 1H, J2a,2e = J2a,3 11.5 Hz, H-2a),
2.52 (t, 2H, H-500), 1.99 (m, 1H, H-5), 1.86–1.45 (m, 6H, H-
200, H-300, H-400). MS (API-ES): Calcd for [C12H22N2O3]: m/z
242.3207. Found: m/z 241.2 [8M�H].
Compound 7b: 13C NMR: d 74.9, 71.9 (C-3, C-4), 61.5, 58.6,
58.2, 55.3, 43.8 (C-2, C-5, C-50, C-6, C-100), 41.0 (C-600), 27.3,
26.6, 26.5, 26.4 (C-200, C-300, C-400, C-500). 1H NMR: d 3.83
(dd, 1H, J5;50b3:9 Hz, J50a;50b11:2 Hz, H-5 0b), 3.53 (dd, 1H,
J5;50a7 Hz, H-5 0a), 3.52 (m, 1H, H-3), 3.09 (dd, 1H, J3,4


9.2 Hz, J4,5 9.8 Hz, H-4), 3.04 (m, 2H, H-2a, H-6e), 2.68 (br
s, 2H, H-100), 2.39 (m, 2H, H-2a, H-6a), 1.84 (m, 2H, H-600),
1.75 (m, 1H, H-5), 1.58–1.30 (m, 8H, H-200, H-300, H-400, H-
500). MS (API-ES): Calcd for [C12H26N2O3]: m/z 246.3526.
Found: m/z 245.3 [M�H].Compound 7c: 13C NMR: d 74.9,
71.9 (C-3, C-4), 61.5, 58.8, 58.0, 55.4 (C-2, C-5 0, C-6, C-100),
44.7 (Me2N-aryl), 43.8, 42.5 (C-5, C-600), 29.2, 26.8,
26.7, 24.1 (C-200, C-300, C-400, C-500). 1H NMR: d 3.82 (dd,
1H, J 5;50b3:7 Hz, J50a;50b10:7 Hz, H-5 0b), 3.52 (dd, 1H,
J5;50a7:0 Hz, H-5 0a), 3.49 (m, 1H, H-3), 3.08 (dd, 1H, J3,4


9.0 Hz, J4,5 10.0 Hz, H-4), 2.97 (m, 2H, H-2e, H-6e), 2.90 (s,
6H, Me2N-aryl), 2.86 (t, 2H, H-100), 2.23 (m, 2H, H-2a, H-
6a), 1.97 (m, 2H, H-600), 1.73 (m, 1H, H-5), 1.36–1.02 (m,
8H, H-200, H-300, H-400, H-500). MS (API-ES): Calcd for
[C24H37N3SO5]: m/z 479.6436. Found: m/z 478.5 [M�H].


7. Assays were conducted as previously published: b-glucosi-
dase: Namchuk, M. N.; Withers, S. G. Biochemistry 1995,
34, 16194; a-mannosidase: Withers, S. G.; Rupitz, K.;
Street, I. P. J. Biol. Chem. 1988, 263, 7929; b-N-acetylhex-
osaminidase: Mark, B. L.; Vocadlo, D. J.; Zhao, D.;
Knapp, S.; Withers, S. G.; James, M. N. G. J. Biol. Chem.
2001, 276, 42131; a-LL-fucosidase: Sulzenbacher, G.; Bignon,
C.; Nishimura, T.; Tarling, C. A.; Withers, S. G.; Henrissat,
B.; Bourne, Y. J. Biol. Chem. 2004, 279, 13119; b-
xylosidase: Häusler, H.; Rupitz, K.; Stütz, A. E.; Withers,
S. G. Chem. Mon. 2002, 133, 555.


8. Lundt, I.; Steiner, A. J.; Stütz, A. E.; Tarling, C. A.; Ully,
S.; Withers, S. G.; Wrodnigg T. M. Bioorg. Med. Chem.
2006, 14, in press.





		Fluorescent glycosidase inhibiting 1,5-dideoxy-1,5-iminoalditols

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 2224–2228

Factor VIIa inhibitors: A prodrug strategy to improve
oral bioavailability


Jennifer R. Riggs,* Aleksandr Kolesnikov, John Hendrix, Wendy B. Young,
William D. Shrader, Dange Vijaykumar, Robin Stephens, Liang Liu, Lin Pan,


Joyce Mordenti, Michael J. Green and Juthamas Sukbuntherng


Celera Genomics, 180 Kimball Way, South San Francisco, CA 94080, USA


Received 7 December 2005; revised 7 January 2006; accepted 9 January 2006


Available online 3 February 2006

Abstract—We have developed a series of potent and selective factor VIIa inhibitors based on the 2-[5-(5-carbamimidoyl-1H-ben-
zoimidazol-2-yl)-6-hydroxy-biphenyl-3-yl]-succinic acid scaffold. These amidine-containing compounds have low oral bioavailabil-
ity. Herein, we describe our efforts to improve the oral bioavailability of the parent amidine via a prodrug strategy where the
amidine basicity and polarity were reduced with either an alkoxy-amidine or a carbamate prodrug.
� 2006 Elsevier Ltd. All rights reserved.

The development of novel therapeutic agents for the
treatment of coagulation disorders, such as deep vein
thrombosis (DVT) and pulmonary embolism (PE), is a
major focus of research in the pharmaceutical indus-
try.1–3 A number of coagulation proteases have been tar-
geted for the development of an anticoagulant therapy,
most commonly thrombin and factor Xa. While inhibi-
tion of these enzymes has proven beneficial in the clinic,
safety concerns, such as bleeding risk, are problematic.
Studies evaluating bleeding tendency4 and surgical
blood loss5 have shown that inhibition earlier in the
coagulation cascade, e.g., factor VIIa, may provide an
increased window of safety over inhibition downstream
in the cascade with factor Xa and thrombin.5–7 These
possible safety advantages lead us to focus on the devel-
opment of an oral and selective factor VIIa inhibitor.


We have previously reported on the development of the 2-
[5-(5-carbamimidoyl-1H-benzoimidazol-2-yl)-6-hydroxy-
biphenyl-3-yl]-succinic acid scaffold as an effective factor
VIIa inhibitor.8,9 The potency of this series is mediated
by two principle binding interactions. First, a phenol moi-
ety forms a unique network of hydrogen bonds to the cat-
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alytic Ser195, common to all proteases in this family.10–14


Second, this series utilizes a basic amidine to form a salt
bridge with acidic Asp189 in the P1-pocket of the protease.
Unfortunately, the amidine is associated with sub-optimal
oral bioavailability due to its charged nature (pKa � 12).
One strategy to increase the oral bioavailability of an ami-
dine is to make a prodrug. Ideally, a prodrug of an amidine
would mask its polar basicity, and upon absorption of the
prodrug from the gastrointestinal tract into circulation,
the prodrug would be cleaved to the active parent amidine.
This approach has been successfully demonstrated in the
clinic with a number of amidine-containing compounds,
most notably ximelagatran, the hydroxy amidine prodrug
of melagatran, which is being developed as a direct throm-
bin inhibitor.15


The parent amidine 1 and its associated des-amidine
counterpart 2 (Table 1) were administered intravenously
(IV) and orally (PO) to male Sprague–Dawley rats
(n = 3, rats/compound per route) to evaluate the oral
absorption and bioavailability of the base scaffold with
and without the amidine functionality.16 Both com-
pounds pass Lipinski’s Rule of 5 and demonstrate
acceptable values for molecular weight (MW < 350)
and for calculated polar surface area (PSA < 125).17,18


The amidine-containing analog demonstrated low oral
absorption and bioavailability (<1%), while the corre-
sponding non-amidino counterpart had improved oral
absorption (�100%) and bioavailability (16%). This ini-
tial study in rats confirmed that the amidine hindered
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Table 1. Comparison of oral bioavailability for the amidino (1) and


non-amidino (2) analogs in male rats16


NH


N


OHR HO


Analog R VIIa Ki


(lM)


PSA MW Abs (%)a F (%)b


1c


H2N


NH
0.41 119 344 <1 <1


2 H 37.0 69 302 �100 16


a Abs = oral absorption, based on portal-vein drug concentrations.
b F = oral bioavailability, based on jugular-vein drug concentrations.
c 200-hydroxy-500-fluoro analog, exact analog represented also had low


% F.
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oral absorption in this series. Following previous litera-
ture examples, we chose to utilize a prodrug strategy
wherein the amidine was converted to hydroxy and alk-
oxy amidines. Typically, these prodrugs are converted
back to parent upon absorption via a reductive cleavage
of the amidine N–O bond within the liver.19 The corre-
sponding prodrugs of our series are less basic (pKa � 5–
7) and more lipophilic than the parent amidine and were
envisioned to provide an increase in absorption and ulti-
mately oral bioavailability of the corresponding parent
amidine.


Hydroxy amidine 4 and a series of alkoxy amidines,
including ethoxy, allyloxy, isopropoxy, and tert-butoxy
(5–8), were synthesized and evaluated in vitro and in vivo
(Table 2). The hydroxy amidine 4 showed good physical
properties (PSA < 120, MW < 450), solubility, plasma
stability, and rapid cleavage to parent in liver micro-
somes. The related alkoxy-amidine prodrugs (5–8) main-
tained good physical properties; however, solubility and
cleavage in liver microsomes were reduced. These pro-
drugs were administered IV and PO to male Sprague–
Dawley rats (n = 3 rats/compound per route) and the
amount of parent and prodrug in plasma was quantified
as a function of time.16 As anticipated, all prodrugs
showed moderate to high oral absorption and bioavail-
ability; however, the percent of prodrug that was con-
verted to parent following absorption (i.e.,
bioavailability of the parent) was negligible for all alk-
oxy prodrugs.


It has been suggested that pig enzymes are better models
for the human enzymatic reductive processes which are re-
quired for prodrug conversion.19 Hydroxy amidine 4 was
evaluated in vitro in pig microsomes and in vivo in pigs,
and the results paralleled those observed in rats.20 In con-
clusion, both pigs and rats demonstrated low oral bio-
availability due to negligible conversion of the hydroxy
amidine prodrug to parent amidine after absorption.


The low reductive cleavage that was obtained with our
hydroxy- and alkoxy-amidine prodrugs led us to focus
on prodrugs that could be converted to parent by an
alternate mechanism, such as enzymatic hydrolysis or

oxidation. To this end, we chose to evaluate amidino
carbamates as prodrugs. The masking of amidines as
carbamates has been used successfully in various aryl
amidine cases to improve oral bioavailability.21 To as-
sess this prodrug strategy, a range of carbamate pro-
drugs (9–12) of base amidine 3 were evaluated both
in vivo and in vitro (Table 2). The carbamates (9–12)
exhibited acceptable PSA and MW values; however,
the aqueous solubilities of these prodrugs were lower
than those of the parent amidine or the corresponding
hydroxy- and alkoxy-amidine prodrugs. The carbamates
were stable in plasma (with the exception of 12 in rat)
and in simulated gastric fluid,22 minimizing the possibil-
ity of cleavage prior to absorption in vivo. Although the
conversion of the carbamate prodrugs to parent amidine
(i.e., 3–20%) was superior to the conversion of the hy-
droxy- and alkoxy-amidine prodrugs to parent (i.e.,
<1%) following IV administration in rats,16 the oral bio-
availability of the parent amidine after oral administra-
tion of these prodrugs was between 1% and 2% in all
cases. As before, the low oral bioavailability of the par-
ent amidine was due to low cleavage of the carbamate
prodrug. With the outcome of our prodrug evaluation
on our amidine fVIIa scaffold 3, we changed our strate-
gy and replaced the aryl-amidine P1 of 3 with a non-am-
idino heterocycle. The result of these efforts will be
disclosed in a future publication.


The indole scaffold (3) was completed according to
Scheme 1. The 2,2 0-bisphenol 13 was mono-protected
with MemCl and selectively ortho-formylated with para-
formaldehyde and MgCl2 using the conditions of Hof-
slokken et al. to yield aldehyde 14.23 Acid hydrolysis
of the Mem group followed by protection of the bis-phe-
nol as its bis-methyl ether with MeI yielded bis-anisole
15. Conversion of the aryl aldehyde to the correspond-
ing alkyne was accomplished using the diazophospho-
nate Ohira reagent 16. The indole ring was constructed
via a Sonagashira coupling between iodobenzonitrile
18 and alkyne 17 to produce a transient biaryl alkyne,
which spontaneously cyclized upon the acidic mesylate
nitrogen to produce the corresponding N-mesyl indole
19. The indole nitrogen sulfonamide was removed via
treatment with NaOH/MeOH. Pinner conversion of
the nitrile intermediate to the ethyl imidate followed
by treatment with ammonium carbonate provided the
desired amidine. The compound was globally deprotec-
ted with aq HBr to cleave the methyl ethers to provide
amidine 3. Compound 3 was purified by preparative re-
verse-phase HPLC, and isolated as its corresponding
HCl salt after lyophilization.


The synthesis of the hydroxy and alkoxy amidine pro-
drugs began with deprotection of bis methyl ether 20
with BBr3 followed by Pinner conversion of the nitrile
to the corresponding ethyl imidate (Scheme 2). Displace-
ment of the imidate with either hydroxylamine to pro-
vide the hydroxyamidine or alkylhydroxyamines to
produce alkoxyamidines completed the first series of
prodrugs 21. Conversely, the simple hydroxyamidine
can be formed directly from the nitrile upon treatment
with hydroxylamine. The carbamate prodrugs 23 were
completed by reaction of p-nitrophenyl carbonate 22







Table 2. Physical properties, stability, and pharmacokinetic parameters of parent amidine and hydroxy-, alkoxy-, and carbamate-amidine prodrugs
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properties


Solubility24 (lM) Plasma stability25 (%


remaining at 2 h)


Liver microsome


stability26 (%


remaining at 1 h)


PK parameters in rats


Prodrug Parent


PSA MW pH 7.4 Rat Human Rat Human Absa (%) Fb (%) Fb (%)


3c H 106 343 83 100 100 100 61 — — <1


4 OH 115 359 380 94 97 9 41 39–87 15–39 1


5 O 104 387 43 100 100 70 50 53–100 67–81 <1


6 O 104 399 24 94 100 42 55 100 100 2


7
O


104 401 25 100 100 69 63 54 10–36 <1


8
O


104 416 <10 99 100 78 100 60–100 38–62 <1


9
O


O
118 415 <10 95 100 53 37 NDd NDd 2


10
O


O
118 429 <10 100 100 49 NDd 53–81 23 <1


11 O


O
Cl


Cl
Cl


118 519 <10 89 100 9 87 21–31 14 2


12
OO


O O
145 473 <10 37 96 12 9 NDd NDd 2


a Abs = oral absorption, based on portal-vein drug concentrations.
b F = oral bioavailability, based on jugular-vein drug concentrations.
c 200-hydroxy-500-fluoro analog, exact analog represented also had low % F.
d ND, not determined.
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with amidine 3.27 p-Nitrophenyl carbonates were made
from the corresponding commercially available
chloroformates.


The practice of employing amidine prodrugs as a means to
improve oral bioavailability of amidine compounds has
been a successful strategy in a number of relevant cases.
Hydroxy and alkoxy amidines were made in our factor
VIIa inhibitor scaffold to test our hypothesis for increased
oral bioavailability. The hydroxy amidine showed low
microsomal stability in vitro, suggesting good prodrug
conversion was possible; however, negligible cleavage to
the parent amidine was observed in vivo. Alternatively,
the alkoxy amidines remained relatively stable both in vi-
tro and in vivo, leading to moderate absorption of the pro-
drug, but very low conversion and thus very low oral
bioavailability of the parent amidine.


Additionally, the carbamate prodrugs also remained
very stable in both plasma and gastric fluid with the

exception of the N-acyloxyalkoxy amidine 12 in rat plas-
ma. The in vitro instability of analog 12 did not corre-
late with increased oral bioavailability of the parent
amidine in vivo.


Many factors can affect the lack of conversion of our
amidine prodrugs. Successful applications of amidine
prodrugs have typically involved alkyl- and mono aryl-
amidine structures,28 unrelated to our biaryl scaffold
system. We hypothesize that our lack of prodrug con-
version to the parent amidine upon absorption is the re-
sult of our biaryl scaffold not being recognized as a
substrate for the enzymes necessary to effect the amidine
prodrug conversion.20
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Abstract—Co-incubations of various b-cyclodextrins and doxorubicin have been evaluated on an in vitro model of blood–brain bar-
rier in order to increase the delivery of this P-gp substrate to the brain. Among these cyclodextrins used, the Rame-b-cyclodextrin
and Crysme-b-cyclodextrin increased the transport by a factor of 2 and 3.7, respectively. This increase was attributed to the cho-
lesterol extraction property of these cyclodextrins from brain capillary endothelial cells leading to a modulation of the P-gp activity.
� 2006 Elsevier Ltd. All rights reserved.

The blood–brain barrier (BBB) represents a major
obstacle in the treatments of cerebral tumor since the
majority of drugs do not reach the brain.1 The BBB
acts as an anatomical and transporter barrier notably
due to the presence of tight junctions and the ATP-de-
pendent efflux pump P-glycoprotein (P-gp), respective-
ly. For example, the brain distribution of doxorubicin
(DOX), an antitumoral agent widely used in the treat-
ment of several cancers, is mainly restricted by P-gp on
the BBB under normal physiological conditions.2 To
circumvent the brain limited access of DOX, different
approaches were developed: drug delivery systems such
as liposomes3 or nanoparticles,4 peptide-vector strategy
using DOX linked to cationic peptides.5 Coadministra-
tion of drug with a P-gp modulator, inhibiting the
effect of the P-gp, has also been envisaged.6 More inva-
sive method such as temporary disruption of the BBB
via osmotic pressure modification allowed to increase
the DOX delivery.7 Recently, we have described, on
an in vitro model of BBB, a less drastic strategy using
cyclodextrins (CD) since these compounds were able to
modify the membrane composition of brain capillary
endothelial cells (BCEC) by extracting lipid
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compounds.8 As c-CD was the less toxic CD and
was the only native CD able to form an inclusion com-
plex with DOX,9 we have evaluated the ability of this
association to improve the DOX transport to the
brain.10 The complexation by c-CD did not succeed
in increasing the brain DOX delivery. In fact, this
inclusion complex crossed only slightly the BBB and
no effect on P-gp activity was observed.


As a-CD and b-CD have more important interaction
with BCEC8 and are too small to include DOX, it was
of great interest to evaluate their co-incubation in order
to increase in DOX delivery to the brain. In this publi-
cation, the b-CD series was chosen to be incubated in
the presence of DOX.


The b-CD and two methylated derivatives (Table 1)
were used in order to increase the DOX delivery.


Before co-incubation, the threshold of toxicity of each
CD, without DOX, has been determined. All experi-
ments were realized on an in vitro model of BBB consist-
ing of a co-culture of bovine BCEC with rat glial cells.11


This model presents most of the in vivo BBB character-
istics. Selected CD was placed on a monolayer of
BCEC12 and the integrity of this monolayer was checked
by determination of the endothelial permeability of inu-
lin across the BBB.
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Table 1. Structure of the various b-CDs
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[3H]Inulin was used as an indicator of the functional
integrity of the tight junctions. An endothelial perme-
ability coefficient13 for inulin (Pe(Inulin)) higher than
0.4 · 10�3 cm min�1 was indicative of a leaky BBB. In
our in vitro BBB model, the Pe(Inulin) across the mono-
layer was inferior to 0.2 · 10�3 cm min�1 (mean value
of 0.15 ± 0.03 · 10�3 cm min�1) in the control condi-
tions. Figure 1 shows the evolution of Pe(Inulin) as a func-
tion of CD concentration and allows us to determine the
CD concentration leading to a BBB breakdown. The
CDs induced a toxicity in the order b-CD = Rame-b-
CD > Crysme-b-CD with a threshold of toxicity equal
to 2.5, 2.5, and 5 mM, respectively.


To evaluate the ability of these CDs to modify the brain
delivery of DOX, b-CD and the two methylated deriva-
tives have been used in this study at a concentration pre-
serving the BBB integrity (1, 1, and 2.5 mM for b-CD,
Rame-b-CD, and Crysme-b-CD, respectively). The
DOX concentration was also fixed at 1 lM to avoid
any toxic effect toward the BBB integrity.10 DOX and
selected CD were placed on a monolayer of BCEC
and the transfer of DOX across this monolayer was ob-
served after 2 h of incubation.14 DOX transport to the
brain at 1 lM without CD corresponds to 100% and is
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Figure 1. Effect of b-CD (h), Rame-b-CD (s), and Crysme-b-CD (n)


concentrations on the endothelial permeability coefficient for inulin


after 2 h of incubation. Transport studies were conducted at 37 �C, in


buffered Ringer’s solution at pH 7.4. Each point is the mean of three


different filters and is representative of three series of independent


experiments.

used as a reference (in this case,
Pe(DOX) = 0.4 · 10�3 cm min�1). The integrity of the
BCEC monolayer was checked by adding inulin. Figure
2 represents the evolution of DOX transport for the var-
ious b-CDs. Addition of each CD improved DOX trans-
port through the BCEC monolayer. The increase was
equal to 1.7, 2, and 3.7 in the presence of b-CD (not sig-
nificant as demonstrated by one-way ANOVA), Rame-
b-CD, and Crysme-b-CD, respectively. It is noteworthy
that Pe(Inulin) was not significantly increased, indicating
that this amelioration of DOX transport was not related
to the loss of barrier integrity (data not shown).


The improvement in DOX delivery could be explained
by two mechanisms. First, an interaction between the
CDs and the BCEC components leading to a fragiliza-
tion of the BBB, without loss of integrity, could be in-
voked. Second, an effect on the P-gp activity could be
also envisaged. To gain an insight into these two ques-
tions, similar studies have been performed in the pres-
ence of urea (crossing the BBB only by passive
diffusion) and in the presence of another P-gp substrate
(vincristine, an antitumoral agent). These two com-
pounds have been co-incubated with the Crysme-b-
CD. Urea or vincristine and Crysme-b-CD were placed
on a monolayer of BCEC and the transfer of each
compound across this monolayer was observed after
2 h of incubation. Urea or vincristine transport to the
brain at 0.78 lM or 50 nM without CD
corresponds to 100% and is used as a reference (in
this case Pe(Urea) = 2.2 · 10�3 cm min�1 and
Pe(Vincristine) = 0.2 · 10�3 cm min�1). Figure 3 represents
the effect of Crysme-b-CD on urea and vincristine trans-
port across the BBB.15 The integrity of the BCEC mono-
layer was checked by adding inulin or sucrose.16 In the
presence of Crysme-b-CD, the urea transport is similar,
whereas the vincristine transport is increased by a
factor of two. In each case, it is important to notice that
Pe(Inulin) or Pe(Sucrose) was not significantly modified,
indicating that the BBB integrity was preserved (data
not shown).
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The methylated b-CDs are able to increase the transport
of a P-gp substrate and have no effect on the urea trans-
port. These results indicate that this phenomenon is P-
gp specific and it is not due to a fragilization of the
BBB. A modification of P-gp activity probably takes
place.


P-gp was observed to be located in the caveolae of
BCEC on our in vitro model of BBB.17 Caveolae are
flask-shaped plasma membrane invaginations involved
in many cellular events such as signal transduction, lipid
and protein sorting, endocytosis, and potocytosis. Cave-
olar microdomains are enriched in glycosphingolipids,
cholesterol, sphingomyelin, and a number of signal
transduction molecules.18 On our in vitro model of
BBB, it was demonstrated that cholesterol is important
for the transport activity of P-gp because in the presence
of cholesterol-depletion agents, P-gp activity was
reduced.17


So, in our study, the modification of P-gp activity is
probably due to a cholesterol extraction from the plas-
ma membrane in the presence of these CDs. Indeed,
we have already demonstrated that b-CD released cho-
lesterol from BCEC8 and in this way cholesterol efflux
studies were envisaged in the presence of methylated
b-CDs. Figure 4 represents the percentage of cholesterol
extracted from endothelial cells by the b-CD and its
methylated derivatives at the concentration used
above.19


Release of cholesterol from BCEC was clearly depen-
dent on the nature and the concentration of the CDs
used. Indeed, the cholesterol efflux was equal to 16%,
21%, and 31% for b-CD (at 1 mM), Rame-b-CD (at
1 mM), and Crysme-b-CD (at 2.5 mM), respectively.
The most important efflux induced by methylated-b-cy-
clodextrin can be explained by the values of association

constants with cholesterol (b-CD/cholesterol = 20,000 M�1


compared to Rame-b-CD/cholesterol = 57,000 M�1)20


and the higher concentration used in the case of
Crysme-b-CD. In addition, other studies of cholesterol
efflux mediated by b-cyclodextrin or Rame-b-cyclodex-
trin have shown that Rame-b-cyclodextrin was a greater
cholesterol extractor compared to b-cyclodextrin.21 In
addition, it is very important to notice that the DOX
transport increase is related to this efflux. The more
significant the cholesterol efflux is, the higher the
DOX delivery is. These results demonstrate that the
methylated b-CDs used are implicated in
the deliverance of P-gp substrates by modifying the
P-gp activity.


Similar observations have been reported on Caco-2 cell
monolayers. The enhancing effect of dimethyl-b-cyclo-
dextrin (DM-b-CD) on the oral bioavailability of
tacrolimus (an immunosuppressor, P-gp substrate) on
Caco-2 cell monolayer is due, at least in part, to its
inhibitory effect on the P-gp-mediated efflux.22 The
inhibitory effect of DM-b-CD on P-gp could be attrib-
uted to the release of this transporter from apical mem-
branes into the medium as secondary effects through
cholesterol depletion in caveolae.23 Another study has
shown that the treatment of Madin Dardy Canine Kid-
ney (MDCK) cells with Rame-b-CD did not affect via-
bility but altered the structural appearance of the
MDCK cells and abolished efflux of rhodamine 123
(a P-gp substrate).24 The presence of Rame-b-CD re-
duced significantly the amount of cholesterol in the raft
fractions. These results show that removal of cholester-
ol modulates the membrane lipid composition, changes
the localization of P-gp, and results in loss of P-gp
function.


In conclusion, methylated b-CDs are able to reduce the
P-gp activity by extracting the cholesterol from BCEC.
This behavior allows to increase the delivery of P-gp
substrates. The effect obtained for doxorubicin deliver-
ance is in the same order of magnitude as those depicted
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in vivo in the absence of P-gp.25 Now, further works are
necessary to target specifically the BBB.
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Abstract—The synthesis of the analogs of N-3-oxododecanoyl-LL-homoserine lactone (1) and their structure–activity relationship for
the apoptotic induction in macrophages, P388D1 cells, are described. It was revealed that the position of the oxo group in the acyl
side chain in addition to the presence of the LL-homoserine lactone unit is crucial for the apoptosis-inducing activity. Furthermore,
the long acyl side chains with hydrophobic distal ends are preferable for the activity.
� 2006 Elsevier Ltd. All rights reserved.
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N-3-Oxododecanoyl-LL-homoserine lactone (1; 3-oxo-
C12-HSL), a Pseudomonas quorum-sensing autoinducer
for the bacterial cell-to-cell communication,1,2 has been
known to exhibit various immunostimulatory activities
in host cells,3–6 such as the induction of IL-8 and pros-
taglandin E1 production. Recently, we reported that 1,
and not N-butanoyl-LL-homoserine lactone (2; C4-
HSL), another Pseudomonas autoinducer, induces apop-
tosis in eukaryotic cells.7 Interestingly, the induction of
apoptosis with 1 was observed in macrophages (U937,
P388D1) and neutrophils, but not in fibroblasts (L-cell)
or epithelial cells (CCL-185, HEp-2). Although these
phenomena have been intriguing in relation to the
chronic respiratory infection by Pseudomonas aerugin-
osa, which is one of the opportunistic pathogens, their
molecular mechanisms are largely unknown. We have
previously synthesized a few analogs of 1 and shown
the importance of the 3-oxo group in the acyl side chain
and LL-homoserine lactone unit for the apoptotic induc-
tion in the macrophages. Here, we report the synthesis
of an array of acyl-HSL analogs, most of which possess
different acyl side chains, and the structural characteris-
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tics required for the induction of apoptosis in macro-
phages, that is, the P388D1 cells (Fig. 1).


The synthetic schemes for the individual compounds are
outlined below. 3-Oxo-C10-HSL (8) and 3-oxo-C14-HSL
(9) were, respectively, prepared by the procedure7 previ-
ously described in the synthesis of 1.8 The acyl-HSL
analogs 10–15, each possessing a cyclopropane ring or
a phenyl group at the end of acyl side chain, were syn-
thesized as outlined in Scheme 1. Treatment of a dianion
of tert-butyl acetoacetate with 1-bromo-3-butene pro-
vided the corresponding b-ketoester. Removal of its
tert-butyl group with TFA in CH2Cl2 was followed by
coupling with L-HSL (A) to afford 7,8-dehydro-acyl-

R N
H


O


O
7 : R = nC9H19


Figure 1. Pseudomonas autoinducers (1,2) and their previously syn-


thesized analogs (3–7).



mailto:horikawa@sunbor.or.jp





OtBu


O O


1. NaH, nBuLi


2. TFA, CH2Cl2
3. A, EDCI, HOAt, CH3CN


Brn
n


O O


N
H


O


O


CH2N2


PdCl2(CH3CN)2


Et2O, rt


n


O O


N
H


O


O


22: n = 1 (43%)
23: n = 2 (45%)
24: n = 3 (48%)


10: n = 2 (77%, from 23)
11: n = 3 (69%, from 24)


1. NaH, nBuLi


2. TFA, CH2Cl2
3. A, EDCI, HOAt, CH3CN


Br


O O


N
H


O


O
12 (45%)


Ru
Ph


PCy3


PCy3


Cl


Cl
CH2Cl2, 40 C


n


O O


N
H


O


O
25: n = 1 (52%)
26: n = 2 (48%)
27: n = 3 (55%)


n


O O


N
H


O


O


13: n = 1 (92%)
14: n = 2 (93%)
15: n = 3 (89%)


H2


10% Pd/C
EtOAc, rt


O
H2N


O
A


Scheme 1. Synthesis of analogs 10–15.


O
THPO


4


O
RO


4 N
H


O
O


O


HO
4


R1O
4


OR2


a-d e


36: R1, R2 = CHO
37: R1 = OH, R2 = CHO
38: R1 = THP, R2 = CHO
39: R1 = THP, R2 = OH


f, g, h


O
O


4 N
H


O
O


OO


O


HO
i


41: R = THP
18: R = H


19


40


Scheme 3. Synthesis of analogs 18 and 19. Reagents and conditions:


(a) HCO2H, HClO4 (36: 77%); (b) K2CO3, MeOH (37: 61%); (c) DHP,


PPTS, CH2Cl2 (38: 100%); (d) NaOH, MeOH (39: 100%); (e) CrO3,


acetone (72%); (f) LiHMDS, THF, then crushed dry ice (92%); (g) A,


EDCI, dioxane (39%); (h) H2O, AcOH (42%); (i) succinic anhydride,


pyridine (99%).


O O
m


n


28: m = 5, n  = 1
29: m = 4, n  = 2


OEt
OH


O
a b, c


OR
O


O


30: m = 5, n = 1 (11%)
31: m = 4, n = 2 (98%)


32: m = 5, n = 1, R = Et (88%)
33: m = 4, n = 2, R = Et (81%)
34: m = 5, n = 1, R = H (88%)
35: m = 4, n = 2, R = H (75%)


d
N
H


O
O


O


m n


O
m n m n


16: m = 5, n = 1 (10%)
17: m = 4, n = 2 (45%)


Scheme 2. Synthesis of analogs 16 and 17. Reagents and conditions: (a)
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HSL 22. For this coupling reaction, 1-hydroxy-7-aza-
benzotriazole (HOAt) was used instead of HOBt be-
cause a more convenient procedure is required for
removal of HOAt, that is, by washing with a 5% CuSO4


aqueous solution. The same procedure employed for
1-bromo-5-hexene or 1-bromo-7-octene gave the corre-
sponding dehydro-acyl-HSLs, 23 or 24, respectively.
The cyclopropanation of 23 with diazomethane cata-
lyzed by bis(acetonitrile)dichloropalladium (II) provided
cyclopropyl-acyl-HSL 10 in a moderate yield. The con-
version of 24 in a similar manner led to 11. The olefin
cross-metathesis reaction9 of the acyl-HSLs 22–24 with
4-phenyl-1-butene provided the endo-olefins 25–27 in
moderate yields, respectively. Hydrogenation of 25–27
gave a series of phenylacyl-HSLs 13–15 possessing dif-
ferent acyl side-chain length. In addition, another phe-
nylacyl-HSL analog 12 possessing a side chain shorter
than 13 was prepared from 1-bromo-4-phenylbutane in
the same manner as that employed for 22–24.


The c- or d-oxoacyl-HSLs 16 and 17 were synthesized
using c- or d-dodecanolactone (28) as the starting mate-
rials, respectively. The ethanolysis of c-dodecanolactone
with concentrated sulfuric acid was followed by the
treatment of chromium (VI) oxide to afford ketone 32.
The hydrolysis of 32 led to the acid 34, which was con-
densed with L-HSL (A) to give the c-ketoacyl-HSL 16.
The d-oxoacyl-HSL 17 was also prepared from d-dode-
canolactone (29) in the same manner as the synthesis of
16 (Scheme 2).


12-Hydroxy-3-oxo-C12-HSL (18) was synthesized via
the methyl ketone 40, which was prepared from 10-
undecen-1-ol in five steps by a practical procedure.
The methyl ketone 40 was converted to the acyl-HSL
41 in the same manner as the synthesis of 8 or 9.
Removal of the THP group provided the x-hydroxy
group-bearing HSL analog (18), which was treated with
succinic anhydride and pyridine to give 12-succinyl-3-
oxo-C12-HSL (19) in good yield (Scheme 3).







Table 1. Effects of acyl-HSL analogs on the viability of P388D1 cells
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Table 1 (continued)


Compound Viability (%)a


20 N
H


OO


OH


109.6 ± 2.1


21
N
H


OO


OH


96.2 ± 2.8


a Viability values of P388D1 cells incubated with 50 lM of acyl-HSL analogs are shown as means ± SD from three determinations compared to that


of the nontreated cells.
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In our previous study,7 the apoptosis activity of a limit-
ed number of compounds, 2–7, was tested and com-
pared with that of 1 using the U937 cell lines. The test
with this cell line later turned out to give a poor repro-
ducibility. In the present study, therefore, the apoptosis-
inducing activities of all compounds (1–21) were
measured on the macrophage P388D1 cell line, which
provided reproducible and thus more reliable results.


The apoptotic activity of 1 was reconfirmed, whereas
compounds 2–7 showed no activity in agreement with
the previous result using the U937 cell lines. This again
clearly proved the importance of the presence and suf-
ficient chain length of the 3-oxo acyl group (analogs 5
and 4) and of the homoserine lactone moiety (analog
7) including the (S)-configuration at its C-2 position
(analog 6). The role of the homoserine lactone moiety
was further confirmed by the lack of activity in the
analogs 20 and 21, which are a Pseudomonas quo-
rum-sensing agonist and an antagonist,10 respectively.
Thus, we focused on compounds having comparable
or longer 3-oxo-acyl chains, and found that com-
pounds 9, 11, 13, 14, and 15 retained potent apopto-
sis-inducing activities. According to the method
previously described for 1,7 these active analogs were
also confirmed to induce active caspase-3 as one of
the apoptosis markers (data were not shown). Their
activities would be equal to that of 1 because of the
structural similarities between 1 and them. On the
other hand, 8, 10, and 12 possessing shorter chains lost
the apoptosis activity. The change in the 3-oxo group
to the 4- or 5-oxo position reduced the activity as
exemplified by compounds 16 and 17. Furthermore,
the introduction of hydrophilic functional groups, such
as hydroxy or carboxy groups, at the x-position re-
duced the apoptosis inducing ability as exemplified
by compounds 18 and 19 (Table 1).


The present structure–activity relationship study dem-
onstrated that the 3-oxo group in the acyl side chain
and the homoserine lactone moiety of the L-form are
crucial for the apoptosis-inducing activity. Thus, a plau-
sible target receptor is expected to have a specific hydro-
philic pocket. Furthermore, the acyl side chains
possessing the polar groups in the end eliminated the
activity. In addition, the hydrophobic acyl side chains
longer and bulkier than that of the natural counterpart
1 kept the activity, whereas the shorter ones lost the
activity. Thus, the target receptor is also expected to
have a large and flexible hydrophobic pocket.

In summary, we demonstrated the synthesis of a series
of acyl-HSL analogs and their apoptosis-inducing activ-
ity. The present results revealed the structural character-
istics of the acyl-HSL analogs necessary for the
apoptosis-inducing activity in macrophages, that is, the
P388D1 cell lines, suggesting the presence of a putative
receptor in eukaryotic cells. Further investigation to dis-
cover the molecular target of 3-oxo-C12-HSL for the
induction of apoptosis in macrophages is under way.
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Abstract—Chitosans with different degree of deacetylation (DD) (90% and 50% deacetylated chitosan) were prepared by N-deacet-
ylation followed by grafted onto chitosan to form water-soluble aminoethyl-chitosan (AE-chitosan), and dimetylaminoethyl-chito-
san (DMAE-chitosan), diethylaminoethyl-chitosan (DEAE-chitosan). In the present study, cytotoxic activities of the chitosan
derivatives were evaluated using three tumor cell lines and two normal cell lines, and structure–activity relationship was suggested.
The cytotoxic activity was dependent on their DD and substituted group.
� 2006 Elsevier Ltd. All rights reserved.

Chitosan, which is a copolymer consisting of b-
(1! 4)-2-acetamido-DD-glucose and b-(1! 4)-2-amino-
DD-glucose units, is derived from chitin by deacetylation
in the presence of alkali. Due to their biocompatibility
and less toxic nature, it has been developed as new
physiologically bioactive materials since they possess
various biological activities such as antibacterial activ-
ity,1–4 hypocholesterolemic activity,5 antitumor activi-
ty,6 immuno-stimulating effect,7 antioxidant activity,8


and antihypertensive activity.9 Although chitosan has
very strong functional properties in many areas, the
water-insoluble property of chitosan is disadvanta-
geous for its wide application. In the research field
of chitosan, therefore, chitosan derivatives with
water-soluble and functional property have been devel-
oping for pharmaceutical and new drug candidate.
Cytotoxic drugs continue to play a major role in can-
cer therapy. However, cytotoxic drugs offer produce
side effects, especially through the destruction of lym-
phoid and bone marrow cells.10 Therefore, strategic
improvements in cancer therapy are needed to im-
prove efficacy while decreasing side effects. Several
literatures exist regarding the effects of antitumor
activities of chitosan and its oligomers.11,12 However,
cytotoxic activity of chitosan derivatives for anticancer
agents is little information available until now. Most
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biological activities of chitosan are attributed to their
free amino group. Therefore, in the present study,
we modified C6 position of chitosan with different de-
gree of deacetylation and investigated cytotoxic activ-
ities of water-soluble chitosan derivatives.


Chitosans with different degree of deacetylation were
prepared as described in a previous report, and the de-
gree of deacetylation designated as 90% and 50%.13


Water-soluble AE-chitosan, DMAE-chitosan, and
DEAE-chitosan with 0.63–0.92 degree of substitution
were designated as AE-chitosan (90%), DMAE-
chitosan (90%), and DEAE-chitosan (90%) prepared
from 90% deacetylated chitosan, and AE-chitosan
(50%), DMAE-chitosan (50%), and DEAE-chitosan
(50%) prepared from 50% deacetylated chitosan
(Scheme 1).14


HeLa (cervix cancer), HT1080 (human fibrosarcoma),
A549 (lung cancer), MRC-5 (human lung fibroblast),
and ECV304 (human endothelial) cell lines were cul-
tured and maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM, GIBCO, NY, USA) supplemented
with 100 U/mL penicillin, 100 lg/mL streptomycin,
and 10% fetal bovine serum (FBS), and maintained
at 37 �C under a humidified atmosphere with 5%
CO2.


Cells were cultured for 1 day in 96-well plates at the den-
sity of 20,000 cells/well in DMEM supplemented with
10% FBS. The next day, various concentrations of the
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AE-chitosan : R1=H, COCH3; R2=(CH2)2NH2


DMAE-chitosan : R1=H, COCH3; R2=(CH2)2N(CH3)2


DEAE-chitosan : R1=H, COCH3; R2=(CH2)2N(CH2CH3)2
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Scheme 1. Synthesis and chemical structure of chitosan derivatives.
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Figure 1. Cytotoxic activities of chitosan derivatives against HeLa cell


line. (A) 90% deacetylated chitosan derivatives; (B) 50% deacetylated


chitosan derivatives. AE-chitosan, (-d-); DMAE-chitosan, (-s-); and


DEAE-chitosan, (-.-). Values represent means ± SE (n = 3).
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chitosan derivatives were treated, and controls were car-
ried out with cells treated with an equivalent volume of
serum-free medium without derivatives. Cell viability
was identified using the MTT assay on the second day
of culture.


The results presented here suggest that chemically
modified chitosan derivatives showed to significantly
suppress the growth toward HeLa, A549, and
HT1080 tumor cells. Figure 1A exhibits that 90%
deacetylated chitosan derivatives exhibited dose-de-
pendent inhibitory effects on the proliferation of the
HeLa cell line. Among the derivatives, the DEAE-
chitosan (90%) was highly tumor suppressive and
the AE-chitosan (90%) showed moderate activity. At
the concentration of 62.5 lg/mL, the DEAE-chitosan
(90%) killed around 83% of HeLa cells, and the
IC50 value of DEAE-chitosan (90%) was 16 lg/mL.
DEAE-chitosan (50%) also exerted dose-dependent
inhibitory effect on the proliferation (Fig. 1B). How-
ever, cytotoxic activity of DEAE-chitosan (50%) was
lower than that of DEAE-chitosan (90%). The IC50


value of DEAE-chitosan (50%) was 26 lg/mL. In
the A549 cell line, chitosan derivatives also sup-
pressed cell proliferation, DEAE-chitosan derivatives
showing the highest antiproliferation activity
(Fig. 2). The IC50 values of DEAE-chitosan (90%)
and DEAE-chitosan (50%) were 51 lg/mL and
93 lg/mL. As shown in Figure 3A, DEAE-chitosan
(90%) exhibited inhibition of proliferation on
HT1080 cell, and an IC50 value was 63 lg/mL. How-
ever, DEAE-chitosan (50%) showed a low cytotoxic
activity (Fig. 3B). In cytotoxic activity, chitosan does
not have the potential to suppress the growth of tu-
mor cell line (data not shown). When comparing
the IC50 values of reported chitosan derivatives and
other polysaccharides (20–2500 lg/mL), we can sug-
gest that DEAE-chitosan (90%) has similar cytotoxic
effects as reported chitosan derivatives, and much
higher than values reported for other polysaccharides
(IC50 � 2500 lg/mL).15,16


According to the results, the cytotoxic activity of
chitosan derivatives was in the order of DEAE-chito-
san > AE-chitosan > DMAE-chitosan > chitosan, and
activity was dose-dependent. That is, the cytotoxic
activity increased with increasing hydrophobicity, indi-

cating that there is a hydrophobic interaction between
DEAE group and the tumor cell surface. In spite of
low hydrophobicity, however, AE-chitosan exhibited
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Figure 2. Cytotoxic activities of chitosan derivatives against A549 cell


line. (A) 90% deacetylated chitosan derivatives, (B) 50% deacetylated


chitosan derivatives. AE-chitosan, (-d-); DMAE-chitosan, (-s-); and


DEAE-chitosan, (-.-). Values represent means ± SE (n = 3).
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Figure 3. Cytotoxic activities of chitosan derivatives against HT1080


cell line. (A) 90% deacetylated chitosan derivatives; (B) 50% deacety-


lated chitosan derivatives. AE-chitosan, (-d-); DMAE-chitosan, (-s-);


and DEAE-chitosan, (-.-). Values represent means ± SE (n = 3).
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higher cytotoxic activity than DMAE-chitosan. The
amino group in chitosan has a pKa value of �6.5,
thus, chitosan is positively charged. That cytotoxic re-
sult is caused by increased cationic charge of chitosan
derivative due to free amino group, indicating that
there is an electrostatic interaction between AE-chito-
san and the negatively charged functional residues on
the tumor cell surface such as mucosal membranes.
Moreover, all chitosan derivatives derived from 90%
deacetylated chtiosan revealed excellent cytotoxic
activity than that of chitosan derivatives derived from
50% deacetylated chtiosan. These results also support-
ed that the cytotoxic activity of chitosan derivatives
was dependent on their cationic character. Major fac-
tor affecting the cytotoxic activity of the chitosan
derivatives in this study is not only hydrophobicity
according to the results of DEAE-chitosan and AE-
chitosan but cationic charges compared with DEAE-

chitosan (90%) and DEAE-chitosan (50%). However,
several literatures reported on the importance of cat-
ionic character related to cytotoxic effects on tumor
cell line. Chitosan nanoparticles and copper-loaded
chitosan nanoparticles revealed cytotoxic activities
against various tumor cell lines. They have different
zeta potential that is surface charge, copper-loaded
chitosan nanoparticles with high zeta potential exhib-
ited excellent cytotoxic activity than chitosan nano-
particles.17 In addition, nanoparticle size was also
affecting its cytotoxic activity. As a kind of cationic
polymer, the surface charge of chitosan derivatives is
the major factor affecting its cytotoxic activity due
to the electrostatic interaction between the negatively
charged groups of the tumor cells and the positively
charged amino groups of the chitosan.10 In summary,
increasing of hydrophobic moiety and cationic charac-
ter is important factor to develop anticancer drugs
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using chitosan. Additionally, molecular weight of
chitosan should be considered.


We also evaluated cytotoxic effects of chitosan deriva-
tives using two human normal cell lines as MRC-5
and ECV304. The results showed that chitosan deriva-
tives exhibited less cytotoxic effects than those of tumor
cell lines (Figs. 4 and 5). It means that the cytotoxicities
of chitosan derivatives used in this study were specific to
tumor cell lines. Table 1 shows IC50 values of chitosan
derivatives against different cell lines. DEAE-chitosan
(90%) has the highest potential to suppress the growth
of tumor cells, and the potential is dependent on their
tumor cell lines. Therefore, this result leads to the appli-
cation of DEAE-chitosan (90%) in a further study
involving a broad spectrum of malignant tumors, and
detailed mechanism of DEAE-chitosan (90%) is now un-
der investigation.
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Figure 4. Cytotoxic activities of chitosan derivatives against MRC-5


cell line. (A) 90% deacetylated chitosan derivatives; (B) 50% deacety-


lated chitosan derivatives. AE-chitosan, (-d-); DMAE-chitosan, (-s-);


and DEAE-chitosan, (-.-). Values represent means ± SE (n = 3).
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Figure 5. Cytotoxic activities of chitosan derivatives against ECV304


cell line. (A) 90% deacetylated chitosan derivatives; (B) 50% deacety-


lated chitosan derivatives. AE-chitosan, (-d-); DMAE-chitosan, (-s-);


and DEAE-chitosan, (-.-). Values represent means ± SE (n = 3).


Table 1. Cytotoxic activities of DEAE-chitosan derivatives against


different cell lines


Panel of


cell lines


Cell line Compound/cytotoxicity


(IC50, lg/mL)


DEAE-chitosan


(90%)


DEAE-chitosan


(50%)


Cervix cancer HeLa 16 (±4) 26 (±4)


Lung cancer A549 51 (±4) 93 (±5)


Human fibrosarcoma HT1080 63 (±3) 126 (±5)
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Abstract—A series of competitive, reversible cathepsin S (CatS) inhibitors was investigated. An earlier disclosure detailed the dis-
covery of the 4-(2-keto-1-benzimidazolinyl)-piperidin-1-yl moiety as an effective replacement for the 4-arylpiperazin-1-yl group
found in our screening hit. Continued investigation into replacements for the 4-aryl piperazine resulted in the identification of poten-
tially useful CatS inhibitors with enzymatic and cellular activity similar to that of JNJ 10329670 as disclosed in a previous
publication.
� 2006 Elsevier Ltd. All rights reserved.

Cathepsin S (CatS), a cysteine protease found in the
lysosome of hematopoietic cells, is integrally involved
in antigen presentation of major histocompatibility
complex class II (MHC-II) molecules. These molecules
bind antigens and transport them to the cell surface
for display to various cells of the immune system. The
invariant chain (Ii), a component of MHC-II complex,
prevents premature binding of non-antigenic peptides
by acting as a chaperone. CatS mediates the cleavage
of the Ii p10 fragment, prior to cell surface antigen pre-
sentation to CD4+ T cells.1–3 Inhibition of CatS would
block the necessary degradation of the Ii, preventing
antigen presentation, resulting in immunosuppression
with specificity for CD4+ T cells. In CatS �/� mice,
the flow of MHC-II molecules to the cell surface is sig-
nificantly reduced.3 It is anticipated that selective inhibi-
tion of CatS would be therapeutically useful in diseases
that are characterized by hyperimmune responses.


Recently, we reported on our efforts to identify novel
noncovalent inhibitors of CatS.4,5 Our initial lead com-
pound I, as previously disclosed, was identified through
virtual screening of a subset of the J&J PRD library
using DOCK.4 Subsequent development of the SAR
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led to the identification of compounds II and III (JNJ
10329670).4,5 Compounds in the latter series have im-
proved selectivity profiles, cellular activity, and pharma-
cokinetics, with suitable physicochemical properties for
further development. Both series share several common
structural motifs; the aryl substituted pyrazole group, a
saturated linker three carbons in length, and a 1,4-
substituted basic nitrogen containing ring. Increasing
the lipophilicity of the tetrahydropyrazolopyridine aryl,
substituent was previously noted to improve enzymatic
CatS activity.5,6


In this report, we wish to detail our continued investiga-
tion into replacements for the aryl piperazine portion of
compound II. The analogs included here maintain the
structural commonality detailed above for both series
II and III. The headgroup replacements of interest are
shown in Figure 1.


Amines 1 and 2 were prepared according to Scheme 1
starting with readily available intermediates, 13a and
13b.7 Reductive amination8 of the anilines with tert-bu-
tyl-4-oxo-1-piperidinecarboxylate followed by reduction
of the double bond using H2 in the presence of Pd/C or
PtO2 afforded the desired amines 14a and 14b. Subse-
quent hydrolysis, cyclization, and deprotection using
standard conditions resulted in the preparation of the
desired amines.9
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Figure 1. Aryl piperazine replacements.
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93%, R = Cl, 74%; (d) EDCI, CH2Cl2, rt, R = H, 95%, R = Cl, 52%;


(e) 1:1 TFA/CH2Cl2, rt, R = H, 95%, R = Cl, 93%.
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Reagents and conditions: (a) 3-bromopropanol, Cs2CO3, DMF, rt; (b)


amine, NaBH(OAc)3, AcOH, CH2Cl2.
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Piperidines 3–8 and piperazine 12 were prepared accord-
ing to literature procedures.10–12 Amines 9 and 10 were
prepared via reductive amination using readily available
starting materials.8 Amine 11 was prepared according to
Scheme 2. The hydroxyl group of compound 15, pre-
pared according to a literature procedure,13 was alkyl-
ated with ethyl bromoacetate to yield ester 16.
Hydrolysis of the ester to the acid, followed by cycliza-
tion and deprotection, gave piperidine 11.

The targeted CatS inhibitors were prepared using one of
two methods as depicted by Schemes 3 and 4. Both pro-
cedures require the preparation of pyrazole 17, as de-
scribed previously.4 The first method results in the







Table 2. Effect of aryl substitution on CatS activity


NN
R5


N


N


N
O


X


O


SO2Me


R3


R2


A2 A3


A4


5'


6'


7'


8'


N1
N2


C3


Entry X R2 R3 R5 CatS


IC50
a (nM)


Ii


IC50 (lM)


a1a
b


23 C H A4-CF3 OH 16 0.41 60%


27 C H A4-CF3 H 23 0.95 72%


28 C 6 0-Cl A4-CF3 OH 16 1.3


29 C 6 0-Cl A4-CF3 H 130 —


30 C 5 0-Me A4-CF3 H 145 2.0


31 N H A4-CF3 OH 80 1.3


32 C H A4-Br OH 32 1.8


33 C H A4-Br H 60 1.6


34 C 6 0-Cl A4-Br OH 48 4.4


35 C 6 0-Cl A4-Br H 130 2.6


36 C 5 0-Me A4-Br H 170 1.6


37 N H A4-Br OH 68 0.9


a Average of 4–6 determinations.
b a1a % inhibition values at 1 lM were determined by Cerep, SA.


Table 3. Effect of varying the headgroup on cathepsin S activity


NN
OH


NO R3
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formation of a secondary alcohol in the linker region as
depicted by structure II above. These analogs were pre-
pared according to Scheme 3. The pyrazole 17 was con-
verted to racemic epoxide intermediate 18 using
epichlorohydrin. Epoxide ring opening was accom-
plished using the amines shown in Figure 1 in refluxing
EtOH to afford the desired compounds in 50–90% yield.


The second method, Scheme 4, provides access to the
unsubstituted linker analogs as depicted by structure
III above.5 Common intermediate 17, was regioselec-
tively alkylated with 3-bromopropanol. The alcohol
was oxidized to the corresponding aldehyde using
Dess–Martin periodinane. The amines from Figure 1
were coupled to the aldehyde under reductive amination
conditions to afford the desired deshydroxy analogs in
40–80% yield.


Variation of R4 (SO2Me, Ac, Boc, and H), as shown in
Table 1, indicates a preference for methyl sulfonamide.
A notable loss of in vitro enzymatic activity is seen with
R4 = Boc and H. Substitution of H for OH at R5 has a
minimal effect on in vitro enzymatic activity or invariant
chain degradation, with comparable analogs being equi-
potent (22 vs 26 and 23 vs 27). Both Tables 1 and 2 list
the affinity for the alpha-1 (a1a) adrenergic receptor as
percent inhibition at 1 lM for select compounds. Several
analogs described below, offer insight into substitutions
that can be incorporated to decrease alpha-1 cross-reac-
tivity. As previously reported in the literature, substitu-
tion at R2 with a chloro substituent is expected to reduce
potentially unwanted cross reactivity with the a1a recep-
tor.5 The data obtained for entries 38 and 42 support
this trend.


As shown in Table 2, modifications of the C3-aryl moi-
ety of the pyrazole confirmed both 4-trifluoromethyl
and 4-bromo substituents as optimal for in vitro enzy-
matic activity. Comparison of compounds containing
R5 = OH and R5 = H, again, demonstrates that this
change has no effect on in vitro enzymatic activity.
The data suggest a modest preference with respect to cel-
lular potency for the C3 4-trifluoromethyl substitution
as measured by the invariant chain degradation assay.

Table 1. Effect of N-substitution on cathepsin S activity


NN
R5


N


N


N
O


O


R4


CF3


Entry R4 R5 CatS IC50
a (nM) Ii IC50 (lM) a1a


b


20 H OH 1925 — —


21 Boc OH 826 — —


22 Ac OH 120 1.1 —


23 MeSO2 OH 28 0.41 60%


24 H H 1800 — —


25 Boc H 900 — —


26 Ac H 100 0.81 —


27 MeSO2 H 23 0.95 72%


a Average of 4–6 determinations.
b a1a % inhibition values at 1 lM were determined by Cerep, SA.

The data in Table 3 indicate that structural changes to
Y, R2, and R3 failed to confer improved cellular activity
but were well tolerated in terms of enzyme inhibition.


Additional molecules incorporating modifications to the
left-hand side utilizing amines 8, 9, 10, 11, and 12 are
included in Table 4. Substitution at the anilinic position
(tetrahydroquinoline, 48) versus the homolog (tetrahy-
droisoquinoline, 49) is preferred for CatS enzymatic
inhibition. However, the potency of 48 is an order of
magnitude lower than 41, suggesting that the presence
of a second basic nitrogen in this position is unfavor-
able. Analogs 50 and 51 also substituted in the anilinic

N


NY


SO2Me


R2 6'


7'


8'


Entry Y R2 R3 CatS


IC50
a (nM)


Ii IC50 (lM) a1a
b


38 CH2 70-Cl CF3 13 0.98 <10%


39 CH2 70-Cl Br 18 0.75 —


40 CH2 H CF3 23 1.8 —


41 CH2 H Br 33 2.0 —


42 NH 70-Cl CF3 18 1.9 40%


43 NH 70-Cl Br 33 1.5 —


44 NH H CF3 48 1.4c —


45 NH H Br 65 1.1c —


46 O H CF3 88 1.4c —


47 O H Br 133 — —


a Average of 4–6 determinations.
b a1a % inhibition values at 1 lM were determined by Cerep, SA.
c Single determination.







Table 4. Effect of varying the headgroup on cathepsin S activity


NAmine
OH


N


N
SO2Me


R3


Entry Amines (Fig. 1) R3 CatS IC50
a (nM) Ii IC50 (lM)


48 9 Br 322 —


49 10 Br 1775 —


50 8 CF3 30 1.3


51 8 Br 75 2.7b


52 11 CF3 163 0.93b


53 12 CF3 1700 —


a Average of four determinations.
b Single determination.
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position are equipotent to analogs 42 and 43, further
supporting this hypothesis. Ring expansion of the oxa-
zine ring, as illustrated by compound 52, resulted in a
10-fold loss in enzymatic activity over compound 23.
Interestingly, these compounds show similar potency
in the cellular assay. Maintaining the benzylic substitu-
tion but increasing the aromaticity of the pendant group
with concomitant incorporation of a piperazine ring
resulted in a significant drop in enzymatic activity as
illustrated by compound 53.


In conclusion, replacement of the N-arylpiperazine in
our original series of inhibitors with 4-(6,6-bicyclic) pip-
eridines resulted in the identification of several potent,
noncovalent CatS inhibitors. The incorporation of sub-
stituents on the remote aryl ring of the bicyclic head-
groups provided improved selectivity over the a1a


adrenergic receptor while maintaining CatS activity.
Several of these analogs have been selected for further
evaluation.
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Abstract—We report here the design, synthesis, and antibacterial activities of novel classes of compounds containing chiral 1,3-oxaz-
inan-2-ones and oxazolidinones as the basic core structures. These compounds are tertiary amines containing the core structures and
two aryl substituents. Several of these molecules exhibit potent antibacterial activities against the tested Gram-positive bacteria,
including Staphylococcus aureus, Enterococcus faecalis, and Bacillus subtilis. These compounds represent new structure scaffolds
and can be further optimized to give new antibacterial agents with structures significantly different from those of existing classes
of antibiotics.
� 2006 Elsevier Ltd. All rights reserved.

Antibiotic resistance is a growing problem that threatens
human health globally. Infections caused by methicillin-
resistant Staphylococcus aureus (MRSA) and vancomy-
cin-resistant enterococci (VRE)1,2 are very dangerous
and can be life threatening especially for patients whose
immune systems have been compromised due to HIV,
surgery or any other illness. During the recent decades,
the effort of discovering novel antibacterial agents has
slowed down; in fact, oxazolidinones are the only new
class of synthetic antibacterial agents over the past 30
years that possess totally new structures compared to
existing antibacterial agents.3–6 The first compound of
this class, linezolid 1 (Fig. 1), was approved in 2000
for the treatment of multi-drug resistant bacterial infec-
tions including diseases caused by MRSA, VRE and
Streptococcus pneumoniae. Oxazolidinones bind to the
50S subunit of the bacterial ribosome and inhibit pro-
tein synthesis at a very early stage by preventing the ini-
tiation of mRNA translation. Because they target the
bacterial protein synthesis at an early stage, drug resis-
tance was expected to be rare; however, resistance to
zyvox (linezolid) has already been reported.7,8


Some structures of the existing small molecule antibacteri-
al agents are shown in Figure 1, which include linezolid 1,
ciprofloxacin 2, sulfonamide 3, and chloramphenicol 4.
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The very general features of these agents are that they
all contain aromatic and/or heterocyclic structures and
they have heteroatom substituents such as halo, amino,
and hydroxyl groups. Linezolid 1 has the oxazolidinone
as the core structure, which is important for its activity.
Ciprofloxacin 2 is one example of the fluoroquinolone
class of antibiotics.9–13 They kill bacteria by inhibiting
DNA gyrase enzyme which is essential for DNA replica-
tion. The structure of 2 contains a fused aromatic ring
with a fluorine and a polar piperazine substituents.
Sulfonamide 3 contains phenyl sulfonyl phenyl amines.
The sulfonamides are inhibitors of the bacterial enzymes
required for the synthesis of tetrahydrofolate,14 an essen-
tial nutrient for bacterial growth. Chloramphenicol 4
contains substituted nitrophenol with dichloromethyl
acetamido functional groups. It also inhibits bacterial
protein synthesis and is a broad spectrum antibiotic for
both Gram-positive and Gram-negative bacteria but
with some serious side effects.15 The general features of
these compounds can be used to design new structures
that can be potentially useful antibacterial agents.


Many new antibacterial agents are designed based on
modification of the existing structural classes; since the
antibiotic assay is easy to carry out, the modes of action
of the agents often are discovered after finding them
active. There are many methods of discovering new
drugs. Identifying drug-like features in existing drug
classes and incorporating them into a de novo design
of a new compound could be an efficient method to dis-
cover new drugs with significantly different structure
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Figure 1. Structures of some common synthetic antibacterial agents.
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motifs. With the advancement of synthetic organic
chemistry, it is possible to create new structures that
are potentially useful in medicine. This process is some-
what related to the concept of chemical structure evolu-
tion. As part of our effort to discover new classes of
antibacterial agents, we designed and synthesized a
small library of compounds containing very general
structural features of existing synthetic antibacterial
agents, using chiral cyclic carbamates as the core struc-
tures. The general structure (5) of the library com-
pounds is shown in Figure 2.


The basic platform is a tertiary amine composed of a
1,3-oxazinan-2-one and two aromatic groups. The core
structure is a homolog of the oxazolidinone in linezolid
but with the opposite stereochemistry. Three sites P1–P3


can be optimized to obtain better potencies. Site P1 con-
tains the chiral core structure 1,3-oxazinan-2-one or
other chiral heterocycles, groups P2 and P3 can be
substituted aromatic groups or heterocycles. There are
several considerations in this structure platform. The
first is that tertiary amines and heteroatom-substituted
aryl groups are found often in different classes of drugs
and the 1,3-oxazinan-2-one chiral core structure has
been found in many natural product and drug classes
as well. Therefore, it is foreseeable that this design could
give rise to good biological activities. The second reason
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5
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Figure 2. The general structures of the preliminary compound library.
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Scheme 2. Synthesis of oxazolidinone derivatives.

is the easy access to the compounds synthetically. The
third consideration is that we can easily modify the
structures of the three sites by N-alkylation or N-aryla-
tion reactions. This will facilitate the process of finding
potent agents.


We carried out the synthesis of a small library with the
general structure 5 by straightforward reactions and
analyzed their antibacterial activities. The synthesis of
1,3-oxazin-2-one ring derivatives is shown in Scheme 1.
The intermediate compound 7 was synthesized accord-
ing to literature procedures using a carbohydrate deriv-
ative S-3-hydroxyl c-butyrolactone 6 as the starting
material.16,17 Alkylation with alkyl halides using potas-
sium carbonate in THF or DMF at 70–90 �C gave the
desired product 8. These compounds were synthesized
by solution phase synthesis and purified by flash chro-
matography using silica gel.


For structure comparison purposes, we also synthesized
a few compounds containing the oxazolidinone core
structure. The synthesis of 5-membered ring oxazolidi-
none derivatives is shown in Scheme 2. Starting from
the optically pure trityl-protected oxazolidinone 9,18


the nitrogen was alkylated by treating with a base and
alkyl halides to give intermediate 10. Deprotection of
trityl group followed by mesylation afforded 11. After
displacement of the mesylate 11 with an amine and sub-
sequent alkylation, we obtained compounds with the
general structure 12.


The library compounds synthesized containing general
structures A–C are shown in Figure 3. The detailed
structures of the R groups are listed in Table 1. The
structures A and B are close analogs with the substitu-
ents on ring nitrogen differing from ethyl to methyl
group. Structure C contains an oxazolidinone ring in-
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Figure 3. The structures of the small compound library synthesized.


Table 1. The minimum inhibition concentration (MIC, lg/mL) of the compound library against four bacterial strains


Compound Structure of R0 S. aureus 29213 S. aureus 43300 E. faecalis 29212 B. subtilis PY79


A1 4-Nitrophenyl N N 45.0 N


A2 3-Nitrophenyl 90.0 22.0 47.0 108


A3 2-Nitrophenyl 72.0 100 43.0 100


A4 4-Cyanophenyl 180 59.5 12.0 10.0


A5 3-Cyanophenyl 238 N 45.0 238


A6 2-Cyanophenyl 130 180 33.0 160


A7 4-Fluorophenyl 64.0 47.0 35.0 42.5


A8 2,4-Difluorophenyl 45.0 50.5 59.5 38.0


A9 2,6-Difluorophenyl 47.0 70.0 59.5 77.0


A10 3,5-Difluorophenyl 40.0 45.0 37.0 43.0


A11 3,4-Dichlorophenyl 5.60 6.56 N 5.00


A12 2-Naphthalenyl 15.0 N 13.0 29.0


A13 1-Naphthalenyl 10.0 35.0 7.40 7.60


A14 3-Pyridinyl N N 238 N


A15 2-Pyridinyl N N N N


A16 3-Methoxyphenyl 90.0 90.0 80.5 95.0


A17 2-Methylphenyl 22.0 22.5 8.10 26.0


B1 4-Nitrophenyl 81.0 N 119 98.0


B2 3-Nitrophenyl 138 N 119 238


B3 2-Nitrophenyl 179 N 238 238


B4 4-Cyanophenyl 200 N 238 238


B5 3-Cyanophenyl 180 238 7.40 180


B6 2-Cyanophenyl 166 180 59.5 180


B7 4-Fluorophenyl 87.1 119 120 95.0


B8 2,4-Difluorophenyl 50.0 72.0 59.5 55.0


B9 2-Naphthalenyl 11.5 13.0 14.9 12.0


C1 4-Fluorophenyl N N N N


C2 2,4-Difluorophenyl 85.0 119 N 90.0


C3 3,4-Difluorophenyl 119 N N 80.0


C4 4-Bromophenyl 20.0 59.5 N 22.0


C5 2-Bromophenyl 18.0 21.0 7.40 22.0


The MICs are reported as the concentrations at 50% inhibition of bacteria growth, N stands for no inhibition.
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stead of a 1,3-oxazinan-2-one ring. The antibacterial
activities of these compounds were evaluated by stan-
dard methods. These include the assay against several
strains of Gram-positive bacteria from the American
Type Culture Collection (ATCC), S. aureus 29213, S.
aureus 43300, E. faecalis 29212, and Bacillus subtilis
PY79. The inhibition of bacterial growth was monitored
using a standard colorimeter at 600 nm using a serial
dilution at concentrations of 238, 119, 59.5, 29.8, 14.9,
7.44, 3.72, 1.86, 0.93, and 0.46 lg/mL. Their minimum
inhibition concentration (MIC) results at 50% growth
inhibition are shown in Table 1. We also tested chloram-
phenicol as a control, it inhibits bacterial growth
(MIC90) at 7.44, 7.44, 4.0, and 2.0 lg/mL, respectively,
to the four bacteria listed in Table 1.


The biological assay data have shown that several com-
pounds have moderate to potent activity against all four
strains of bacteria. Some active compounds also exhibit-
ed certain strain-specificity. It is common for some bac-
teria strains to be resistant and others susceptible to a

particular antibiotic.19,20 For instance, the tested strain
S. aureus 29213 is methicillin susceptible, while S. aureus
43300 is methicillin resistant. The E. faecalis 29212 is
vancomycin susceptible, another strain E. faecalis
51299 is vancomycin resistant. Compound A12 showed
promising activity against S. aureus 29213 but no activity
against S. aureus 43300. Meanwhile, A11 showed
excellent activity against both strains of S. aureus and
B. subtilis PY79 but no activity against E. faecalis
29212. These indicate that the potent compounds can be
developed into narrow spectrum antibiotics. This may
have some advantages in controlling the spread of
resistance.


In Table 1, the most potent compounds are A11, A13,
A17, and B9. Their concentrations of inhibition of
S. aureus 29213 and B. Subtilis 79 at 90% are shown in
Figure 4. Compounds A17 and the oxazolidinone deriva-
tive C5 also inhibit over 90% growth of E. facecalis 29212
at concentrations of 14.9 and 29.8 lg/mL, respectively.
The most potent compound A11 has MIC90 below







N      O


O


N


A13


N      O


O


N


A17


N      O


O


N


Cl


A11
Cl


N      O


O


N


B9


S. aureus 29213MIC 90 μg/mL


B. subtilis PY79


9.85


7.44


14.9


30.0


29.8


59.5


14.9


30.0


Figure 4. The compound structures and their concentrations of 90% inhibition of bacterial growth.
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10 lg/mL, it is in the same range as chloramphenicol.
These are reasonable good activities considering the sim-
plicity of the structure and the differences with linezolid or
other existing antibacterial agents.


The structure–activity relationship (SAR) of site P2 can
be analyzed when P1 contains an 1,3-oxazinan-2-one
ring. The nature of substituents and their positions on
the benzyl group affected the activity significantly. A
general trend is that non-polar groups are more favor-
able than polar groups on the benzyl ring. It seems that
ortho position substituents on the P2 site favor the activ-
ity as well. ortho Methyl and halogen groups are gener-
ally good substituents. Fluoro substituents frequently
appear in many antibacterial drug structures, however,
for our tertiary amine systems, chloro and bromo substi-
tuted compounds seem to be more potent than fluoro-
containing compounds. The polar nitro substituent is
not very active. Naphthalenyl groups showed better
activity than benzene ring only. When replacing one of
the phenyl rings with a pyridinyl ring (A14 and A15),
the activity is completely lost. This also indicates that
it is favorable to have a non-polar group at the site
P2. For site P1, substituents on the 3-nitrogen of the
1,3-oxazinan-2-one ring also influence the activity. The
similar structures with methyl instead of ethyl groups
showed somewhat diminished activity. This trend can
be proved by testing the propyl, butyl, and pentyl sub-
stituents in the future. For the oxazolidinone series, mol-
ecules with the same P2 and P3 groups indicated that the
6-membered ring 1,3-oxazinan-2-one is slightly more
potent than the 5-membered ring oxazolidinones. But
with bromo substituents on the benzene ring (P2),
oxazolidinone compounds still showed good activity
especially when the bromine is at ortho position.

N


Terbinafine

It is worth noting that compounds A13 and B9 have
some structure similarities with an antifungal drug, the
tertiary amine terbinafine. They all contain a naphthale-
nyl substituted tertiary amine as the general structure.
Terbinafine inhibits the synthesis of ergosterol, an essen-
tial component for the fungi cell wall. It has a different
mode of action compared to ‘azole’ antifungal agents.

The structure resemblance to terbinafine may indicate
that our tertiary amine systems also can have antifungal
activities in addition to the observed antibacterial activ-
ities. These are currently under evaluation.


From the above discussions, we can draw several preli-
minary conclusions of SAR. For site P2 aromatic systems,
naphthalene is more active than benzene; bromo, methyl
are good candidates for the substituent on benzene ring.
The 6-membered ring 1,3-oxazinan-2-one seems to have
a slightly better activity than the oxazolidinone for the
compounds tested so far. It is necessary to have one or
two substituted aryl systems for antibacterial activities.
The minimum inhibition concentrations of several com-
pounds are around 10 lg/mL, which should be a good
starting point for us to optimize the structure and obtain
more potent antibacterial agents with this novel scaffold.


In conclusion, we have designed, synthesized, and eval-
uated the antibacterial activities of a small, focused com-
pound library of tertiary amines containing novel chiral
1,3-oxazinan-2-one core structures and aryl substituents.
Several compounds with the general scaffold have shown
promising antibacterial activities. They exhibit promis-
ing activity against several types of Gram-positive bacte-
ria including S. aureus, E. faecalis, and B. subtilis. The
structure–activity relationship of one aryl substitution
site P2 was evaluated thoroughly. We found that bromo,
chloro, and methyl groups generally give rise to good
antibacterial activity. The structures of these com-
pounds and the structure–activity relationship observed
from this library can be used to further optimize the
structures to obtain potent novel antimicrobial drugs.
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Abstract—Twenty-six thiosemicarbazones (III-1–III-26) were synthesized via three steps starting from hydrazine hydrate and car-
bon disulfide. The testing of anticancer activity of these compounds in vitro against P-388, A-549, and SGC-7901 shows that com-
pounds III-15 and III-16 possess a higher inhibitory ability for P-388 and SGC-7901. Further testing shows that the value of IC50 of
compound III-16 against SGC-7901 reaches to 0.032 lM.
� 2006 Elsevier Ltd. All rights reserved.

Thiosemicarbazones and its derivatives have attracted
considerable pharmaceutical interest due to their antivi-
ral,1 antibacterial,2–4 and antitumor activities.5–11 The
antitumor activity of these seems to be due to an inhibi-
tion of DNA synthesis produced by the modification in
the reductive conversion of ribonucleotides to deoxyri-
bonucleotides.12 Thiosemicarbazones have drawn great
interests for their high potential biological activity espe-
cially their antitumor activity. Recently, there have been
a number of reports involving the preparation and bio-
logical activity of the complexes formed by transition
metals coupled with thiosemicarbazones as ligands.
Although much attention has been paid to the complex-
es and the biological activities thereof, our interests have
been focused on the relationships between structures of
thiosemicarbazones and their antitumor activities. In the
present paper, we report the preparation of thiosemicar-
bazones, and their anticancer activities in vitro are also
evaluated.


In our previous papers, we have reported that some thi-
osemicarbazones have effective antitumor activities, and
the substituents in these compounds affect their antitu-
mor activities strongly.13–15 In a continuation of our
work on the structure–activity relationship, twenty-six
thiosemicarbazones were prepared17 according to Wil-
son’s method16 as Scheme 1. In compound (III), the
R1 were substituted phenyl or heterocyclics, R2 were H
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or Me, and R3 were substituted aniline or piperazine.
Since norfloxacin has good anti-microbial activity,
piperazine substituents were chosen as R3.


The preparations are summarized in Table 1. The struc-
tures of all compounds were identified by IR, 1H NMR,
and elemental analysis (Table 2).


The antitumor activities in vitro for these compounds
were evaluated by the MTT method for P-388 cell,
SRB for A-549, and SGC-7901. The results are summa-
rized in Tables 3 and 4.


Comparing the structures of compounds III-12, III-14,
III-15, III-16 with those of compounds III-1–III-7, they
possess the same substituents R2 and R3, but the differ-
ent R1. From Table 3, it is obvious that compounds III-
12, III-14, III-15, and III-16 possess a higher inhibitory
activity against P-388 and A-549 than compounds III-1–
III-7. So, it shows that a heterocyclic substituent such as
2-pyridyl, 2-furyl, 2-thiazolyl or 2-pyrimidinyl as R1 is
more preferable than phenyl or substituted phenyl when
R2 and R3 are methyl and 2-pyridyl piperazine,
respectively.


Compounds III-3 and III-8 have the same R1 and R3,
but the different R2. Table 3 shows both of them display
a weak inhibitory activity against P-388 and A-549.
When comparing the structures of compounds III-9
and III-10, they have the same R1 (phenyl) and R3


(piperazine substituted with norfloxacin), but the differ-
ent R2. Table 3 shows that the anticancer activity of
compound III-10 is higher than that of III-9, which indi-
cates that methyl as R2 is better than hydrogen.
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Table 1. Preparation of thiosemicarbazones


Entry R1 R2 R3 mp (�C) Yield (%)


III-1 4-NO2C6H4 –CH3 180–181 80.7


III-2 4-Cl C6H4 –CH3 142–143 82.8


III-3 C6H5 –CH3 139–140 63.0


III-4 4-CH3C6H4 –CH3 159–161 85.7


III-5 4-CH3OC6H4 –CH3 134–135 83.8


III-6 4-HOC6H4 –CH3 192–193 55.7


III-7 4-NH2C6H4 –CH3 169–171 61.2


III-8 C6H5 –H 162–164 61.5


III-9 C6H5 –H 226–227 46.2


III-10 C6H5 –CH3 228–229 68.7


III-11 2-Pyridyl –CH3 241–242 48.5


III-12 2-Pyridyl –CH3 174–176 73.5


Scheme 1. Synthetic route of thiosemicarbazones.


2214 W. Hu et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2213–2218







Table 1 (continued)


Entry R1 R2 R3 mp (�C) Yield (%)


III-13 2-Pyridyl –CH3 147–148 67.0


III-14 2-Furyl –CH3 135–137 27.3


III-15 2-Thiazolyl –CH3 138–139 58.0


III-16 2-Pyrimidinyl –CH3 195–196 66.0


III-17 2-Thienyl –CH3 154–156 84.3


III-18 2-Thienyl –CH3 176–178 60.3


III-19 2-Thienyl –CH3 189–192 68.4


III-20 2-Thienyl –CH3 168–170 75.5


III-21 2-Thienyl –CH3 188–190 82.6


III-22 2-Thienyl –CH3 218–220 43.5


III-23 2-Thienyl –CH3 190–193 62.5


III-24 2-Thienyl –CH3 155–157 60.4


III-25 2-Thienyl –CH3 166–169 59.4


III-26 2-Thienyl –CH3 198–200 74.1
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From Table 1, comparing the structures of compounds
III-3 and III-10, they possess the same R1 (phenyl),
and the same R2 (methyl), but the different R3. The dif-
ference of their anticancer activity in Table 3 shows that
piperazine substituent bearing norfloxacin as R3 (III-10)
is preferable to that bearing piperidine (III-3). However,
interestingly, when their R1 substituent (phenyl) was
changed into 2-pyridyl, such as in compounds III-11
and III-12, the reverse result was given, that is, com-
pound III-12, which bears the piperidine in the pipera-
zine substituent as R3, possesses an anticancer activity
higher than that of compound III-11 which bears nor-

floxacin in piperazine as R3 (Table 3). According to this,
so we can conclude that the substituents R1 and R3


should match each other, and they should be considered
as a whole, not be considered separately.


From Tables 3 and 4, it has been found that compounds
III-15 and III-16 possess an excellent inhibitory activity
against P-388 and SGC-7901. More accurate two tests (a
and b) of IC50 of compound III-16 against SGC-7901
are listed in Table 5. It shows that the value of IC50


reaches to 0.032 lM. So this kind of thiosemicarbazone
is valuable for being further studied.







Table 2. Elemental analysis (calcd data in parentheses), IR, and 1H NMR data (III-1–III-26)


Compound Elemental analysis (%) IR (cm�1) 1H NMR (d)


C H N


III-1 56.22 (56.23) 5.29 (5.24) 21.83 (21.86) 1598, 1520, 1490, 1443, 1345, 1293, 1180, 981, 856, 778 8.56–6.64 (m, 8H), 4.23 (t, 4H), 3.76 (t, 4H), 2.34 (s, 3H)


III-2 57.50 (57.82) 5.41 (5.39) 18.70 (18.73) 1600, 1492, 1473, 1464, 1363, 1265, 1236, 948, 835, 770 8.23–6.60 (m, 8H), 4.20 (t, 4H), 3.80 (t, 4H), 2.44-2.68 (m, 3H)


III-3 63.45 (63.68) 6.01 (6.24) 20.89 (20.63) 1600, 1485, 1440, 1360, 1297, 1236, 1030, 982, 756 8.22 (d, 1H), 7.44–7.26 (m, 6H), 6.24 (t, 2H), 4.23 (t, 4H), 3.63


(t, 4H), 2.25–2.62 (m, 3H)


III-4 65.00 (64.66) 6.53 (6.56) 19.94 (19.81) 1598, 1488, 1479, 1467, 1360, 1265, 1232, 976, 827, 763 8.23–6.60 (m, 8H), 4.20 (t, 4H), 3.65 (t, 4H), 2.38 (s, 3H), 2.67


(m, 3H)


III-5 61.77 (61.76) 6.04 (6.27) 18.96 (18.96) 1605, 1445, 1360, 1303, 1260, 1231, 1188, 983, 830, 770 8.23–6.70 (m, 8H), 4.18 (t, 4H), 3.85 (t, 4H), 3.64 (s, 3H), 2.52


(s, 3H)


III-6 60.77 (60.82) 5.91 (5.96) 19.89 (19.70) 1604, 1495, 1424, 1355, 1315, 1225, 1142, 989, 830, 783 8.16–6.58 (m, 3H), 4.40 (t, 4H), 3.60 (t, 4H), 2.42 (s, 3H)


III-7 60.75 (60.99) 6.55 (6.26) 23.83 (23.71) 1630, 1598, 1480, 1344, 1270, 1190, 1055, 950, 840, 775 8.12–6.64 (m, 8H), 5.64 (b, 2H), 4.40 (t, 4H), 3.85 (t, 4H), 2.54


(s, 3H)


III-8 63.06 (62.74) 5.86 (5.88) 21.63 (21.52) 1598, 1557, 1488, 1430, 1329, 1237, 1044, 947, 890, 750 9.63 (s, 1H), 8.24–6.64 (m, 9H), 6.58 (s, 1H), 4.20 (t, 4H), 3.72


(t, 3H)


III-9 60.09 (59.86) 5.22 (5.02) 14.55 (14.55) 1738, 1630, 1479, 1440, 1384, 1290, 1260, 1029, 850, 755 8.80 (s, 1H), 8.20 (s, 1H), 7.88–7.05 (m, 7H), 4.52 (q, 2H), 4.10


(t, 4H), 3.52 (t, 4H), 1.42 (s, 3H)


III-10 60.75 (60.59) 5.39 (5.29) 14.05 (14.13) 1744, 1633, 1480, 1437, 1358, 1255, 1235, 1030, 810, 762 8.80–7.11 (m, 8H), 4.52 (q, 2H), 4.16 (t, 4H), 3.48 (t, 4H), 2.40


(s, 3H), 1.42 (s, 3H)


III-11 57.71 (58.05) 5.28 (5.07) 16.95 (16.93) 1730, 1634, 1473, 1430, 1387, 1239, 1150, 1025, 980, 800 8.80 (s, 1H), 8.70–7.05 (m, 7H), 4.56 (q, 2H), 4.18 (t, 4H), 3.50


(t, 4H), 2.54 (s, 3H), 1.43 (t, 3H)


III-12 60.28 (59.97) 5.89 (5.92) 25.08 (24.69) 1600, 1490, 1471, 1433, 1368, 1264, 1231, 1154, 980, 784 8.68–6.58 (m, 8H), 4.20 (t, 4H), 3.75 (t, 4H), 2.44 (s, 3H)


III-13 63.54 (63.47) 8.06 (8.13) 19.44 (19.48) 1610, 1580, 1563, 1430, 1364, 1293, 1002, 979, 776 8.75–7.25 (m, 4H), 4.09 (t, 4H), 2.66 (s, 3H), 2.38–2.61 (m, 5H),


1.81–1.39 (m, 12H)


III-14 58.45 (58.34) 6.25 (5.81) 21.74 (21.27) 1598, 1479, 1435, 1359, 1300, 1268, 1229, 1158, 980, 750 8.24–6.64 (m, 7H), 4.23 (t, 4H), 3.68 (t, 4H), 2.28 (s, 3H)


III-15 51.71 (52.00) 5.13 (5.24) 24.30 (24.26) 1596, 1570, 1482, 1438, 1397, 1213, 981, 936, 781, 735 8.60–6.60 (m, 6H), 4.22 (t, 4H), 3.77 (m, 4H), 2.80–2.40


(m, 3H)


III-16 55.90 (56.28) 5.47 (5.61) 28.46 (28.72) 1593, 1561, 1479, 1364, 1297, 1213, 981, 936, 781, 735 8.83–6.66 (m, 7H), 4.25 (t, 4H), 3.66 (t, 4H), 2.70 (s, 3H)


III-17 58.45 (58.34) 5.53 (5.54) 20.20 (20.26) 1592, 1559, 1478, 1417, 1337, 1312, 1264, 1232, 1173, 1157 8.22–6.63 (m,7H), 4.20 (t, 4H), 3.70 (t, 4H), 2.70 (s, 3H)


III-18 56.71 (56.69) 4.82 (4.75) 15.38 (15.25) 3299, 3227, 1530, 1496, 1362, 1291, 1196, 704, 688, 538 9.31 (s, 1H), 8.66 (s, 1H), 7.71–7.05 (m, 8H), 2.35 (s, 3H)


III-19 54.68 (55.05) 4.93 (4.95) 13.53 (13.75) 3292, 3217, 1521, 1487, 1297, 1242, 1192, 1027, 836, 715 9.07 (s, 1H), 8.64 (s, 1H), 7.48 (d, 2H), 7.32–7.01 (m, 3H), 6.90


(d, 2H), 3.78 (s, 3H), 2.29 (s, 3H)


III-20 57.81 (58.10) 5.45 (5.22) 14.90 (14.52) 3295, 3218, 1518, 1488, 1292, 1258, 1191, 1046, 726,711 9.13 (s, 1H), 8.68 (s, 1H), 7.87–7.01 (m, 7H), 2.32 (s, 3H), 2.30


(s, 3H)


III-21 58.09 (58.10) 5.22 (5.22) 14.51 (14.52) 3294, 3217, 1522, 1486, 1293, 1259, 1192, 1048, 776, 709 9.51 (s, 1H), 9.07 (s, 1H), 7.84 (d, 2H), 7.82–7.36 (m, 3H), 7.52


(d, 2H), 2.66 (s, 3H), 2.64 (s, 3H)


III-22 48.67 (48.69) 3.55 (3.77) 17.23 (17.47) 3275, 1597, 1556, 1518, 1332, 1282, 1191, 1110, 851, 709 9.66 (s, 1H), 8.76 (s, 1H), 8.28 (d, 2H), 8.07 (d, 2H), 7.43–7.08


(m, 3H), 2.38 (s, 3H)


III-23 50.41 (50.39) 3.86 (3.90) 13.59 (13.56) 3288, 1519, 1291, 1200, 1087, 1044, 1016, 819, 788, 717 9.27 (s, 1H), 8.73 (s, 1H), 7.67 (d, 2H), 7.37 (d, 2H), 7.39–7.06


(m, 3H), 2.34 (s, 3H)


III-24 50.05 (50.39) 3.90 (3.90) 13.87 (13.56) 3298, 3231, 1578, 1516, 1416, 1255, 1200, 1045, 708, 528 9.31 (s, 1H), 8.70 (s, 1H), 7.82–7.07 (m, 7H), 2.35 (s, 3H)


III-25 45.13 (45.38) 3.10 (3.22) 12.31 (12.20) 3164, 1557, 1478, 1411, 1336, 1280, 1058, 1033, 711, 640 9.37 (s, 1H), 8.67 (s, 1H), 7.56 (s, 2H), 7.21 (s, 1H), 7.41–7.07


(m, 3H), 2.36 (s, 3H)


III-26 62.44 (62.73) 5.01 (4.64) 13.27 (12.91) 3304, 3204, 1597, 1530, 1514, 1488, 1360, 1291, 1249, 1208 9.58 (s, 1H), 8.88 (s, 1H), 8.03–7.06 (m, 10H), 2.40 (s, 3H)
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Table 3. The inhibition rates for P-388 and A-549 in vitro (III-1–III-16)


Compound Inhibition rate of P-388 (%) concentration (mol/L) Inhibition rate of A-549 (%) concentration (mol/L)


10�5 10�6 10�7 10�5 10�6 10�7


III-1 6.4 4.6 4.6 16.4 0.0 0.0


III-2 0.0 0.0 0.0 0.0 0.0 0.8


III-3 4.6 0.0 0.0 0.8 0.0 0.0


III-4 25.8 21.2 28.8 0.0 0.0 0.0


III-5 7.3 3.7 2.8 0.8 0.0 3.3


III-6 53.0 25.8 28.8 0.0 0.0 0.0


III-7 30.3 4.6 12.1 46.8 0.0 0.0


III-8 7.3 4.6 3.7 0.0 16.4 0.8


III-9 68.8 4.6 0.0 4.1 0.8 0.0


III-10 100.0 24.8 0.0 63.9 0.8 0.0


III-11 26.6 4.6 0.0 7.4 16.4 0.0


III-12 100.0 12.8 13.8 100.0 19.7 24.6


III-13 96.5 41.6 39.8 40.0 17.8 0.0


III-14 77.3 50.0 37.9 72.3 0.0 0.0


III-15 94.5 74.3 73.5 13.6 21.5 15.6


III-16 96.5 89.4 28.3 79.3 18.5 12.6


Table 4. The inhibition rates for P-388 and SGC-7901 in vitro (III-15–III-26)


Compound Inhibition rate of P-388 (%) concentration (mol/L) Inhibition rate of SGC-7901(%) concentration (mol/L)


10�4 10�5 10�6 10�7 10�8 10�4 10�5 10�6 10�7 10�8


III-15 — 94.5 74.3 73.5 — — 92.5 60.8 14.3 —


III-16 — 96.5 89.4 28.3 — — 90.0 90.0 81.7 —


III-17 100.0 0.0 15.0 0.0 0.0 96.4 94.9 7.2 1.6 12.8


III-18 48.0 1.2 1.6 6.2 8.5 39.2 0.0 0.0 0.0 0.0


III-19 25.9 5.2 6.9 3.6 0.0 65.1 29.2 0.0 0.0 0.0


III-20 91.9 1.3 0.0 5.9 0.0 73.5 41.6 5.5 0.0 7.1


III-21 8.4 9.2 5.7 10.8 0.0 67.8 33.9 15.0 9.6 8.8


III-22 8.6 0.0 2.1 3.6 10.3 51.7 35.7 8.3 14.5 9.1


III-23 21.6 9.9 0.0 0.0 0.0 56.7 12.7 0.0 0.0 0.0


III-24 51.0 6.5 3.7 8.3 0.0 86.8 39.7 0.0 0.0 0.0


III-25 90.1 20.9 7.0 17.6 0.0 72.9 27.9 0.0 0.0 0.0


III-26 30.3 4.3 7.2 0.9 0.0 55.9 24.3 13.5 16.5 20.0


Table 5. IC50 of III-16 for SGC-7901


Concentration (mol/L) 10�7 5 · 10�8 2.5 · 10�8 1.25 · 10�8 0.625 · 10�8 IC50 (lM)


III-16-a 65.1 60.1 48.4 31.7 18.4 0.032


III-16-b 83.9 68.9 51.8 49.8 38.8 0.012


W. Hu et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2213–2218 2217

Acknowledgments


The authors are thankful for the National Centre for
Drug Screening, Shanghai, PR China, to evaluate the
antitumor activities. We also thank the Natural and
Science Foundation of Zhejiang Province for funding
(Project M203027).

References and notes


1. Garcia, C. C.; Brousse, B. N.; Carlucci, M. J.; Moglioni,
A. G.; Alho, M. M.; Moltrasio, G. Y.; D’Accorso, N. B.;
Damonte, E. B. Antiviral Res. 2003, 57, 161.


2. Sau, D. K.; Butcher, R. J.; Chaudhuri, S.; Saha, N. Mol.
Cell. Biochem. 2003, 253, 21.


3. Rebolledo, A. P.; de Lima, G. M.; Gambi, L. N.; Speziali,
N. L.; Maia, D. F.; Pinheiro, C. B.; Ardisson, J. D.;
Cortes, M. E.; Beraldo, H. Appl. Organomet. Chem. 2003,
17, 945.

4. Kasuga, N. C.; Sekino, K.; Ishikawa, M.; Honda, A.;
Yokoyama, M.; Nakano, S.; Shimada, N.; Koumo, C.;
Nomiya, K. J. Inorg. Biochem. 2003, 96, 298.


5. Afrasiabi, Z.; Sinn, E.; Chen, J. N.; Ma, Y. F.; Rheingold,
A. L.; Zakharov, L. N.; Rath, N.; Padhye, S. Inorg. Chim.
Acta 2004, 357, 271.


6. Afrasiabi, Z.; Sinn, E.; Padhye, S.; Dutta, S.; Padhye, S.;
Newton, C.; Anson, C. E.; Powell, A. K. J. Inorg.
Biochem. 2003, 95, 306.


7. Kovala-Demertzi, D.; Demertzis, M. A.; Miller, J. R.;
Frampton, C. S.; Jasinski, J. P.; West, D. X. J. Inorg.
Biochem. 2002, 92, 137.


8. Easmon, J.; Purstinger, G.; Heinisch, G.; Roth, T.; Fiebig,
H. H.; Holzer, W.; Jager, W.; Jenny, M.; Hofmann, J. J.
Med. Chem. 2001, 44, 2164.


9. Hall, I. H.; Lackey, C. B.; Kistler, T. D.; Durham, R.
W.; Jouad, E. M.; Khan, M.; Thanh, X. D.; Djebbar-Sid,
S.; Benali-Baitich, O.; Bouet, G. M. Pharmazie 2000, 55,
937.


10. Perez, J. M.; Matesanz, A. I.; Martin-Ambite, A.; Navarro,
P.; Alonso, C.; Souza, P. J. Inorg. Biochem. 1999, 75, 255.







2218 W. Hu et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2213–2218

11. Quiroga, A. G.; Perez, J. M.; Lopez-Solera, I.; Masaguer,
J. R.; Luque, A.; Roman, P.; Edwards, A.; Alonso, C.;
Navarro-Ranninger, C. J. Med. Chem. 1998, 41, 1399.


12. Kovala-Demertzi, D.; Domopuolou, A.; Demertzi, M.;
Raptopoulou, C.; Tertzis, A. Polyhedron 1994, 13,
1917.


13. Hu, W. X.; Sun, N.; Yang, Z. Y. Chem. J. Chin. Univ.
2002, 23, 1877.


14. Hu, W. X.; Sun, N.; Yang, Z. Y. Chin. J. Med. Chem.
2001, 11, 129.


15. Sun, N.; Yang, Z. Y.; Hu, W. X. Chin. J. Synth. Chem.
2001, 9, 148.


16. Wilson, H. R.; Revankar, G. R.; Tolman, R. L. J. Med.
Chem. 1974, 17, 760.


17. Representative procedure for compound III-16: (a) To a
mixture of 60 mL distilled water, 50 mL isopropyl alcohol,
and 49.5 g (0.75 mol) potassium hydroxide was added
39.0 g (0.75 mol) hydrazine hydrate at 20 �C. The resulted
mixture was cooled down at 10 �C with an ice-water bath,
then 57.5 g (0.75 mol) carbon disulfide was dropped slowly
over the course of 100 min. After the addition, the reaction
was continued for 2 h. Then 94.5 g (0.75 mol) dimethyl
sulfate was added to the mixture at 15 �C and stirred for
1 h. The resulted precipitate was filtered, washed with
water, and dried in vacuum. The crude product was

recrystallized with methylene dichloride to give 55.0 g
compound (I), yield 60.1%, mp 81–82 �C [81–83 �C lit18],
IR (KBr, cm�1): 3443, 3200, 2978, 1602, 1510, 1430, 1378,
1293, 1155, 1009, 948, 715, 666, 1H NMR (CDCl3-DMSO,
d): 5.51 (br, 2H), 4.49 (s, 1H), 2.61 (s, 3H). (b) 2.5g
(0.02 mol) compound (I) and 2.5g (0.02 mol) 2-acetylpyr-
imidine were dissolved in 20 mL isopropyl alcohol. The
mixture was stirred for 24 h at room temperature. Then
the resulted yellow precipitate was filtered, washed with
isopropyl alcohol, and recrystallized with 95% ethanol to
give 3.7 g compound (II), yield 81.8%, mp 132–134 �C, IR
(KBr, cm�1): 3146, 2916, 1657, 1603, 1457, 1412, 1304,
1270, 1148, 1115, 1082, 1068, 986, 815, 1H NMR (CDCl3,
d): 8.94 (d, 2H), 7.38 (t, 1H), 2.66 (s, 3H), 2.53 (s, 3H). (c)
To a mixture of 2.3 g (0.01 mol) compound (II) in 50 mL
ethanol was added 1.6 g (0.01 mol) 1-(2-pyridyl) pipera-
zine. The mixture was refluxed for 24 h and the TLC test
showed the reaction is complete. The mixture was cooled
down to room temperature and concentrated under
vacuum. The residue was recrystallized with the mixture
of ethanol and chloroform (1/2) to give a 2.1 g brown
compound III-16, yield 66.0%, mp 195–196 �C, the full
spectral analysis is given in Table 2.


18. Klayman, D. L.; Bartosevich, J. F.; Griffin, T. S.; Mason,
C. J. J. Med. Chem. 1979, 22, 1367.





		Synthesis and anticancer activity of thiosemicarbazones

		Acknowledgments

		References and notes








Bioorganic & Medicinal Chemistry Letters 16 (2006) 2243–2246

Factor VIIa inhibitors: Improved pharmacokinetic parameters


Aleksandr Kolesnikov,* Roopa Rai, Wendy B. Young, Joyce Mordenti, Liang Liu,
Steven Torkelson, William D. Shrader, Ellen M. Leahy, Huiyong Hu, Erik Gjerstad,


James Janc, Bradley A. Katz and Paul A. Sprengeler


Celera Genomics, 180 Kimball Way, South San Francisco, CA 94080, USA


Received 18 November 2005; revised 6 January 2006; accepted 9 January 2006


Available online 7 February 2006

Abstract—Efforts to improve the potency and pharmacokinetic properties of small molecule factor VIIa inhibitors are described.
Small structural modifications to existing leads allow the modulation of half-life and clearance, potentially making these compounds
suitable candidates for drug development.
� 2006 Elsevier Ltd. All rights reserved.

We have previously identified small molecule serine pro-
tease inhibitors of which analogs 1–3 are exemplary of
this series.1,2 As described earlier2–4 our goal was to
develop potent and selective small molecule inhibitors
of the factor VIIa/Tissue Factor (fVIIa/TF) complex
for the treatment of thromboembolic disease. We were
particularly interested in achieving >1000-fold selectivi-
ty for the fVIIa/TF complex versus factor Xa (fXa) and
thrombin as it has been postulated that such selectivity
may be important for improving the safety profile of
anticoagulants.5 Additionally, we were interested in gen-
erating analogs that would be amenable to once daily
subcutaneous dosing in human.
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Table 1. SAR and pharmacokinetic parameters of early analogs in rat


following IV administration


Compound fVIIa/TF


Ki (lM)


Selectivity CLa


(mL/min/kg)


MRTb


(h)
fXa fIIa

The early leads 1 and 2 lacked the desired selectivity
against fXa and contained an arylnitro-group, which
has the potential to form toxic metabolites. In response
to these concerns, the nitrophenyl group was replaced
with a 200-hydroxy-500-fluorophenyl group, as in 3, which
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led to a dramatic increase in selectivity for fVIIa over
fXa as shown in Table 1.3 Compounds 1–3, however,
were cleared rapidly following intravenous (iv) adminis-
tration to rats, and the MRT was less than 1 h.6 It was
found that glucuronidation is the major mode of metab-
olism.7 In the present paper, we describe our efforts to
improve the potency, selectivity, and pharmacokinetics
of our series to achieve analogs that would be suitable
for further development.


X-ray crystallography data indicate that the acetic acid
moiety off the 5 0 position in structures 1–3 forms a favor-
able interaction with the Lys192 of fVIIa.1,2 The same car-
boxylate anion repels Glu192 of thrombin contributing to
the enhanced selectivity against thrombin. As Lys60A of
fVIIa is also near this region, we decided to build in anoth-
er acidic moiety here to take advantage of this potential
interaction. Additionally, this 5 0-vector also accesses
solvent and could simultaneously be used as a handle to
manipulate physiochemical properties which in turn
may alter the pharmacokinetic parameters. We were

1 0.015 20 >10,000 9.2 <1


2 0.003 20 960 10.5 <1


3 0.002 2600 >75,000 8.1 <1


a CL, plasma clearance.
b MRT, mean residence time.
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Table 2. Structure–activity relationship and pharmacokinetic parameters of diacid analogs (300-nitrophenyl series) in rat following IV administration


H2N
NH OH


NO2


R


X


HN  


R Compound X fVIIa/TF Ki (lM) Selectivity CLb (mL/min/kg) MRTc (h)


fXa fIIa


COOH


COOH
4a N 0.022 40 9545 0.04 >24


COOH


COOH
5 N 0.036 25 5000 na na


COOH


COOH
6a N 0.017 40 9000 0.5 5


COOHHOOC
7 N 0.021 20 40,000 5.2 <1


COOH


COOH
8a CH 0.001 50 700 0.1 >24


COOH


COOH
9 CH 0.013 5 3900 1.8 1.5


a Racemic mixture.
b CL, plasma clearance.
c MRT, mean residence time.
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Figure 1. Concentration versus time profile of analogs 2 (j), 4 (m),


and 8 (s) in rat following IV administration at 1 mg/kg.
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looking to identify compounds that did not suffer from
extensive glucuronidation and offered a good pharmaco-
kinetic profile to support once daily dosing in human. To-
ward this goal, a series of diacids were generated off the 5 0


position of scaffolds 1 and 2, as depicted in Table 2. When
we began this work, the more selective and preferred 200-
hydroxo-500-phenyl analog 3 had not yet been uncovered
so the work was initiated in the arylnitro series. We gener-
ated analogs in both the benzimidazole and indole series
in order to evaluate the SAR in parallel. Succinic (4 and
8), 3-pentanedioic (5 and 9), 2-pentanedioic (6), and meth-
ylmalonic (7) acids were chosen to explore the region near
the Lys60A and Lys192. The benzimidazole analogs (4–7)
ranged in potency from 17 to 36 nM, all showing only a
slight change in binding energy as compared to com-
pound 1. Indole derivatives (8–9), although more potent,
show a similar trend in SAR. Selectivity against fXa re-
mains low in both benzimidazole and indole series.


Although we did not realize any gains in potency in ana-
logs 4–9 as compared to 1 and 2, we did achieve some dra-
matic alterations in pharmacokinetic properties (Table 2).
While monocarboxylic acids 1 and 2 demonstrate rela-
tively high CL, introduction of a succinic acid moiety
directly bound to the central phenol ring dramatically
decreases CL and increases MRT (Fig. 1). This improve-
ment in pharmacokinetics seems to be directly related to
the succinic acid. In vivo half-life substantially decreases
when two carboxylate groups become separated by one

more methylene group (viz. 6, 9). The pharmacokinetic
properties of these pentanedioic acids depend on their
structure—the asymmetrical one being more stable. It
should be noted that compounds with asymmetrical diac-
ids were tested as a racemic mixture of the enantiomers.
These are likely to undergo metabolic transformation at
different rates, so the pharmacokinetic parameters repre-
sent a statistical average of an ever-changing ratio.
Metabolism of the malonic acid derivative 7 may in part
involve a mechanism other than glucuronidation (decar-
boxylation) resulting in a faster clearance.







Table 3. Structure–activity relationship and pharmacokinetic parameters of diacid analogs (200-hydroxy-500-fluorophenyl series) in rat following IV


administration
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fXa fIIa
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10a 0.004 1800 55,500 0.3 9


COOH
COOH


11a 0.004 1250 37,000 2.6 <1


a Racemic mixture.
b CL, plasma clearance.
c MRT, mean residence time.
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Scheme 1. Reagents and conditions: (a) HCHO, MgCl2, triethylamine,


MeCN, heat; (b) NBS, DMF; (c) MEM-Cl, Hunig’s base, DCM; (d)


Arylboronic acid, Pd(PPh3)4, 2 M aq Na2CO3, dimethoxyethane,


reflux; (e) 3,4-diaminobenzamidine, benzoquinone, MeOH, reflux; (h)


4 M HCl aq, 100 �C; (g) 48% HBr aq, 100 �C.
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Our next goal was to transfer the ‘PK SAR’ that we
learned on scaffolds 1 and 2 to our more selective series
3. Toward this end, we placed a succinic acid moiety at
the 5 0-position giving analog 10. Similar to the aryl nitro
series, no potency improvement was obtained with this
modification, but the pharmacokinetic enhancement
did transfer (Table 3), resulting in identification of phen-
ylsuccinic acid derivative 10 with not only excellent
potency and selectivity but also a good pharmacokinetic
profile in rat. Again, deviation from phenylsuccinic acid
moiety (separation by one methylene group, as in 11)
resulted in a sharp decrease in stability in vivo.


Oral bioavailability evaluations in rat, with selected ana-
logs in this series, demonstrated limited absorption (i.e.,
<1%), most likely due to the charged succinate and ami-
dino groups. Some analogs (e.g., 10) show high bioavail-
ability (i.e., >90%) after subcutaneous administration in
rats. Combined with their good pharmacokinetic pro-
files, these compounds represent promising candidates
as parenteral anticoagulants.


Compounds 4–11 were obtained by modifying known
synthetic procedures2,3 as depicted in Scheme 1. The
necessary 4-substituted phenol intermediates 12–16 were
each prepared in a unique manner. Methyl ether and
alkyl ester groups (where applicable) were removed by
heating the corresponding anisoles in aqueous hydrogen
bromide yielding phenolic derivatives of dicarboxylic
acids, which were then reesterified.

OH
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COOMe
MeOOCMeOOC
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13

Reaction of 4-iodoanisole and dimethylitaconate using
Heck reaction conditions8 and subsequent hydrogena-
tion led to 2-(4-methoxy-benzyl)-succinic acid dimethyl
ester (precursor to 12). The same method was applied
for the preparation of 13, although 4-iodophenol and
diethylfumarate were used as the starting materials.3


Dimethyl ester of 2-(4-methoxy-phenyl)-pentanedioic
acid (precursor to 14) was synthesized by addition of
methylacrylate to 4-methoxyphenylacetate.9 Dimethyl

OH
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ester of 3-(4-methoxy-phenyl)-pentanedioic acid (pre-
cursor to 15) was obtained by reaction of 4-methoxy-
benzaldehyde with ethyl acetoacetate catalyzed by
piperidine followed by alkali hydrolysis.10 Commercially
available 2-(4-hydroxy-benzylidene)-malonic acid
dimethyl ester was directly hydrogenated to malonic es-
ter 16. Phenol derivatives 12–16 were then transformed
into the final benzimidazole and indole targets 4–11
via a series of well-precedented steps. Formylation of
each phenol 12–16 with paraformaldehyde and magne-
sium chloride, bromination with NBS, and subsequent
MEM-protection of the phenol group afforded com-
pounds of general formula 17. Each aldehyde, as in
17, was then subjected to coupling with commercially
available boronic acids under Suzuki reaction condi-
tions producing compounds of the general structure 18
and 19. Corresponding benzimidazoles 4–7 and 10, 11
were synthesized by an oxidative cyclization of diamino-
benzamidine onto the aldehyde group of 18 followed by
cleavage of the protecting groups. Synthesis of the in-
doles 8, 9 was conducted using Sonogashira coupling
route starting from aldehydes 19 as previously
described.2


In summary, a series of potent and selective dicarboxylic
acid analogs were generated as factor VIIa/TF inhibi-
tors. The pharmacokinetic properties of these analogs
after IV dosing to rat were dramatically different. The
succinic acid analog 10 shows the best pharmacokinetic
profile and will be the focus of future lead optimization
for development of a parenteral anticoagulant.
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Abstract—An efficient, asymmetric solid-phase synthesis of benzothiadiazine-substituted tetramic acids is reported. Starting from
commercially available chiral Fmoc-protected a-amino acids loaded onto Wang resin, Fmoc removal, reductive amination followed
by amide bond formation, and base-catalyzed cyclization with simultaneous cleavage from the resin provided the desired products.
Compounds described are potent inhibitors of the hepatitis C virus RNA-dependent RNA polymerase.
� 2006 Elsevier Ltd. All rights reserved.
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Worldwide, 170 million people are estimated to be infect-
ed chronically with hepatitis C virus (HCV). HCV infec-
tion is responsible for 40–60% of all chronic liver disease
and 30% of all liver transplants.1 The inhibition of HCV
RNA-dependent RNA polymerase (RdRp), NS5B, is
predicted to cure HCV infection with minimal selectivity
risk as there are no known human RdRps. In addition,
allosteric inhibitors of the NS5B polymerase have been
reported and are now entering clinical trials, in hopes of
offering improvement in efficacy and tolerability over
the current gold standard treatment of interferon with
ribavirin.2 The thiadiazine 2 was known to us as a potent
inhibitor of HCV polymerase (NS5B IC50 = 200 nM, cel-
lular replicon IC50 = 269 nM).3 In order to explore alter-
nate templates within the thiadiazine series, the tetramic
acid core was designed as a mimic for the quinolinone
left-hand side of compound 2. Compound 1a was thus
prepared and although it showed weak NS5B activity, this
result suggested that a tetramic acid moiety could indeed
serve as a mimic of the quinolinone moiety in compound 2
(Fig. 1).
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An efficient parallel array synthesis was sought to opti-
mize this lead (1a) and improve the potency.4 There
are several reported methods to prepare tetramic acid
derivatives both in solution5 and solid-phase,6 but none
of these reports contain detailed studies of optical purity
of the products prepared via solid-phase. Though an in-
house solution-phase asymmetric synthesis of tetramic
acid thiadiazines 1 had been demonstrated,7 we elected
to extend this solution-phase asymmetric approach to
the solid-phase by using Wang resin8 (Scheme 1) in or-
der to fully explore the SAR of this tetramic acid lead
as efficiently as possible. The final base-promoted Dieck-
mann cyclization provides the desired tetramic acid ring

1a 2


NS5B IC50= 200 nM
Repl IC50  = 269 nM


NS5B IC50 = 3567 nM
Repl IC50   > 60 μM


Figure 1. Potent inhibitor of HCV polymerase (2) and the alternative


inhibitor template lead (1a).



mailto:karen.a.evans@gsk.com





Table 1. Enantiomeric purity of compound 1a formed from 7aa


Reaction Solvent Base Equiv % ee of crude


product


1 THF/t-BuOH (2:1) KO-t-Bu 2.5 84


2b THF/t-BuOH (2:1) KO-t-Bu 2.5 92


3 CH2Cl2 TEA 5 95


4b CH2Cl2 TEA 5 95


a Reactions were halted after 15 min.
b Reactions 2 and 4 were quenched with acetic acid, which had little


effect on the final enantiomeric purity.
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Scheme 1. Asymmetric solid-phase synthesis of benzothiadiazine-substituted tetramic acids.
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with convenient simultaneous cleavage from the resin.
Our objective was to employ the solid-phase route to
rapidly identify the SAR at the N-1 (R2) and C-2 (R1)
positions of the tetramic acid core.


Solid-phase syntheses often capitalize on the use of
excess reagents in solution, sometimes 10–20 equiv, to
drive reactions to completion, thereby removing the
necessity of purification. A critical challenge was to min-
imize the equivalents of the custom thiadiazine mono-
mer 6 needed in the acylation step. In addition, it was
necessary to optimize conditions for complete cycliza-
tion from resin and to determine the enantiomeric excess
(ee) of the final product. After some study, it was
determined that only 5 equiv of the custom acid 6,9


5 equiv 1-hydroxy-7-azabenzotriazole (HOAT), and
5 equiv diisopropyl carbodiimide (DIC) in DMF for
three days at rt were required for the complete acylation.


For the final step, potassium tert-butoxide (KO-t-Bu)
was initially selected because it had been reported to
cause minimal racemization in the synthesis of 3-acyl
tetramic acids in solution.10 Using resin-bound 7a, the
cyclization and concomitant cleavage from the resin oc-
curred readily at room temperature and was complete
within 15 min.11 No unreacted starting material was
found on the resin after the reaction.
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Lastly, the enantiomeric purity of a representative final
product needed to be determined. All preparations used
enantiomerically pure Fmoc-protected LL-amino acids.
Many pre-loaded on resin are commercially available
and were used where possible. For Fmoc amino
acids which were not readily available on Wang resin,
we loaded them onto Wang using the reagent

combination 1-(mesitylene-2-sulfonyl)-3-nitro-1H-1,2,4-
tetrazole (MSNT)/1-methylimidazole (MeIm) which is
reported to minimize racemization.12


Racemization can also occur during the Dieckmann
cyclization step. The chiral HPLC results shown in
Table 113 indicate that this on-resin cyclization and
cleavage occurs with retention of configuration if either
potassium tert-butoxide or triethylamine is employed.
Although the tetramic acid (1a) did not appear to race-
mize when stored as a solid, it should be noted that dete-
rioration of ee was seen when it was stored over time in
solution or was purified by reverse-phase HPLC purifi-
cation (0.1% TFA). For example, the enantiomeric ex-
cess of 1a dropped from 96% to 84% after one month
in ethanol solution. After HPLC purification, a sample
of 1a deteriorated to 23% ee. It was postulated that
the acidity of the tetramic acid methine proton would
control the rate of acid-promoted racemization via pro-
tonation of the ring carbonyl. This acidity would be
expected to be similar for the various substitutions at
R2, with more hindered groups being only marginally
less acidic. The compound 1a was thus selected as a suit-
able model for epimerization studies.14 A representative
procedure for preparation of these tetramic acids is
described.15


The design elements used in planning the first-genera-
tion array of 96 compounds (12R1 · 8R2) featured a
combination of structural diversity, predicted physical
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properties (ClogP and molecular weight), and limited
SAR knowledge based on the lead template 1. Initial re-
sults from analogues generated via a solution-phase
asymmetric synthesis demonstrated that the S configura-
tion was greatly preferred over the R configuration, and
that R1 alkyl substitution was preferred in the order
t-Bu > i-Pr > Me > H. The building blocks that com-
posed the array at R1 included commercially available
Fmoc-protected amino acids that possessed branched
alkyl, heteroalkyl, cycloalkyl, aryl, and benzyl side
chains. Any tert-butyl- and Boc-protecting groups on

Table 2. Selected inhibitory activity from initial lead optimization arrays fo


N
H


S
N


O


N
O


OH


R
1


H


R
2 1


Compounds R1 R2


1a CH2Ph CH2CH(CH


1b t-Bu Ph


1c t-Bu CH2C(CH3)3


1d t-Bu CH2CH(CH


1e t-Bu 4-FPh


1f t-Bu CH2-cyclopr


1g Cyclohexyl CH2C(CH3)3


1h 4-FPh CH2C(CH3)3


1i CH2(3-pyridyl) 4-FPh


1j t-Bu 2-Pyridyl


1k CH(CH3)CH2CH3 Ph


1m CH(CH3)2 CH2CH(CH


N
H


S
N


O O


N
O


OH


H


1b


NS5B IC50 = 22 nM


Repl IC50 = 13 μM


Figure 2. Inhibitory activity for compound 1b from first lead optimi-


zation array.
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Figure 3. Inhibitory activity for compound 1c from second lead


optimization array.

R1 were removed under acidic conditions (50% TFA/
CH2Cl2) after the release of the product from the resin.
The diverse building blocks that composed the array at
R2 included aryl, heteroaryl, alkyl, cycloalkyl, and
branched alkyl aldehydes. The compounds were
prepared using polypropylene tubes in conjunction with
the Mettler-Toledo Bohdan MiniBlockTM synthesis
system. However, this solid-phase synthesis would
also be amenable to a variety of synthetic platforms
including IRORI, the Robbins Flex-ChemTM System,
and the Argonaut QuestTM 210.


After protecting group removal and purification, 73
tetramic acid analogues (76% success rate) provided
first-generation SAR around sites R1 and R2. Analysis
of the SAR achieved from this first-generation array
revealed primarily that N-benzyl substitution
(R2 = phenyl, 1b, Fig. 2) provided not only equivalent
potency to the N-isoamyl substitution (1d, R2 =
CH2CH(CH3)2), but also provided improved cellular
activity (Replicon) over compound 1a.


A second-generation array of 96 compounds
(4R1 · 24R2) was then prepared to probe a variety of
substitutions on the benzyl ring (R2) as well as isosteric
replacements at this position. Unfortunately, the 83
compounds prepared (87% success rate) demonstrated
that many substitutions on the N-benzyl group, as well
as replacements of the benzyl group with heteroaryl
groups, afforded decreased in vitro potency. However,
replacement of the benzyl group (1b, Fig. 2) with the
3,3-dimethylbutyl group (1c, Fig. 3) was found to be
superior (Table 2).


In summary, we report an efficient synthesis of benzothi-
adiazine-substituted tetramic acids in high enantiomeric
purity. Starting from commercially available chiral
Fmoc-protected a-amino acids (on resin or loaded onto
Wang resin using the MSNT protocol), Fmoc removal,
reductive amination followed by amide bond formation,

r compound 1 with various R groups
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then base-catalyzed cyclization with simultaneous cleav-
age from the resin provided the desired products in high
optical purity. This solid-phase approach allowed for ra-
pid generation of analogues and SAR. Compound 1c
(Table 2, IC50 = 1.7 nM) was the most potent inhibitor
of the hepatitis C virus RNA-dependent RNA polymer-
ase found using this approach. Full details of the biolog-
ical results and additional lead optimization of this
tetramic acid series will be reported in a separate
communication.
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aInstituto Universitario de Bio-Orgánica ‘‘Antonio González’’ (IUBO-AG), Universidad de La Laguna,
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Abstract—A series of b 0-hydroxy-a,b-unsaturated ketones were prepared by means of an iron(III) catalyzed domino process. The
in vitro antiproliferative activities were examined in the human solid tumor cell lines A2780, SW1573, and WiDr. The results showed
that b 0-hydroxy-a,b-unsaturated ketones were more potent than a,b-unsaturated ketones. The best activity profiles were obtained
for the derivatives bearing cyclic or branched substituents on the side chains.
� 2006 Elsevier Ltd. All rights reserved.
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The b 0-hydroxy-a,b-unsaturated ketone fragment is a
common structural feature present in diverse natural
products such as the Alnus firma ketol yashabushiketol
(1),1 persenones A (2) and B (3) from avocado (Persea
americana),2 or the Streptomyces produced antifungal
macrocyclic antibiotic 3874 H3 (Fig. 1).3 Persenones A
(2) and B (3) are unique antioxidants that preferentially
suppress radical generation. In particular, persenone A
(2) is an effective inhibitor of both nitric oxide and
superoxide generation in cell culture systems.4 Perse-
none A (2) at a concentration of 20 lM almost com-
pletely suppressed both inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX-2) protein expres-
sion.5 In a parallel study, two important structural find-
ings for the activity were disclosed.6 The double bond
conjugated to the carbonyl group showed an important
factor for the activity. To the contrary, the absolute con-
figuration of the secondary hydroxyl group was not a
critical factor. Thus, persenones A (2) and B (3) appear
as possible food agents to prevent diseases such as
cancer.7
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Due to our interest in the discovery of novel pharmaco-
phores for the development of anticancer compounds,
we explored the possibility of b 0-hydroxy-a,b-unsaturat-
ed ketones as antitumor agents.


In this article, we present a systematic study on the syn-
thesis and growth inhibitory activity of diverse a,b-un-
saturated ketone derivatives obtained through iron(III)
chloride catalysis. As a model system to study the bio-
logical activity, the representative human solid tumor
cells A2780 (ovarian cancer), SW1573 (non-small cell
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O
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Figure 1. Structures of natural products with a b 0-hydroxy-a,


b-unsaturated ketone fragment.
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Scheme 2. Iron(III) promoted coupling of alkynes and aldehydes.
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lung cancer, NSCLC), and WiDr (colon cancer) were
selected. A structure–activity relationship is also
discussed.


We have reported recently a novel 2-oxonia-[3,3]-sigma-
tropic rearrangement as competitive alternative pathway
to the alkyne Prins cyclization resulting in the addition
of secondary homopropargylic alcohols 4 to aldehydes
5 catalyzed by iron(III).8 The procedure is depicted in
Scheme 1. This method represented an alternative to
the previously reported procedures employing vanadi-
um9 and indium,10 which required the preparation of
the appropriate allenol 6.


The method tolerated a wide range of aliphatic and aro-
matic aldehydes. The process produced in moderate to
good yield (40–70%) a mixture of derivatives 7 and 8.
The b 0-hydroxy-a,b-unsaturated ketone 7 was the major
product. With the exception of the Lewis acid catalyst,
any attempt to control the final balance of the obtained
products (7:8) by changing experimental conditions was
fruitless. Thus, when iron(III) bromide was used instead
of the usual iron(III) chloride the process became com-
pletely chemoselective, being the b 0-hydroxy-a,b-unsatu-
rated ketone 7 obtained as a single product.


If this reaction were run with two diverse aldehydes (R1


and R4 different) with varying reactivity, a cross-over
domino process took place.8 Similarly, the nature of
the Lewis acid catalyst is key for the outcome of the
reaction. When iron(III) bromide was used as the cata-
lyst only the b 0-hydroxy-a,b-unsaturated ketone 7 was
obtained, although in modest yields (7g, 25% yield).
However, we should keep in mind that in this domino
process, three consecutive chemical events take place
in one-pot reaction with an average yield of 70–80%.
Overall, these domino processes run in a regioselective
and efficient manner. Domino processes have received
great attention from the chemical community because
they address fundamental principles of synthetic efficien-
cy and reaction processing.11


An additional functional-diversity point on the synthesis
of a,b-unsaturated ketones was obtained by the iron(III)
promoted stereoselective coupling of alkynes and alde-
hydes (Scheme 2).12 The method allowed us to obtain
ketones of the general structure 10 with diverse substit-
uents at the a vinylic position (R4). The reaction worked
well with both aliphatic and aromatic alkynes, whilst
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Scheme 1. Iron(III) promoted coupling of homopropargylic alcohols


and aldehydes.

aromatic aldehydes did not react. The coupling between
terminal alkynes and aliphatic aldehydes led to a mix-
ture of (E,Z)-1,5-dihalo-1,4-dienes and disubstituted
(E)-a,b-unsaturated ketones 10.


On the other hand, the reaction of non-terminal aromat-
ic acetylenes 9 with aldehydes gave the trisubstituted
(E)-a,b-unsaturated ketones 10 as the exclusive product.
Thus, derivatives 10b, 10d, and 10e were obtained in
80%, 68%, and 65% yield, respectively. The procedure
was not valid for aliphatic and unsaturated skipped
alkynes since mixtures were produced. To the contrary,
the procedure was compatible with homopropargylic
alcohol although modest yields were obtained (10c,
33% yield).


The series of 16 products reported in this study is shown
in Table 1.13 Compounds 7a–i and 8a–b were obtained
according to the method shown in Scheme 1. The
remaining derivatives 10a–e were synthesized via the
strategy depicted in Scheme 2.


The lipophilicities of this series of compounds were cal-
culated to correlate their values with the antitumor
activity. In this study, lipophilicity is given as C logP
and the values (Table 1) were calculated using the com-
puter program C logP�.14 This program is designed to
determine the partition coefficient of the non-ionized
form of a given compound. In a recent comparative
study, C logP� appeared the most accurate predictor
of C logP values.15


In addition to lipophilicity, the in vitro anticancer
activity was evaluated using the National Cancer
Institute (NCI) protocol.16 In this method, for each
drug a dose–response curve is generated and three
levels of effect can be calculated, when possible. The
effect is defined as percentage of growth (PG), where
50% growth inhibition (GI50), total growth inhibition
(TGI) and 50 % cell killing (LC50) represent the drug
concentration at which PG is +50, 0, and �50,
respectively.


We screened growth inhibition and cytotoxicity against
the human solid tumor cell lines A2780, SW1573, and
WiDr after 48 h of drug exposure using the sulforhoda-
mine B (SRB) assay.17 The resulting biological activities
for each compound expressed as GI50 are reported in
Table 1.


The C logP values obtained for the majority of com-
pounds were in the range 2.63–5.52. Only derivative 7c
showed a larger C logP value of 9.46. On the other
hand, the growth inhibition results allowed us to classify
the compounds in three groups according to their anti-
cancer activity profile.







Table 1. Lipophilicity and in vitro antiproliferative activity against human solid tumor cellsa


Compound C logPb. Substitutent Cell line


R1 R3 R4 A2780 SW1573 WiDr


7a 5.52 n-Hex H n-Hex 26 (±2.0) 25 (±4.2) 31 (±6.2)


7b 4.47 c-Hex H c-Hex 1.8 (±1.0) 3.1 (±0.7) 2.9 (±1.5)


7c 9.46 (CH2)10Br H (CH2)10Br 16 (±2.0) 30 (±6.4) 32 (±8.0)


7d 3.14 i-Bu H i-Bu 17 (±1.8) 27 (±4.9) 21 (±1.0)


7e 2.88 t-Bu H t-Bu 9.9 (±4.8) 26 (±4.1) 59 (±14)


7f 3.01 Ph H Ph 3.3 (±1.8) 4.3 (±1.3) 14 (±0.8)


7g 2.95 Ph H i-Bu 2.6 (±0.7) 13 (±3.4) 16 (±6.3)


7h 3.45 p-MePh H i-Bu 3.9 (±2.5) 12 (±5.8) 15 (±5.0)


7i 4.12 p-BrPh Me i-Bu 5.5 (±3.6) 11 (±2.1) 12 (±5.3)


8a 3.16 n-Hex H 91 (±13) 79 (±37) 56 (±38)


8b 2.63 c-Hex H 21 (±7.4) 30 (±4.0) 23 (±4.1)


10a 4.21 i-Bu Ph H 20 (±3.1) 31 (±1.1) 22 (±11)


10b 4.52 i-Bu Ph Me >100 >100 >100


10c 3.08 i-Bu Ph CH2OH 18 (±2.5) 24 (±3.3) 19 (±8.7)


10d 5.24 i-Bu Ph Ph 21 (±6.2) 33 (±4.0) 21 (±8.8)


10e 5.18 c-Hex Ph Me 28 (±4.5) 36 (±5.7) 41 (±25)


a Values representing GI50 are given in lM and are means of two to four experiments, standard deviation given in parentheses.
b Ref. 14.
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A first group is comprised of compounds 7b and 7f–i.
These products gave GI50 values in the range 1.8–5.5,
2.8–13, and 2.9–16 lM against A2780, SW1573, and
WiDr cells, respectively. The most potent compound
evaluated was 7b that showed GI50 values in the low
micromolar range against all cell lines (Table 1). The
activity profile of this derivative was similar in the three
cancer cell lines. This is an interesting result, since con-
ventional and investigational anticancer drugs showed
that colon cancer cells were more drug resistant than
ovarian cancer cells.18 The set of derivatives 7a, 7c–e,
8b, 10a, and 10c–e exhibited a slightly decreased activity.
The GI50 values for these products were in the range 16–
59 lM. Finally, compounds 8a and 10b were included in
the inactive group. The derivatives demonstrated a sig-
nificant decrease in activity as shown by the GI50 values
(GI50 >50 lM).


The observation that the vast majority of the derivatives
evaluated in this study present antitumor activity in all
cell lines is consistent with our hypothesis considering
the a,b-unsaturated ketone fragment as a privileged
scaffold with the substituents modulating the biological
activity. In view of these results, it appears that the in vi-
tro biological activity of these a,b-unsaturated ketones
does not correlate with the calculated C logP values.
However, the substitution pattern and steric hindrance
in both side chains are important.


Analysis of the obtained dose–response parameters pro-
vides the following structure–activity relationships. In
general, those compounds having a b 0-hydroxy-a,b-un-
saturated ketone fragment (7a–i, 10c) showed superior
activity than those with only the a,b-unsaturated ketone
fragment (8a–b, 10a–b, and 10d–e). The most potent
derivative 7b bears two cyclohexyl groups. Compounds
with cyclic (R1 and R4 = c-Hex 7b, Ph 7f) or branched
(R1 and R4 = t-Bu 7e) substituents on the side chains
were more active than the corresponding linear deriva-
tives (R1 and R4 = n-Hex 7a, (CH2)10Br 7c, and i-Bu

7d). The antiproliferative activities were in the order
c-Hex > Ph > t-Bu > n-alkyl � i-Bu. For the cross-over
products 7g–i no significant difference in activity was ob-
served with respect to the parent derivative 7f against
ovarian and colon cells. However, the NSCLC cell line
was more sensitive to 7f than to 7g–i.


Although the experiments are preliminary, we found that
these synthetic derivatives induce considerably growth
inhibition in a panel of three diverse human solid tumor
cells and did not show cytotoxicity at the maximum con-
centration test. Therefore, these b 0-hydroxy-a,b-unsatu-
rated ketones may be considered cytostatic drugs.
Cytostatic drugs are interesting in antiangiogenic thera-
py because they do not kill cells in the same way that
cytotoxic drugs do; rather, they prevent them from grow-
ing and dividing. Targeting angiogenesis is radically dif-
ferent from conventional chemotherapy and represents a
changing view on the curability of cancer that may com-
pletely revolutionize cancer treatment.


In conclusion, we have prepared a series of a,b-unsaturat-
ed ketones and evaluated their ability to inhibit tumor cell
growth. The results show that b 0-hydroxy-a,b-unsaturat-
ed ketones are promising scaffolds for the design of new
anticancer drugs. Based on these results, it is anticipated
that these compounds will be active against both sensitive
and resistant solid tumors.
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Abstract—Celahypodiol 1, an unusual 17-membered carbon diterpenoid with a novel skeleton, and a new triterpenoid 12-oleanene-
3b,6a-diol 2, together with four known compounds furreginol 3, suigol 4, 20(30)-lupene-3b, 29-diol 5, and 20(29)-lupene-1b,3b-diol
6, were isolated from the stalks of Celastrus hypoleucus (Oliv.) Warb. Their structures were established by means of spectroscopic
analysis, including 2D NMR. The new compounds exhibited anti-tumor activities against a panel of human tumor cell lines.
� 2006 Elsevier Ltd. All rights reserved.

Some plants belonging to Celastraceae family have long
been used as traditional herb medicine to treat fever,
chill, joint pain, edema, rheumatoid arthritis, and bacte-
rial infection in Chinese folk medicine.1 A lot of sesqui-
terpenes and triterpenes with anti-tumor and anti-HIV
activities have been isolated from this family.2 Our
investigation of bioactive constituents of Celastrus
hypoleucus (Oliv.) Warb., a perennial plant belonging
to the family celastraceae, led to the isolation3 of a
new 17-membered carbon diterpenoid with a novel skel-
eton: celahypodiol 1, and a new triterpene: 12-oleanene-
3b,6a-diol 2 together with four known compounds
furreginol 3, suigol 4, 20(30)-lupene-3b, 29-diol 5, and
20(29)-lupene-1b,3b-diol 6. The new compounds were
tested for in vitro anti-tumor activity against four hu-
man-tumor cell lines and showed anti-tumor activities.


Celahypodiol 1 was obtained as a white powder (mp
168–170 �C) and was positive to FeCl3 reagent. The
molecular formula was deduced as C17H20O3 by the
FT-ICR-MS [m/z: 273.1485 [M+H]+, calcd for
C17H21O3


+, 273.1485]. Its IR spectrum showed charac-
teristic absorption bands for the hydroxyl group, the
carbonyl group, phenyl group, and double bonds
(3408, 1654, 1582, 1513, 1209, 1078, 892 cm�1). These

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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assignments were confirmed by its 13C and 1H NMR
spectral data (dC 196.5 (s) ppm, 151.6 (s), 149.0 (s),
144.2 (s), 125.2 (s), 114.4 (d), 111.1 (d) ppm, 126.6 (s),
125.9 (s) ppm, and dH 6.93, 7.44 ppm) (Table 1). Since
six out of eight degrees of unsaturation were accounted
for, celahypodiol 1 was inferred to contain two more
rings.


The 1H NMR spectrum showed two para aromatic pro-
ton signals at dH 6.93 (1H, s, H-11) and d 7.44 (1H, s, H-
14), three tertiary-linked methyl signals at dH 1.07, 1.65,
and 1.67 (each 3H, s, Me-17, 15, 16). The 13C NMR
spectrum displayed 17 carbon signals, which were as-
signed by DEPT experiments as three methyls, three
methylenes, three methines, and eight quaternary car-
bon signals.


From the 1H, 1H-COSY, and HMQC spectra, the car-
bon signals at dC 33.5 and 29.8 could be assigned to
C-1 and C-2, respectively. In the HMBC spectrum of 1
(Table 1), the signals at dH 2.11 (H-2b)4 and 2.26 (H-
2a) showed correlation with the signals at dC 33.5 (t,
C-1), 126.6 (s, C-3), 125.9 (s, C-4), 36.4 (s, C-10), and
19.5 (q, C-16); the signals at dH 2.70 (1H, d, J = 14.0,
H-5) correlated with the signals at dC 33.5 (t, C-1),
126.6 (s, C-3), 125.9 (s, C-4), 196.5 (s, C-7), and 21.8
(q, C-17); the signals at dH 1.65 (3H, s, Me-15) exhibited
cross peaks with both signals at dC 126.6 (s, C-3) and
45.7 (d, C-5); the signals at dH 1.67 (3H, s, Me-16)
showed correlation with dC 29.8 (t, C-2) and 125.9 (s,
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Table 1. NMR data of compound 1 (in acetone)a


Compound 1Hb 13Cc 1H, 1H-COSY HMBC NOESY


1a 1.59 m 33.5 (t)d H-2 C-2, 3, 5, 10, 17 H-5, 11


1b 2.28 m H-11, 17


2a 2.26 m 29.8 (t) H-1 C-1, 3, 4, 10, 16


2b 2.11 m


3 126.6 (s)


4 125.9 (s)


5a 2.70 d (14.0) 45.7 (d) H-6 C-1, 3, 4, 7, 17 H-1a
6a 2.79 d (17.7) 38.7 (t) H-5 C-4, 5, 7, 10 H-15


6b 2.41 dd (14.0, 17.7) H-15, 17


7 196.5 (s)


8 125.2 (s)


9 149.0 (s)


10 36.4 (s)


11 6.93 s 111.1 (d) C-8, 10, 12, 13 H-1a, 1b, 17


12 144.2 (s)


13 151.6 (s)


14 7.44 s 114.4 (d) C-7, 9, 12, 13


15 1.65 s 15.4 (q) C-3, 5 H-6a, 6b
16 1.67 s 19.5 (q) C-2, 4


17 1.07 s 21.8 (q) C-1, 5, 9, 10 H-1b, 6b, 11


a TMS was used as internal standard, d in ppm, J in Hz.
b 500 MHz.
c 125 MHz.
d Multiplicities DEPT experiments in parentheses: s: quaternary; d: CH; t: CH2, and q: Me C-atoms.
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C-4); while the signals at dH 1.07 (3H, s, Me-17) showed
correlation with dC 33.5 (t, C-1), 45.7 (d, C-5), 149.0 (s,
C-9), and 36.4 (s, C-10). These indicated the presence of
structure unit ring A with a double bond at C-3 and C-4,
a methyl group at C-10, and two methyl groups linked
to C-3 and C-4, respectively. Ring B was formed by con-
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Figure 1. The structure of compounds 1–6.

necting the structural unit –CH2–CO–C@C– through C-
5 and C-10, which was judged from the HMBC correla-
tion from the two proton signals at dH 2.41 (1H, dd,
J = 14.0, 17.7, H-6b) and 2.79 (1H, d, J = 17.1, H-6a)
to the carbon signals at dC 125.9 (s, C-4), 45.7 (d, C-
5), 196.5 (s, C-7), and 36.4 (s, C-10). HMBC correlations
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Table 3. Cytotoxic activities of compounds 1, 2 and Mitomycin (IC50


values in lg/ml)


Compound 1 Compound 2 Mitomycin


Bcap 37 24.42 14.56 2.33


RKO 27.16 12.20 1.75


SMMC 7721 38.03 22.69 2.44


K562 16.21 11.21 3.35
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from the proton signal at dH 6.93 (s, H-11) to the carbon
signals at dC 125.2 (s, C-8), 36.4 (s, C-10), 144.2 (s, C-
12), and 151.6 (s, H-13); from the proton signal at dH


7.44 (s, H-14) to the carbon signals at dC 144.2 (s, C-
7), 149.0 (s, C-9), 144.2 (s, C-12), and 151.6 (s, C-13)
suggested that ring C was constructed by connecting
the structural unit –CH@CH–CH@CH– through C-8
and C-9. The above conclusions were further confirmed
by 1H, 1H-COSY spectral data of 1 (Table 1).


Thus, the structure of celahypodiol 1 was elucidated to
be 12,13-dihydroxy-3,8,11,13-celastratrtraen-7-one. This
evidence indicated that compound 1 was a diterpenoid
with a novel skeleton containing a 3,4-dimethyl structur-
al unit but no isopropyl group substituent at C-13,
which is different from 19 [4! 3] abeo-O-demethyl cry-
tojaponol5 (neo-clerodane skeleton) and (+)-podocarpic
acid6 (podocarpane skeleton).


The relative stereochemistry of 1 was determined
through 2D NOESY analysis. The observation of a

Table 2. NMR Data of compound 2 (in CDCl3)a


Compound 1Hb 13Cc 1H


1 1.02 m 38.6 (t)d H


1.64 m


2 0.96 m 27.1 (t) H-1


1.00 m


3 3.20 dd (11.2, 4.4) 79.0 (d) H


4 39.3 (s)


5 0.92 m 60.5 (d) H


6 4.08 t, d (10.8, 4.0) 69.2 (d) H-5


7 1.57 m 45.2 (t) H


1.64 m


8 42.1 (s)


9 1.97 m 47.4 (d)


10 39.3 (s)


11 1.85 m 23.9 (t) H


12 5.19 t (4.8) 121.9 (d) H


13 145.1 (s)


14 41.5 (s)


15 1.80 26.4 (t)


16 1.66 m 27.0 (t)


2.00 m


17 32.7 (s)


18 1.62 m 47.3 (d)


19 1.02 m 47.0 (t)


20 31.3 (s)


21 1.11 m 34.9 (t)


1.36 m


22 1.27 m 37.3 (t)


1.43 m


23 1.34 s 31.2 (q)


24 1.02 s 15.9 (q)


25 1.00 s 16.6 (q)


26 1.06 s 18.4 (q)


27 1.17 s 26.2 (q)


28 0.81 s 28.6 (q)


29 0.87 s 33.6 (q)


30 0.81 s 23.9 (q)


a TMS was used as internal standard, d in ppm, J in Hz.
b 500 MHz.
c 125 MHz
d Multiplicities DEPT experiments in parentheses: s: quaternary; d: CH; t: C

NOESY correlation from H-1a (dH 1.59) to H-5 suggest-
ed that H-1a and H-5 are on the same face of the mol-
ecule and H-5 is an a-configuration. Similarly, a
NOSEY correlation from H-1b (dH 2.28) and H-6b
(dH 2.41) to Me-17 placed Me-17 on the opposite face
of the molecule from H-5, suggesting an axial orienta-
tion for Me-17 (b-configuration) and hence a trans ring
junction. So, the relative stereochemistry of 1 is pro-
posed as shown in Figure 1.


Compound 2 was obtained as colorless needle crystals
(mp 239–241 �C) and showed positive Liebermann–

, 1H-COSY HMBC NOESY


-2 C-3, 5, 10, 25


, 3 C-1, 3


-2 C-1, 23, 24 H-5


-6 C-4, 6, 10, 25 H-3, 23


, 7 C-5, 7, 8, 10 H-24, 25, 26


-6 C-5, 6, 8, 9,14, 26


C-10, 11, 12, 13, 25, 26


-12 C-9, 10, 12, 13, 25, 26


-11 C-9, 11, 14, 18


C-13, 27


C-15, 17, 28


C-12, 13, 19


C-13, 17, 18, 20, 21, 30


C-17, 19, 20, 22


C-16, 17, 20, 28


C-3, 4, 5, 24 H-5


C-3, 4, 5, 23 H-6, 25


C-1, 5, 9, 10 H-6, 24, 26


C-7, 8, 9, 14 H-6, 25


C-8, 13, 14, 15


C-16, 17, 18, 22 H-18


C-19, 20, 21, 30


C-19, 20, 21, 29


H2, and q: Me C-atoms.
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Buchard reaction. The molecular formula was assigned
as C30H50O2 based on FT-ICR-MS (m/z: 441.3725
[M�H]�, calcd for C30H49O2


�, 441.3727) and the
NMR data (Table 2). Its IR spectrum indicated the pres-
ence of hydroxyl group (3424 cm�1) and olefinic
(1637 cm�1) group.


The 1H NMR spectrum showed eight tertiary methyl
signals at dH 0.81 (6H, s, Me-28, 30), 0.87 (3H, s, Me-
29), 1.00 (3H, s, Me-25), 1.02 (3H, s, Me-24), 1.06
(3H, s, Me-26), 1.17 (3H, s, Me-27), and 1.34 (3H, s,
Me-23), two protons geminal to secondary alcoholic
group at dH 3.20 (1H, dd, J = 11.2, 4.4, H-3) and 4.08
(1H, dd, J = 10.8, 4.0, H-6). The latter observation,
combined with the shape and position of the olefinic
proton signal: triplet dH 5.19 (1H, t, J = 4.8, H-12), cor-
related to the C-atom at dC 121.9 (C-12) and the quater-
nary olefinic C-atom C-13 appearing at 145.1 suggested
that the compound was most probably a diol of olean-
12-ene type triterpene.7 The 13C NMR and DEPT spec-
tra of compound 2 allowed the assignment of 30 carbon
signals to eight methyls, nine methylenes, six methines
groups, and seven quaternary C-atoms.


The coupling constants of H-3 (dH 3.20, 1H, dd,
J = 11.2, 4.4) in the 1H spectrum and the 1H–13C long
range correlation of H-3 with C-1, C-23, and C-24 sug-
gested a b configuration for the hydroxyl group at C-3.7


Then the only point remaining to be established is the
position of the second secondary hydroxyl group. The
most significant differences between the 13C NMR data
of compound 2 and b-amyrin7 are the resonances of
C-5, C-6, C-7, and C-8 atoms. In the 1H, 1H-COSY
spectrum, H-6 displaying cross peaks with H-5 and H-
7 revealed that the second OH is connecting to C-6.
The coupling constants and the up-shift of the proton
signal (dH 4.08, t, d, J = 10.8, 4.0, H-6) compared with
those of the 6b-OH type triterpenoid daturadiol8 (dH


4.54, br, s, H-6) and the 6b-OH type triterpenoid 6a-hy-
droxy-12-oleanene-3-one9 (dH 3.94, t, d, J = 10.4, 4.5)
suggested a 6a-OH configuration. This deduction was
confirmed by the HMBC and NOESY spectra. The
HMBC spectrum showed the correlations from H-6
(dH 4.54) to dC 60.5 (d, C-5), 45.2 (t, C-7), 42.1 (s, C-
8), and 39.3 (s, C-10), respectively, and the cross-peak
of H-6 with Me-24, Me-25, and Me-26 was observed
in NOESY spectrum. Further NOESY correlation from
H-5 to H-3 and Me-23, and from Me-25 to Me-24 and
Me-26, from H-18 to Me-28 determined the relative ste-
reochemistry as shown. Thus, compound 2 was identi-
fied as 12-oleanene-3b,6a-diol.


Furthermore, four known compounds, furreginol 3, sui-
gol 4, 20(30)-lupene-3b, 29-diol 5, and 20(29)-lupene-
1b,3b-diol 6, were identified by comparison of their
spectroscopic data with those of literature.10


The new compounds 1 and 2 were tested for in vitro
anti-tumor activity against four human tumor cell lines
using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide] colorimetric method,11 and
they showed moderate anti-tumor activity against hu-
man mammary carcinoma (Bcap 37), human colon car-
cinoma (RKO), human hepatocellular carcinoma
(SMMC 7721), and human erythroleukemia (K 562)
with the IC50 values from 11.21 to 38.03 lg/ml, respec-
tively (Table 3). Under the same test condition, the po-
sitive control (Mitomycin) exhibited anti-tumor activity
at 1.75–3.35 lg/ml, respectively.
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Abstract—A new series of complexes of the type [Cu(dien)(2a-2tzn)Y2] and [Cu(dienXX)(2a-2tzn)Y2] has been tested for anti-in-
flammatory and antioxidant activity. The tested compounds inhibit significantly the carrageenin induced paw edema (36.4–
55.8%) and present important scavenging activities. Although their interaction with the free stable radical DPPH is not high they
proxide anions. Compound 7 is the most potent (55.8%) in the in vivo experiment. Lipophilicity—as RM values and theoretically
calculated log P values—has been determined. An attempt to correlate the biological results with their structural characteristics
and physicochemical parameters has been done.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of [Cu(dien)(2a-2tzn)Y2] (A) and [Cu(dienXX)


(2a-2tzn)Y2] (B).

The synthesis of a new series of copper complexes of the
type [Cu(dien)(2a-2tzn)Y2] and [Cu(dienXX)(2a-
2tzn)Y2] has been recently reported.1 The compounds
tested were six-coordinate Cu(II) chelate complexes with
the anions of halogens and dien or dien’s Schiff base
complexes with heterocyclic aldehydes, of the general
types given in Figure 1. Results regarding toxicity and
antitumor activities of the investigated compounds are
promising. Copper complexes of many several ligands
have been prepared and evaluated for anti-inflammato-
ry,2–7 antioxidant8–11 activities and irritancy after oral,
subcutaneous, and local administration in rats and guin-
ea pigs. Other compounds known for their anti-inflam-
matory properties are the S,N-heterocyclic ligands,
e.g., thiazoline and its derivatives.5,6 The Cu(II) thiazo-
line complexes are anticipated to yield agents with
enhanced anti-inflammatory activity and reduced
gastrointestinal (GI) toxicity, compared to the
uncomplexed ligands.


The reported derivatives were tested for their antioxi-
dant and anti-inflammatory activities. Non-steroidal
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anti-inflammatory drugs (NSAIDs) have a broad spec-
trum of effects and it has been suggested that the varia-
tions in both efficacy and their tolerability are partly due
to differences in their physicochemical properties, which
determine their distribution in the body and their ability
to pass through and to enter the interior of
membranes.12,13 Thus, partition coefficients such as
RM values are performed14,15 and compared with the
corresponding theoretically calculated16 logP values.
In acute toxicity experiments, the in vivo examined
compounds were endowed with a 50% lethal dose1 of
28–114 mg/kg body weight. To access the anti-inflam-
matory activity of the complexes the rat carrageenin
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induced paw edema assay was employed as a model for
acute inflammation. Indomethacin was included as a ref-
erence drug. The development of the edema induced by
carrageenin has been described as a biphasic event. The
first phase of the inflammatory response is mediated by
histamine and serotonin, the second phase mediated by
kinins and presumably by prostaglandins. Since edemas
of this type are highly sensitive to NSAIDs, carrageenin
has been accepted as a useful agent for studying new
NSAIDs. This model reliably predicts the anti-inflam-
matory efficacy of the NSAIDs during the second phase.
It detects compounds that are anti-inflammatory agents,
as a result of inhibition of prostaglandin amplification.
Edema was induced in the right hind paw of Fisher
344 rats (150–200 g) by the intradermal injection of
0.1 ml of 2% carrageenin in water.17 The tested com-
pounds, 0.01 mmol/kg body weight, were dissolved in
water and were given intraperitoneally simultaneously.
It is of interest that from the tested compounds especial-
ly 3, 7, 8, and 11 possess significant protection. The pro-
tection ranges from 36.4 to 55.8%. Compound 4 has the
lowest effect (36.4%). Lipophilicity does not seem to af-
fect the biological responses (3, 7, 8, and 11 Table 1).
Several findings concerning the correlation of antiin-
flammatory activity and the structures of these complex-
es emerge from Table 1: (a) a factor that should be taken
into consideration is the nature of the heterocyclic atom
of the Schiff dibases, dien vs. dienSS, dienOO and dien-
NN, since the activity of the substituted complexes dif-
fers depending on the presence of S, O, or N atom in
the heterocyclic ring, thiophene, furyl, or pyrrole. (b)
The observed differences in activity seem to depend part-
ly on the nature of the counteranion; Cl, Br, or NO3


since these can be regarded preferentially as leaving
groups.


The complexes derived from 2-furaldehyde (compounds
7, 8) seem to be more potent. The nature of Y = Cl/Br
does not influence the in vivo results (compound
7 = 55.8%, compound 8 = 54.5%). However, the pres-
ence of Y = NO3 causes a significant decrease in carra-
geenin paw edema inhibition (compound 9 = 38.9%).
Among the 2-pyrrol-carboxaldehyde complexes (com-
pounds 10, 11, and 12) compound 10 is the less potent.

Table 1. Lipophilicity values: Experimentally determined RM and theoretica


thiazoline complexes; inhibition % of induced carrageenin rat paw edema (C


No. Compound %CPEa,b


1 CudienCl2Æ2a2tzn 40*


2 CudienBr2Æ2a2tzn 41.5*


3 Cudien(NO3)2Æ2a2tzn 52.6*


4 CudienSSCl2Æ2a2tzn 36.4**


5 CudienSSBr2Æ2a2tzn 44.1*


6 CudienSS(NO3)2Æ2a2tzn 49.4*


7 CudienOOCl2Æ2a2tzn1 55.8*


8 CudienOOBr2Æ2a2tzn 54.5**


9 CudienOO(NO3)2Æ2a2tzn 38.9*


10 CudienNNCl2Æ2a2tzn 38.5**


11 CudienNNBr2Æ2a2tzn 51.6


12 CudienNN(NO3)2Æ2a2tzn 48.9**


a Statistical studies were done with Student’s t test, *p < 0.01, **p < 0.05.
b Indomethacin as a standard 47% (0.01 mM).
c RM values are the average of at least 10 measurements.

The presence of Y = Cl is responsible for this decrease.
Not many changes are observed among the CPE % pro-
tection values of the complexes formed with the presence
of 2-thiophene-carboxaldehyde (compounds 4, 5, and 6)
with the exception of compound 4 (36.4%, Y = Cl).
Perusal of Table 1 shows that complexes Cudi-
enCl2Æ2a2tzn are more potent than the corresponding
complexes of the type Cu(dienXX)Cl2 where XX = SS,
NN. Taking under consideration the in vivo results com-
pounds 7 and 8 emerge as new potential prototypes/
leads.


Nowadays, antioxidants that exhibit DPPH radical
scavenging activity are increasingly receiving attention.
They have been reported to have interesting anticancer,
antiaging, and anti-inflammatory activities. Conse-
quently, compounds with antioxidant properties could
be expected to offer protection in rheumatoid arthritis
and inflammation, and to lead to potentially effective
drugs. In fact, many non-steroidal anti-inflammatory
drugs have been reported to act either as inhibitors of
free radical production or as radical scavengers. The
model of the scavenging of the stable DPPH radical is
extensively used to evaluate antioxidant activities in less
time than other methods. DPPH is a stable free radical
that can accept an electron or hydrogen radical and thus
be converted into a stable, diamagnetic molecule. DPPH
has an odd electron and so has a strong absorption band
at 517 nm. When this electron becomes paired off, the
absorption decreases stoichiometrically with respect to
the number of electrons taken up. Such a change in
the absorbance produced in this reaction has been wide-
ly applied to test the capacity of numerous molecules to
act as free radical scavengers. The scavenging effect of
the synthesized compounds on the DPPH radical was
evaluated according to the methods of Hadjipavlou
et al.14,18 All compounds were tested for their interac-
tion with the stable free radical DPPH. BHT and
NDGA were used as reference compounds. This interac-
tion indicates their radical scavenging activity in an
iron-free system and expresses their reducing activity.
Compounds 1, 2, 3, 7, 8, 9, and 12 were found to have
very low activity, whereas compounds 4, 5, 9, and 10
showed high interactions. Compound 11 presents the

lly calculated ClogP values and dipole moment (Debye) of the Cu(II)


PE %) at 0.01 mmol/kg body weight


RM
c ClogP l (D)


�0.517 (0.010) 0.944 8.416


�0.556 (0.014) 0.944 1.192


�0.520 (0.007) 4.350 4.289


�0.453 (0.010) 5.286 9.330


�0.443 (0.005) 5.286 6.158


�0.472 (0.005) 5.028 6.127


�0.486 (0.002) 4.346 6.902


�0.574 (0.001) 4.346 4.095


�0.376 (0.003) 4.088 5.161


�0.419 (0.003) 3.206 8.186


�0.371 (0.0030) 3.206 5.615


�0.382 (0.002) 2.948 7.192







Table 2. Interaction % with DPPH (RA %); Competition % with DMSO for hydroxyl radical (HO� %); % Superoxide radical scavenging activity


(PMS %)


Compound RA %, 0.1 mM,


20 min


RA %, 0.2 mM,


20 min


RA %, 0.1 mM,


60 min


RA %, 0.2 mM,


60 min


HO� (%),


0.1 mM


HO� (%),


1 mM


PMS %,


0.1 mM


1 7.7 2.8 11.6 11 97 99 77


2 3.7 No* 8.7 1 97.7 No* 93.5


3 1.8 2.2 1.8 2.4 98.2 96.4 100


4 31 12.6 33 32.4 97.2 97 99


5 33.5 14.2 34.6 16.7 100 100 81


6 18.7 0.5 27.5 3.2 100 92 79


7 3.6 21.2 6.4 31.6 27 No* 89


8 9 No* 13 No* 97.8 94 99


9 35.6 2.2 36.4 12.2 82.7 90 No*


10 14.3 1.8 14.7 5 No* No* 80


11 55.6 8.7 63.5 14 90.4 99 54


12 12 No* 19 2 91.8 No* 86.2


NDGA 81 80 82.6 80 nt nt nt


Trolox nt nt nt nt 88.2 �100 nt


BHT 31.3 52.7 60 78


Caffeic acid nt nt nt nt nt nt 31


NDGA, nordihydroguaiaretic acid; BHT, butylated hydroxytoluene; nt, not tested.
* No, no action under the experimental conditions.
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highest activity at 0.1 mM. In general, the results are not
proceeded in parallel to the increase of time and concen-
tration (Table 2). Further investigations are in progress
in order to have a detailed study on their interaction
with DPPH.


The competition of complexes with DMSO for OH rad-
icals,14 generated by the Fe3+/ascorbic acid system ex-
pressed as the inhibition of formaldehyde production,
was used for the evaluation of their hydroxyl radical
scavenging activity. Trolox was used as a reference com-
pound. Compound 10 did not show any inhibition,
whereas compounds 1–6, 8–12 inhibited significantly
the DMSO oxidation in concentrations 0.1 and 1 mM,
respectively. Compounds 5 and 6 were found to be the
most active. Again no role was found for lipophilicity.


Non-enzymatic superoxide anion radicals were generat-
ed.19 The superoxide producing system was set up by
mixing phenazine methosulfate (PMS), NADH and
air–oxygen. The production of superoxide was estimated
by the nitroblue tetrazolium method. Caffeic acid was
used as a reference compound. Compound 9 did not
show any result. All the other compounds present high
scavenging activity (54–100%, Table 2). In general lipo-
philicity does not influence positively the scavenging
activity. Considering the structures of these compounds
and their reactivity against superoxide anion we can
confirm that there is a relation between this activity
and the electron-donor properties of the ligands.


Although compounds 1, 2, 3, 4, 5, 6, 8, 9, 10, and 12
present excellent inhibitory activity on OH radicals
and on superoxide anions, they did not inhibit signifi-
cant DPPH and this indicates selectivity of the complex-
es to different free radicals. The antiradical activity of
the tested complexes supports at least in part, the in vivo
anti-inflammatory activity. The in vitro/in vivo activities
have not been able to provide a clear correlation among
all the physicochemical parameters in a QSAR analysis.

Poor correlation (r < 0.2) was obtained between ClogP
and RM.


For the in vivo result the following equation was
derived:


CPE% ¼ �0:033ð0:019Þlþ 1:8839ð0:132Þ;


N ¼ 10; r ¼ 0:807; r2 ¼ 0:651; q2 ¼ 0:527; s ¼ 0:043;


F 1;8 ¼ 14:4; a ¼ 0:01.


The dipole moment20 l is the most significant parame-
ter. This fact proceeds in parallel to the observation that
lipophilicity is not highly involved in the above biologi-
cal results.
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Abstract—The identification and optimization of a series of acylguanidine-based melanocortin-4 receptor antagonists is discussed.
� 2006 Elsevier Ltd. All rights reserved.
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The melanocortins are a family of five G-protein cou-
pled receptors that play important physiological roles
including energy homeostasis, body weight regulation,
sexual behavior, anxiety, and pain.1 The melanocortin-
4 receptor is an important therapeutic target for the
treatment of a variety of disorders.2 Many peptidic
modulators of the melancortin receptors have been dis-
covered, but only in recent years have non-peptidic
small molecule agonists and antagonists been reported.3


We recently reported a series of amidine-based MC4R
antagonists (e.g., 1 and 2).3c During the course of investi-
gations leading to the discovery of 1, acylguanidine 3 was
synthesized and found to be an active MC4R antagonist
(Ki = 0.70 lM, cAMP IC50 = 2.58 lM) which had re-
duced hERG binding (Ki = 3.15 lM for 3 vs 0.84 lM
for 2). We describe herein the optimization and struc-
ture–activity relationships of analogs of compound 3
(see Chart 1).


Analogs of 3 were prepared from the corresponding car-
boxylic acids4 as shown in Scheme 1. Acylguanidines
with substitution on the terminal nitrogen were prepared
by treatment of the appropriate carboxylic acid 4 with
fluoro-N,N,N 0-tetramethylformamidinium hexafluoro-
phosphate (TFFH)5 followed by 2-methyl-2-thiopseu-
dourea sulfate to give the acylthioguanidine 5.
Displacement of the thiomethyl group with primary or
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secondary amines gave the acylguanidines 6. Alterna-
tively, N,N 0-disubstituted acylguanidines 8 were pre-
pared by conversion of carboxylic acids 4 to amides 7
and then sequential treatment of the amide with sodium

Scheme 1. Reagents and conditions: (a) SOCl2, reflux, 1 h; (b) 2-


methyl-2-thiopseudourea sulfate, 1 N NaOH, 0 �C, 3.5 h; (c) HNR1R2,


Et3N, o-xylene, 145 �C, 4 h; (d) DIPEA, TFFH, DMF, rt, 1.5 h; (e)


NH3(g), 5 min; (f) NaH, DMF, rt, 5 min; (g) RNCS, 60 �C, 0.5 h;


(h) 2-amino-5-diethylaminopentane, HgCl2, rt, 10 min.
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hydride, an isothiocyanate, and an amine in the presence
of mercury (II) chloride.6


Initial optimization of 3 focused on exploring the effects
of substituents on the terminal nitrogen atom (Table 1).
Small linear, branched, or cyclic alkyl substitutents (9,
10, and 11) had little effect on activity. An enhancement
of MC4R binding affinity was seen when a basic group
was included in the acylguanidine substituent (12).

Table 1. SAR of terminal substituted acylguanidine analogs


OBr


F


O


Compound R1 R2 MC4-R b


9 H 0.92


10 H 0.77


11 H 2.6


12 N H 0.19


13 N H 0.0032


14 N


N
H 0.064


15
N
H


H 0.080


16 N H 0.0043


17
N


H 0.00058


18 N H 0.021


19 N H 0.026


20 N H 0.0051


21
N


H 0.057


22
NH


H 0.013


23
N


H 0.0028


a Values are means of at least three experiments (ND, not determined); resu
b Values are means of at least three experiments (ND, not determined); resu

Additional analogs were prepared in order to further
investigate the effects of a distal basic group on MC4R
activity. Increasing the length of the tether between the
acylguanidine and the basic center from 2 to 3 methy-
lene units significantly increased MC4R binding and
function (13). Installation of an additional basic center
(14) or the presence of a secondary rather than tertiary
amine as the basic group (15) did not further enhance
potency. An additional increase in tether length from 3

N
N


N


H


H


R1


R2


inding affinity (Ki, lM)a MC4-R antagonism (IC50, lM)b


ND


8.5


ND


4.5


0.33


0.67


5.7


0.13


0.070


0.39


0.65


0.18


1.2


0.031


0.097


lts obtained in MC4-R membrane filtration assay.


lts obtained in cAMP functional assay.







Table 2. N,N 0-Disubstituted acylguanidine SAR


X
O


N
N


N


H


R


N


H


A


B


Compound Ring A X R Ring B MC4-R binding affinity (Ki, lM)a MC4-R antagonism (IC50, lM)a


16 F CH2 H
Br O


0.0043 0.13


24 Cl CH2 H
Br O


0.00083 0.26


25
S


CH2 H
Br O


0.011 0.26


26 F O H
Br O


0.90 0.53


27 F CH2 i-Pr
Br O


2.5 17


28 F CH2 Ph
Br O


4.1 ND


29 F CH2 Me
Br O


6.3 ND


30 F CH2 H
Br Cl


0.11 0.66


32 F CH2 H
Cl


26 >33


33 F CH2 H


O


O 0.014 0.17


34 F CH2 H 0.089 1.5


35 F CH2 H 0.69 1.8


a Values are averages of at least two determinations.
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to 4 methylene units provided a boost in not only MC4R
binding but also functional activity (16, 17) Increasing
lipophilicity in the distal region provided analogs (18,
18, 20, and 21) which were less active than M. Binding
and functional activity were further enhanced when
the tether was constrained (22). A distal NH appears
to be important (23).


Using compound 16 as a starting point, SAR about the
remaining portions of the molecule were investigated
(Table 2). Changes to Ring A (24, 25) did not significant-
ly affect MC4R activity. Substitution of one methylene
unit by oxygen in the linker between the A and B rings
resulted in a moderate decrease in activity (26). N,N 0-di-
substituted analogs (27–29) were very poor MC4R bind-
ers. B-ring analog 30 was slightly less active than 16,
while 32 was inactive in the antagonist assay. Other

B-ring analogs (33–35) displayed varying levels of MC4R
activity, but none had activity superior to that of 16.


Pharmacokinetic profiles of compounds 13 and 22 were
compared head to head with 1. When dosed in rats, the
oral bioavailability of 1 and 13 are similar (4.6% F and
6.3% F, respectively) however their plasma half-lives
after iv dosing are extremely disparate (1 h for 1 vs
31 h for 13). Compounds in this series also have longer
brain half-lives than 1 as exemplified by comparison
with 22 (Fig. 1).


In summary, we have identified a new series of small
molecule melanocortin-4 antagonists-based on an acyl-
guanidine scaffold. These compounds have improved
pharmacokinetic profiles relative to previously reported
amidine-based antagonists.
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Figure 1. Concentration vs. time profiles in brain and plasma for


compounds 1 and 22 after a 20 mg/kg po dose in mice. Each time point


represents the average of three animals.
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Abstract—Melanin play a major role in human skin protection and their biosynthesis is vital. Due to their color, they contribute to
the skin pigmentation. Tyrosinase is a key enzyme involved in the first stage of melanin synthesis, catalyzing the transformation of
tyrosine to LL-dopaquinone. The aim of the present study was to study molecules able to inhibit melanin synthesis through inhibition
of tyrosinase and their potential use in treating pigmentation-related disorders. We targeted amides obtained from coupling p-hy-
droxycinnamic acid derivatives with phenylalkylamines. The biological activity was evaluated on human melanocytes by an assay
which measures tyrosine-catalyzed LL-Dopa oxidation. The most active amides were: trans-N-caffeoyltyramine, N-dihydrocaffeoyltyr-
amine, and trans-N-dihydro-p-hydroxycinnamoyltyramine which induce complete inhibition at 0.1 mM. At the latter concentration,
kojic acid, which was used as the reference inhibitor, was inactive.
� 2006 Elsevier Ltd. All rights reserved.

Skin hyperpigmentation can be dependent on either an
increased number of melanocytes or activity of melano-
genic enzymes, such as tyrosinase (EC 1.14.18.1).1,2 The
latter plays a critical role in the biosynthesis of melanin
and it is considered to be the key enzyme in coloring of
skin, hair, eyes, and food browning.3 Tyrosinase, is a
copper-containing enzyme, widely present in mammals,
plants and fungi and accepts many phenols and cate-
chols as substrates.4,5 In mammals, it is involved in the
transformation of LL-tyrosine to dopaquinone which oc-
curs through two steps: hydroxylation of LL-tyrosine to
LL-3,4-dihydroxyphenylalanine (LL-DOPA), then oxida-
tion of the latter to an ortho-quinone (dopaquinone).
Dopaquinone is further transformed through several
reactions to yield brown to black melanin which is
responsible for colour of mammals’ skin.6


Inhibitors/activators of tyrosinase have become increas-
ingly important in medicinal and cosmetic products. For
example, tyrosinase inhibitors are used in depigmenta-
tion drugs and cosmetics,7–10 whereas compounds that
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increase melanogenesis such as tyrosinase activators
may protect human skin from UV irradiation damage.11


In this regard, several natural and synthetic compounds
acting as tyrosinase inhibitors were reported but only
few of them are used as skin-whitening agents due to
safety concerns. For example, arbutin and kojic acid
were among the most popular before serious side effects
came to limit their human use.12–15


As recently reviewed by Briganti et al.,16 it should be
highlighted that targeting tyrosinase inhibitors/activa-
tors to treat melanogenesis disorders is one of many pos-
sible approaches, due to the complex biochemical
reaction involved in the melanin synthesis. Moreover,
physical therapies such as lasers are now being devel-
oped to overcome whitening agents’ ineffectiveness.16


Effects of wine phenolic compounds such as caffeic acid,
ferulic acid, and p-coumaric acid have been reported to
act as tyrosinase inhibitors.17 Amides derived from cou-
pling the latter acids with tyramine or dopamine have
been isolated from plants or synthesized and have been
studied in different therapeutic areas such as anticancer
agents,18,19 antioxidants,20–23 and as selective NMDA
receptor antagonists.24 In a recent study, Roh et al. have
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Figure 1. Structures of targeted compounds.
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reported melanogenesis-inhibitory effects of the naturally
occurring N-feruloylserotonin and N-(p-coumaroyl)sero-
tonin, isolated from Safflower (Carthamus tinctorius L.).25


In continuing our program aimed to search for polyphe-
nol-derived compounds acting as skin protectors,26 we
investigated amides derived from coupling of: caffeic
acid, ferulic acid, p-hydroxycinnamic acid, and deriva-
tives with phenylethylamines (Fig. 1). The synthesized
compounds were studied for their effect as inhibitors
of human melanocyte-tyrosinase and their potential as
melanogenesis suppressors.


The amides disclosed in Figure 1 were obtained by cou-
pling of a carboxylic acid (1) with a phenylalkylamine
(2) in DMF in the presence of triethylamine and
BOP (benzotriazol-1-yloxy-tris-(dimethylamino)phos-
phonium hexafluorophosphate) as a coupling agent
(Scheme 1).


In the literature, there are two main methods for eval-
uating tyrosinase inhibitors. The first and the most
frequently used is an in vitro assay which uses the
commercially available mushroom tyrosinase as a
model. The second is a cellular test and measures
the tyrosinase activity, either by looking at the intra-
cellular accumulation of melanin or by determining
the transformation rate of a tyrosinase substrate.
Although, the in vitro test is easy to handle, provides
accurate results and allows us to work on the enzymo-
logical aspects, however, it has the drawback that the
results cannot be exploited for developing products for
human use.


Because our ultimate goal was to bring the active com-
pounds to human use, we preferred to relay on the cel-
lular test using human melanocytes obtained from
healthy individuals. The inhibitory potency was evaluat-
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Scheme 1. Reagents and condition: (a) BOP, Et3N, DMF, 20 h.

ed by measuring the transformation rate of LL-Dopa
(tyrosinase substrate) to LL-dopaquinone. The latter can
be trapped by MBTH (3-methyl-2-benzothiazolinone
hydrazone), a chromophore easily quantifiable at
490 nm.26,27 A compound able to modify tyrosinase
activity will be accompanied with a decrease in absor-
bance at 490 nm compared to the negative test (without
molecule) (Table 1).27,28


First, the compounds were assessed for their cytotoxicity
by measuring melanocyte viability at different concen-
trations in the range of 10–100 lM (results not shown)
and ruled out compounds which alter the cell viability.
At the highest concentration (100 lM), kojic acid, which
was used as a reference inhibitor, was inactive and there-
fore it was evaluated at 700 lM.


From the structure–activity point of view, we notice that
a higher activity was achieved with amides obtained by
coupling tyramine (4-hydroxyphenylethylamine) with
caffeic acid, dihydrocaffeic acid, and dihydro-p-hydroxy-
cinnamic acid (compounds 4, 15, and 17). Evaluation of
free tyramine, dopamine, caffeic acid, ferulic acid, and
dihydro-p-hydroxycinnamic acid shows weak inhibiting
activity, indicating the importance of the amide linkage.
Another structural feature is that the amide function
should be separated from each phenyl group by two car-
bons (compound 13 vs 15). The presence of a catechol
entity and preferably at the acid moiety seems to be
important, because dopamine derivatives are less
active than compounds derived from tyramine.


As mentioned above, one of the reactions catalyzed by
the tyrosinase is the oxidation of LL-Dopa to ortho-
dopaquinone by using molecular oxygen and it is
obvious that antioxidants may inhibit the oxidation
step, without interacting with the tyrosinase. The com-
pounds reported in this study were evaluated at
100 lM for their free radical scavenging activity by
using the DPPH method.29 It revealed that com-
pounds 5, 7, and 9 showed the highest free radical
scavenging activity (�60% of free radical scavenging
activity) and the most active inhibitor (compound 4)
shows 40% of free radical scavenging. These results
indicate that in our case there is no evidence for direct
correlation between free radical scavenging activity
and tyrosinase inhibition. The latter assumption is
confirmed by the weak inhibition of p-hydroxycinnam-
ic acid and derivatives (caffeic and ferulic acids) which
are known for their strong antioxidant activity.


Finally, because our ultimate goal is to bring active
compounds to human use, we evaluated the tolerance







Table 1. Inhibition data


Compound R1 R2 R3 n % inhibition at 100 lM27


N
H


O


HO


R1


R3


R2(  ) n


1 OH H H 2 nd


2 OMe H H 2 19 ± 9


3 OMe H OH 2 49 ± 4


4 OH H OH 2 100 ± 2


5 OH OH OH 2 67 ± 9


6 OMe OMe OH 1 40 ± 11


7 OH OMe OH 1 nd


8 OH OMe OMe 2 nd


9 OMe OH OH 2 62 ± 2


10 OMe OMe OMe 2 25 ± 5


N
H


O
HO


R1 ( )n R2


R3


11 OMe H OH 1 16 ± 6


12 OMe OH OH 1 0 ± 9


13 OH H OH 1 34 ± 7


14 OMe H OH 2 28 ± 7


15 OH H OH 2 94 ± 2


16 OMe OH OH 2 42 ± 5


17 H H OH 2 96 ± 2


p-OHÆcinnamic acid 4 ± 2


Caffeic acid 10 ± 1


Ferulic acid 12 ± 2


Tyramine 23 ± 3


Dopamine 10 ± 2


Kojic acid (evaluated at 700 lM) 20 ± 5
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in animals for compounds 4, 15, and 17 and found that
they do not show any toxicity after oral administration
to rats at 2 g/kg dose. In rabbits, topical and eye appli-
cation of amides 4, 15, and 17 did not show any signif-
icant irritation.20


In summary, we have shown that variation of the substi-
tuent pattern and the chain length which separate phen-
yl rings from the amide linkage alters the inhibitory
properties of these compounds. The inhibition data
combined with the free radical scavenging activity indi-
cate that the two activities are not directly correlated.
The ease of synthesis and animal tolerance make the ac-
tive compounds potential candidates for treating skin
pigmentation related disorders.
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Abstract—A series of pyrazinamide (PAZ) Mannich bases has been synthesized by reacting PAZ, formaldehyde, and various substi-
tuted piperazines using microwave irradiation with the yield ranging from 46% to 86%. The synthesized compounds were evaluated
for antimycobacterial activity in vitro and in vivo against Mycobacterium tuberculosis H37Rv (MTB). Among the synthesized com-
pounds, 1-cyclopropyl-6-fluoro-1,4-dihydro-8-methoxy-7-(3-methyl-4-((pyrazine-2-carboxamido)methyl)piperazin-1-yl)-4-oxoquin-
oline-3-carboxylic acid (17) was found to be the most active compound in vitro with MIC of 0.39 and 0.2 lg/mL against MTB
and multidrug-resistant MTB, respectively. In the in vivo animal model 17 decreased the bacterial load in lung and spleen tissues
with 1.86 and 1.66-log10 protections, respectively.
� 2006 Elsevier Ltd. All rights reserved.

Tuberculosis, which is caused by Mycobacterium tuber-
culosis (MTB), was a much more prevalent disease in
the past than it is today, and it was responsible for the
deaths of about one billion people during the last two
centuries.1 MTB is particularly a successful pathogen
that latently infects about 2 billion people (about one-
third) of the world population.2 Each year, there are
about 8 million new TB cases and 2 million deaths
worldwide. TB is on the increase in recent years, largely
owing to HIV infection, immigration, increased trade,
and globalization.2 The increasing emergence of drug-
resistant TB, especially multidrug-resistant TB (MDR-
TB, resistant to at least two frontline drugs such as
isoniazid and rifampin), is particularly alarming.
MDR-TB has already caused several fatal outbreaks2,3


and poses a significant threat to the treatment and con-
trol of the disease in some parts of the world, where the
incidence of MDR-TB can be as high as 14%.2 There is
much concern that the TB situation may become even
worse with the spread of HIV worldwide, a virus that
weakens the host immune system and allows latent TB
to reactivate and make the person more susceptible to
re-infection with either drug-susceptible or drug-resis-
tant strains. The lethal combination of drug-resistant
TB and HIV infection is a growing problem that
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presents serious challenges for effective TB control. In
view of this situation, the World Health Organization
(WHO) in 1993 declared TB a global emergency.4 Pyra-
zinamide (PZA) is one of the frontline agents prescribed
for the treatment of MTB. Although PZA has been used
clinically since the 1950s, a proposed mechanism of ac-
tion has only recently been reported to be the inhibition
of the eukaryotic-like fatty acid synthetase I (FASI) of
MTB.5 PZA is considered to be a prodrug of pyrazinoic
acid (POA), which is believed to be the active inhibitor
of MTB.6 Activation of PZA to POA is regulated by
an enzyme pyrazinamidase present in all PZA-sensitive
strains of MTB. Morphazinamide (MZA), a Mannich
base derivative of PZA, has essentially the same activity
against MTB as PZA, with a MIC of 8–16 lg/ml.7 Here-
in, we report the microwave assisted synthesis of several
Mannich bases and their in vitro and in vivo activity
against MTB and MDR-TB.


The general procedures for the preparation of target
compounds 1–17 (Tables 1 and 2) are described in
Scheme 1. PAZ reacts with formaldehyde and secondary
amino function of substituted piperazines to form the
required Mannich bases of PAZ in 46–86% yield. Unlike
conventional methods (duration 5 h),8 microwave assist-
ed reactions were very facile (2–3 min), and the products
do not require any further purification. The purity of the
synthesized compounds was checked by thin layer chro-
matography (TLC) and elemental analyses and the
structures were identified by spectral data.9 In general,
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Table 2. Physical constants and in vitro antimycobacterial activity


Compound Ar Yield (%) Mp (�C) logPa MIC MTBb MIC MDRTBc CC50
d SIe


14


N


F


O


OH


O


63 183 0.7 1.76 0.78 >62.5 >40


15
N


F


O


OH


O


45 231 0.66 3.13 0.78 >62.5 >20


16


N


F


O


OH


O


F


46 226 1.18 0.78 0.78 >62.5 >80


17
N


F


O


OH


O


OCH3


60 123 0.85 0.39 0.2 >62.5 >160


PAZ — — — �1.31 12.5 >25.0 ND —


a logP values calculated with Chem office 2004 software.
b Minimum inhibitory concentration (in lg/mL) required to inhibit 90% inhibition against Mycobacterium tuberculosis.
c Minimum inhibitory concentration (in lg/mL) required to inhibit 90% inhibition against multi drug resistant M. tuberculosis.
d Cytotoxic concentration of drugs in lg/mL.
e Ratio between MIC and CC50.


Table 1. Physical constants and in vitro antimycobacterial activity


N


N


NH


O


N


N Ar


Compound Ar Yield (%) Mp (�C) logPa MIC MTBb MIC MDRTBc CC50
d SIe


1 Benzyl 56 170 0.69 6.25 >25.0 ND —


2 Phenyl 52 107 1.03 6.25 >25.0 ND —


3 4-Chloro phenyl 85 126 1.59 3.12 12.5 ND —


4 3-Chloro phenyl 57 168 1.59 3.12 6.25 ND —


5 2-Pyrimidinyl 49 178 �0.39 >12.5 >25.0 ND —


6 2-Pyridyl 44 157 0.41 12.5 >25.0 ND —


7 2-Methoxy phenyl 64 176 0.91 12.5 >25.0 ND —


8 3-Methoxy phenyl 55 188 0.91 12.5 >25.0 ND —


9 4-Methoxy phenyl 51 182 0.91 12.5 >25.0 ND —


10 4-Nitro phenyl 45 142 �0.89 6.25 6.25 ND —


11 Methyl 64 181 �1.04 12.5 >25.0 ND —


12 4-Fluoro phenyl 68 132 1.19 1.76 1.76 >62.5 >40


13 4-Trifluoromethyl phenyl 80 169 1.95 0.78 1.76 >62.5 >80


a logP values calculated with Chem office 2004 software.
b Minimum inhibitory concentration (in lg/mL) required to inhibit 90% inhibition against Mycobacterium tuberculosis.
c Minimum inhibitory concentration (in lg/mL) required to inhibit 90% inhibition against multi drug resistant M. tuberculosis.
d Cytotoxic concentration of drugs in lg/mL.
e Ratio between MIC and CC50.
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Table 3. In vivo activity data of 17 against Mycobacterium tuberculosis


in mice


Compound Lungs


(log CFU ± SEM)


Spleen


(log CFU ± SEM)


Control 7.88 ± 0.22 8.84 ± 0.21


11 (100 mg/kg) 6.02 ± 0.16 7.18 ± 0.21


N


N


NH2


O


+ HCHO + HN N Ar


Ethanol
MW 60% intensity
2 min.


N


N


NH


O


N


N Ar


Mannich
reaction


1-17


Scheme 1. Synthetic protocol of pyrazinamide Mannich bases.
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Infrared spectra (IR) revealed CH2 (Mannich methy-
lene) peak at 2860 and 2846 cm�1. In the Nuclear Mag-
netic resonance spectra (1H NMR), the signals of the
respective protons of the prepared PAZ derivatives were
verified on the basis of their chemical shifts, multiplici-
ties, and coupling constants. The spectra showed a sin-
glet at d 4.1 ppm corresponding to –NCH2N– group;
multiplet at d 2.46–3.45 ppm for piperazine proton; mul-
tiplet at d 8.76–9.25 ppm for aromatic pyrazine proton;
and D2O exchangeable broad singlet at 9.75 for NH
proton of amide. The elemental analysis results were
within ±0.4% of the theoretical values.


All compounds were screened for their antimycobacterial
activity against MTB and MDR-TB by the agar dilution
method similar to that recommended by the National
Committee for Clinical Laboratory Standards10 for the
determination of minimum inhibitory concentration
(MIC). The MDR-TB clinical isolate was obtained from
Tuberculosis Research Center, Chennai, India, and was
resistant to isoniazide, rifampicin, pyrazinamide, and
ofloxacin. The MIC was defined as the minimum concen-
tration of compound required to inhibit 90% of bacterial
growth and MIC’s of the compounds are reported in
Tables 1 and 2. Among the synthesized compounds elev-
en compounds (1–4, 10, and 12–17) (MIC < 12.5 lg/mL)
were more active and five compounds (6–9 and 11) were
equipotent (MIC: 12.5 lg/mL) to that of PAZ against
MTB. Compound 1-cyclopropyl-6-fluoro-1,4-dihydro-
8-methoxy-7-(3-methyl-4-((pyrazine-2-carboxamido)
methyl)piperazin-1-yl)-4-oxoquinoline-3-carboxylic acid
(17) was found to be the most active compound in vitro
with MIC of 0.39 lg/mL against MTB. The aryl ring with
electron-withdrawing substituents enhanced the activity
(2 vs 3, 4, 12, and 13), and with electron-donating substit-
uents/properties decreased the activity (2 vs 5–9). The
lesser/inactivity of PAZ might be due to the pH of the
medium because PAZ demonstrated in vitro activity
against MTB only in acidic media (pH 6 5.6).11 Against
MDR-TB, when compared to PAZ (MIC >25.0 lg/mL),

nine compounds were more active with a MIC 612.5
lg/mL. Compound 17 was found to be the most potent
(MIC = 0.20 lg/mL), and was >125 times more potent
than that of the parent drug PAZ and >7 times more potent
than isoniazid (MIC = 1.56 lg/mL) against MDR-TB.


PAZ Mannich bases were found to be active in neutral
pH, and the pH independence of these derivatives might
be due to the generation of formaldehyde upon hydroly-
sis.12 The lipophilicity of the drug is well known to play
an important role in the penetration of these compounds
into bacterial cells.13 Our results demonstrated that sim-
ply increasing the lipophilic character of PAZ by prepar-
ing Mannich bases increased the activity, as the logP
values of the synthesized compounds (�1.04 to 01.95)
(Tables 1 and 2) were much more than the parent com-
pound PAZ (�1.31).


Selected compounds (12–17) were further examined for
toxicity (IC50) in a mammalian VERO cell line at a con-
centration of 62.5 lg/mL. After 72 h exposure, viability
was assessed on the basis of cellular conversion of
MTT into a formazan product using the Promega Cell
Titer 96 non-radioactive cell proliferation assay.14 The
compounds were found to be non-toxic at 62.5 lg/mL.
Compound 17 showed a selectivity index (IC50/MIC)
of more than 160.


Subsequently, compound 17 was tested in vivo for effica-
cy against MTB at a dose of 100 mg/kg (Table 3) in six-
week-old female CD-1 mice. In this model,14 the mice
were infected intravenously through caudal vein approx-
imately with 107 viable M. tuberculosis ATCC 35801.
Drug treatment began after inoculation of the animal
with microorganism and continued for 10 days by intra-
peritoneal route. After 35 days of post-infection, the
spleens and right lungs were aseptically removed and
ground in a tissue homogenizer, and the number of via-
ble organisms was determined by serial 10-fold dilutions
and subsequent inoculation onto 7H10 agar plates. Cul-
tures were incubated at 37 �C in ambient air for 4 weeks
prior to counting. Bacterial counts were measured and
compared with the counts from negative (untreated)
controls (Mean culture forming units (CFU) in lung:
7.88 ± 0.22 and in spleen: 8.84 ± 0.21). Compound 17
decreased the bacterial load in lung and spleen tissues
with 1.86 and 1.66-log10 protections, respectively, and
was considered to be promising in reducing bacterial
count in lung and spleen tissues.

Conclusion


This study has revealed that on increasing the lipophilic
nature of PAZ improved the antimycobacterial activity.
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Compound 17 was found to be the most promising com-
pound and the enhanced activity might be due to the
inhibition of both MTB enzymes FASI and DNA
gyrase.
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Abstract—Several bisbenzylisoquinoline alkaloid derivatives showed the inhibitory activity at acetylcholinesterase enzyme (AChE)
in micromolar range. It is possible that monomeric moiety of bisbenzylisoquinoline alkaloid might be required for acetylcholines-
terase enzyme inhibition. AChE inhibitory activity of related monomeric 1-benzylisoquinolines was examined by using Ellman
colorimetric assay with galanthamine as a reference standard.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Chemical structures of some AChE inhibitors from plants.

Alzheimer’s disease (AD), a neurodegenerative disorder,
is one of the severe health problems of aged popula-
tion.1,2 The deficiency in cholinergic neurotransmission
is believed to be one of the major causes of the memory
impairments in AD patients. The rational therapeutic
approach to treat AD is to increase the amount of ace-
tylcholine (ACh) in the brain. Inhibition of acetylcholin-
esterase (AChE), an enzyme responsible for the
metabolic breakdown of ACh, is the main target to im-
prove AD.3–6 Currently, there are four AChE inhibitors
available in the market. However, they can treat only
mild to moderate levels of disease.7 There is still a need
to develop more efficient drugs for AD.


A number of bisbenzylisoquinoline (BBIQ) alkaloids;
such as fangchinoline, atherospermoline, and fenfangj-
ine E (Fig. 1), isolated from root of Stephania tetrandra
S. Moore, Menispermaceae family, were found to inhib-
it acetylcholinesterase enzyme in micromolar range.8


Moreover, the promising AChE inhibitory activity of
simple rigid isoquinoline structures from plants, such
as protoberberine alkaloids; berberine and palmatine
(Fig. 1), has been reported.9 It is likely that the simple
substituted isoquinoline might display similar pharma-
cological activity as BBIQ. More examples of dimeric
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structures were found in tacrine analogs which showed
good activity to acetylcholinesterase enzyme.10 In order
to prove the hypothesis, the simple substituted mono-
meric structures of BBIQ (Fig. 2) were taken to screen
for their AChE inhibitory activity.


Isoquinoline derivatives studied in the present investiga-
tion were synthesized as intermediate compounds of
anticancer drugs (Fig. 2)11 and were obtained from
Chulabhorn Research Institute. The assay for AChE
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R1, R2 = H, OCH3, disubstituted, or 
                trisubstituted 


      R3 = H, CH3, CHO, or COOCH3


      R4 = H, OH, or (=O) 
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Figure 2. Chemical structures of 1-benzylisoquinoline derivatives.


S. Markmee et al. / Bioorg. Med. Chem. Lett. 16 (2006) 2170–2172 2171

inhibitory activity was performed according to the
methods developed by Ellman et al.12 and Ingkaninan
et al.13 using commercially available galanthamine as a
reference standard. Various rigid analogs of 1-benzyliso-
quinolines; that is, aporphine structures 8 and 9, and
flexible forms of simple 1-benzylisoquinolines; that is,
1-benzyl-1,2,3,4-tetrahydroisoquinoline structures 1–7,
1-benzyl-3,4-dihydroisoquinoline structures 10, and

Table 1. AChE inhibitory activity of isoquinoline derivatives


Structures Compound R1 R2 R


Tetrahydroisoquinoline derivatives


N


R3


R4


R5


R6


R1


R2


R7


1 H H O


2 CH3 H O


3 CH3 H O


4 CHO H O


5 CHO OCH3 O


6 CHO OCH3 O


7 COOCH3 OCH3 O


Aporphine derivatives


N


R3


R4 R1


R2


R7


R6


R5


8 CH3 H O


9 COOCH3 OCH3 O


Dihydroisoquinoline derivatives


N


R2


R3


R4


R5


R1


10 CH3 OCH3 O


Isoquinoline derivatives


N


R1


R2


R3


R6


R4
R5


11 H H O


12 H H H


13 OCH3 OCH3 H


14 OCH3 OCH3 O


15 OCH3 OCH3 H


16 OCH3 OCH3 O


17 OCH3 OCH3 O

1-benzylisoquinoline structures 11–17 were chosen to
examine for acetylcholinesterase inhibitory activity. All
the compounds were tested for acetylcholinesterase
inhibitory activity at the concentrations of 10�4 and
10�5 M (in methanol), except compound 9 which was
tested at the concentration of 3 · 10�4 and 3 · 10�5 M
due to the solubility problem. The results are shown in
Table 1.


Interestingly, there were four compounds (10, 13, 14,
and 17) which showed more than 50% inhibition at con-
centration 10�4 M, but only compounds 10 and 13 dis-
played more than 50% inhibition at concentration
10�5 M. Compounds 1 and 2 gave percent inhibition
in the range of 40–50% and the rest of the compounds
showed less than 30% inhibition at 10�4 M. Hence, com-
pounds 10, 13, 14, and 17 were determined for concen-
tration that gave 50% inhibition of AChE activity

3 R4 R5 R6 R7 % Inhibition


10�4 M 10�5 M


CH3 OCH3 OCH3 OCH3 OH 45.9 ± 7.1 11.4 ± 2.2


CH3 OCH3 OCH3 OCH3 H 46.6 ± 1.9 9.2 ± 4.9


CH3 OCH3 –OCH2O– H 38.4 ± 3.3 9.6 ± 6.4


CH3 OCH3 –OCH2O– H 13.2 ± 6.0 2.5 ± 7.7


CH3 OCH3 –OCH2O– H 14.5 ± 2.2 4.5 ± 3.9


CH3 OCH3 OCH3 OCH3 H 17.7 ± 1.4 2.4 ± 4.9


CH3 OCH3 OCH3 OCH3 H 13.4 ± 0.9 4.2 ± 10.4


CH3 OCH3 OCH3 OCH3 H 34.5 ± 1.7 9.3 ± 6.9


CH3 OCH3 H OCH3 OCH3 15.9 ± 13.5 7.3 ± 1.0


CH3 OCH3 OCH3 90.2 ± 1.4 52.4 ± 1.8


CH3 H H OH 11.4 ± 7.7 3.5 ± 9.2


H OCH3 OH 14.7 ± 4.0 �4.0 ± 13.8


H OCH3 OH 67.8 ± 6.3 53.5 ± 7.1


CH3 OCH3 H OH 88.7 ± 2.4 45.5 ± 1.7


H H @O 8.4 ± 4.9 4.6 ± 5.2


CH3 OCH3 H @O 38.6 ± 7.8 2.3 ± 8.4


CH3 OCH3 H H 88.2 ± 1.0 46.4 ± 3.0







Table 2. Determination of IC50 of some isoquinoline derivatives


Compound IC50 (lM)


10 5.50 ± 1.05


13 6.94 ± 1.49a


14 10.73 ± 1.04


17 24.33 ± 12.68


Galanthamine 0.59 ± 0.10


a Range of inhibition 0–70%.
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(IC50) and IC50 values of 5.50 ± 1.05, 6.94 ± 1.49,
10.73 ± 1.04, and 24.33 ± 12.68 lM were obtained for
10, 13, 14, and 17, respectively (Table 2). In this exper-
iment, galanthamine was used as reference standard
with an IC50 value of 0.59 ± 0.10 lM. 1-Benzylisoquino-
lines 10 and 13 showed the highest acetylcholinesterase
inhibitory activity in micromolar range; however, they
are about ten times less potent than galanthamine.


Compound 2, 1-(3,4-dimethoxybenzyl)-6,7-dimethoxy-
2-methyl-1,2,3,4-tetrahydroisoquinoline, showed mild
activity for AChE (Table 1). When the unsaturation
was added to the piperidine ring or quaternarized at ba-
sic nitrogen of piperidine, the activity improved by
about 10- to 100-fold as shown by compounds 10 and
17. Similar result was also found for compound 1 and
its aromatic analog (14). Substituents on the benzene
ring had quite an influence on the activity as seen by
compounds 12 and 13. The type of substituents and
the position of the substitution also affected inhibition
of acetylcholinesterase enzyme. The N-substitution
might play an important role in inhibition as well. The
amine derivative (3) lost activity when changed to its
corresponding amide analog (4). Rigid molecule as in
aporphine structures (8 and 9) displayed slightly reduced
activity at concentration 10�4 M. Hybridization at ben-
zyl part seemed to play an important role in inhibition
as shown by hydroxyl derivative of compound 14 and
the activity decrease when the molecule was oxidized
to its ketone derivatives (16).


The aim of this study was more to determine if a mono-
meric moiety of BBIQ was enough to display the AChE
activity than to develop novel template for AChE. From
this study, it is determined that simple substituted
monomeric 1-benzylisoquinoline derivatives display ace-
tylcholinesterase inhibitory activity. 1-Benzylisoquino-
line structure is a novel template to develop highly
active acetylcholinesterase inhibitors and this is shown

by good activity displayed by compounds 10 and 13.
This study has provided some insights into the SAR of
1-benzylisoquinoline derivatives on aromatization,
unsaturation of the ring, quaternarization of the ring
nitrogen atom, substitution at the nitrogen, substitu-
tions on the aromatic portion, and conformation or
rigidity at benzyl moiety for acetylcholinesterase enzyme
inhibition. Additional studies are underway to deter-
mine additional structural requirements of this class of
compounds.
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Abstract—In this report, we describe a new family of N-thiolated 2-oxazolidinones having antibacterial activity against methicillin-
resistant Staphylococcus aureus and Bacillus anthracis. The effect of ring substituents and stereochemistry on antibacterial activity of
these oxazolidinones closely parallels that previously reported for N-thiolated b-lactam antibiotics.
� 2006 Elsevier Ltd. All rights reserved.

The problem of bacterial drug resistance has reached a
crisis level such that successful treatment of antibiotic-
resistant infections in hospitals and health care centers
can no longer be taken for granted. Infections caused
by methicillin-resistant Staphylococcus aureus (MRSA)
are becoming particularly difficult to treat with conven-
tional antibiotics such as penicillin, leading to a sharp
rise in clinical complications and deaths. The need for
new antibacterial agents and protocols for treating
MRSA infections is becoming extremely serious.


Recently, we reported a novel family of lipophilic N-thi-
olated b-lactams (Fig. 1) that are effective growth inhib-
itors of MRSA1–7 and Bacillus species,8 and whose
mode of action and structure–activity profiles differ
dramatically from those of traditional b-lactams.9 Inves-
tigations in our laboratory10have shown that these
b-lactam compounds can carry a wide range of substit-
uents at the C3 and C4 centers; however, the N-organo-
thio substituent is necessary for microbiological activity.
The mechanism of action is under investigation but
appears to depend on the ability of the compounds to
transfer the organothio moiety onto a cellular thiol. This

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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suggests that the role of the lactam ring is to provide a
structural framework for the delivery of the thiol moiety
and may not be absolutely required for the activity. To
probe this possibility, and to expand on the structural
diversity of anti-MRSA compounds available for
clinical development, we decided to examine oxazolidi-
nones as potential antibacterially active organothio
carriers. Oxazolidinones are already recognized for their
favorable pharmacological properties and are the only
new class of antibacterial drugs introduced into clinical
use in the last three decades.11–13


In the present study, a representative selection of differ-
entially substituted N-thiolated 2-oxazolidinones 1–9
was prepared for antimicrobial screening by N-thiola-
tion of the corresponding 2-oxazolidinones using proto-
cols that have been previously reported by Miller and
co-workers14 for b-lactams. The structures of the
compounds were confirmed by 1H and 13C NMR
spectroscopy, and antibacterial assays were performed
by Kirby–Bauer disk diffusion on agar plates according
to NCCLS guidelines.15 For these assays, we tested both

N
O


RO Ar


SMe


Figure 1. N-thiolated b-lactam.
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Table 1. Compound susceptibility measurements obtained from agar disk diffusion of oxazolidinones 1–9 against a methicillin-susceptible strain of


Staphylococcus aureus (S. aureus ATCC 25923) and 10 strains of methicillin-resistant S. aureus (MRSA)


Bacterial strains Lac 1 2 3 4 5 6 7 8 9 Pen G


S. aureus 849 (ATCC 25923) 25 31 16 17 21 19 30 29 20 21 33


MRSA USF919 (ATCC 43300) — 32 11 19 20 19 30 28 21 13 —


MRSA USF920 (ATCC 33591) — 32 0 19 16 19 28 28 18 15 —


MRSA USF652 30 30 12 17 16 19 30 30 19 12 8


MRSA USF653 30 32 19 20 20 20 31 30 27 25 15


MRSA USF654 26 30 14 18 20 22 29 26 23 20 10


MRSA USF655 25 30 14 17 20 22 29 28 22 18 14


MRSA USF656 28 31 15 19 22 20 31 28 22 20 12


MRSA USF657 27 30 12 19 21 22 29 27 22 19 12


MRSA USF658 26 31 14 17 18 21 29 27 16 19 19


MRSA USF659 24 28 16 19 19 20 26 26 22 22 16


In each case, 20 lg of the test compound in CH2Cl2 was applied to 6 mm cellulose disks prior to inoculation and incubation. The value corresponds


to average diameter in mm (triplicate experiments) for the zone of growth inhibitions observed after 24 h of incubation at 37 �C. S. aureus (ATCC


25923) and methicillin-resistant S. aureus (labeled MRSA USF652-659 and USF919-920) were obtained from Lakeland Regional Medical Center,


Lakeland, FL. Lac is the N-thiolated b-lactam shown in Figure 2. Pen G is penicillin G (potassium salt). Error values are within ±1 mm.
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an ATCC strain of methicillin-susceptible S. aureus as
well as 10 strains of methicillin-resistant S. aureus
obtained either from ATCC sources or as clinical
isolates from a local hospital. The zones of growth
inhibition produced by the compounds against each of
these microbes after 24 h of incubation are presented
in Table 1. Our first goal was to determine the effect
of substitution at the C4 and C5 centers of the oxazolid-
inone ring on anti-Staphylococcus activity. Accordingly,
N-thiolated oxazolidinones 1–5 (as racemates) were
examined and compared to two reference compounds,
N-methylthio lactam Lac (Fig. 2) and penicillin G.


In almost every case, the five oxazolidinones displayed
about equal activity against both S. aureus and MRSA,
as did the corresponding b-lactam (Lac), and were uni-
formly much more effective than penicillin G (Pen G)
against the MRSA strains. The most potent of these five
oxazolidinones, compound 1, produced zones of similar
dimensions against S. aureus to that of penicillin G. Oxa-
zolidinone 2, on the other hand, showed much more mod-
erate activity against both S. aureus and MRSA. Mono-
substituted oxazolidinones 3–5 also possessed strong
anti-MRSA activity, surpassing disubstituted derivative
2, indicating that substituents can be placed at either the
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Figure 2. A reference N-thiolated b-lactam (Lac) and N-alkylthio


2-oxazolidinones 1–5.

C4 or C5 centers, or at both, without significantly affecting
bioactivity. This stands in contrast to previous observa-
tions from studies of mono- versus disubstituted N-thio-
lated b-lactams, in which disubstitution on the ring
provides for the best anti-MRSA properties.10Additional-
ly, replacement of the N-methylthio moiety of compound
4 for N-sec-butylthio (compound 516) leads to no signifi-
cant improvement in anti-MRSA activity.17


Enantiomerically paired oxazolidinones 6, 7 and 8, 9
were then evaluated for anti-MRSA properties to probe
whether absolute stereochemistry was a determinant of
activity (Fig. 3). These four compounds were individual-
ly prepared from their commercially available N-protio
precursors and subjected to Kirby–Bauer testing. First,
from these assays, we noted that the phenyl-substituted
oxazolidinones 6 and 7 afforded somewhat larger inhibi-
tion zones than the isopropyl-bearing oxazolidinones 8
and 9, indicating stronger anti-MRSA activity. Indeed,
oxazolidinone 7 exhibited a lower broth MIC value
(8 lg/mL) against both S. aureus and MRSA than that
of oxazolidinone 8 (16 lg/mL). Second, the S enantio-
mer in each case was found, on average, to be slightly
more active than the R-isomer. Indeed, the growth inhi-
bition zones for R-configured compound 9 were visibly
not as clear as they were for the S-stereoisomer 8, indic-
ative of incomplete growth inhibition. Thus, there may
be a small but discernible difference in bioactivities of
the two enantiomeric forms, which should be further
evaluated.


We next turned to examine the antibacterial capabilities
of the oxazolidinones against Bacillus anthracis, the caus-
ative agent of anthrax infections, and six other species of
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Figure 3. Enantiomerically pure N-methylthio 2-oxazolidinones 6–9.







Table 2. Compound susceptibility measurements obtained from agar


disk diffusion of oxazolidinones 6–9 against Bacillus anthracis (Sterne


strain) and six other strains of Bacillus


Bacillus species 6 7 8 9


B. anthracis 23 23 23 15


B. globigii 15 17 15 17


B. thurigensis 17 15 16 0


B. megaterium 18 20 18 10


B. subtilus 19 19 17 19


B. cereus 24 23 22 15


B. coagulans 17 17 17 0


In each case, 20 lg of the test compound in CH2Cl2 was applied to


6 mm cellulose disks prior to incoculation and incubation. The value


corresponds to average diameter in mm (triplicate experiments) for the


zone of growth inhibitions observed after 24 h of incubation at 37 �C.


Error values of these measurements are ±1 mm.
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Bacillus.18 Concerns about the possible use of B. anthracis
as a biological weapon have led to widespread efforts to
develop antibiotics and vaccines for anthrax infections.19


For this initial examination, we chose N-thiolated 2-oxa-
zolidinones 6–9 for Kirby–Bauer testing. The data shown
in Table 2 indicate that each of the N-methylthio 2-oxazo-
lidinones inhibits the growth of all seven species of
Bacillus. Of these four optically pure compounds, howev-
er, 6 and 7 had identical activity,while the R compound 9
possessed much weaker and more sporadic activity
compared to that of the S-enantiomer 8. The reasons
for this seemingly anomalous, but reproducible, differ-
ence in bioactivity are still under investigation.


As previously described for N-thiolated b-lactams, the
antibacterial activity of these agents shows only a small
dependence on the ring substituents, but requires the N-
alkylthio group.10 In each case, N-thiolated 2-oxazolid-
inones exhibited antibacterial activity, whereas the cor-
responding N-protio oxazolidinones have no
antibacterial activity. We therefore tentatively postulate
that these N-thiolated oxazolidinones, like their b-lac-
tam counterparts10, react covalently with their biologi-
cal target through transfer of the organothio side
chain as shown in Scheme 1.


Further studies to assess the mode of action of these
anti-MRSA, anti-Bacillus compounds, and to identify
their cellular target(s), are currently underway in our
laboratory and will be reported in due course.
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Scheme 1.
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Abstract—A series of symmetrically substituted dibenzoyl furoxans were synthesized and investigated for their potential to release
nitric oxide, which plays a key role in the nervous and cardiovascular systems. Cysteine was employed to promote nitric oxide
release from furoxan via the formation of an S-nitrosothiol intermediate. Transition metal ion-mediated S-nitrosocysteine decom-
position liberates nitric oxide that, in aqueous aerobic solutions, is converted to reactive nitrogen oxide species. The percent nitric
oxide released was quantified colorimetrically by the Griess reagent system.
� 2006 Elsevier Ltd. All rights reserved.
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Scheme 1. Nitric acid oxidation of acetophenone to furoxan.
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Figure 1. Structure of furoxan heterocyclic ring system.

Furoxans (1,2,5-oxadiazole-2-oxides, Fig. 1) are biolog-
ically active compounds that are capable of releasing ni-
tric oxide in the presence of thiols. The reaction of
thiols, such as cysteine or glutathione, with furoxans is
believed to involve the formation of S-nitrosothiols.1


Furoxans, therefore, are potential NO-releasing
prodrugs.


Initial investigations of the biological activities of furox-
ans focused on benzofuroxans.2 During the past decade,
‘single-ring’ furoxans, in which the oxadiazole ring is not
fused to an aromatic ring system, have garnered more
attention from pharmaceutical and medicinal chemists.
Indeed, a variety of asymmetrically substituted furoxans
have been shown to generate NO in the presence of
thiols.3 The mechanism for nitrosothiol formation, how-
ever, is still a matter of investigation. During the course
of our research, we became aware of a simple procedure
for synthesizing symmetrically substituted furoxans.
Surprisingly, the reactions of these compounds with
thiols have received little attention. Symmetrically
substituted furoxans offer simpler models for probing
structure–activity relationship of nitrosothiol formation
than the more elegantly designed furoxans appearing in
recent reports.
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To gain further insight into the reactivity of 3,4-substi-
tuted furoxans with thiols, we synthesized a number of
symmetrically substituted dibenzoylfuroxans by treating
substituted acetophenones with nitric acid distilled from
sulfuric acid (Scheme 1).4 The heterocyclic products
were characterized by their melting points, IR and
NMR spectroscopy.5


Thiol-mediated nitric oxide release from furoxans has
been previously reported.1a In the presence of LL-cysteine,
Gasco reported the % NO released by 3-cyano-4-phe-
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Table 1. Percent NO released by substituted furoxans as determined


by the Griess reagent system


3,4-Dibenzoylfuroxan % NO released (±SE)a


1, X = H <1.0 (.2)


2, X = F 3.8 (.2)


3a, X = 2 0-Cl 4.4 (.1)


4a, X = 2 0-CH3 NAb


4b, X = 4 0-CH3 18.5 (.2)


5a, X = 2 0-OCH3 3.4 (.2)


5b, X = 4 0-OCH3 4.9 (.2)


6a, X = 3 0-CN 5.0 (.3)


6b, X = 4 0-CN 5.0 (.2)


a Expressed as % NO2
� (mol/mol) ± SE.


b Note: unable to determine due to poor solubility.
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nylfuroxan to be of the order of 40%. Release of nitric
oxide is dependent on the concentration of the thiol
cofactor. Gasco employed the Griess reagent system to
investigate nitric oxide production by 4-phenyl-3-furo-
xancarbonitrile and gain insight into the mechanism of
NO release.1b


Thiols or other nucleophilic species are necessary to
promote release of NO from the oxadiazole ring.1a,3e


Nucleophilic attack by thiol on the furoxan results
in formation of a nitrosothiol (RSNO) as shown in
Scheme 2.


Decomposition of nitrosothiols to liberate NO can be
effected thermally or photochemically or, in aqueous
systems, by transition metals.6 Saville, Grisham, and
others have shown that the Hg2+ promotes the release
of NO from RSNO to form reactive nitrogen oxide spe-
cies.6 For example, in aqueous aerobic solvents, nitric
oxide reacts with molecular oxygen to form various
nitrogen oxide species shown in Scheme 3.7


Nitrous acid, formed by treating nitrite ions with a
strong acid, is capable of nitrosating amines, such as sul-
fanilamide which is used in the Griess reagent system, to
generate diazonium salts. Release of NO in aqueous sys-
tems can therefore be quantitatively determined by mea-
suring the formation of a diazo compound that forms
when the diazonium ion couples with N-(1-naphthyl)-
ethylenediamine dihydrochloride (NEDD) in the Griess
reagent system8 (Scheme 4).


To evaluate NO release from the substituted 3,4-
dibenzoylfuroxans, 5 M equiv of LL-cysteine was added
to the furoxan to form S-nitrosocysteine. Mercuric (II)
chloride was subsequently added to promote decompo-
sition of the RSNO intermediate. The solution was then
treated with sulfanilamide in 5% phosphoric acid

followed by the addition of NEDD to generate the diazo
compound that has an absorbance maximum at 540 nm.
The signal intensity of the dye is proportional to the
amount of NO released. To quantify % NO, a standard
RSNO curve was made by measuring the change in
absorbance of various concentrations of sodium nitrite
solutions treated with LL-cysteine and the Griess reagent
system. The calibration curve was linear over 4 orders of
magnitude with an R2 value of 0.998. The results from
various symmetrically substituted dibenzoylfuroxans
are shown in Table 1. Most of the substituted 3,4-dib-
enzoylfuroxans released similar molar percentages of
NO, of the order of 5% NO. Curiously, the 4 0-methyl-
substituted compound, 3,4-di(4 0-methylbenzoyl)furo-
xan, resulted in significantly higher levels of NO produc-
tion (18.5%) as determined by nitrite ion concentration.
The 4 0-methoxy derivative, on the other hand, gave the
same NO yield (4.9%) as dibenzoylfuroxans bearing cya-
no or halogen substituents. The strongly acidic condi-
tions of the Griess reagent system (5% H3PO4),
however, could result in protonation of the methoxy
oxygen. The protonated aryl ether would be expected
to exhibit behavior similar to those of cyano-substituted
compounds.


Wink et al.6b demonstrated that reactive nitrogen
species, formed in the buffered phosphate solutions,
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are capable of nitrosating amines to generate diazonium
salts. Unlike the Griess reagent system for nitrite ion
detection, these reactions occur in neutral environments
and are dependent on the formation of a reactive nitro-
gen oxide intermediate as shown below (Eq. 1).


4NO + O2! 2N2O3 ð1Þ
It should be noted that in this equation, 2 equiv of NO is
necessary to generate one nitrosation species. In an ef-
fort to determine whether the poor NO release exhibited
by the methoxy-substituted dibenzoylfuroxan was due
in part to positive charge on a protonated aryl ether,
the 4-methoxy and 4-methyl derivatives were run in ace-
tonitrile solutions of sulfanilamide and NEDD in the
absence of phosphoric acid (Table 2).


As seen in Table 2, the release of NO for the 4 0-meth-
yl derivative is only slightly less (16% vs 18.5%) than
the % NO generated in acidic environments typically
used in the Griess reagent system. However, the NO
generation by the 4 0-methoxy derivative has increased
significantly under neutral conditions (from 4.9% to
14.0%). In the neutral environment, the nitrosating
agent is the reactive nitrogen oxide intermediate gener-
ated from the reaction of nitric oxide with molecular
oxygen.


Investigations by Feelisch and Gasco support nucleo-
philic attack by the sulfide on carbon-3 of the oxadiazole
ring system (Scheme 2). More recently, QSAR studies
on a series of biologically active furoxans demonstrated
a correlation between cytotoxicity and their electronic
properties.9 Furoxans exhibiting greatest cytotoxic
activity showed higher contribution from nitrogen-2 of
the heterocyclic ring on the LUMO energy (ELUMO)
enhancing the electrophilicity of carbon-3. Notably,
the most cytotoxic furoxans had electrophilic carbons
(CHO and CN) or carbons with good leaving groups
(CH2Cl and CH2SPh) attached to carbon-3 of the oxa-
diazole ring. In these systems, competition for nucleo-
philic attack by the thiol between the imino carbons of
the furoxan ring and the carbonyl carbons is expected
to occur. For the 3,4-dibenzoylfuroxans investigated in
this study, nucleophilic attack might occur at the
carbonyl carbon. Sulfide addition to the carbonyl
should not result in nitrosothiol formation and thus
would reduce the yield of NO. While electron-withdraw-
ing groups on the benzene rings are expected to increase
electron deficiency in the furoxan ring, they have a
greater effect on the electron density of the benzoyl
carbons. Increased electrophilicity of the carbonyl
carbon relative to carbon-3 of the furoxan ring increases
the likelihood that the thiol will react at the benzoyl
position rather than the furoxan imino carbon. As a
result, dibenzoylfuroxans bearing electron-withdrawing

Table 2. Percent NO released by methyl and methoxy-substituted


furoxans in neutral acetonitrile solutions


3,4-Dibenzoylfuroxan % NO released (±SE)a


4b, X = 40-CH3 16.0 (.2)


5b, X = 40-OCH3 14.0 (.2)


a Expressed as % N2O3 (2 mol/mol) ± SE.

substituents on the phenyl rings result in lower NO
yield.


Electron-donating groups on the benzene rings might
be expected to reduce the overall electrophilicity of
furoxans. However, it can be postulated that the 4 0-
methyl or methoxy substituents have a stabilizing elec-
tronic effect on the carbonyl carbon making it less
susceptible to nucleophilic attack and the furoxan ring
more likely to react with the thiol. Further investiga-
tions into the substituent effects on the reactivity of
symmetrically 3,4-disubstituted oxadiazole-2-oxides
are currently underway. Theoretical investigations of
substituted dibenzoylfuroxans are also being conduct-
ed to gain further insight into the electronic contribu-
tions of the substituents.
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