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Abstract—Histone deacetylase (HDAC) inhibitors that target Class I and Class II HDACs are currently in advanced clinical trials
for the treatment of cancer. Vorinostat (ZolinzaTM, SAHA) is a hydroxamic acid approved for the treatment of patients with cuta-
neous T-cell lymphoma who have progressive, persistent or recurrent disease on or following two systemic therapies. As part of an
on-going effort to better understand the nature of the HDAC enzyme/inhibitor interaction and design highly effective HDAC inhib-
itors, we herein report the design, synthesis and HDAC inhibitory activity of a vorinostat-derived series of substrate-based HDAC
inhibitors.
� 2007 Elsevier Ltd. All rights reserved.
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Class I/II histone deacetylase (HDAC) enzymes are an
emerging therapeutic target for the treatment of cancer
and other diseases.1–5 X-ray crystallographic studies
(PDB ID code 1C3S) have demonstrated that the clini-
cal agent vorinostat (vorinostat, 1) binds directly to
the catalytic site on HDAC enzymes and thereby blocks
substrate access (Fig. 1).1,3,6,7 To better understand the
structural relationship between vorinostat and HDAC
substrates, we have explored a series of branched vori-
nostat analogues on the basis that vorinostat acts as a
substrate mimetic and that closer mimics of the N-acet-
yllysine moieties in the natural substrates will improve
binding and therefore inhibitor activity.8–10 We thereby
discovered and disclose herein, a series of aminosube-
royl hydroxamic acids (ASHAs) of remarkable HDAC
inhibitory activity (Fig. 2).11,12


ASHAs were prepared as summarized in Scheme 1.
N-Boc-aminosuberic acid x-methyl ester 2 was coupled
with the requisite amine in the presence of EDC and
HOBT, affording amide 3. TFA deprotection of 3 and
functionalization with the requisite acid chloride pro-
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vided methyl ester 4, which was converted to 5 by treat-
ment with 50% aqueous hydroxylamine in methanol.


The ASHAs were tested for their abilities to inhibit
HDAC1 activity and the proliferation of murine eryth-
roleukemia cells (SC-9).13 IC50 values are reported in
Table 1. These data demonstrate that the ASHAs com-
prise a potent new class of HDAC inhibitors that are
generally more potent than vorinostat (1). This is also
reflected in antiproliferative assays, with several com-
pounds displaying IC50 value below 100 nM (Table 1).


Anilide and aminoquinolide containing compounds
generally show improved enzymatic and proliferation
inhibitory activity compared to the corresponding
benzylamine derivatives. For example, compounds
5a, 5e, and 5i are 10–30 times more active than the
corresponding N-benzyl amide 5m. Furthermore, with

H
O


Vorinostat (1)


HDAC1 IC50 = 48 nM
SC9 MTS IC50 = 606 nM


Figure 1. Vorinostat (1).
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Table 1. Inhibition of histone deacetylase activity and murine erythroleukemia cell proliferation by hydroxamic acids derived from 2-LL-aminosuberic
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5a 12.1/73 5b 11.1/250 5c 10/33 5d 18/102


N


5e 9.4/43 5f 4/367 5g 42/165 5h 14.5/39


N
5i 3.5/90 5j 1.3/756 5k 54/107 5l 7.7/110


5m 93/1039 5n 120/3423 5o 51.3/374 5p 48/412


a Values shown in the table are for IC50 HDAC1/IC50 SC9 MTS. Vorinostat (SAHA) IC50 HDAC1 = 48 nM and IC50 SC9 MTS = 606 nM.


HO
OCH3


O


ONHBoc
N
H


OCH3


O


ONHBoc


R1


N
H


OCH3


O


OHN


R1


R2


O


R1-NH2


EDC, HOBt
DMF


1. TFA, CH2Cl2
2. R2COCl, NMM,
DMF


50% aq. H2NOH


MeOH


2 3


4


5
(see table 1)


Scheme 1. Synthesis of hydroxamic acids derived from 2-LL-aminosuberic acid.
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Figure 2. Design rationale for the aminosuberoyl hydroxamic acids (ASHAs).
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the exception of the R 0 = 2-quinolyl series, a general
trend in HDAC inhibitory potency of 6-aminoquino-
lide > 8-aminoquinolide > anilide is observed. Despite
being very potent compounds against the enzyme,
the 6-aminoquinoline derivatives are generally less
active in cell culture than their aniline- and 8-amino-
quinoline-derived analogues. The 8-aminoquinoline
component, in particular, appears to be optimal in
cellular assays.

To further investigate the pharmacologic properties of
select ASHAs, 5b and 5e were tested in vivo for the abil-
ity to attenuate tumor growth in an HCT-116 colon
xenograft model in nude mice (Chart 1). Both agents
demonstrated marked efficacy (TGI P 50%) at tolerated
doses (<20% body weight loss) when dosed once daily,
ip for 21 days. In this tumor model, the ASHAs also
demonstrated statistically significant tumor growth inhi-
bition at sub-MTD doses. Similar observations were
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Chart 1. HCT-116 colon xenograft growth inhibition with 5b and 5e.a


S. Belvedere et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3969–3971 3971

made when these agents were tested in the MDA-231
breast xenograft model (data not shown).


In summary, we have disclosed the design and synthesis
of a novel, potent class of HDAC inhibitors, the
aminosuberoyl hydroxamic acids (ASHAs). Constitu-
ents of the ASHA class of HDAC inhibitors exhibit
potent HDAC and cell proliferation inhibitory activities
at nanomolar concentrations. Additionally, these agents
are active in vivo and have been shown to inhibit tumor
growth in both colon and breast xenograft models.
Further studies of these agents and related analogues
will be reported in due course.
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Abstract—The SAR of over 50 derivatives of octahydrobenzo[g]quinoline (obeline)-type somatostatin sst1 receptor antagonist 1 is
presented, focusing on the modification of its arylpiperazine moiety. Sst1 affinities in this series cover a range of five orders of mag-
nitude with the best derivatives displaying subnanomolar sst1 affinities and >10,000-fold selectivities over the sst2 receptor subtype as
well as promising pharmacokinetic properties.
� 2007 Elsevier Ltd. All rights reserved.

The initial structure–activity relationship of highly ac-
tive, non-peptidic, obeline-type somatostatin sst1


receptor antagonists and their in vitro pharmacologi-
cal profile is presented in the preceding paper.1 The
focus of our medicinal chemistry derivatization pro-
gram was on the arylpiperazine moiety of lead mole-
cule 1 (example 2a in Ref. 1) with the goal to raise
the sst1 receptor affinities to a subnanomolar level
while improving on selectivities toward the somato-
statin sst2 receptor (a detailed rationale is given in
the preceding paper1) without compromising on the
favorable drug-like properties of 1 (no ‘rule-of-5’ vio-
lations, c logP 3.4, molecular weight 421, PSA 49 Å2).
From our earlier work on structurally related somato-
statin ligands2 it was anticipated that an efficient fine-
tuning of somatostatin receptor binding properties is
achievable by introducing structurally and electroni-
cally diverse aryl piperazine moieties. In a second step,
additional criteria (e.g., in vitro or in vivo ADME
properties) served for selection among a subset of
highly active and selective compounds.
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Representative examples for the derivatization of the
arylpiperazine moiety in 1 are shown in Tables 1–3. As
in the preceding paper,1 radioligand binding data to
rat somatostatin sst1 and sst2 receptors are given. The
assay is performed in rat cortex membranes using
[125I]SRIF-14 in the presence of 120 mM NaCl.3 The
synthesis of all compounds listed in Tables 1–3 is out-
lined in Supporting Information.


The optimization program started by replacement of the
2-pyridyl moiety in 1 (pKd sst1 = 7.76, selectivity over
sst2 ca. 600-fold) with other heteroaryl moieties: while
the regioisomeric 4-pyridyl compound and the corre-
sponding pyridazine and pyrimidine derivatives were
considerably less active and selective (Table 1, entries
2–4), introduction of a 4-cyano substituent gave a clear
gain in sst1 affinity (entry 5, pKd sst1 = 8.45); other sub-
stituents in 3-, 4- or 6-position were however less
favorable (entries 6–8). Going from the 2-pyridine to a
2-pyridone moiety led to an improved affinity, with the
N-methyl derivative 10 showing a superior profile (pKd


sst1 = 8.74, selectivity over sst2 > 6000-fold) over the
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Table 2. Binding affinities of octahydrobenzo[g]quinoline derivatives


24–46 (phenylpiperazines) to rat sst1 and sst2 receptors


N


N


O


N


H


H


OMe


R'


Compound R 0 pKd r sst1
a pKd r sst2


a


24 2-F 7.75 ± 0.11 4.73 ± 0.04


25 3-F 8.48 ± 0.05 4.67 ± 0.06


26 4-F 8.47 ± 0.05 4.58 ± 0.10


27 2-CN 8.70 ± 0.19 5.13 ± 0.01


28 4-CN 8.09 ± 0.05 5.00 ± 0.11


29 2-NO2 8.89 ± 0.11 4.96 ± 0.03


30 3-NO2 8.88 ± 0.02 5.17 ± 0.06


31 4-NO2 9.15 ± 0.31 5.11 ± 0.01


32 3-CF3 7.63 ± 0.07 4.88 ± 0.10


33 4-CF3 6.56 ± 0.03 5.29 ± 0.12


34 4-OH 6.20 ± 0.04 4.61 ± 0.05


35 4-COMe 6.82 ± 0.01 5.06 ± 0.02


36 4-CO2Me 6.79 ± 0.12 4.83 ± 0.12


37 4-CONH2 5.82 ± 0.11 4.78 ± 0.03


38 4-CONEt2 5.77 ± 0.13 4.70 ± 0.05


39 4-CO2Na 4.09 ± 0.17 3.60 ± 0.26


40 4-SO2Me 6.20 ± 0.02 5.06 ± 0.03


41 4-SO2NH2 6.23 ± 0.17 5.04 ± 0.10


42 3,4-F2 9.13 ± 0.04 4.78 ± 0.06


43 2-CN-3-F 8.55 ± 0.06 4.78 ± 0.03


44 2-CN-4-NO2 8.49 ± 0.08 5.36 ± 0.05


45 2-NO2-4-CF3 6.96 ± 0.04 5.31 ± 0.07


46 2-SO2Me-4-NO2 8.76 ± 0.06 5.28 ± 0.08


a Mean ± SEM. Number of experiments: n = 3–6.


Table 3. Binding affinities of octahydrobenzo[g]quinoline derivatives


47–55 (cyclic tertiary amides, not piperazine derivatives) to rat sst1 and


sst2 receptors


N


OH
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R''


Compound R00 pKd r sst1
a pKd r sst2


a


47
N


N
N


6.68 ± 0.04 4.46 ± 0.39


48 N
N NO2


6.58 ± 0.07 4.65 ± 0.23


49


N


Cl


7.09 ± 0.06 5.60 ± 0.04


50
N


N 7.52 ± 0.05 5.63 ± 0.04


51
N


N


N


6.31 ± 0.03 5.62 ± 0.06


52


N
N NH


O


6.31 ± 0.01 5.69 ± 0.03


53


N


N
H


7.15 ± 0.04 5.21 ± 0.00


54
N


NCH2Ph
6.34 ± 0.04 5.04 ± 0.08


55 N
NH


4.98 ± 0.04 4.36 ± 0.10


a Mean ± SEM. Number of experiments: n = 2–4.
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parent pyridone 9 (pKd sst1 = 8.12, selectivity over sst2


1550-fold). The introduction of annelated six-membered
rings (entries 11–17) revealed the narrow SAR within
this series: for example, isomeric pyridopyrazines 16
and 17 that differ only by the position of one nitrogen
atom show a difference in sst1 affinity by nearly two
orders of magnitude (pKd sst1 = 8.24 for 16 vs 6.45 for
17). Among the benzoxadiazole and benzothiadiazole
derivatives (entries 18–22) compound 22 displays high-
est affinity and selectivity (pKd sst1 = 8.91, selectivity
over sst2 > 4600-fold). The corresponding imidazopyrid-
azine derivative 23, however, proved less promising (pKd


sst1 = 7.06).


Substituted phenylpiperazines are given in Table 2.
While a fluorine atom was best tolerated in the 3-or 4-
position, not in the 2-position (entries 24–26) and a
cyano group in the 2-position (entries 27 and 28), intro-
duction of a nitro group in all positions resulted in
highly active derivatives (entries 29–31) with the 4-nitro
derivative 31 being one of the best compounds of the
whole series (pKd sst1 = 9.15, selectivity over
sst2 > 10,000-fold). The detailed in vitro profile of this
compound is published elsewhere.1,4 Less favorable is
a CF3 group (in 3- or 4-position, entries 32 and 33) or
a 4-hydroxy, -carbonyl, -carboxyl, -sulfonyl or -sulfon-
amide substitution (34–41). Among the disubstituted
phenyl derivatives (42–46), the 3,4-difluoro derivative
42 showed affinity and selectivity comparable to 31
(pKd sst1 = 9.13, selectivity over sst2 > 22,000-fold).

Derivatives that replace the arylpiperazine moiety by
other cyclic secondary amines are given in Table 3.
The piperazine ring itself was replaced by a homopipera-
zine (entries 47 and 48) or a tetrahydropyridine ring (en-
tries 49–51). The arylpiperazine moiety was substituted
by 1-piperidin-4-yl-1,3-dihydro-benzoimidazol-2-one
(entry 52), a popular moiety in the field of peptidic
and non-peptidic sst receptor ligands,5,6 b-carboline (en-
try 53), benzylpiperazine (entry 54) or unsubstituted
piperazine (entry 55). All these derivatizations led to a
dramatic loss in affinity and selectivity and were not fol-
lowed up any further.


Attempts to develop a QSAR understanding of these
results based on different molecular descriptors (dipole
moments, volumes, surfaces areas, hydrophilicities,
frontier orbital energies, etc., alone or in combinations)
and using pertinent methods7 were not successful so far.
A possible explanation could be that these compounds
bind to different parts of the receptor in varying orienta-
tions and receptor conformations in spite of their rather
high structural analogy, a fact that cannot be further
elaborated in absence of structural information on the
somatostatin sst1 receptor.
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The derivatives in Tables 1–3 have calculated molecular
properties that are in line with oral bioavailability
according to the ‘rule of 5’. Indeed, compounds 21, 22,
and 42 show good absorption and brain penetration in
mice (brain plasma ratios of 4.8, 1.8 and 7.5, respec-
tively, 1 h after 10 mg/kg oral administration). Com-
pound 31 was analyzed in more detail in rats: it shows
an oral bioavailability of ca. 35% and a moderate
clearance rate and tissue distribution (CL ca. 5 ml/min,
Vss 3–6 l/kg). Brain plasma ratios are 10–15 (90 min
after oral administration of 10, 30, and 100 mg/kg); at
doses of 1–10 mg/kg po, concentrations in the rat brain
are sufficient to fully occupy sst1 receptors for at least
4 h. Details as well as pharmacological in vivo data will
be published elsewhere in due course.


In conclusion, we have established the SAR of the aryl-
piperazine moiety of obeline-type somatostatin sst1


receptor antagonist 1, leading to compounds with sub-
nanomolar sst1 affinities, >10,000-fold selectivities over
the sst2 receptor subtype and promising initial PK
properties.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.04.078.
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Abstract—8-Iodo-11-(4-methylpiperazino)-5H-dibenzo[b,e][1,4]-diazepine: Iozapine, a potential D4-receptor ligand was synthesized
using oxidative iodo-destannylation reaction. The preliminary biodistribution studies of radioiodinated iozapine have shown that
the compound is taken up in the brains of mice and rabbits.
� 2007 Elsevier Ltd. All rights reserved.

The neurotransmitter dopamine plays an important role
in the development of several neurological and psychiat-
ric disorders such as schizophrenia,1,2 Huntington’s dis-
ease, and Parkinson’s disease.3 Schizophrenia is a
mental disorder characterized by chaotic jumbling and
fragmentation of sensation and thought processes. The
Dopamine hypothesis is one of the several proposed in
the last 50 years to understand the biology of schizo-
phrenia, which links the positive psychotic symptoms
with hyperactivity of dopaminergic neurons in the mes-
olombic region of the brain.4 There are five different
subtypes of dopamine receptors, which have been char-
acterized (D1–D5). These are further subdivided into
two main families, D1 (including D1 and D5) and D2


(including D2, D3, and D4).5,6 Amongst the many
themes of antipsychotic drug action,4 a high affinity
for D4 receptors relative to D2 receptors has been pro-
posed to rationalize efficacy against positive symptoms
and low potential for extrapyramidal symptoms. Cloza-
pine (1) (8-chloro-11-(4-methylpiperazino)-5H-dib-
enzo[b,e][1,4]-diazepine) is an effective antipsychotic
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agent and is devoid of extrapyramidal side effects.7


Although it has considerable value in the treatment of
schizophrenia, its therapeutic use has been restricted
by the relative high incidence of agranulocytosis.7


From receptor binding studies it has been shown that
clozapine, in addition to blocking the D2 receptor, also
blocks other dopamine and serotonin receptors in the
human brain8 and exterts potent antagonist effects on
the adrenergic, cholinergic, and histaminergic recep-
tors.9 The atypical antipsychotic profile of clozapine
has been suggested to arise from its preferential block-
ade of the dopamine D1 or D4 receptors.8,10 Clozapine
showed 10-fold higher selectivity for D4 over D2 recep-
tors.11,12 Although D4 receptors represent a relatively
minor proportion of the total dopamine receptor popu-
lation in the basal ganglia of the normal human brain,
Seeman et al. found that there is a sixfold increase in
the population of these receptors in the brain of schizo-
phrenics.13 To overcome the side effects of clozapine lots
of efforts have been made in the past, which centered on
the modification of ring B, C or D, but not much work
has been done on ring A.14 No efforts in changing chlo-
rine were ever made to see the improvement in the bio-
logical properties of the parent molecule, we decided to
take ring A of clozapine and modify the chlorine in the
ring A, that can also give a molecule which can be easily
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radiolabeled with minimum structural or chemical
change Figure 1.


Scheme 1 depicts the synthesis of iozapine 2. The tricy-
clic lactam 7 was synthesized by a modification of the re-
ported (Hunziker) procedure by coupling anthranilic
acid 4 with 2,5-dibromonitrobenzene 3 under Ullman
conditions which gave the nitro acid 5. Subsequent
reduction using sodium dithionate afforded the amino
compound 6. Cyclization of the amino compound 6
was achieved by heating in methanol in the presence
of a catalytic amount of sulfuric acid. This gave the de-
sired cyclized product 7 and also the amino ester 8 which
was in turn converted to 7 by treatment with sodamide
in dioxane. Transformation of the bromo lactam 7 to
compound 9 was carried out by treatment with phos-
phorus oxychloride and a catalytic amount of dimethyl
formamide in dichloromethane to form the imido-chlo-
ride and subsequent reaction with N-methylpiperazine
in dioxane. Reaction of 9 with bis(tributyltin) in dioxane
in the presence of a catalytic amount of tetra-kis-(triphe-
nyl phosphino)palladium gave the tributyltin precursor
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Figure 1. Structure of Clozapine.
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(c) MeOH, H2SO4, reflux, 48 h, 68%; (d) NaNH2, dioxane, reflux, 20 h, 86%


62%; (f) [(nBu)3Sn]2, [P(Ph)3]4Pd(O), dioxane, 100 �C, 20 h, 66%; (g) NaI, H

10. Finally oxidative iodo-destannylation of 10 gave
the target compound 2 in 81% yield.15


The preparation of radioiodinated iozapine was carried
out by oxidative iodo-destannylation of the tin deriva-
tive 10 using radioiodide and hydrogen peroxide. The
labeling was more than 90% complete in 15 min. at
room temperature. Purification of the product was done
by HPLC. The radiochemical purity of the material
after HPLC was >99% as determined by TLC with
radiochemical yields ranging from 58 to 80%.


Biodistribution studies were carried out in male Balb/c
mice (23–26 g). Five mice were used for each time peri-
od. Each mouse was injected with 0.1 mL of [125I]Ioza-
pine (7–8 KBq) via the lateral tail vein. At different
time periods up to 2 h after the injection, the animals
were sacrificed by CO2 asphyxiation. The organs of
interest were excised, weighed, and counted in a dual
channel automatic gamma counter. The mouse organ
distribution results from 5 to 120 min after injection
are shown in Table 1.


Hepatobiliary clearance is relatively rapid with approx-
imately 35% of the injected activity in the intestine at 1–
2 h. There appears to be some in vivo deiodination with
thyroid and stomach radioactivity tending to increase
with time. The blood levels did not decrease as rapidly
as most other tissues. This may be due to deiodination
of the compound resulting in relatively high levels of
radioiodide in the blood. However, the 125I species in
the blood was not determined. There is good initial total
brain uptake of approximately 3.5%. However this rap-
idly dropped to less than 0.1% of the injected activity by
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Table 1. Percent of injected dose per organa


Organ 5 min 15 min 60 min 120 min


Blood 4.17 ± 0.25 3.31 ± 0.13 3.49 ± 0.17 1.77 ± 0.60


Spleen 0.37 ± 0.05 0.31 ± 0.07 0.13 ± 0.32 0.04 ± 0.01


Pancreas 1.41 ± 0.23 1.02 ± 0.10 0.34 ± 0.02 0.16 ± 0.08


Stomach 1.77 ± 0.83 3.56 ± 0.63 7.35 ± 0.88 4.61 ± 1.31


Intestine 9.16 ± 1.77 17.73 ± 1.55 35.19 ± 2.14 34.13 ± 3.07


Liver 11.12 ± 1.20 10.38 ± 0.75 12.03 ± 0.63 9.80 ± 0.58


Kidney 5.42 ± 0.36 4.41 ± 0.39 2.15 ± 0.21 1.19 ± 0.16


Lung 4.01 ± 0.43 1.60 ± 0.16 0.50 ± 0.07 0.17 ± 0.05


Heart 0.60 ± 0.04 0.28 ± 0.02 0.13 ± 0.01 0.05 ± 0.02


Thyroid 0.0 ± 0.01 0.13 ± 0.06 0.68 ± 0.17 1.30 ± 0.49


Brain 3.49 ± 0.41 2.79 ± 0.42 0.80 ± 0.16 0.10 ± 0.02


Upper body 23.30 ± 1.51 17.41 ± 1.37 11.54 ± 0.51 5.72 ± 1.52


Lower body 18.94 ± 1.82 15.02 ± 1.81 10.24 ± 0.95 4.97 ± 0.48


Tissue distribution of [125I]Iozapine.
a Mean of five mice at each time.


Table 2. Percent of injected dose per organa


Region 5 min 15 min 60 min 120 min


Cortex 7.22 ± 1.03 6.65 ± 1.21 2.05 ± 0.33 0.22 ± 0.07


Striatum 7.28 ± 0.78 6.76 ± 1.31 2.11 ± 0.24 0.20 ± 0.06


Hippocampus 7.07 ± 0.78 6.64 ± 1.25 2.52 ± 0.84 0.27 ± 0.09


Thalamus 7.82 ± 0.85 6.15 ± 0.99 1.56 ± 0.35 0.20 ± 0.06


Cerebellum 6.16 ± 0.65 4.71 ± 0.73 0.94 ± 0.28 0.12 ± 0.04


Medulla 6.78 ± 1.08 5.23 ± 0.99 1.20 ± 0.20 0.16 ± 0.04


Regional brain distribution of [125I]Iozapine in mice.
a Mean of five mice at each time.


Table 3. Percent of injected dose per regiona


Region 0 h 0.5 h 1 h 1.5 h 2.0 h 2.5 h 3.0 h 20.0 h


Whole body 100.0 98.7 95.8 97.7 97.4 99.4 96.9 54.6


Lung 14.7 10.7 10.4 8.1 7.6 6.0 6.4 2.3


Thyroid 1.5 1.4 1.4 1.3 1.4 1.2 1.4 1.9


Brain 2.2 2.2 1.8 1.6 1.5 1.5 1.4 0.7


Tissue distribution of [123I]Iozapine.
a Mean of two rabbits at each time.
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two hours. This is indicative of the material crossing the
blood brain barrier but then diffusing out rapidly with
no binding. The clearance rate from the brain was in fact
considerably faster than from the blood. The whole
brains were incubated for 24 h in a 9:1 mixture of so-
dium phosphate buffer (5 mM, pH 7) and formalin
(37%) and then dissected into cortex, striatum, hippo-
campus, thalamus, cerebellum, and medulla, weighed,
and counted. The results are shown in Table 2. The re-
sults showed that there is no preferential uptake (on a
per gram basis) in any of the regions of the brain inves-
tigated. As well, the clearance from each of the regions
was similar.


The species difference studies were carried out in rabbits
using [123I]Iozapine by injecting 20 MBq of the drug and
imaging by gamma camera. The geometric means of
anterior and posterior counts of the regions of interest
at various time periods were determined, corrected for
decay, and expressed as a percentage of the initial whole

body mean counts as in Table 3. Brain uptake in rabbits,
while somewhat lower initially, had a considerably long-
er retention than seen in mice. Whereas the mice brain
levels decreased to 0.1% by 2 h after injection, the rab-
bits had an initial uptake slightly over 2% and this re-
mained at approximately 1.5% at 3 h.


Species difference indicated by the considerably pro-
longed retention in brains of rabbits than mice has sug-
gested that iozapine (2) might have the potential as brain
imaging agent in the study of schizophrenia and as an
effective antipsychotic agent. Receptor binding studies
are still in progress in our group and will be reported
soon.
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Abstract—A novel class of non-peptide somatostatin receptor ligands bearing the octahydrobenzo[g]quinoline (obeline) structural
element has been identified. SAR studies have been performed that led to the discovery of derivatives with high affinity (pKd r
sst1 P 9) and selectivity (P150-fold for h sst1 over h sst2–h sst5) for somatostatin receptor subtype sst1. In a functional assay,
the compounds act as antagonists at human recombinant sst1 receptors.
� 2007 Elsevier Ltd. All rights reserved.

Somatostatin (somatotropin-release-inhibiting factor,
SRIF) is a widely distributed peptide hormone/neuro-
transmitter1 that occurs in two biologically active forms,
a tetradecapeptide SRIF14 and a 28-amino acid peptide
SRIF28. Multiple biological effects have been attributed
to SRIF, in the periphery2–4 as well as in the CNS.5–10


To date, five somatostatin receptor subtypes (sst1 to
sst5) have been cloned and characterized, all belonging
to the G-protein-coupled receptor superfamily.11–13 So
far, only sst2 and sst5 receptors have been clearly linked
to specific physiological functions,14,15 whereas the role
of the sst1 receptor is still not fully understood.16–19 In
order to further elucidate the function of the different
SRIF receptor subtypes and to evaluate the potential
of somatostatin receptor ligands as therapeutic agents,
there is a need for non-peptidic, metabolically stable,
potent, and subtype selective SRIF receptor agonists
and antagonists.20 The first non-peptidic structures with
micromolar affinity for SRIF receptors used sugar or
benzodiazepine cores to align the crucial functionalities
of the Phe, Trp, and Lys side-chains appropriately.21–24


In the meantime, more selective non-peptidic agonists
with nanomolar affinity for each of the five receptor sub-
types have been published.25–30 The only non-peptidic
and potent antagonists reported so far are sst2 selective
analogs of the dipeptide DD-Trp-Lys31 and sst3 selective

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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DD-Trp derived imidazoles.32,33 Herein and in the follow-
ing paper,34 we present the identification and optimiza-
tion of a novel class of non-peptidic somatostatin sst1


receptor antagonists.


As a starting point we chose the screening hit 1, an
ergoline35 derivative which already showed appreciable
affinity for the rat sst1 receptor (pKd = 7.85) and good
selectivity over r sst2 (pKd = 4.75).36 By applying a
well-known bioisosterism,37 the ergoline part of 1 could
be replaced with an octahydrobenzo[g]quinoline
(obeline) moiety. The resulting derivative 2a indeed had
comparable affinity for the rat sst1 receptor (pKd = 7.76)
and retained selectivity over sst2 (pKd = 4.99). The
octahydrobenzo[g]quinoline derivative 2a was therefore
selected as lead for an extensive derivatization program
with the goal to identify potent and selective sst1 receptor
ligands.
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In this paper, we present the structure–activity relation-
ship that was explored for the positions 6 and 9 of the
octahydrobenzo[g]quinoline ring system. In the follow-
ing paper,34 our derivatization efforts at the aryl pipera-
zine moiety of 2a will be discussed. For the SAR studies
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Table 2. Binding affinities of octahydrobenzo[g]quinoline derivatives to rat sst1 and sst2 receptors (variations at position 9)


N


N


O


N Aryl


H


H


O


R''
3 - 5


R00


Aryl = 
NO2


Aryl =
N


N
S


N


Compound pKd r sst1
a pKd r sst2


a Compound pKd r sst1
a pKd r sst2


a


–H 3a 9.15 ± 0.31 5.11 ± 0.01 4a 8.91 ± 0.05 5.24 ± 0.03


–Cl 3m 8.45 ± 0.11 4.86 ± 0.07


–Br 3n 8.34 ± 0.04 5.04 ± 0.10 4n 8.92 ± 0.11 5.20 ± 0.12


–SMe 3o 8.10 ± 0.02 5.00 ± 0.13


–CHO 4p 9.08 ± 0.02 5.00 ± 0.03


–COMe 4q 7.46 ± 0.08 5.54 ± 0.03


a Means ± SEM. Number of experiments: n = 3–6.


Table 3. Compounds 3a, ent-3a and 6: comparison of physicochemical parameters and affinities for different somatostatin receptor subtypes


N


O


N


O


N


H


H
NO2


N


O


N


O


N


H


H
NO2


N
H


O


N


O


N


H


H
NO2


3a ent-3a 6


Compound ½a�20
D


b Mpc pKd
a


r sst1 r sst2 h sst1 h sst2 h sst3 h sst4 h sst5


3a �128.7 � 267–271 � 9.15 ± 0.31 5.11 ± 0.01 7.99 ± 0.04 4.44 ± 0.03 5.06 ± 0.03 4.82 ± 0.07 5.75 ± 0.02


ent-3a +135.3 � 254 � 5.88 ± 0.10 4.83 ± 0.08 nd nd nd nd nd


6 �115 � 224–226 � 6.33 ± 0.04 5.41 ± 0.05 nd nd nd nd nd


a Means ± SEM. Number of experiments: n = 3–6.
b Of free base (DMF, c = 0.5).
c Of HCl salt.
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presented herein, the most promising aryl piperazine
moieties identified34 were used ((4-nitro-phenyl)-pipera-
zine in compounds 3 and [1,2,5]thiadiazolo[3,4b]pyri-
dine-5-piperazine in compounds 4, see Tables 1 and 2).
Affinities to the sst1 as well as the sst2 receptors were
determined in a radioligand binding assay performed
in rat cortex membranes using [125I]SRIF-14 in the
presence of 120 mM NaCl.36


SAR in position 6 (Table 1).38 An increase in size of the
O-alkyl substituent from methyl to i-propyl (3b) as well
as benzyl (4c) retained potency of the corresponding
methyl derivatives (3a and 4a, respectively). The free phe-
nol (3d), on the other hand, had reduced sst1 affinity, as
did the t-butyl ester 3e and the t-butyl carbonate deriva-
tive 3f. Sulfonic acid esters of the phenol moiety, on the
other hand, substantially increased affinity at the sst1


receptor in several cases, without compromising selectiv-
ity over sst2, and led to some of the most active derivatives
identified in this series, e.g., 3g (pKd = 9.39), 4g
(pKd = 9.67) or 4i (pKd = 9.40). Replacement of the
6-OMe group with a hydrogen atom (2j), a nitrile (3k)
or an acetyl group (3l) are all detrimental to sst1 affinity.

SAR in position 9 (Table 2).38 Halogenation of the octa-
hydrobenzo[g]quinoline ring system did not have dra-
matic effects either on sst1 affinity or on selectivity
over sst2 receptors: The 9-bromo derivative 4n retained
the sst1 affinity of the non-halogenated analog 4a, while
in the 4-nitrophenyl-piperazine series, halogenation led
to reduced affinity (3m and 3n). Introduction of a
thiomethyl substituent was detrimental to affinity (3o).
Formylation was tolerated (4p), while acetylation
decreased sst1 affinity by a factor of 30 (4q).


An alkyl substituent in position 1 seems to be essential:
demethylation of 3a to 6 led to a compound with 70-fold
lower affinity for the rat sst1 receptor (pKd = 6.33, Table
3). The enantiomer of 3a was prepared38 and found to
be less potent at the rat sst1 receptor by a factor of
200 (Table 3).


Compound 3a, as a typical representative of this class of
compounds, was tested for its binding affinity to the hu-
man recombinant somatostatin receptors h sst1–h sst5.39


This compound displayed a pKd of 7.99 for h sst1, and
pKds <5.8 for h sst2–h sst5 (Table 3), and is therefore
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highly selective for sst1 over the other four subtypes. In
extensive radioligand binding studies, 3a showed low
affinities for a panel of 40 neurotransmitter and mono-
amine receptors, with the exception of the human dopa-
mine D4 receptor (pKd = 8.30), 5-HT1D (pKd = 6.95)
and b1-adrenoceptors (pKd = 6.65).39


In a functional assay, 3a acted as an antagonist at hu-
man recombinant sst1 receptors. It blocked SRIF-14 in-
duced inhibition of forskolin-stimulated adenylate
cyclase activity with a pKb of 7.50. The compound was
devoid of intrinsic activity. Compound 3a also acted
as an antagonist in other sst1 receptor assays, e.g. inhi-
bition of somatostatin stimulated GTPcS binding or in
reporter gene assays (somatostatin induced luciferase
gene expression) with similar potency.39


In conclusion, we identified novel octahydrobenzo[g]-
quinoline derivatives that are highly potent and selective
antagonists at the somatostatin sst1 receptor. Further
studies concerning PK properties of these compounds
and their evaluation in different in vivo animal models
will be published elsewhere in due course.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.04.086.
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Abstract—Bioassay-guided fractionation of an EtOAc-soluble extract of the stem bark of Erythrina addisoniae (Leguminosae), using
an in vitro PTP1B inhibitory assay, resulted in the isolation of three new (1–3) and three known (4–6) 2-arylbenzofuran derivatives.
The new compounds were identified as 2-[2 0,4 0-dihydroxy-3 0-(3-methylbut-2-enyl)phenyl]-6-hydroxybenzofuran (1), 2-[2 0-methoxy-
4 0-hydroxy-5 0-(3-methylbut-2-enyl)phenyl]-6-hydroxybenzofuran (2), and 2-(2 0-methoxy-4 0-hydroxyphenyl)-5-(3-methylbut-2-enyl)-
6-hydroxybenzofuran (3). The new 2-arylbenzofurans 1–3 inhibited PTP1B activity with IC50 values ranging from 13.6 ± 1.1 to
17.5 ± 1.2 lM in vitro assay. On the basis of the data obtained, 2-arylbenzofurans with prenyl group may be considered as a
new class of PTP1B inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

Binding of insulin to its receptor results in the phosphor-
ylation of insulin receptor substrates (IRS) 1–4, which
then activates several signaling cascades leading to bio-
logical responses, such as glucose transport into the cell
and glycogen synthesis.1 Protein tyrosine phosphatases
(PTPs) which dephosphorylate the tyrosine residues of
proteins are considered negative regulators of insulin sig-
naling. Of the various PTPs, protein tyrosine phosphatase
1B (PTP1B) plays a key role in the insulin-dependent
signal cascade, and has attracted considerable attention
as a potential target for the treatment of type-2 diabetes.1


As with the insulin signaling pathway, the leptin signaling
pathway can be attenuated by PTPs and there is compel-
ling evidence that PTP1B is also involved in this process.1a


Therefore, it has been suggested that compounds that
reduce PTP1B activity or expression levels can not only
be used for treating type-2 diabetes but also obesity.
Although there have been a number of reports on the

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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design and development of PTP1B inhibitors,1,2 new
types of PTP1B inhibitors with suitable pharmacological
properties remain to be discovered.


In our continuing program to search PTP1B inhibitors
from plants, we found that an EtOAc-soluble extract
of the stem bark of Erythrina addisoniae inhibited
PTP1B activity (>80% inhibition at 30 lg/ml). The
genus Erythrina of the family Leguminosae comprises
over 110 species that are widely distributed in tropical
and subtropical regions, and representative species have
been used in indigenous medicine.3 Alkaloids, pterocar-
pans, flavonoids, and other benzofurans have been re-
ported as constituents of this genus, which have been
found to possess a wide range of biological activities
that include antioxidant, antimicrobial, cytotoxic, and
anti-inflammatory activities.4 Recently, we reported that
prenylated isoflavonoids from the species E. addisoniae
showed inhibitory effect on the PTP1B activity
in vitro.5 Further investigation on the PTP1B inhibitory
compounds from this plant has led to the isolation of six
2-arylbenzofuran derivatives,6 including three new com-
pounds 1–3 and three known ones (4–6). The structures
of the known compounds were determined to be kanzo-
nol U (4),7 glyinflanin H (5),8 and vignafuran (6),9 by
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comparing the physical and spectroscopic data (UV,
MS, 1D and 2D NMR) with those reported in the liter-
ature (Fig. 1).


Compound 1 was obtained as a white powder, and the
molecular formula was confirmed to be C19H18O4 from
the molecular ion peak at m/z 310.1204 [M]+ (calcd for
C19H18O4, 310.1205) by HREIMS.10a The UV spectrum
of this compound was characteristic of 2-arylbenzofu-
rans, with maxima at 219, 289, 331, and 346 nm.4b,6,7


The observation of a characteristic olefinic proton at
dH 7.02 in 1H NMR spectrum, and signals for C-2 (dC


154.15) and C-3 (dC 103.16) in 13C NMR spectrum
further supported that 1 is a 2-arylbenzofuran
derivative.4b,7,8 In addition, the 1H NMR spectrum of
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Figure 1. Structures of compounds 1–6 isolated from E. addisoniae.


Table 1. 1H (400 MHz) and 13C NMR (100 MHz) data of compounds 1–3a


Position 1


dC dH (J in Hz) dC


2 154.15 152.15


3 103.16 7.02, s 104.26


4 121.54 7.37, d (8.8) 121.07


5 112.92 6.79, dd (8.8, 2.0) 111.68


6 156.13 153.26


7 98.50 7.01, d (2.0) 98.15


8 155.87 154.76


9 122.91 123.99


1 0 111.23 112.64


2 0 153.72 156.39


3 0 116.62 100.11


4 0 157.12 155.64


5 0 108.78 6.57, d (8.4) 118.59


6 0 125.72 7.46, d (8.4) 128.26


100 23.05 3.48, br d (6.8) 30.01


200 123.66 5.28, m 122.23


300 132.12 135.68


400 25.98 1.67, br s 26.05


500 18.07 1.80, br s 18.19


2 0-OMe 55.87


6-OH


4 0-OH


a The NMR spectra of 1 were run in acetone-d6, while those of 2 and 3 in C
b Signals were partially overlapped.

1 (Table 1) displayed signals for a 1,2,4-trisubstituted
benzene unit [dH 7.37 (1H, d, J = 8.8 Hz), 6.79 (1H,
dd, J = 8.8, 2.0 Hz), and 7.01 (1H, d, J = 2.0 Hz)], a
set of ortho-coupled aromatic protons [dH 7.46 (1H, d,
J = 8.4 Hz) and 6.57 (1H, d, J = 8.4 Hz)], and an prenyl
group [dH 5.28 (1H, m), 3.48 (2H, br d, J = 6.8 Hz), 1.80
(3H, br s), and 1.67 (3H, br s)], which suggested that 1 is
a demethyl derivative of bidwillol B isolated previously
from Erythrina bidwillii.4b The signals appearing in the
13C NMR spectrum (Table 1) were very similar to those
of bidwillol B except for the absence of one methoxy sig-
nal. Thus, the structure of the new compound 1 was
determined as 2-[2 0,4 0-dihydroxy-3 0-(3-methylbut-2-
enyl)]-6-hydroxybenzofuran (20-O-demethylbidwillol B),
and confirmed using the HMBC NMR technique.
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dH (J in Hz) dC dH (J in Hz)


151.68 7.08, s


7.11, s 104.22 7.25, s


7.38, d (8.4) 120.93


6.74, dd (8.4, 2.4) 122.94


152.28 6.98, s


7.00, d (2.4) 98.43


153.58


123.67


113.36


157.76 6.53, br sb


6.52, s 99.41


156.58 6.52, dd (8.8, 2.4)b


107.62 7.86, d (8.8)


7.72, s 127.91 3.39, br d (7.6)


3.41, br d (6.8) 30.47 5.37, m


5.36, m 122.51


135.05 1.80, br s


1.81, br s 26.05 1.82, br s


1.84, br s 18.12 3.96, s


3.94, s 55.74 5.14, s


5.44, s


DCl3.
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Compound 2 was obtained as a colorless needle with the
molecular formula C20H20O4, as deduced from the
molecular ion peak at m/z 324.1361 [M]+ (calcd for
C20H20O4, 324.1361) in HREIMS.10b The characteristic
UV,1H and 13C NMR spectral data for 2 were similar to
those of 1.10a,b Following a full spectroscopic analysis, a
comparison of the 1H NMR spectral data for 2 revealed
that both the A- and C-ring of 2 are identical to those of
1. However, distinctively observed two aromatic singlet
signals at dH 7.72 and 6.52, and a methoxy signal at dH


3.94 in the 1H NMR spectrum suggested that the B-ring
of 2 is a 1,2,4,5-tetrasubstituted benzene ring including
one methoxy group. The aromatic singlet at dH 7.72
was assigned to H-6 0 on the basis of its chemical shift
and HMBC correlation to C-2 (dC 152.15), while that
at dH 6.52 to H-3 0 on the basis of three-bond correla-
tions to C-1 0 (dC 112.64) and C-5 0 (dC 118.59). The posi-
tions of the methoxy and prenyl groups were established
by the analysis of HMBC data, where correlations of the
methoxy protons at dH 3.94 with C-2 0 (dC 156.39), and
of H-100 (dH 3.41) with C-4 0 (dC 155.64), C-5 0 (dC


118.59), and C-6 0 (dC 128.26) were observed. Thus, the
structure of 2 was determined as 2-[2 0-methoxy-4 0-hydro-
xy-5 0-(3-methylbut-2-enyl)phenyl]-6-hydroxybenzofu-
ran, named addisofuran A.


Compound 3 was obtained as a purplish powder. A
molecular formula of C20H20O4 was determined for this
compound from the molecular ion peak at m/z 324.1361
[M]+ (calcd for C20H20O4, 324.1361) in HREIMS.10c On
the basis of the UV absorbance and the NMR data,10 3
was also regarded as a 2-arylbenzofuran like 1 and 2.
From the 1H NMR spectrum of 3, signals for a 1,2,4-tri-
substituted benzene unit were detected, in which one
meta-coupled doublet, and one doublet of doublet con-
sisted of overlapped signals. Besides, three aromatic sin-
glet signals were observed at dH 7.25, 7.08, and 6.98,
along with signals for a prenyl group at dH 5.37 (1H,
m), 3.39 (2H, br d, J = 7.6 Hz), 1.82 (3H, s), and 1.80
(3H, s). The differences in chemical shifts of the aromatic
protons for 3, compared to those of 2, suggested that
substitution patterns for the A- and B-ring of 3 are dif-
ferent from those of 2. The aromatic singlet at dH 7.25
was assigned to H-4 on the basis of HMBC correlation
to C-3 (dC 104.22), C-6 (dC 152.28), and C-8 (dC 153.58),
while that at dH 6.98 to H-7 on the basis of two-bond
correlations to C-6 and C-8. The remaining singlet at
dH 7.08 was assigned to H-3, which was also confirmed
by HMBC spectroscopic data. The position of the meth-
oxy group was determined by the HMBC correlation
from the methoxy protons (dH 3.96) to a quaternary car-
bon (dC 157.76, C-2 0). The prenyl group was located by
the analysis of HMBC data, in which correlations of H-
100 (dH 3.39) with C-4 (dC 120.93), C-5 (dC 122.94), and
C-6 (dC 152.28) were observed. Thus, the structure of
3 was determined as 2-(2 0-methoxy-4 0-hydroxyphenyl)-
5-(3-methylbut-2-enyl)-6-hydroxybenzofuran, named add-
isofuran B.


All the isolates were evaluated for their inhibitory activity
against PTP1B using an in vitro assay. The known PTP1B
inhibitors, RK-682 (IC50 = 5.0 ± 0.5 lM) and ursolic
acid (IC50 = 3.9 ± 0.3 lM), were used as positive controls

in this assay.11 The new 2-arylbenzofurans 1–3 inhibited
PTP1B activity with IC50 values of 13.6 ± 1.1,
17.5 ± 1.2, and 15.7 ± 1.6 lM, respectively, while com-
pounds 4–6 exhibited a significantly lower PTP1B inhibi-
tory activity than 1–3. Both 4 (IC50 = 62.7 ± 2.0 lM) and
5 (IC50 = 64.9 ± 1.1 lM), with a dimethylpyran moiety in
the B-ring, were less active than 1, indicating that cycliza-
tion between a prenyl group and one of the phenolic hy-
droxyl in the B-ring may be responsible for a loss of
in vitro activity. Compound 6 (IC50 = 74.1 ± 1.9 lM)
without a prenyl group displayed a lower activity com-
pared to the derivatives. Despite the difference in the posi-
tion of a prenyl group, 2 and 3 showed a similar activity.
The results indicate that substitution of prenyl groups
may be important for PTP1B inhibitory activity in vitro,
although structure–activity relationships of 2-aryl-
benzofurans were not thoroughly investigated.


Most of the 2-arylbenzofurans with prenyl groups have
been isolated from a rather limited number of plant
families, inclusive of the Leguminosae.4b There have
been a number of reports on the newly identified preny-
lated 2-arylbenzofurans.12 However, except for the
antimicrobial,4d,12b cytotoxic,4e,f and estrogenic activi-
ties,12a little is known as to the biological activities of
these metabolites. As shown in the present study, the
prenylated 2-arylbenzofurans could be considered as a
promising class of PTP1B inhibitors. Therefore, further
investigation and optimization of these derivatives
might enable the preparation of new PTP1B inhibitors
potentially useful in the treatment of type-2 diabetes
and obesity.
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Abstract—The design and profile of a series of saligenin containing long acting b2-adrenoreceptor agonists is described. Evaluation
of these analogues using a guinea-pig tissue model demonstrates that analogues within this series have significantly longer durations
of action than salmeterol and have the potential for a once daily profile in human.
� 2007 Elsevier Ltd. All rights reserved.
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Long acting b2-adrenoreceptor agonists are a highly
precedented drug class used for the treatment of asthma
and chronic obstructive pulmonary disease (COPD) and
as such there is high confidence in the need of these
agents.1,2 There are currently two marketed long acting
b2-adrenoreceptor agonists, salmeterol3 and formoter-
ol,4,5 neither of which provides a once daily dosing reg-
imen (Fig. 1). It is believed that there is an opportunity
for a once a day agent that in the future could become
the therapy of choice over salmeterol or formoterol.


The desire for a once daily b2-adrenoreceptor agonist
(while retaining the known efficacy of this class) would
be increased convenience and so potentially compliance
within the patient population. Asthma is a chronic
inflammatory disorder of the airways causing recurrent
episodes of wheezing, breathlessness, chest tightness
and coughing. These symptoms often occur at night or
in the early morning, impacting on sleep patterns and
so reducing overall quality of life. A once daily profile
would therefore be a valued addition to the treatment
of asthmatics.


COPD is the fourth leading cause of death in the US and
is characterized by airflow obstruction due to chronic
bronchitis or emphysema and symptoms are typically
breathing-related (e.g., chronic cough, exertional dys-
pnoea, expectoration and wheeze). A quality long acting
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b2-adrenoreceptor agonist would again be of tremen-
dous value in the treatment of this condition.


There has been considerable interest in the discovery of
a once daily b2-adrenoreceptor agonist with a recent
flurry of presentations, patent applications and licencing
agreements from a number of institutions.6 There are
numerous publications around how structurally differ-
ing long acting b2-adrenoreceptor agonists achieve their
duration of action including discussions around slow
offset phenomena, however, this argument appears lim-
ited with relatively few publications.7 The majority of
papers focus on the ability of salmeterol to bind to an
exosite on the b2-adrenoreceptor near the agonists’ bind-
ing site, termed the exosite theory.8 However, formoter-
ol would be unable to access this exosite and an
alternative hypothesis suggests that the lipophilic, basic
nature of these compounds allows them to partition
effectively into the lipid bilayers of smooth muscle

OH


NHCHO


OMe


Figure 1. Structures of salmeterol and formoterol.
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following inhalation. This partitioning then allows an
effective concentration of agonist to be present over time
and delivers duration of action, this is known as the dif-
fusion microkinetic theory.9 Regardless of the exact
molecular mechanism of sustaining duration of action
an elegant QSAR analysis of data within an inhaled long
acting dual D2-receptor/b2-adrenoreceptor agonists’
programme shows that lipophilicity and pKa are key
parameters within this project.10


We have previously reported the design and profile of a
novel series of b2-adrenoreceptor agonists exemplified
by 1 using an indole derived template discovered from
a high throughput screen.6 From the structural overlay
it is clear that even though there is significantly less con-
formational flexibility in the indole series compared to
salmeterol these analogues can still potentially access
the exosite binding region to drive duration of action
(Fig. 2). These compounds are also isolipophilic with
salmeterol so that the diffusion microkinetic theory
would also suggest an extended duration of action to
be present in these compounds.


Following on from the indole series the remit of the pro-
ject was to retain the excellent pharmacological profile
present in 1 and utilize common synthetic intermediates
while delivering a structurally differentiated series. We
decided to remain within the saligenin series as we had
experience with this motif and we were also keen to ini-
tially use benzylamines for the amide coupling partner.
This was due to the large number of commercially avail-
able benzylamines that we could use readily to investi-
gate structure–activity relationships/physiochemical
space without requiring bespoke synthesis. The amide
expression was also an attractive feature for reasons be-
yond its synthetic utility. It has been documented that
after inhalation of salmeterol a significant contribution
to the systemic effects results from the oral bioavailabil-
ity of the swallowed fraction of the inhaled dose.11


Reducing the oral bioavailability of our compounds
was a key goal by simultaneously limiting absorption
across the gut wall and ensuring high hepatic turnover
of any fraction absorbed.12 There have been numerous
analysis’s investigating molecular properties that influ-
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Figure 2. Structural overlay of salmeterol (purple) with 1.

ence oral bioavailability.13,14 Some of the properties that
have an effect include molecular weight, lipophilicity,
conformational flexibility, basicity as well as many oth-
ers. Retaining the secondary amide present in 1 and its
propensity for hydrogen bonding to potentially limit
its ability to cross the gut wall was a desirable feature.15


With this project strategy we turned to replacing the
indole linker using structural overlays to guide design
and prepared phenyl acetic alternatives to the indole,
Table 1.


Pleasingly, initial analogues were in the same potency
range as salmeterol and highly selective over the b1-adre-
noreceptor when assessed using human recombinant
b-adrenoreceptors expressed in a CHO cell line. The ef-
fect of 2–4 and salmeterol on airway smooth muscle was
investigated using tracheal strips taken from the guinea-
pig. The pharmacology of b2 agonists in this model cor-
relates well with clinical data and gives a measurement
of potency, efficacy and duration of action.16 Isolated
tracheal strips were contracted via stimulating the re-
lease of endogenous acetylcholine with electrical field
stimulation and test agents were assessed for their ability
to oppose this through functional antagonism. A dura-
tion of action was defined as the time taken for the mus-
cle tone at a just Emax concentration of the compound
to recover by 50% of the inhibition induced where the
Emax is the maximum inhibition achievable by that
compound. In this study all the compounds were essen-
tially equipotent with salmeterol and also equivalent in
the magnitude of Emax. Compared to salmeterol they
were all significantly shorter in their durations of action,
with compound 2 being the shortest. With the relatively
low lipophilicity of these compounds (logD 6 1) we
were not surprised to find that their durations of action
when assessed using guinea-pig trachea were signifi-
cantly shorter than that of salmeterol. Compounds 3
and 4 were assessed for their human liver microsomal
(HLM) stability and we were delighted to find that even
with their relatively low lipophilicity they were both rap-
idly metabolised (half-life <20 min). The cell permeabil-
ity as measured by apical to basal flux rate through a

Table 1. Potency, selectivity and logD for initial analogues


N
H


OH


OH


OH
O


N
H


R1 R2


Compound b2 EC50
a (nM) b1/b2


b logD


2 R1 = R2 = H 0.096 8597 0.4


3 R1 = R2 = Me 0.020 51418 1.0


4 R1 = Me, R2 = H 0.009 10054 0.8


Salmeterol 0.070 7885 2.5


a Potency and efficacy at human recombinant b2 and b1-adrenorecep-


tors expressed in CHO cells assessed as elevations in cyclic AMP. In


this assay, all compounds appeared to be full agonists.
b Ratio of EC50’s generated at human recombinant b2 and b1-adre-


noreceptors expressed in CHO cells assessed as elevations in cyclic


AMP.
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monolayer of CaCo-2 cell was also low, predicting for
poor oral absorption in human.17 These in vitro phar-
macokinetic data suggested the profile we desired of
poor gut wall permeability coupled with high first pass
metabolism was achievable in this expression (Table 2).


To increase the duration of action we decided to prepare
further analogues in the series exemplified by 4 and to
investigate the structure–activity relationship of the benz-
ylamine group. A key design feature was to increase the
overall lipophilicity of the compounds to a logD range
>1.5. If we could achieve this initial goal then the com-
pounds would be progressed to in vitro pharmacokinetic
studies to prioritise for rat in vivo work to assess oral

Table 2. Tissue potency, duration and logD for analogues


N
H


OH


OH


OH


Compound logD CaCo-2 fluxc, Papp · 10�6 cm


*


OMe


MeO


5 0.8 Not done


* 6 1.6 1


*


F


Cl


7 1.5 1


*
8 1.5 Not done


*


F


CF3


9 2.2 2


*


OCF3


10 2.4 Not done


*
Cl


Cl


11 2.6 1


*
Cl


Cl


12 2.3 1


* 13 2.2 Not done


Salmeterol — 2.1 —


a All potencies in the guinea-pig trachea model are quoted relative to salmet
b A duration of action is measured as the time taken for the muscle tone a


inhibition induced where the Emax is the maximum inhibition achievable
c Apical to basal flux rate of compound through a monolayer of CaCo-2 cel
d Half-life of compound in microsomal preparation when assayed at 1 lM.

bioavailability. A concern was that as we increased the
lipophilicity we may also increase the cell permeability
of the analogues and this was to be closely monitored.


In terms of potency all the analogues prepared were in
the same range as that of salmeterol when tested in the
guinea-pig trachea model. Assuming that compounds
5–13 have a similar binding mode to that of salmeterol
it would suggest that the b2-adrenoreceptor is tolerant
of differing substituents of this right-hand side phenyl
ring. The durations of action in the trachea model do
appear to correlate generally to the lipophilicity of the
compounds with a logD > 2 having a longer duration
of action, except for compound 13. Compounds 9–12

O


N
H


R


/s HLM (min)d Potencya Duration of action (h)b


Not done 0.30 1.5 (n = 2)


Not done 0.10 5.4 (n = 2)


Not done 0.07 5.2 (n = 2)


2 1.00 3.9 (n = 3)


9 0.90 6.6 (n = 4)


15 1.00 8.1 (n = 2)


4 0.40 9.0 (n = 4)


8 0.50 7.2 (n = 2)


10 0.50 4.6 (n = 2)


— 1.00 6.9 (n = 5)


erol so that a compound that is twice as potent will be quoted as 0.5.


t an Emax concentration of the compound to recover by 50% of the


by that compound.


ls at 25 lM, pH 7.4.
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where the logD > 2 have durations of action in the same
region as salmeterol or even significantly longer as for
compound 11. For compound 11 there was still incom-
plete tissue recovery after 14h in this model which could
be reversed using the selective b2-adrenoreceptor antag-
onist ICI-118551 thus demonstrating the effects were b2


mediated. It is interesting to compare compounds 11
and 13 which are structurally similar and also essentially
isolipophilic yet have profoundly differing durations of
action in the guinea-pig trachea. The difference in phar-
macology is hard to rationalise particularly as they are
also equipotent, however, if the exosite model is invoked
it could suggest that there are differing structure–activity
relationships regarding potency and duration in this re-
gion of the b2-adrenoreceptor.


The most interesting compounds were all progressed to
in vitro pharmacokinetic assays and all analogues were
rapidly metabolised in a human microsomal assay with
short half lives (<20 min). With these data compound
11 was further progressed to assess cell permeability
as measured by apical to basal flux rate through a
monolayer of CaCo-2 cells. This assay suggested that
not only did compound 11 possess intrinsically poor
cell permeability but it was also highly effluxed by
transporter proteins with an A to B:B to A ratio of
1:15. These in vitro data confirmed that 11 should have
low oral bioavailability due to poor absorption
through the gut wall and high first pass metabolism,
this warranted progression of 11 into rat in vivo stud-
ies. Following iv administration the volume of distribu-
tion was high (Vd = 16.6 L/kg), however, with a
clearance of greater than liver blood flow (123 ml/
min/kg) the measured half-life was 1.5 h. An oral leg
was not performed as the iv data and the in vitro
CaCo-2 data suggested that the oral bioavailability
would be very low. Compound 11 was also screened
for off target pharmacology and showed no significant
affinity (<100 nM) for other receptors, enzymes or ion
channels.


In conclusion, we have described our efforts to deliver a
b2-adrenoreceptor agonist that has a longer duration of
action than salmeterol in the well-validated guinea-pig
trachea model. Additionally a key design feature was
to ensure that compounds would have low oral bioavail-
ability compared to salmeterol to reduce systemic effects
through the swallowed fraction after inhalation. This
was achieved through introducing amide functionality
with high hydrogen bonding potential to limit absorp-
tion while also ensuring high first pass metabolism.

Compound 11 delivers this pharmacology profile with
improved potency and duration of action compared to
salmeterol in the guinea-pig trachea model. Since salme-
terol is reported to have a duration of action of up to
18 h in human this warranted further progression of
11 into further in vivo studies where its superior dura-
tion of action was confirmed.


Furthermore 11 possesses the required in vivo pharma-
cokinetics with clearance greater than liver blood flow
in the rat and consequently short half-life. Further work
and efforts in this series will be described in future
publications.
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Abstract—A series of 3-arylamino-2H-1,2,4-benzothiadiazin-5-ol 1,1-dioxides were prepared and shown to be novel and selective
antagonists of the CXCR2 receptor. Synthesis, structure and activity relationships, selectivity, and some developability properties
are described.
� 2007 Elsevier Ltd. All rights reserved.

Interleukin-8 (IL-8, CXCL8) and related ELR+ (Glu4-
Leu5-Arg6) containing CXC chemokines (ENA-78
(CXCL5), GCP-2 (CXCL6), GROa CXCL1), GROb
(CXCL2), and GROc (CXCL3)) play an important role
in the trafficking of immune cells to sites of inflamma-
tion which is consistent with their potential involvement
in pathophysiological processes such as arthritis, athero-
sclerosis, reperfusion injury, psoriasis, and asthma.
Indeed, elevated plasma levels of IL-8 and GROa have
been associated with these conditions in humans.1 Two
seven-transmembrane (7TM) G-protein coupled recep-
tors (CXCR1 and CXCR2) have been identified, which
are activated by IL-8. CXCR1 binds IL-8 and GCP-2
with high affinity while CXCR2 binds all of the
above-mentioned ELR+ chemokines with high affinity.2


The potential therapeutic value for small-molecule
antagonists of the IL-8 receptors is further supported
by studies done with CXCR2 mouse gene knockouts

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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which show elevated leukocytes and lymphocytes with-
out apparent pathogenic consequences indicating that
these receptors are not required for normal physiology.3


As previously disclosed,4–6 a series of N,N 0-diarylureas
has been identified as potent and selective CXCR2
antagonists. This series was later expanded to include
N,N 0-diarylguanidines, N,N 0-diarylcyanoguanidines,7


and squaramides (3,4-diamino-1,2-dioxocyclobutenes)8,9


(Fig. 1). In N,N 0-diarylureas and their bioisosteres,10 both
left-hand side (LHS) and right-hand side (RHS) aryl moi-
eties could freely rotate to adopt their optimal conforma-
tions when bound to the receptor. To examine if this free
rotation was required for potent CXCR2 binding affinity,
conformational restriction in the form of a six-membered
ring (e.g., 4 in Fig. 1) was introduced. Herein, we describe
the synthesis, initial structure and activity relationships
(SAR), selectivity, and some developability properties
of a novel series of 3-arylamino-2H-1,2,4-benzothiadia-
zin-5-ol-1,1-dioxides.


As shown in Scheme 1, the synthesis started with 2-
methoxy-anilines 5 which were easily obtained from
commercial sources or prepared from the corresponding
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Figure 1. Examples of urea (1)-, cyanoquanidine (2)-, squaramide (3)-


type CXCR2 antagonists and a new cyclic sulfonamide template (4).


Table 1. CXCR2 receptor antagonist binding affinities of 3-arylamino-


2H-1,2,4-benzothiadiazin-5-ol 1,1-dioxides (9)


Compound R1 R2 R3 Bindinga


IC50 (lM)


9a 7-Cl H H 2.4


9b 7-Cl F H 0.74


9c 7-Cl Cl H 0.092


9d 7-Cl Br H 0.064


9e 7-Cl H 30-Br 6.1


9f 7-Cl H 40-Br 5.1


9g 7-Cl Cl 30-F 0.064


9h 7-Cl Br 40-F 0.12


9i 7-Cl Br 50-F 3.9


9j 7-Cl Br 60-F 1.6


9k 7-Cl Me H 0.39


9l 7-Cl Ph H 0.23


9m 7-Cl OMe H 0.25


9n 7-Cl OPh H 0.054


9o 7-Cl CF3 H 0.83


9p 7-Cl OCF3 H 0.93


9q 7-Cl (40-Morpholinyl) H >30


9r 7-Cl COMe H 4.5


9s 7-Cl CO2H H >30


9t 7-H Cl H 5.2


9u 7-F Br H 0.36


9v 7-Br Br H 0.070


9w 7-NO2 Br H 0.026


9x 7-Me Br H 0.28


9y 8-F Br H 3.0


9z 8-Cl Br H 0.48


9aa 7-NO2 OPh H 0.054


9ab 7-NO2 Cl H 0.081


a CXCR2 binding assays were performed as described in Ref. 16.
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nitro compounds through reduction.11 Reaction
of 5 with chlorosulfonylisocyanate led to substituted 5-
methoxy-2H-1,2,4-benzothiadiazin-3(4H)-one 1,1-diox-
ides 6.12 The 3-oxo compounds (6) were converted into
the corresponding amidoyl triflates 7, which upon
nucleophilic substitution by a variety of anilines
gave the N-aryl-5-methoxy-2H-1,2,4-benzothiadiazin-3-
amine 1,1-dioxides 8.13 Treatment of 8 with LiCl under
conventional heating or microwave conditions produced
the target compounds 9.14


We first explored the SAR of the RHS moiety by pre-
paring analogs containing anilines with different substit-
uents (R2 and R3 in 9). As shown in Table 1, the nature
and location of these substituents were found to be
important for CXCR2 binding affinities. For analogs
with no or a halo substituent on 2 0-position of aniline
(9a–9d, 9w, and 9ab), CXCR2 binding affinity increased
with the size of the substituents (H < F < Cl < Br).
When shifting a halogen from the 2 0-position (9d) to
the 3 0- or 4 0-position (9e and 9f, respectively), CXCR2
binding affinity of the corresponding analogs decreased
dramatically. When introducing a second halogen on
the 3 0-position in addition to the one on the 2 0-position,
the CXCR2 binding affinity slightly increased (compar-
ing 9g with 9c). However, a second halogen on the 4 0-,
5 0- or 6 0-position decreased the CXCR2 binding affinity
(comparing 9h–j with 9d). Among other substituents
introduced at the 2 0-position of the aniline, the phenoxy
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Scheme 1. Reagents and conditions: (a) nPrNO2, ClSO2NCO, AlCl3 (R1 = 7-


(R1 = 7-Cl, R2 = Cl, R3 = H, 63%); (d) LiCl, DMSO, heating (R1 = 7-Cl, R2

group stands out and binding IC50s of the correspond-
ing analogs, 9n and 9aa, are both 0.054 lM. While the
binding IC50s of analogs with methyl, phenyl, methoxy,
trifluoromethyl, and trifluoromethoxy on the 2 0-position
of the aniline (9k–p, respectively) fell in the 0.2–1.0 lM
range, nitrogen- and carbonyl-containing compounds
were found to be much less active (9r) or completely
inactive (9q and 9s). Overall, the RHS SAR closely mir-
rors that of the diarylurea series.9


Subsequently, the SAR of the LHS moiety was explored
by changing substituents (R1 in 9) on the phenyl ring. As
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Cl, 52%); (b) Tf2O, Pyr, CH2Cl2 (R1 = 7-Cl, 56%); (c) anilines, CH2Cl2
= Cl, R3 = H, 80%).







Table 2. CXCR2 FLIPR calcium mobilization activity, CXCR1


binding affinity, and aqueous solubility for exemplar compounds 9


Compound R1 R2 R3 CXCR2


FLIPRa


IC50, (lM)


CXCR1


bindingb


IC50, (lM)


Aqueous


solubilityc


(lM)


9aa NO2 OPh H 0.49 7.6 2


9w NO2 Br H 0.60 3.2 233


9ab NO2 Cl H 1.1 12 188


9n Cl OPh H 0.32 20 <1


9d Cl Br H 0.40 13 31


9c Cl Cl H 0.52 24 68


9g Cl Cl F 0.46 13 160


a CXCR2 FLIPR assays were performed as described in Ref. 18.
b CXCR1 binding assays were performed as described in Ref. 16.
c Aqueous solubility was measured in 0.05 M, pH 7.4, phosphate buffer


containing 2% DMSO using standard HPLC based high throughput


techniques.
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shown in Table 1, introduction of a substituent on the
7-position of LHS phenyl ring enhanced the CXCR2
binding affinity (comparing 9t with 9c). With regard to
the 7-substituents (9d, 9u–9x), the CXCR2 binding
affinity increased in the following order: F, Me < Cl,
Br < NO2. This suggests that both electron withdrawing
ability and size are important factors for substituents at
this position. Analogs with substituent on the 8-position
were found to be less potent than those with substituent
on the 7-position (comparing 9y with 9u and 9z with
9d).15


Three of the 5-methoxy substituted intermediates 8g, 8t,
and 8w were also tested in order to examine the influence
of the 5-hydroxy group on CXCR2 binding affinity. The
IC50s were >30, >30, and 12 lM, respectively, and there-
fore it seems quite clear that having the free phenol is of
great importance to the receptor binding of this series
which is entirely consistent with the findings obtained
from the diarylurea series.5,10 However, one aspect of
the LHS SAR which appears to differ from the
diarylurea series is the fact that the cyclic sulfonamide
is attached to the aryl moiety in what is referred to as
the 6-position in the diarylurea series (see Fig. 1). It
has previously been shown that this position is highly
intolerant of substitution,5,9c however, this may be due
to the 6-substituent interfering with the co-planarity of
the aryl ring with the urea moiety. In contrast, the sul-
fonamide ring in the present series enforces this co-
planarity.


As an extension of exploration for RHS moiety, a few
non-aniline analogs such as those with RHS benzylam-
ines (10a and 10b) and alkylamines (11a and 11b) were
prepared.17 The CXCR2 binding IC50s of 10a, 10b,
11a, and 11b were found to be 8.0, >30, 15, and
20 lM, respectively, which are much less potent than
the aniline analogs.
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In addition to the SAR explorations, a few exemplar
compounds were further evaluated in a CXCR2 func-
tional assay, selectivity and initial developability assays.
As shown in Table 2, the compounds in the series exhib-
ited good CXCR2 antagonist activity in a FLIPR
assay18 although the IC50s dropped 5-fold or more,
relative to the affinity obtained in the binding assay.


The compounds in Table 2 were tested in a CXCR1
binding assay and found to be at least 100-fold selective
for CXCR2. A few exemplar compounds (e.g., 9aa, 9ab,
and 9w) were also evaluated against a panel of 19 other
7TM in vitro assays and found to be CXCR2 selective.

For example, 9aa showed CXCR2 selectivity over the
following receptors (IC50, lM): P2Y1, >25; PAI-1, 7.9;
P38 Alpha, 25; Histamine H3, >3.2; 5HT1A, >3.2;
5HT1B, >3.2; 5HT1D, >3.2; 5HT6, >7.9; 5HT7, 25;
Adrenergic Alpha 1A, 1.0; Histamine H1, >10; Adrener-
gic Beta 1, >25; Dopamine D2, >3.2; Dopamine D3,
>3.2; 5HT4A, >25; 5HT2C, >10; Beta 2, >25; Adeno-
sine A2a, 25; Adrenergic A1, >25.


The compounds in the series exhibited a range of aque-
ous solubilities (Table 2). While compounds with a RHS
2 0-phenoxyaniline had poor solubility, other compounds
with a 2 0-chloro- or 2 0-bromoaniline showed moderate
to good aqueous solubility. In a CYP450 screen, com-
pound 9ab showed no inhibition for 4 major P450 iso-
zymes (>25 lM for 1A2, 2C9, 2D6, 3A4) but some
activity at 2C9 with IC50 of 0.6 lM. Compound 9ab
was also evaluated in in vivo rat PK studies (1.6 mg/kg
iv and 3.2 mg/kg po). The compound demonstrated
moderate clearance (Clb = 23 mL/min/kg) with t1/2 of
2 h, volume of distribution (Vdss) of 0.53 L/kg, and bio-
availability (F) of 5%. These preliminary developability
data suggest that this series constitutes a reasonable
starting point for further lead optimization.


In summary, we have designed and synthesized a series
of cyclic sulfonamides as novel and selective CXCR2
antagonists. The initial SAR was explored, demonstrat-
ing that the nature and location of substituents on both
RHS aniline ring and LHS phenol ring are important to
CXCR2 binding affinity. Although the functional activ-
ity of the series appears to be somewhat lower, and a few
developability issues were identified (e.g., 2C9 inhibi-
tion, %F), the series does appear to be an acceptable
starting point for further lead optimization.
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Abstract—Novel heterocyclic thyromimetics are presented carrying carboxy-substituted benzofurans or sulfur containing heterocy-
cles, as replacements for the amino acid side chain of T3. Potent agonists were identified in both series. SAR trends are examined
and found to be mostly consistent with previously published thyromimetics. The lack of isoform selectivity demonstrated with
isoform-selective transient THR transfection assays has been confirmed by corresponding in vivo studies.
� 2007 Elsevier Ltd. All rights reserved.
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Cardiovascular diseases continue to be the number one
cause of mortality in the western world. Aberrant lipo-
protein profiles have been well established as a risk fac-
tor contributing to the morbidity of these maladies. The
natural thyroid hormones (TH) T4 1 and T3 2 play an
important role in the regulation of multiple physiologi-
cal endpoints such as brain development, energy homeo-
stasis and control of cholesterol levels through
interaction with thyroid hormone receptors (THR),
members of the nuclear hormone receptor superfamily.
The different physiological functions of the thyroid hor-
mones are mediated by different receptor subtypes,
THRa and THRb, with distinct tissue distribution.
The natural hormones T4 and T3 cannot therapeutically
be used due to their cardiac side effects such as tachycar-
dia and arrhythmia. Molecules mimicking only the ben-
eficial effects of the thyroid hormones on these processes
and lacking their cardiac side effects potentially could
find therapeutic use in a number of conditions such as
obesity, atherosclerosis and dyslipidemia.


Selective and therapeutically useful thyromimetic action
therefore can be based either on receptor selectivity or
specific tissue targeting. Over the last years great
improvements have been made in the design and under-
standing of THRb selective agonists.2 In addition the
concept of liver targeting has also been demonstrated
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with the liver targeted conjugation of T3 with bile acid3


and demonstration of liver selective activity of L-94901
3 that can at least in part be attributed to liver selective
nucleic transport.4


Recently we have demonstrated that incorporation of
heterocycles into the biphenyl ether framework of the
natural hormones leads to a valuable addition in the
chemical diversity of synthetic thyromimetic agents
and can also form the basis for THRb selective
molecules.1


Since it has been demonstrated that changes either
in the outer ring of the biphenyl ether skeleton
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COOH OH O COOH
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Figure 1. Thyroidhormones T4 1 and T3 2, L-94901 3, KB141 4.
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(exemplified by analogues of KB 141 4 with diverse
substituents in the 3 0 position) or in the head group
(exemplified by GC 1 5) can lead to enhanced selectiv-
ity, we wanted to explore the incorporation of hetero-
cycles into the head group to expand the diversity in
thyromimetic scaffolds. This work expands on recent
disclosures in the field of bicyclic thyroid hormone
receptor agonists5 (Fig. 1).
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Scheme 1. Synthesis of benzofuran fragments. Reagents and conditions: (a
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Scheme 2. Synthesis of benzofuran thyromimetics. Reagents and conditions:


(10%); (c) EtOH, NaOH (90%); (d) i—BBr3, DCM, �78 �C–rt (90%); ii—E


BBr3, DCM, �78 �C–rt (90%); iii—EtOH, NaOH (85%); (f) i—Cu bronze,


(72%); (g) i—Cu bronze, DCM, NEt3 (42%); ii—AlCl3, DCM, rt, 6 h, EtSH

The principal tolerance of the THR ligand binding
pocket to altered head groups has long been estab-
lished.6 In our studies we focused on benzofurans and
sulfur containing heterocycles as amino acid replace-
ments. The syntheses of our new heterocyclic thyromi-
metics are exemplified in Schemes 1–4. The syntheses
of the heterocyclic fragments used for the construction
of the biaryl ether framework are shown in Scheme 1.
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The benzofuran moieties 8, 10 and 13 were synthesized
either starting from the corresponding dihydroxy-benz-
aldehyde 6,7 from a substituted dihydrochinone 9 or fol-
lowing a sequence involving a coumarine rearrangement
(11–13).8


The synthesis of the benzofuran derivatives was
achieved via classical copper–bronze mediated coupling
reactions of the respective hydroxybenzofuran with
3-substituted bis-(4-methoxy-phenyl)iodonium-tetra-flu-
oroborates (Scheme 2).9

The bromine atoms adjacent to the biphenyl ether
bridge can be exchanged for methyl groups 18 using
Sn(Me)4.10 Deprotection of the phenol is typically
achieved with BBr3 or AlCl3/EtSH.


Incorporation of benzoyl type substituents in the
3 0-position is achieved via Friedel–Crafts acylation
(Scheme 3).


In addition to fused heterocyclic systems, we also inves-
tigated heterocycles attached via a spacer as substitutes







Table 1. EC50 data for compounds 15–33
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for the amino acid head group in the natural hormones.
Syntheses are depicted in Scheme 4.


Condensation of the aromatic aldehyde 27 under basic
conditions gave the rearranged thiazinane-2,4-dione 30
as side product in addition to the desired product 29.
Compounds 29 and 31 are closely related to a series of
heterocyclic thyromimetics described by Ebisawa et al.
and later Hashimoto et al.11 and also Scanlan12 as po-
tent thyroid hormone receptor agonists. The corre-
sponding congener of 31 carrying two iPr-groups on
the inner ring 33 was synthesized from the correspond-
ing hydroxybenzaldehyde with the appropriate substitu-
tion pattern.


Several SAR trends are apparent comparing the ana-
logues shown in Table 1. Potency was determined in a
HEP-G2 whole cell assay containing both receptor iso-
forms.1 As anticipated, substituents ortho to the central
ether bond on the inner ring are required for activity as
the derivative 15 is inactive.


Hydrogen bond donor capacity on the outer ring is
also an essential component of these heterocyclic TR
agonists demonstrated by the inactivity of 16. Increas-
ing the steric bulk of the ortho substituents from H as
in 15 to methyl as in 18 to bromine as in 12 increases
the thyromimetic potency consistent with long estab-
lished trends in THR SAR and leads to potent single
digit nanomolar THR agonists in this benzofuran
series.


A benzoyl substituent on the outer ring like in 24 is tol-
erated however with reduced activity compared to iPr-
derivative 17. Reduction of the carbonyl group in 24
to the corresponding alcohol 25 results in tenfold in-
creased potency; this SAR trend is also present in the
series of oxamic acid thyromimetics that spawned
CGS 26214.6a


Due to the relatively weak activity no attempt was made
on enantiomeric separation of the alcohol.


The regioisomeric benzofuran headgroup as represented
in the compounds 20 and 21 was investigated. The incor-
poration of a methylene spacer between the benzofuran
and the carboxylic acid leads to the highly potent subn-
anomolar THR ligand 21 (EC50 = 0.3 nM). A lipophilic
substituent like the iPr-group on the outer ring as in 21 is
required for activity since the unsubstituted derivative
20 exhibits only weak activity. In addition, a saturated
fused heterocycle was examined, also giving rise to a po-
tent THR agonist 19.


In the series of non-fused agonists extremely potent
thyromimetics were found with 6- 31 as well as with
5-membered 32 heterocyclic moieties. The replacement
of the methyl groups in 32 on the inner ring by isopropyl
as in derivative 33 leads to a significant loss in activity.


THR isoform selectivity was examined for the most po-
tent compounds 21, 31 and 32 using an isoform selective
transient transactivation assay as previously described.1

Unfortunately, none of the selected heterocyclic com-
pounds demonstrated selective activity for THR b.


In addition, thyromimetic activity was determined
in vivo for the ethyl ester of compound 21 which is read-
ily converted to the corresponding acid in vivo after oral
administration. Once daily oral treatment of NMRI
mice over a period of 7 days led to a non-linear dose
dependent reduction of cholesterol of 32–41% beginning
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at a dose of 0.1 mg/kg.13 On the other hand, a pro-
nounced increase of the heart weight of 12–27% could
be demonstrated for this compound in a dose dependent
manner beginning at 0.1 mg/kg in a mouse model for
cardiac effects,14 thus confirming the lack of in vitro
selectivity.


In conclusion we have expanded the chemical diversity
of potent thyromimetic agents with heterocyclic substit-
uents in the head group. Picomolar agonists have been
synthesized and their selective isoform activation has
been determined. The lack of isoform selectivity has
been confirmed with corresponding in vivo studies dem-
onstrating thyromimetic activity on cholesterol homeo-
stasis as well as on cardiac function in a similar dose
range.
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Structure–activity relationships of bioisosteres of a
carboxylic acid in a novel class of bacterial translation inhibitors
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Abstract—The discovery and initial optimization of a novel anthranilic acid derived class of antibacterial agents which suffered from
extensive protein binding has been previously reported. The structure–activity relationships around the carboxylic acid substituent
are described herein. This acid was replaced by several alternative functional groups in attempts to retain bioactivity while reducing
protein binding. Only groups with an acidic proton retained activity, and analogs containing those groups maintained the protein
binding inherent to this class of antibacterial agents.
� 2007 Elsevier Ltd. All rights reserved.
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In efforts to overcome the rising problem of bacterial
resistance,1–3 our antibacterial program has focused on
identifying lead compounds with novel mechanisms of
action. We successfully identified a novel class of trans-
lation inhibitors through the use of high throughput
screening and medicinal chemistry optimization
(Fig. 1).4 Advanced compounds in this series failed to
show activity in a standard mouse bacteremia model
of infection, likely due to their high protein binding.
Subsequent optimization efforts focused on further
improving the potency and reducing the affinity of these
leads for serum proteins and led to the synthesis of ana-
log 3.5,6 Since these compounds contain a carboxylic
acid and since human serum albumin is known to bind
aromatic carboxylic acids such as salicylates and ibupro-
fen,7 we began systematically replacing the carboxylic
acid in our series with alternative functional groups in
an effort to reduce the extent of protein binding. This
paper describes the results of these efforts.


Initial attempts to replace the 2-carboxylic acid focused
on replacing the acid with a variety of other functional
groups to ascertain the impact on bioactivity. Synthesis
of the requisite analogs was accomplished through the
use of common intermediate 4 which can be made in
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large quantities and easily stored (Scheme 1). Conver-
sion of acid intermediate 4 to the acid chloride with oxa-
lyl chloride in methylene chloride with catalytic DMF
afforded 5. Reaction of 5 with commercially available
methyl 2-amino-5-bromobenzoate followed by hydroly-
sis yielded carboxylic acid 6 which we used as our stan-
dard for activity comparisons. Reaction of 5 with other
appropriately substituted anilines afforded the desired
analogs of interest, 7–19.


In general, the requisite bromoanilines were easily pre-
pared via bromination of the 2-substituted anilines with
NBS in DMF at room temperature. The non-commer-
cially available trifluoromethyl-sulfonamido(aniline)
was synthetically accessible via monosulfonylation of

Cl


SAUR 9218
0.125 μg/mL (no serum)
4 μg/mL (10% serum)


Figure 1. Evolution of translation inhibitor lead series.
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Table 1. Activity of compounds synthesized according to Schemes 1–3


Compound R % T/T inhibitiona


at 100 lM


SAUR MICb


(lg/mL)


6 –COOH 79–82 8–16


7 –H 11 >128


8 –CH3 12 >128


9 –Br 6 >128


10 –CN 0 >128


11 –NO2 0 >128


12 –SO2NH2 0 >128


13 –COCH3 0 >128


14 –CONH2 13 >128


15 –CONHOCH3 7 >128


16 –NHSO2CH3 19 >128


17 –NHSO2CF3 72 32


18 –CH(OH)CH3 7 >128


19 –CH2OH 4 >128


a Staphylococcus aureus coupled transcription–translation assay (Ref.


8).
b Minimum inhibitory concentration versus Staphylococcus aureus


UC9218.
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1,2-phenylenediamine (Scheme 2). Some of the desired
analogs were not synthesized utilizing the route shown
in Scheme 1 either because the functional groups were
not compatible with the amide bond-forming condi-
tions, or because they were more readily synthesized
via an alternate route. For example, reduction of the
methylketone 13 or the methyl ester 21 led to the sec-
ondary or primary alcohols 18 and 19, respectively
(Scheme 3).


Analogs synthesized by these routes and the correspond-
ing bioassay data in the transcription/translation (T/T)
inhibition assay8 and the antibacterial assay versus
Staphylococcus aureus are shown in Table 1. Substitu-
tion of the carboxylic acid moiety by most functional
groups resulted in analogs devoid of activity (7–16;
18–19). The only analog showing significant activity in
both the T/T inhibition assay and the antibacterial assay
was the 2-(trifluoromethyl)sulfonamido analog 17, how-
ever it was less potent in the antibacterial assay. These
initial results indicated that the acidic moiety is critical
for activity (Table 1). The pKa’s of the only two active
compounds are calculated to be 2.96 for the acid com-
pound 6 and 4.28 for the (trifluoromethyl)sulfonamido
analog 17.9


In addition to their high overall lipophilicity and molec-
ular weight, we continued to believe that analogs in this
series suffered from extensive protein binding in part due
to the presence of the carboxylic acid. After confirming
that many of the active analogs were bound tightly to
human serum albumin (HSA), which accounts for 60%
of the total mass of plasma proteins, we felt that there
was still a compelling reason to investigate acid replace-
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Scheme 2. Synthesis of a non-commercially available aniline.
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Scheme 4. Synthesis of specialized anilines bearing bioisosteres.







Table 2. Activity of compounds synthesized according to Scheme 1


Compound R % T/T Inhib.


at 100 lM


SAUR 9218


MICa (lg/mL)


pKa
b


6 –COOH 79–82 8–16 2.96


27
N
H
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96 16 3.75


29
N
H


N
NN


46 >128 4.85


31
O


NHN


O
60 2 6.37


32
N
H


ON


O
98 8–16 6.55


33 –C(OH)(CF3)2 41 0.5 8.50


a Minimum inhibitory concentration. Staphylococcus aureus UC9218.
b pKa calculated using PALLAS.
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ments. Therefore, we next turned our attention to the
synthesis of a variety of known carboxylic acid bioisos-
teric replacements10 to explore their activity and protein
binding properties.


Some of the requisite analogs (32,33) were prepared via
Scheme 1 using the appropriately substituted anilines
synthesized as depicted in Scheme 4. For example, nitrile
22 was treated with hydroxylamine to afford amidoxime
23, which when treated with diethyl carbonate afforded
the elaborated aniline 24. Similarly, treatment of 4-bro-
moaniline 25 with hexafluoroacetone and catalytic tolu-
enesulfonic acid provided elaborated aniline 26.
Tetrazoles 27 and 29 were prepared via elaboration of
the corresponding nitriles 10 and 28 (Scheme 5). Oxa-
diazolone 31 was prepared from the corresponding
hydrazide 30 with CDI.


Table 2 contains the results of the T/T inhibition assay
and the antibacterial activity of these bioisostere ana-
logs. The extended tetrazole analog 29 exhibited the
poorest activity from this group. Tetrazole 27 and oxa-
diazolone 32 exhibited good T/T inhibition and antibac-
terial activity comparable to the carboxylic acid (MICs
�16 lg/mL). Oxadiazolone 31 and the hexafluoro-iso-
propanol 33 exhibited more modest T/T inhibition but
good antibacterial activities (MICs of 2 and 0.5 lg/
mL, respectively).11 The calculated pKa’s for the bioisos-
teres are also shown in Table 2. Even though the bioisos-
teres’ calculated pKa’s are not as low as that of the
carboxylic acid, several appear to be suitable replace-
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Scheme 5. Synthesis of bioisosteres via direct elaboration of 2-


substituent.

ments in terms of potency and seemed to offer promise
in terms of reducing the protein binding.


To determine whether the bioisosteres’ performance in
the presence of serum was superior to that of the parent
acid, they were tested in the antibacterial assay in the ab-
sence and presence of both 5% and 10% serum (Table 3).
By evaluating the ratio of MICs in the presence and
absence of 5% serum (column entitled ‘Ratio’) it is
apparent that relative to the acid, the bioisosteres have
a similar (compound 32) or even greater degree (com-
pound 33) of protein binding. The increased antibacte-
rial potency11 of compound 33 is helpful in that some
antibacterial activity in the presence of 5% HSA is
retained. Vancomycin and novobiocin were used as
standards to gauge what level of antibacterial activity
in the presence of HSA was needed to observe an
in vivo effect. Clearly, MICs in the presence of 10%
HSA for both these standards were significantly lower

Table 3. Activity of selected bioisosteres in the presence of serum


Compound MIC Ratioc MIC


SAURa 5% HSAb 10% HSAd


6 8–16 128 8–16 >128


31 2 — — >128


32 8–16 >128 >8–16 >128


33 0.5 64 128 >128


Vancomycine 1 1 1 1


Novobiocin >0.125 0.5 — 1


a Minimum inhibitory concentration (lg/mL). Staphylococcus aureus


UC9218.
b Staphylococcus aureus UC9218 + 5% pooled human serum. Human


serum (male, from Sigma) was thawed at room temperature, then


placed in a 56 �C water bath for 30 min. The serum was filtered using


a 0.2 lm filtration system.
c Ratio = MIC (5% HSA)/MIC (0% HSA).
d Staphylococcus aureus UC9218 + 10% pooled human serum.
e Positive control vancomycin.
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than the acid or its bioisosteres. For the translation
inhibitor compounds, even the addition of just 10%
HSA caused all antibacterial activity to be lost.


Conclusion. In an effort targeted at reducing the protein
binding of this series of translation inhibitors, the SAR
surrounding the acid substituent was explored to probe
whether it could be replaced with functional groups less
likely to bind to HSA. A trifluoromethylsulfonamide
replacement (17) was the only functional group that
came close to the activity of the carboxylic acid. Our re-
sults indicate that a functional group containing an
acidic proton is required for good potency. In addition,
some bioisosteres, such as a oxadiazolone (32), could re-
place the acid and offered comparable bioactivity. The
bioisosteres did not offer any advantages over the acid
in terms of reducing protein binding. These results led
to a future chemistry strategy which focused on the
use of the carboxylic acid moiety in the design of new
analogs.
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Abstract—Twelve enantiomeric pairs of 5-vinylthiolactomycin congeners were synthesized by employing our efficient synthetic route
previously explored for the synthesis of enantiomeric pairs of thiolactomycin and its 3-demethyl derivative. From the biological
activity assay carried out using the obtained congeners along with enantiomeric pairs of thiolactomycin and its 3-demethyl deriv-
ative previously prepared, it appeared evident that in vitro antibacterial and mammalian type I FAS inhibitory activity of thiolac-
tomycin congeners can be cleanly separated by changing not only the structure but also the absolute configuration of the side chain
at the C5-position. These studies led us to explore (S)-3-demethyl-5-(pent-1-enyl)thiolactomycin derivative [(S)-4-hydroxy-5-methyl-
5-(pent-1-enyl)-5H-thiophen-2-one] which exhibits type I FAS inhibitory activity equal to that of C75, the potent inhibitor so far
reported, with complete loss of in vitro antibacterial activity.
� 2007 Elsevier Ltd. All rights reserved.

RHO


5


3


(R)-(+)-Thiolactomycin (TLM, 1) is a thiolactone anti-
biotic isolated from a soil bacterium, Nocardia sp.,1


and shows moderate in vitro activity against a number
of pathogens including Gram-positive and Gram-nega-
tive bacteria,2 Mycobacterium tuberculosis,3 and malaria
parasites.4 It was also disclosed that 1 exhibits inhibitory
activity against fatty acid synthase (FAS).5 Although it
appeared that 1 inhibits bacterial and plant type II
FAS but not mammalian type I FAS,6 Townsend
et al. recently reported that 1 and its derivatives also
show inhibitory activity against type I FAS.7 Since 1
and its congeners seem to constitute promising drug tar-
gets for cancer and obesity treatments as well as for
infective diseases, syntheses and screenings of various
structural types of TLM congeners have so far been re-
ported.3,4,7,8 However, probably due to lack of an effi-
cient synthetic route,9 studies on biological activity
examined by using optically active compounds are quite
limited.8a


We have recently reported an efficient total synthesis of 1
and its 3-demethyl derivative (3-demethyl TLM 2) by fea-
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turing a novel deconjugative asymmetric a-sulfenylation
of the chiral 3-(a,b/c,d-unsaturated acyl)oxazolidin-2-
one with a methanethiosulfonate as a key step.10 Flexibil-
ity of the explored synthetic route has been realized by the
expeditious synthesis of (S)-TLM (ent-1) and (S)-3-dem-
ethyl TLM (ent-2) in addition to that of 1 and 2. In the
course of our studies on 1 and its congeners from the view-
point of medicinal chemistry, we paid attention to the ef-
fects of the structure and the absolute configuration of the
side chain at the C5-position of 1 on in vitro antibacterial
and mammalian type I FAS inhibitory activity. There-
fore, enantiomeric pairs of 5-vinyl TLM and 3-demeth-
yl-5-vinyl TLM congeners (3, ent-3, 4, and ent-4) were
designed in order to perform extensive studies on the
structure–activity relationships of the C5-position of 1
and to substantiate the efficiency of our previously devel-
oped synthetic route for synthesizing various structural
types of TLM congeners (Figs. 1 and 2).

S O
Me


thiolactomycin(1): R=Me
3-demethylthiolactomycin(2): R=H


Figure 1. Structures of (R)-thiolactomycin (1) and (R)-3-demethyl-


thiolactomycin (2).
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tomycin derivatives (3a–f and 4a–f) and C75.
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We wish to report here a concise synthesis of 3, ent-3, 4,
and ent-4 and their in vitro antibacterial and mamma-
lian type I FAS inhibitory activity as well as that for
1, ent-1, 2, and ent-2 previously reported by us.10 These
studies clearly disclosed novel aspects of the structure–
activity relationships of TLM congeners and led us to
explore (S)-3-demethyl-5-(pent-1-enyl)thiolactomycin
derivative (ent-4d) which exhibits type I FAS inhibitory
activity equal to that of C75, the potent inhibitor so far
reported,7,11 with complete loss of in vitro antibacterial
activity.


Following the synthetic scheme previously established,10


we commenced the synthesis of (R)-5-vinyl TLM and
(R)-3-demethyl-5-vinyl TLM (3 and 4) (Scheme 1).
a,b-Unsaturated carboxylic acids 5a–f were allowed to
react with pivaloyl chloride followed by treatment of
the resulting mixed anhydrides with (S)-4-benzyloxazoli-
din-2-one, giving rise to (S)-N-acyloxazolidin-2-ones 6a–
f. Among 5a–f, while 5a–c were commercially available,
5d–f were prepared from the corresponding aldehydes
by sequential Horner–Wadsworth–Emmons reaction
and alkaline hydrolysis in a similar manner to that re-
ported.10 Asymmetric deconjugative a-sulfenylation of
6a–f with 3,3-dimethoxypropyl methanethiosulfonate

R1
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N O


O


CO2BnR1


S Me


CHO


CO2BnR1


S Me


O
R2


Ph


CO2HR1


MeO


a: R1=H; b: R1=Me; c: R1=Et; d: R1=nPr; e: R1=nBu


5a-f 6a-f


9a-f 10a-f: R2=Me; 11a-f: R2=H


Scheme 1. Reagent and condition: (a) t-BuCOCl, Et3N, THF, �15 �C, then L


87% for 6d, 81% for 6e, 85% for 6f; (b) KHMDS, �78 �C, then 3,3-dimethoxy


for 7c, 50% for 7d, 80% for 7e, 59% for 7f; (c) Ti(Oi-Pr)4, BnOH, 70 �C, 82% fo


HCl aq THF, rt, 98% for 9a, 98% for 9b, 98% for 9c, 93% for 9d, 100%


CH3COC1, Et3N, CH2C12, 0 �C, 81% for 10a, 74% for 10b, 50% for 10c, 61%


11e, 73% for 11d, 37% for 11e, 83% for 11f; (f) LiHMDS, THF, �78 to 0 �C,


86% for 4a, 89% for 4b, 89% for 4c, 77% for 4d, 89% for 4e, 89% for 4f.

took place highly diastereoselectively (>80%) using
KHMDS as a base, affording a-sulfenylated products
7a–f.12,13 In the synthesis previously reported,10 asym-
metric deconjugative a-sulfenylation of the N-acyloxaz-
olidin-2-one was effected using NaHMDS in the
presence sof HMPA. However, when 6a–f were treated
under the same conditions as those employed before,10


the reaction was found to occur in low yield along with
low regio- and diastereo-selectivity. After some experi-
mentation, it was found that the use of KHMDS in
the absence of HMPA was fairly effective, cleanly afford-
ing 7a–f.12,13


The a-sulfenylated products 7a–f were transformed into
benzyl esters 8a–f by imide-ester exchange using
titanium benzyloxide. Acidic hydrolysis of the dimethyl
acetal moieties in 8a–f gave rise to aldehydes 9a–f.
Retro-Michael reaction of 9a–f using Cs2CO3 as a base
followed by treatment of the resulting cesium thiolates
with propionyl or acetyl chloride provided a-acylthio
esters 10a–f or 11a–f. They were subjected to
Dieckmann condensation using LiHMDS as a base,
furnishing (R)-5-vinyl and (R)-3-demethyl-5-vinyl
TLM derivatives 3a–f and 4a–f.14,15 By the completely
same synthetic scheme as delineated above, the enantio-
mers of 3a–f and 4a–f (ent-3a–f, and ent-4a–f) were
synthesized from ent-6a–f prepared from 5a–f and
(R)-4-benzyloxazolidin-2-one.13–15


With completion of the synthesis of 3a–f, ent-3a–f, 4a–f,
and ent-4a–f, their in vitro antibacterial activity against
various strains of bacteria16 and inhibitory activity
against mammalian type I FAS17 were evaluated along
with those for 1, ent-1, 2, and ent-2, the optically pure
samples of which had been obtained by our previous
synthetic studies.10 While in vitro antibacterial activity
and inhibitory activity against type I and type II FAS

CO2BnR1


S Me


R1


S Me


O


N O


Ph


O


OMe OMe


MeO


; f: R1=nHex


7a-f 8a-f


3a-f and 4a-f


iCl, (S)4-benzyl-2-oxazolidinone, rt 83% for 6a, 96% for 6b, 90% for 6c,


propyl methanethiosulfonate, �78 to 0 �C, 18% for 7a, 56% for 7b, 60%


r 8a, 88% for 8b, 95% for 8c, 95% for 8d, 92% for 8e, 98% for 8f; (d) 6%


for 9e, 88% for 9f; (e) Cs2CO3, EtOH, 0 �C, then CH3CH2COC1 or


for 10d, 76% for 10e, 90% for 10f, 69% for 11a, 68% for 11b, 52% for


70% for 3a, 74% for 3b, 65% for 3c, 64% for 3d, 39% for 3e, 26% for 3f,
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were reported for 1,2–8 there has been no report describ-
ing biological activity of ent-1. As shown in Table 1,
very interesting features were disclosed when 1, ent-1, 2,
and ent-2 were subjected to the biological activity assay
mentioned above. Thus, although it has been well known
that 1 shows moderate in vitro antibacterial activity,2 it
appeared that the other three congeners, ent-1, 2, and
ent-2, exhibit very weak (for 2) or no antibacterial activity
(for ent-1 and ent-2). Quite interestingly, while 1 and 2 car-
rying natural (R)-configuration were found to exhibit no
inhibitory activity against the type I FAS, their enantio-
mers ent-1 and ent-2 clearly responded to type I FAS
inhibitory assay. Since ent-2 lacking the C3-methyl group
exhibited no in vitro antibacterial activity and showed
inhibitory activity against type I FAS, it becomes evident
that ent-2 and its congeners may be usable as a selective
mammalian type I FAS inhibitor.


Next, 5-vinyl and 3-demethyl-5-vinyl TLM congeners
and their enantiomers (3a–f, ent-3a–f, 4a–f, and ent-
4a–f) were subjected to the same biological activity as-

Table 1. In vitro antibacterial and mammalian type I FAS inhibitory activity


ent-3a–f, 4a–f, and ent-4a–f)


Compound


R1 (for 3 and 4)


In vitro antibacterial activity, M


S. aureus


Smith


M. catarrhalis


ATCC 25238


H. infl


IID98


TLM(1) 128 0.25 2


ent-1 >128 >128 N.T.a


2 >128 16 32


ent-2 >128 >128 N.T.a


H 3a >128 >128 >128


ent-3a >128 >128 >128


4a >128 >128 >128


ent-4a >128 >128 >128


Me 3b >128 >128 >128


ent-3b >128 >128 >128


4b >128 >128 >128


ent-4b >128 >128 >128


Et 3c >128 >128 >128


ent-3c >128 >128 >128


4c >128 >128 >128


ent-4c >128 >128 >128


n-Pr 3d >128 >128 >128


ent-3d >128 >128 >128


4d >128 >128 >128


ent-4d >128 >128 >128


n-Bu 3e >128 >128 >128


ent-3e >128 >128 >128


4e >128 >128 >128


ent-4e >128 >128 >128


n-Hex 3f >128 >128 >128


ent-3f >128 >128 >128


4f >128 >128 >128


ent-4f >128 >128 >128


CPFXb 0.063 0.031 0.


C75c N.T.a N.T.a N.T.a


a N.T., not tested.
b Ciprofloxacin.
c See Figure 2.

says as those for 1, 2 and their enantiomers ent-1 and
ent-2. Being different from the case delineated above,
all the tested compounds were found to lack in vitro
antibacterial activity against all the tested strains of bac-
teria even if 3a–f and 4a–f bear the same (R)-configura-
tion as 1 and 2. However, as for mammalian type I FAS
inhibitory activity, seven compounds, that is, ent-3d,e,
4e,f, and ent-4c–e, were found to show type I FAS inhib-
itory activity equal to or more potent than that recorded
for ent-2. Especially, the inhibitory activity of ent-4d was
found to be of almost the same level as that of C75, the
potent type I FAS inhibitor so far reported.7,11


Summing up the results shown in Table 1, it might be
concluded that, in general, the (S)-enantiomers show
more potent type I FAS inhibitory activity than the
corresponding (R)-enantiomers (see the cases for
R1 = Et and n-Pr) and the activity of C3-demethyl
congeners is higher than that of the corresponding
C3-methyl compounds (see the cases for R1 = Et, n-Pr,
and n-Bu). As for the length of the C5-vinyl moiety, type
I FAS inhibitory activity seems to gradually increase

of enantiomeric pairs of TLM and its congeners (1, ent-1,2, ent-2, 3a–f,


IC (lg/mL) Mammalian type I FAS inhibitory


activity IC50 (lg/mL)


uenzae


3


B. fragilis


GAI 5560


HepG2 14C


1 >80


N.T.a 43.7


128 >80


N.T.a 19.0


>128 >80


>128 >80


>128 >80


>128 70.1


>128 72.3


>128 37.1


>128 72.1


>128 >80


>128 57.5


>128 47.0


>128 40.3


>128 18.9


>128 41.5


>128 20.0


>128 41.6


>128 8.8


>128 33.7


>128 19.9


>128 18.6


>128 21.0


>128 57.0


>128 34.8


>128 20.1


>128 38.7


008 4 N.T.a


N.T.a 7.4
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until the number of carbon atoms reaches five and to
slightly decrease when it exceeds five. This tendency
was most apparent for ent-4a–f. In addition, it was
found that, as the C5-vinyl side chain becomes longer,
the absolute configuration renders less effect on type I
FAS inhibitory activity (see the cases for R1 = n-Pr, n-
Bu, and n-Hex).


In conclusion, we have succeeded in synthesizing twelve
enantiomeric pairs of 5-vinyl TLM congeners (3a–f, ent-
3a–f, 4a–f, and ent-4a–f) using our efficient synthetic
route previously explored for the total synthesis of
TLM (1), 3-demethyl TLM (2), and their enantiomers
(ent-1 and ent-2).10 Among them, (S)-3-demethyl-5-
(pent-1-enyl) TLM [(S)-4-hydroxy-5-methyl-5-(pent-1-
enyl)-5H-thiophen-2-one] (ent-4d) was found to exhibit
inhibitory activity against mammalian type I FAS equal
to that of C75, the potent inhibitor so far reported.7,11


From the studies on biological activity carried out using
optically active TLM and its congeners, it appeared evi-
dent that in vitro antibacterial and mammalian type I
FAS inhibitory activity can be cleanly separated by
changing not only the structure but also the absolute
configuration of the side chain at the C5-position of 1
and its congeners. Studies aiming at further exploring
the characteristic features of biological activity for
TLM are in progress.
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Abstract—A novel series of potent and selective PPARd agonists, para-alkylthiophenoxyacetic acids, was identified. The synthesis
and structure–activity relationships are described.
� 2007 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptors (PPARs)
are ligand-activated transcription factors acting as met-
abolic sensors regulating the expression of genes in-
volved in glucose and lipid homeostasis. Agonists of
the PPARa subtype,1,2 such as LOPID� (gemfibrozil)
and TRICOR� (fenofibrate), and agonists of the
PPARc subtype,3,4 such as AVANDIA� (rosiglitazone
maleate) and ACTOS� (pioglitazone HCl), are used
for the treatment of dyslipidemia and diabetes, respec-
tively. PPARd subtype is also involved in lipid metabo-
lism and, unlike the other two PPAR receptors, is
ubiquitously expressed, but the highest expression levels
are found in tissues with high lipid metabolism including
adipose, skeletal muscle, developing brain, intestine, and
heart.5 PPARd subtype has both distinct and overlap-
ping functions, particularly with PPARa, as there are
many common target genes.6 PPARd subtype may also
act in a regulatory or complimentary manner to PPARa
or PPARc activities based on in vitro and knockout
mice studies.7,8


The synthesis and development of a potent and selective
PPARd agonist, GW501516, has provided a greater
understanding of the role of PPARd and the potential
clinical utility of selective agonists.9 In obese, dyslipi-
demic, and hyperinsulinemic rhesus monkeys treatment
with GW501516 resulted in an increase in high density
lipoprotein cholesterol (HDL-C), a decrease in triglycer-
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ides, and an improvement in the atherogenic profile (de-
creases in small dense LDL particles) with little effect on
glucose (although insulin levels were decreased in mon-
keys).9 The increase in HDL-C was attributed to gene
induction by PPARd activation of the ABC-A1 trans-
porter, a key gene involved in reverse cholesterol trans-
port and HDL-C metabolism. There was also an
increase in cholesterol efflux in lipid-loaded macro-
phages, further implicating a role for PPARd in modu-
lating HDL-C levels and reverse cholesterol transport.
In early clinical studies with normal male volunteers,
GW501516 increased circulating HDL-C and decreased
triglycerides, although the decrease in triglycerides was
not statistically significant.10 On the other hand, in over-
weight, dyslipidemic males with the metabolic syn-
drome, treatment with GW501516 had no marked
effect on HDL-C but rather significantly decreased plas-
ma total cholesterol, apolipoprotein B levels and im-
proved remnant particle clearance.11 These data
indicate that PPARd agonists may have clinical utility
in the treatment of dyslipidemia, obesity, and diabetes,
and may complement the actions of existing therapies
such as the widely used statins.


The structures of GW501516 and another published
PPARd agonist, L-165041, are shown in Figure 1.12


Compared with the PPARa and c subtypes, reports on
selective PPARd agonists remain limited,13 and new po-
tent and selective agonists are needed to shed light on
the further understanding of pharmacological responses
to the PPARd activation. In this paper, we report the
identification of the Y-shaped molecules (listed in Table 1)
as highly potent and highly selective PPARd agonists.
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Figure 1. Structures of selective PPARd agonists.


Table 1. Activity of compounds 1–19 in cell based transactivation assay against human PPARd receptora


OHO2C


X Y


CF3


R


Compound X Y R Human PPARdEC50 (nM) Efficacy (%)


1 S O OH 79.0 114


2 S O OMe 18.8 95


3 S O OEt 3.4 98


3Rb S O OEt(R) 1.9 105


3Sb S O OEt(S) 25.0 93


4 S O O(n-Pr) 4.3 104


5 S O O(n-Bu) 7.0 105


6 S O OAllyl 3.9 97


7 S O OMOM 6.3 94


7Rb S O OMOM(R) 2.1 98


7Sb S O OMOM(S) 70.0 77


8 S O OBn 60.0 107


9 S O OCH2CO2H 126 84


10 S O O(4-methoxylphenyl) 62.1 95


11 S O O(4-n-propylcarbonylphenyl) 23.9 93


12 S O CH2OEt 4.6 87


13 S O CH2O(4-trifluoromethylphenyl) 17.0 79


14 S O Me 7.4 81


15 S O Et 0.06 109


15Rb S O Et(R) 0.03 102


16 S CH2 OEt 6.9 102


17 S CH2 OMSM 15.2 103


18 O O OEt 24.3 102


19 S@O O OEt(R) >3000 3.4


GW501516 1.0c


a EC50s of all the compounds are >1 lM in PPARa and PPARc assays.
b R and S represent the absolute configurations, respectively. ee% > 99%.
c The data was reported in Ref. 12b.
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The general synthesis of compounds 1–11 is outlined in
Scheme 1. The epoxide 20 was obtained from para-triflu-
oromethylphenol and epichlorohydrin under basic con-
dition.14 The epoxide opening15 with thiophenol 2116


prepared by reduction of the corresponding sulfonyl
chloride with tin in refluxing HCl ethanol solution affor-
ded the common intermediate alcohol 22. Alkylation of
the alcohol 22 and subsequent hydrolysis of the ester 23
yielded compounds 1–11. The enantiomeric compounds
3R, 3S and 7R, 7S were derived from the corresponding
enantiomeric epoxides 20, which were obtained from the
corresponding enantiomeric epoxypropanol and trifluo-
romethylphenol under Mitsunobu condition. Com-
pounds 16–18 were synthesized in a similar fashion to
Scheme 1.

Scheme 2 illustrates the synthesis of compounds
12–13. Dimerization17 of 21 to give 24 was affected by
Ba(MnO4)2 in high yield. The diol 25, generated from
2-(hydroxymethyl)-1,3-propanediol by Mitsunobu
reaction, reacted with disulfide 24 in the presence of
n-Bu3P in pyridine providing monoalcohol 26.18 Subse-
quent transformations of the intermediates gave the
compounds 12 and 13.


Preparations of compounds 14, 15, and 15R are exem-
plified by the synthesis of 15R in Scheme 3. The enan-
tiomeric alcohol 27 was prepared according to
literature procedures.19 Protection of the hydroxyl
group with TBSCl followed by reduction of the ester
with DIBALH gave alcohol 28. Activation of the
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hydroxyl group as mesylate followed by nucleophilic
replacement with thiophenol under basic condition
yielded sulfide 29. After removal of TBS group, Mits-
unobu reaction gave compound 31, which led to acid
15R upon hydrolysis.


All the compounds investigated show weak activity in
both PPARa and PPARc assays (EC50 > 1 lM). The
PPARd functional transactivation data for compounds
1–18 are listed in Table 1, and the structure–activity
relationship (SAR) is summarized here. First, ethoxy
group (compound 3) seems to be preferred among the
alkoxyl substituents examined (compounds 1–7). The

best side chain, however, is the simple ethyl group with
subnanomolar potency (compounds 15 and 15R). Sec-
ond, branching with phenyl rings on the side chain
(compounds 8, 10, 11, and 13) diminishes the potency,
so does the polar group (compound 9). Third, the mol-
ecules with X = S, Y = CH2 (compounds 16–17) are
inferior to the counterparts with X = S and Y = O (com-
pounds 3 and 7). Fourth, replacement of the sulfur atom
with sulfoxide reduces the potency dramatically. For
example, the sulfoxide 19, readily available by oxidation
of corresponding sulfide 3 with hydrogen peroxide,
shows greater than 3 lM EC50. Finally, the molecules
with R configuration are at least 13-fold more potent
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than the corresponding S enantiomers (compounds 3R
versus 3S and 7R versus 7S).


In addition, we investigated the effect of the backbone
length on the PPARd potency. To that end, com-
pound 36 was synthesized (Scheme 4). Olefination20


of the ester 32 with Tebbe reagent yielded enol ether
33. Concurrent reduction of the enol ether and re-
moval of the benzyl group was achieved by Pd-C
and H2 to give alcohol 34. Activation of the hydroxy
group and subsequent displacement with thiophenol
21 produced sulfide 35, which was then hydrolyzed
to acid 36. A dramatic drop in potency (EC50 of this
analog is 211 nM) was observed by the removal of
one methylene group, suggesting the backbone length
is critical to achieving good potency.


In summary, we identified a novel series of highly potent
and highly selective PPARd agonists with the Y-shaped
structure. However, it seems to us that the Y-shaped

molecules with a short side arm are better than those
with larger aryl groups. The compound 15R, for exam-
ple, is very potent and possesses a favorable pharmaco-
kinetic (PK) profile. The oral bioavailability in rat is
84% with high maximum plasma concentration (Cmax =
8872 ng/mL), rapid oral absorption (Tmax = 0.5 h), high
plasma exposure (AUC = 13567 ng-h/mL), and long
plasma duration (t1/2 = 8.2 h). In addition, we also dem-
onstrated that the lengths of both backbone and side
chain, as well as the chirality at the Y intersection, are
all pivotal to PPARd agonist activity.
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Synthesis of 7-thiaarachidonic acid as a mechanistic probe of
prostaglandin H synthase-2
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Abstract—The mechanism by which prostaglandin synthase converts arachidonic acid to prostaglandin G2, creating five new chiral
centers in the process, is still incompletely understood. The first radical intermediate has been characterized by EPR spectroscopy
but subsequent proposed intermediates have not succumbed to detection. We report the synthesis of 7-thiaarachidonic acid designed
to stabilize one of the proposed radical intermediates, which may allow its detection.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Proposed mechanism for the conversion of arachidonic acid


to prostaglandin H2. With the exception of radical I, no spectroscopic


evidence is currently available for any of the proposed intermediates.

Prostaglandin H synthase (PGHS, also called cyclooxy-
genase) catalyzes the conversion of arachidonic acid to
PGG2 through a radical cascade that is initiated via
hydrogen atom abstraction from the C13 position of the
substrate by an active site tyrosyl radical (Fig. 1).1–5


The resulting radical intermediate I is then proposed to
react with molecular oxygen to form peroxy radical II.6


A 5-exo trig cyclization onto the C8–C9 double bond
leads to formation of intermediate III, followed by a sec-
ond 5-exo trig cyclization to produce the [2.2.1] bicyclic
intermediate IV. This radical is proposed to undergo a
second reaction with oxygen to generate the peroxy radi-
cal intermediate V, which is converted to PGG2 by
abstraction of a hydrogen atom from tyrosine, thereby
regenerating the active form of the enzyme.6,7


Under anaerobic conditions, the initially formed radical
intermediate I has been characterized as a pentadienyl
radical in PGHS-2.8–10 Experimental observation of
subsequent radicals requires the presence of molecular
oxygen as a co-substrate, but under aerobic conditions
no radical intermediates are observed. Therefore the
proposed carbon-centered radicals II–V are not present
in observable concentrations during aerobic turnover. In
order to observe these radical intermediates, the rate
determining step would have to be altered by either
mutagenesis of the enzyme or modification of the
substrate.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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A primary kinetic isotope effect observed when tritium
was incorporated at the C13 position6 indicates that the
initial hydrogen atom abstraction is at least partially rate
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limiting. This is corroborated by computational studies,
which have concluded that the formation of intermedi-
ates IV and V requires similar activation energies as the
hydrogen atom abstraction from C13.11,12 These findings
imply that stabilizing either intermediate III or IV could
cause a shift in the rate determining step for the reaction
and allow detection of these intermediates.


Stabilization of carbon-centered radicals generated
during enzyme catalysis can be achieved in a number
of ways.13 Resonance delocalization using an adjacent
p-system has been frequently used.13–18 An alternative
approach involves incorporation of a sulfur atom adja-
cent to the radical site. This approach has been success-
fully used by Frey and co-workers to investigate the
reaction mechanism of lysine 2,3-aminomutase.19,20 In
these studies the stabilization provided by the sulfur
atom was estimated as �9 kcal/mol. The substantial sta-
bilization of an a-sulfide radical over an alkyl radical
has also been used in reversible addition fragmentation
chain transfer (RAFT) processes to retard the rate of
polymerization reactions.21–23


On the basis of these predicted thermodynamic stabili-
ties and the previously calculated barriers for conversion
of III to V we embarked on the preparation of 7-thiaar-
achidonic acid 1 (Fig. 2). It was envisioned that if 7-thia-
arachidonic acid was accepted by the enzyme, the
proposed reaction mechanism would lead to the genera-
tion of radical intermediate III 0, which would be stabi-
lized by the adjacent sulfur atom and possibly also by
additional resonance stabilization involving the C5–C6
alkene. Previous studies have shown that 7-thiaarachi-
donic acid is a reversible inhibitor of PGHS-1.24 Inhibi-
tion of the PGHS-2 isozyme, for which the pentadienyl
radical I has been characterized experimentally, has not
been investigated. The PGHS-2 active site is larger and
is more tolerant to alteration. For instance, acetylation
of Ser530 of PGHS-1 by aspirin abolishes all catalytic
activity, whereas acetylation of the corresponding
Ser516 in PGHS-2 does not prevent substrate binding
and hydrogen atom abstraction from C13.25–29 Similar
differences between the two isozymes have also been re-
ported for site directed mutants of active site
residues.27,30,31


The synthetic challenge for 7-thiaarachidonic acid lies in
the bis(Z-alkenyl)sulfide functionality in a molecule with
two additional non-conjugated Z-alkenes. The synthesis
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Figure 2. Structures of the synthetic target 7-thiaarachidonic acid 1


and the stabilized intermediate radical III 0.

of 7-thiaarachidonic acid has been previously reported
in the mid 1980s in 17 steps.24 With the development
in the intervening time of alternative methodologies,
we elected to use a different synthetic route to the target
compound. The most direct approach for the synthesis
of the bis(Z-alkenyl)sulfide moiety is the stereoselective
reduction of a bis(alkynyl)sulfide. Although to the best
of our knowledge the reduction of a bis(alkynyl)sulfide
has not been reported, several methods exist for reduc-
tion of a 1-alkynylsulfide. Using bis(hexynyl)sulfide 2
as a model system, several of these reduction conditions
were screened. DIBAL-H reduction of the diyne was
accomplished in moderate yield (55%), but the E/Z
selectivity was poor (1:1). Hydrogenation conditions
previously reported for the reduction of 1-alkynylsul-
fides or 1-alkynylsulfoxides were also explored. How-
ever, Lindlar’s catalyst32 and Wilkinson’s catalyst33 did
not produce the reduced product in appreciable yield.
Finally, alkynyl sulfide reduction utilizing a stoichiome-
tric amount of tantalum chloride and zinc metal was
attempted.34 This reaction yielded the reduced bis(hexe-
nyl)sulfide in 60% yield with very good stereocontrol as
only the (Z,Z)-isomer was observed by 1H and 13C
NMR spectroscopy.


The tantalum-promoted stereoselective reduction is
believed to proceed through initial formation of a low-
valent tantalum species.35 Addition of the alkyne then
generates a metallocyclopropene intermediate VI
(Fig. 3). The formation of such tantalum–g2-alkyne
complexes has been demonstrated by 1H and 13C
NMR spectroscopy as well as X-ray crystallogra-
phy.36,37 These air-sensitive intermediates can be hydro-
lyzed under basic conditions to yield the alkene,
generally in good yield.


The low-valent tantalum reduction was attempted next
on a more functionalized and asymmetric bis(alky-
nyl)sulfide. Treatment of alkynes 4 and 5 with n-butylli-
thium followed by slow addition of sulfur dichloride
yielded the unsymmetric bis(alkynyl)sulfide 6
(Fig. 4).38–40 Sulfide 6 was subjected to the tantalum-
mediated reaction conditions resulting in formation of
the bis(alkenyl)sulfide 7 in 65% yield and excellent stere-
oselectivity as only the Z,Z-isomer was detected by 1H
NMR spectroscopy. Interestingly, the reaction required
the presence of a terminal hexyne in order to afford
reproducible yields of the product. This requirement
was discovered serendipitously because the initial
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Figure 3. Test substrate 2 for the stereoselective reduction of bisalky-


nylsulfides. The metallocyclopropene VI has been proposed as an


intermediate in the tantalum catalyzed reduction.
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attempt at reduction of 6 was conducted with substrate
that still contained some 4. Subsequent reactions with
pure 6 were unsuccessful unless 1-hexyne was added.
Previous experiments have demonstrated that alkynyl-
sulfides react faster than terminal alkynes with low-
valent tantalum metal.41 Thus, the role of 1-hexyne in
the reaction is not understood.


The synthesis of 7-thiaarachidonic acid was completed
as depicted in Figure 4. Deprotection of 7 with a
1.0 M solution of tetrabutylammonium fluoride affor-
ded alcohol 8 in good yield. This alcohol was reacted
with triphenylphosphine and bromine to produce bro-
mide 9, which required rapid chromatographic purifica-
tion as the compound was unstable to silica gel. Heating
of the bromide with triphenylphosphine afforded phos-
phonium salt 10.


cis-3-Nonenal was synthesized by oxidation of cis-3-
nonenol with Dess-Martin periodinane in quantitative
yield.42 A Wittig reaction between phosphonium salt
10 and cis-3-nonenal under Z-selective conditions43,44


yielded tert-butyl thiaarachidonate 11, which was depro-
tected with a 1.0 M aqueous solution of lithium hydrox-
ide and DME (1:2, v/v). The resulting 7-thiaarachidonic
acid was purified by HPLC and isolated as a single
isomer. The 1H NMR spectrum of the compound was

consistent with the spectrum reported by Corey and
co-workers.24


One advantage of the tantalum pentachloride reduction
is the facile incorporation of deuterium at the C5–C9
alkene positions, which is advantageous for EPR char-
acterization of any substrate based radicals that may
be formed with PGHS or human lipoxygenases that also
use arachidonic acid as substrate for radical based trans-
formations.45,46 The reaction is believed to proceed by
basic hydrolysis of a metallocyclopropene intermediate.
This step is consistent with the observation that quench-
ing the reaction with a basic solution of deuterium oxide
results in deuterium incorporation at both alkene posi-
tions for 1,2-disubstituted alkynes.35,41 To test whether
this labeling strategy could be extended to bis(alky-
nyl)sulfides, the reduction of 6 was repeated, but a
1.0 M solution of sodium deuteroxide in deuterium
oxide was used during the hydrolysis step. The reaction
proceeded in good yield and stereocontrol. Based on 1H
NMR integration, the bis(alkenyl)sulfide 7a contained
97% deuterium at each alkene position. The remaining
synthetic steps were identical to the synthetic route for
the 7-thiaarachidonic acid. Deprotection with tetrabuty-
lammonium fluoride yielded alcohol 8a, which was
halogenated to form bromide 9a. Treatment with triphe-
nylphosphine yielded phosphonium salt 10a. A Wittig
reaction then afforded tert-butyl 7-thia(5,6,8,9-2H4)ara-
chidonate 11a in good yield. Final deprotection yielded
the desired 7-thia(5,6,8,9-2H4)arachidonic acid 1a,
which was purified by HPLC to afford the final
compound as a single isomer.


In summary, we have developed a new synthetic route to
7-thiaarachidonic acid that marks an improvement over
the previously reported route. Our unoptimized synthe-
sis of the target compound was completed in only seven
linear steps and allowed the rapid and convenient prep-
aration of deuterium-labeled analogs. EPR studies of
the interaction of these compounds with PGHS-2 and
human lipoxygenases are currently ongoing.
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Abstract—Synthesis and characterization of an inert perchlorotriphenylmethyl triester radical, PTM-TE, are reported. PTM-TE
was prepared by a facile 3-step synthesis using Friedel-Crafts reaction of tetrachlorobenzene with chloroform followed by ethoxy-
carbonylation and subsequent oxidation. PTM-TE is paramagnetic and exhibits a single sharp EPR spectrum. In solution, the EPR
linewidth of PTM-TE is highly sensitive to the dissolved oxygen content, thus enabling accurate measurement of oxygen concentra-
tion (oximetry). In addition, the radical also shows high reactivity towards superoxide. The ester radical has the potential for use as a
high-sensitive probe for determination of oxygen concentration and superoxide in biological systems.
� 2007 Elsevier Ltd. All rights reserved.

In 1900, Moses Gomberg reported the existence of a sta-
ble, trivalent organic free radical which challenged the
prevailing belief that carbon could only have four chem-
ical bonds.1 As this report provided new possibilities to
carbon chemistry, research aimed at understanding and
developing these radicals continued to thrive and perme-
ated various fields of science including medicine and
industrial applications. Most notably, Gomberg’s work
paved the way for future research on using persistent tri-
tyl radicals in clinical applications.2–4 However, it is
known that some radicals and diradicals are short-lived
and very reactive – the half-life of triphenylmethyl rad-
icals in aerated solution may be as low as a fraction of
a second. Studies have also shown that these reactive
radicals become stable and chemically inert upon per-
chlorination.5–8 In light of this endeavor, highly chlori-
nated mono-, di-, and triarylmethanes were developed
and since then they have become the most valuable
chemical precursors of inert free radicals with estimated
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half-lives in the order of 100 years.6 Together, these
studies have been regarded as both promising and signif-
icant.5 As a result, the synthesis of perchlorinated trityl
radical has become an immense undertaking with prom-
ising implications.


The role of reactive oxygen species (ROS) such as super-
oxide, hydroxyl, and alkylperoxyl radicals has been
linked to a variety of pathophysiological processes.9


Since an increased production of ROS, especially super-
oxide, leads to oxidative stress, accurate determination
of these free radicals can help us to gain a better under-
standing of oxidative stress-related diseases. Of the
many techniques currently available for the detection
of superoxide in biological systems, electron paramag-
netic resonance (EPR) spectroscopy has the distinct
capability for direct and real-time detection. However,
the EPR technique requires the use of high concentra-
tions (10–100 mM) of spin-trap molecules to maximize
the efficiency of trapping, which may alter the redox
environment of the system.10,11 The poor efficiency of
the spin-trap molecules for superoxide detection is
attributed to small bimolecular reaction rate constants
(typically about 102 M�1 s�1). Thus, there is a great need
to develop probes with orders of magnitude increased
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Figure 1. EPR spectra of PTM-TE. The spectra were measured from a
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reactivity with superoxide. To this end, we have devel-
oped a perchlorotriphenylmethyl triester radical
(PTM-TE) that can overcome this limitation. PTM-TE
has a high detection-sensitivity due to sharp single-line
EPR spectrum. In addition, PTM-TE is an attractive
candidate for measurement of oxygen concentration
(oximetry). Furthermore, the ester nature of the PTM-
TE radical is expected to facilitate its penetration into
cells, followed by hydrolysis by cellular enzymes such
as esterases into carboxylate radical and thus can be
trapped in the cells. This will enable the detection of
superoxide radicals produced inside the cells. As an oxy-
gen probe, PTM-TE can be utilized for measurement as
well as mapping (imaging) of oxygen distribution in tis-
sues.12 In this communication, we report the synthesis,
characterization, and preliminary evaluation of PTM-
TE for oximetry and detection of superoxide.


The synthesis of PTM-TE radical 4 (Scheme 1) used
tris(2,3,5,6-tetrachlorophenyl)methane generated from
the Friedel-Crafts reaction of 1,2,4,5-tetrachlorobenzene
and chloroform.13 Reaction of compound 2 with slight
excess of butyllithium and TMEDA in THF at low tem-
perature yielded the corresponding tri-anion. This tri-
anion was reacted with ethylchloroformate in situ to
yield compound 3.14 Compound 3 was then converted
into 4 by a two-step process: conversion into the triphe-
nylcarbanion with NaOH in a mixture solution of
DMSO and Et2O, followed by oxidation with I2.15 Since
compound 3 has the ethoxycarbonyl functional group, it
can be easily modified to afford more variants for future
research.


PTM-TE was characterized by EPR spectroscopy
(Fig. 1). The solid showed a broad EPR signal with a
peak-to-peak width (linewidth, DBpp) of 5.650 G in room
air. However, a solution of PTM-TE (100 lM) in
dimethylsulfoxide (DMSO) at ambient conditions
showed a single sharp peak with a linewidth of
0.540 G. No self-induced spin-spin broadening was ob-
served for up to 12 mM concentration of PTM-TE.
The linewidth of PTM-TE in DMSO, however, was
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Scheme 1. Synthesis of PTM-TE radical. Reagents and conditions: (a)


CHCl3, AlCl3; (b) n-BuLi, TMEDA, ethyl chloroformate, 77%; (c) 1—


NaOH, DMSO/Et2O, 2—I2, Et2O, 93%.

dependent on the concentration of dissolved molecular
oxygen in solution. We measured the linewidth of
PTM-TE (100 lM) in DMSO as well as in hexafluoro-
benzene (HFB) as a function of partial pressure of equil-
ibrating oxygen (pO2). As shown in Figure 2, the
linewidth increased proportionally to pO2. The oxy-
gen-induced broadening is attributed to the paramag-
netic nature of molecular oxygen, which upon collision
with PTM-TE molecule can undergo Heisenberg spin
exchange interaction resulting in broadening of the ob-
served EPR signal. It should be noted that this exchange
interaction does not chemically alter the two molecules
involved. Furthermore, the oxygen-induced broadening
has no effect on the EPR signal intensity (double-inte-
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Figure 2. Effect of oxygen on the EPR linewidth of PTM-TE in


solution. Measurements were made by equilibrating a solution of


PTM-TE (100 lM) in DMSO or HFB with pre-calibrated gas mixtures


of known O2 concentration. The data show a linear dependence of


linewidth with pO2. The oxygen-sensitivity was 17.71 mG/mmHg for


HFB and 1.6 mG/mmHg for DMSO.
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gral of the EPR spectrum). Hence, the width of the EPR
signal can be used to measure the concentration of O2 in
the system. The calibration curves of EPR linewidth ver-
sus pO2 can be generated for any solvent by equilibrat-
ing it with known concentrations of oxygen.


The results shown in Figure 2 indicate a significant con-
trast between the slopes of the calibration curves of
PTM-TE in DMSO (1.6 mG/mmHg) and HFB
(17.71 mG/mmHg). The higher sensitivity in HFB is lar-
gely attributed to higher solubility of oxygen in HFB.
For example, the solubility of oxygen at atmospheric
pressure (21% of oxygen) at 25 �C is 4400 lM in HFB
as compared to 478 lM in DMSO.16 In addition, viscos-
ity and polarity of solvent molecule may also contribute
to the observed difference.


The reactivity of PTM-TE to superoxide was deter-
mined. PTM-TE in DMSO (0.8 mM) was treated with
a solution of potassium superoxide (KO2) in DMSO
(2.4 mM). As shown in Figure 3, the EPR spectrum of
PTM-TE was completely quenched by superoxide sug-
gesting that PTM-TE radical reacts with superoxide to
form a diamagnetic product. Although the mechanism
by which PTM-TE reacts with superoxide is unclear,
previous reports suggested that the neutral protonated
form of superoxide, �OOH, rather than O��2 is involved
in the reaction, as illustrated in the following equation:


½R3C�� þ �OOH! ½R3C–OOH�
It is likely that the superoxide anion or �OOH radical
interacts with PTM-TE to form a covalent bond be-
tween the methyl radical epicenter and the oxygen atom
of �OOH.10 The resulting adduct is diamagnetic
and hence, EPR silent. This observation is confirmed
by 1H NMR spectroscopy where only the triplet and
quartet splittings for the ethoxycarbonyl substituent
were identified. The absence of a singlet peak at d 7
(ppm) corresponding to the epicenter methine proton
(data not shown) indicates that the resulting compound
appears most likely to be the proposed adduct,
[R3C–OOH].
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Figure 3. The effect of superoxide on the EPR spectrum of PTM-TE


radical in DMSO. (A) EPR spectrum of PTM-TE in DMSO (0.8 mM).


(B) EPR spectrum of PTM-TE in DMSO following addition of solid


KO2 (2.4 mM). The PTM-TE signal is quenched by O��2 .

PTM-TE was specifically designed with the ethoxycar-
bonyl substituent attached to each of the phenyl rings
for a specific purpose, that is, cellular internalization.
The hydrophobic character of the molecule permits it
to easily diffuse across the membrane lipid bilayers.
Then, by the nonspecific action of intracellular esterases,
the molecule is expected to be cleaved to yield the corre-
sponding tricarboxylate radical, PTM-TC. The resulting
PTM-TC is another stable ‘inert’ radical which also
gives a single sharp EPR peak in aqueous solutions.17


Additionally, PTM-TC gives a characteristic UV–vis
absorption at 380 nm. Our recent study has shown that
PTM-TC, on reaction with superoxide, induces a de-
crease in EPR signal or optical absorption at 380 nm
with high specificity and sensitivity.18 Thus, PTM-TE
can be used to monitor and quantify the production of
intracellular superoxide.


In summary, we have developed an efficient synthetic
route for the synthesis of PTM-TE. Additionally, we
have demonstrated the effect of molecular oxygen and
superoxide on the EPR spectrum of PTM-TE in solu-
tion. Unlike molecular oxygen, superoxide induces a sig-
nal loss. Thus, PTM-TE potentially can be used to
determine oxygen and/or superoxide generation in bio-
logical applications.
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Abstract—A novel series of cyclic benzamidines was synthesized and shown to exhibit NR2B-subtype selective NMDA antagonist
activity. Compound 29 is orally active in a carrageenan-induced rat hyperalgesia model of pain.
� 2007 Elsevier Ltd. All rights reserved.
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The N-methyl-DD-aspartate (NMDA) receptor is cur-
rently the subject of extensive investigation because of
its high therapeutic potential for the treatment of a large
number of disease states including stroke, epilepsy, neu-
ropathic pain, Alzheimer’s disease and Parkinson’s dis-
ease.1 The NMDA channel is a heterooligomeric
complex composed of up to three different subunits
NR1, NR2 and NR3. NR1 has at least eight isoforms
(NR1a-h), NR2 has four distinct subtypes (NR2A-D)
and NR3 has 2 subtypes (NR3A and B).


Ifenprodil (1, Fig. 1), an antagonist that binds selectively
to the NR2B subunit, can effectively modulate ion flux
and shows efficacy in animal models of pain.2,3 In addi-
tion, ifenprodil exhibits diminished CNS and locomotor
side effects in animal models when compared with non-
selective NMDA antagonists.4 Due to this intriguing
biological profile, the ifenprodil binding site on the
NR2B subunit has become a highly studied target.5,6


To date, a number of compounds have been shown to
have NR2B subtype selectivity, including CP-101,606
(2)7 and Ro25-6981 (3).8
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In a previous communication,9 we reported phenyl ami-
dine (4, Fig. 2) as an orally efficacious NR2B-selective
NMDA receptor antagonist. Indole amidine 5 has re-
cently also been reported to be a potent NR2B/NMDA
antagonist.10 In this communication, we report a novel
series of cyclic benzamidines as orally efficacious
NR2B-selective NMDA receptor antagonists.


Four different classes of cyclic amidines were synthe-
sized. The results of the NR2B binding and functional
assays (calcium ion-flux)11 and calculated pKa for se-
lected cyclic amidines are summarized in Table 1.12,13


6-Phenyl-2-[4-(trifluoromethoxy)phenyl]-1,4,5,6-tetrahy-
dropyrimidin-5-ol (6, Scheme 1) was synthesized from

CP-101,606 (2)


N


Ro 25-6981(3)


OH


OH


OH


OH


N


Figure 1. Structures of NR2B-selective NMDA receptor antagonists.
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cinnamyl chloride (10) which was oxidized with
m-CPBA to produce epoxide 11. Treatment of the epox-
ide with 4-trifluoromethoxybenzamidine in 2-propanol
gave compound 6.


The synthesis of 4-phenyl-2-[4-(trifluoromethoxy)- phe-
nyl]-4,5,6,7-tetrahydro-1H-1,3-diazepine (7, Scheme 2)
started with 4-chlorobutyrophenone (12). Azide installa-
tion and conversion of the carbonyl to the oxime gave
compound 13. The azide was reduced to the amine
which was protected as its Boc derivative, and the oxime
was then reduced to afford compound 15. Amidine for-
mation and subsequent cyclization to 7 was carried out
in methanol under acidic conditions.


The synthesis of 5-(3-chlorophenyl)-2-[4-(trifluoro-meth-
oxy)phenyl]-4,5-dihydro-1H- imidazole (8, Scheme 3)
began with a standard amide coupling of 4-(trifluoro-
methoxy)benzoic acid (16) and amino(3-chlorophenyl)
acetonitrile (17) to form 18. Reduction of the nitrile
with Raney Ni in methanol and cyclization of 19 at high
temperature in xylene gave imidazoline 8.


2-(3-Chlorobenzyl)-5-(trifluoromethoxy)isoindolin-1-imine
(9, Scheme 4) was synthesized from nitrile 20 via bro-
mination and subsequent coupling with 3-chlorobenzyl
amine in ethanol.


Cyclic amidines 6 and 7, containing six and seven-
membered ring constraints, are moderately potent
NR2B-subtype NMDA receptor antagonists (Table 1).

Table 1. Structure, binding affinity, functional activity and pKa of amidine
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of these latter two classes of moderately basic con-
strained amidine NR2B antagonists by exploring substi-
tuent effects on the aromatic rings.


The imidazoline series (Table 2) was prepared following
the general procedure described in Scheme 3. In this ser-
ies, the aromatic groups at the 2- and 4-positions of the
4,5-dihydro-1H-imidazole central ring were required for
activity. Installation of electron withdrawing substitu-
ents on each of these phenyl rings resulted in increased
activity. Substitution at the meta and para positions of
the 2-phenyl was well tolerated. In the case of the 4-phe-
nyl, substitution at the ortho and meta positions was
most beneficial.


The addition of a m-chlorine substituent on the 2-phenyl
of compound 8 afforded 22, the most potent compound
in this series. Adding a second meta-chlorine on the
4-phenyl diminished activity (23). Ortho substituents
on the 4-phenyl had a significant influence on potency,
with larger group leading to diminished activity
(OMe > CF3 > OCF3) (24–26).


Applying the above SAR data, we synthesized a number
of high affinity compounds in the isoindolin-1-imine ser-

ies (Table 3). In this case, the 3,5-dimethyl substitution
pattern on the benzyl group (27) gave increased affinity.
Improvements in functional potency were realized by
installation of a benzofuran (28) or a 2-methoxy-benzyl
substituent (29). Compound 29 showed the best func-
tional potency in this series and had a calculated pKa


of 9.16.


We next evaluated the pharmacokinetic properties and
activity of compound 29.14 For PK evaluation, rats were
dosed at 2 mg/kg iv and 10 mg/kg po, compound 29 had
a Cmax of 215 nM with 5% bioavailability. It demon-
strated a moderate plasma half life of 2 h and a clear-
ance of 66 mL/kg/min. Efficacy was measured by
scoring behavioral responses to noxious stimuli in a car-
rageenan-induced hyperalgesia assay in the rat.4 Com-
pound 29 was dosed orally, and showed an ED50 of
20 mg/kg. At this dose, a 50% reduction in the hyperal-
gesic response as compared to control was observed.


In conclusion, we have developed a class of moderately
basic NR2B-selective NMDA receptor antagonists
which demonstrate good binding, excellent activity in
functional assays and good oral efficacy in a rodent
hyperalgesia model.
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Abstract—New ferulic acid and benzothiazole dimer derivatives were synthesized and evaluated by in vitro competition assay using
[125I]TZDM for their specific binding affinities to Ab fibrils. In particular, 4a showed the most excellent binding affinity
(Ki = 0.53 nM), compared to PIB (Ki = 0.77 nM), for benzothiazole binding sites of Ab1–42 fibrils. This result suggests a possibility
of a potential AD diagnostic probe for detection of Ab fibrils.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of FA, PIB, and IMSB.

Alzheimer’s disease (AD), known as a kind of dementia,
is a neurodegenerative disease characterized by cognitive
impairment and learning/memory losses.1 Pathomor-
phologically important hallmarks in AD are senile
plaques (SPs), composed of aggregates of amyloid b
(Ab) peptides, and neurofibrillary tangles (NFTs) in
the brain.2–4 Based on Ab hypothesis, Ab1–42 monomers
divided by b-, c-secretases from amyloid precursor
protein (APP) gradually aggregate to oligomers, protofi-
brils, fibrils, and plaques which deposit in the brain and
cause strong neuronal toxicity.5,6 We have made efforts
to search for small molecules7 with high binding
affinities to aggregated Ab to diagnose AD before the
beginning of significant clinical impairment.8 To
monitor AD progression quantitatively, noninvasive
techniques such as positron emission tomography
(PET) or single photon emission computed tomography
(SPECT) have been employed.


We previously reported that the ferulic acid (FA) dimer
(Fig. 2) has a higher therapeutic effect on dementia than
FA monomer (Fig. 1) enhancing the learning and mem-
ory retention ability in in vivo.9 Here, a series of new
ferulic acid dimer derivatives (Fig. 2) were synthesized
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with the hope of finding compounds with higher binding
affinities to Ab deposits than FA monomer. Benzothiaz-
ole dimer derivatives (Fig. 2) were also introduced to
provide a higher binding affinity than [11C]2-(4 0-(meth-
ylamino)phenyl)-6-hydroxybenzothiazole (Pittsburgh
compound B, PIB),10 a successful benzothiazole PET
imaging probe for AD.


Based on the literature, [125I]-E,E-1-iodo-2,5-bis-(3-
hydroxycarbonyl-4-methoxy)styrylbenzene (IMSB)
binds to Ab1–40 fibrils with higher binding affinity
(Ki = 0.17 nM)12a than PIB (Ki = 4.3 nM) does.12c


According to Mathis and co-workers’ report, the affinity
of bis-styrylbenzene derivatives shows the highest value
around 19–20 Å of inter-chain spacing and falls off rap-
idly between 10–16 Å.12b The size of IMSB based on the
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Figure 2. Ferulic acid and benzothiazole dimer derivatives.
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distance between terminal carboxlates (16 Å) is close to
the pocket size of the b-sheet peptide strands. Despite
the significant in vitro binding characteristics, a
drawback of IMSB was low brain uptake,20 which was
insufficient for in vivo imaging studies. Therefore, here,
target molecules were considered: (1) to keep the inter-
chain spacing of IMSB, 16–20 atoms between terminal
ligands, (2) to introduce the scaffolds of FA and PIB
instead of bis-styrylbenzene, and (3) to introduce at least
one alkyl amine moiety as a radio-labeling site. The
tertiary amine moiety at C-4 (Fig. 2) and nitrogen bridge
(1, 3, and 4), based on isosteric derivations from the
oxygen bridge of the FA dimer, can be applied to a
labeling site like the [11C]CH3NH-terminal of PIB.


The synthesis of symmetric FA dimer analogues is
shown in Scheme 1. Benzaldehyde dimers (6a and 6b)
were prepared from fluorobenzaldehyde (5) via an aro-
matic substitution reaction with appropriate secondary
amines.11 Acrylic acids of 1a and 1b were obtained via
the Knoevenagel reaction with a malonic acid in the
presence of piperidine and pyridine.


Unsymmetric FA dimer derivatives (2a–d) were synthe-
sized as shown in Scheme 2. Biscarboxymethyl-amino
group13 of 2b was introduced as a binding site for 99mTc
to obtain the SPECT image. 4-Nitroguaiacol (7) was used
in a nucleophilic substitution reaction to give 8.14 Subse-
quent reduction, reductive amination in situ or reduction,
and substitution reaction led to 9a or 9b, respectively.
Coupling 9a or 9b with various aldehydes gave 10a–d
which underwent the Knoevenagel condensation to yield
2a–d.21


Benzothiazole dimers were synthesized as represented in
Scheme 3. 4-Substituted aniline 11 was cyclized with
ammonium thiocynate and bromine15 to give amin-

obenzothiazole (12) which was converted into 13 by a
reaction with hydrazine.16 Chlorination of 13 with thio-
nyl chloride followed by aromatic substitution17 gave
the dimers 3a–g and 4a–g.


Specific binding affinities of synthesized compounds to
Ab fibrils were evaluated by an in vitro Ab fibril binding
assay (named in vitro competition assay). Kung and co-
workers have reported that two different, distinctive and
mutually exclusive binding sites on Ab aggregates were
observed for styrylbenzene and benzothiazole.1 Consid-
ering the structural similarity of benzothiazole dimers
and PIB, [125I]TZDM was used as a radio-ligand for
the competitive binding assay. After primary and sec-
ondary screenings (at 10 nM and 1 nM of compounds;
11.5 nM of Ab1–42), Ki for benzothiazole binding sites
was determined by literature-based method and the
results are shown in Table 1.20 Judging from these
results, synthesized dimer derivatives generally displayed
significant binding affinities to Ab1–42 fibrils showing
nM–sub nM range (0.53–1.37 nM) of Ki compared to
PIB (0.77 nM). The FA dimer (Ki = 0.60 nM) showed
a slightly higher binding affinity than FA monomer
(Ki = 0.77 nM). Among the FA dimer derivatives, 2b
(Ki = 0.57 nM) gave the highest binding affinity. Most
of the benzothiazole dimer derivatives also displayed
slightly higher binding affinity than PIB containing a
benzothiazole monomer. From the compounds assayed,
4a, 4c, and 4e showed the stronger binding affinities
(Ki = 0.53, 0.55, and 0.55 nM).


In the structure–activity relationship of FA dimer deriva-
tives, the isosteric replacement of the oxygen bridge in the
FA dimer to the nitrogen bridge (1a) hardly affected the Ki


value. Changing one of the polar conjugated carboxylic
acids in the FA dimer to a more lipophilic tertiary amine
at C-4 (2a) had little effect on the Ki value. In the case of
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Table 1. In vitro Ab fibril binding assay of ferulic acid (1a–b, 2a–d)


and benzothiazole dimers (3a–g, 4a–g)


Compound Ki
a (nM) at TZ binding sites


FA dimer 0.60


1a 0.72


1b 1.36


2a 1.00


2b 0.57


2c 0.83


2d 1.32


3a 0.71


3b 0.75


3c 1.11


3d 0.96


3e >10


3f 0.81


3g 0.69


4a 0.53


4b 1.37


4c 0.55


4d 0.64


4e 0.55


4f 0.61


4g 0.69


PIB 0.77


FA 0.77


a Ki was calculated from nonlinear regression by Graphpad Prism soft-


ware.
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benzothiazole dimers, the presence of central secondary
(3a) or tertiary (4a) amine bridges affects the binding affin-
ities. As a whole, the linkage with a tertiary amine dis-
played higher binding affinity than that with a
secondary amine except for 3b and 4b where the trend
was reversed. But, the kind of R1 (either halogen, CH3,
or NH2) of 3 and 4 did not show any significant influence.


In conclusion, new FA and benzothiazole dimer deriva-
tives were synthesized. They showed excellent binding
affinities for benzothiazole binding sites of Ab1–42 fibrils
compared to PIB. In particular, 4a21 exhibited the best
binding affinity (Ki = 0.53 nM) implying that it could
be a potential probe for detection of Ab fibrils in AD
brain. However, besides specific binding affinities, since
the actual brain penetration and clearance are very
important factors in the development of AD imaging
probe, additional studies are necessary in the future.
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Abstract—Although a1 adrenergic receptor blockers can be very effective for the treatment of benign prostatic hyperplasia/lower
urinary tract symptoms (BPH/LUTS), their usage is limited by CV-related side-effects that are caused by the subtype non-selective
nature of the current drugs. To overcome this problem, it was hypothesized that a a1a/1d subtype selective antagonist would bring
more benefit for the therapy of BPH/LUTS. In developing such selective a1a/1d ligands, a series of (phenylpiperidinyl)cyclohexylsulf-
onamides has been synthesized and evaluated for binding to three cloned human a1-adrenergic receptor subtypes. Many compounds
showed equal affinity for both a1a and a1d subtypes with good selectivity versus the a1b subtype.
� 2007 Elsevier Ltd. All rights reserved.

The prostate is a walnut-sized auxiliary sexual gland
that is situated just below the bladder and surrounds
the urethra. Overgrowth of the prostate with age will
cause benign prostatic hyperplasia (BPH), which results
in obstruction of the bladder outlet and eventually leads
to lower urinary tract symptoms (LUTS). These symp-
toms include increased urinary frequency, decreased ur-
ine stream, increased urgency and feeling of irritation,
and sensation of incomplete bladder emptying.1,2a,b


Since there are two pathological components in BPH,
namely the increased size and elevated muscle tone of
the prostate gland, medication therapy for BPH/LUTS
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has been classified into two categories. The first cate-
gory, 5-a-reductase inhibitors (finasteride and dutaste-
ride), works by reduction of the size of prostate;
another category, a1-adrenergic receptor antagonists
(tamsulosin and terazosin), works by relaxation of pros-
tate smooth muscle. The a1 blockers have an advantage
over 5-a-reductase inhibitors in that they can provide
effective relief of symptoms in a short period of time.
Unfortunately, the usage of a1 blockers for the treat-
ment of BPH/LUTS is also limited by the fact that all
a1 drugs currently on the market produce side-effects.
The most prominent of these is the cardiovascular asso-
ciated orthostatic hypotension.3,4


In the late 1980s, molecular biology studies identified
three a1-adrenergic receptor subtypes, classified as a1a,
a1b, and a1d.5–7 The current a1 drugs are known to bind
to all of them indiscriminately or with low selectivity.8


This characteristic is speculated to be associated with
side-effects. Further studies also revealed that the a1a-
adrenoceptor subtype plays a dominant role in control-
ling human prostatic smooth muscle contraction,8 but
the exact contribution of each of three a1 subtypes to
the side-effect of orthostatic hypotension has not yet been
clearly determined. Many a1a-adrenoceptor subtype
selective antagonists have since been discovered, and they
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have demonstrated the ability to relax prostate muscle
without producing cardiovascular side effects.9a–d


Surprisingly, in subsequent clinical trials, these a1a


selective compounds have not been proven to be effective
in relieving LUTS, especially the symptom of irritation.
This is in sharp contrast to their subtype non-selective
counterparts10 and strongly suggests that in addition to
the a1a subtype, other a1 receptor subtype(s) may be
implicated in the BHP/LUTS.


For the past several years, many studies have provided
evidence indicating that the a1d subtype is involved in
the mediation of LUTS.11a–c Experimental data suggest
that the a1b subtype may be associated with CV-related
side-effects.12 These results, combined with the fact that
a moderately a1a/1d selective drug, tamsulosin (1)
(Fig. 1), is capable of treating both BPH and LUTS,
led to the formation of new hypothesis. Rather than tar-
geting a non-selective or pure a1a selective drug, an
antagonist with a balanced a1a/1d selectivity profile
should be efficacious yet produce less side effects,
hence rendering optimum benefit for BPH/LUTS
patients.13a–e Unfortunately, providing convincing proof
for this hypothesis has been hampered by the
fact that no a1-blocking compound with high a1a/1d


selectivity is currently available.


We initiated a research program to validate this hypoth-
esis by first identifying a a1a/1d selective compound, then
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studying it in established animal models. Our primary
goal was to design and synthesize potent and a1a/1d sub-
type selective antagonist with a selectivity profile supe-
rior to marketed drug tamsulosin (1) (Fig. 1). In our
previous paper,14 we reported the discovery of a series
of (phenylpiperazinyl)cyclohexylsulfonamides (2). These
compounds showed equal affinity for both the a1a and
a1d subtypes, with good selectivity against the a1b sub-
type. These compounds also had much reduced dopa-
mine affinity compared with some of our previously
developed compounds.15 As a logical extension of the
piperazine scaffold, in this paper we want to report the
design and synthesis of a series of (phenylpiperidi-
nyl)cyclohexylsulfonamides (3) (Fig. 1), and the evalua-
tion of their subtype selectivity in cloned human a1a, a1b,
and a1d adrenergic receptors. These piperidine com-
pounds not only increase structural diversity, but also
may provide better metabolic stability than the pipera-
zine analogues.


The (phenylpiperidinyl)cyclohexylsulfonamides were
generally prepared by the following sequence (Schemes
1 and 2). A bromophenol was first O-alkylated, followed
by halogen–metal exchange using n-butyl lithium. The
resulting aryllithium reagent was then reacted with
N-Boc-protected piperidinone to give the substituted
4-phenyl-4-hydroxypiperidine. Dehydration using meth-
anesulfonyl chloride and triethylamine was followed by
hydrogenation to remove the C–C double bond. Final
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treatment with TFA yielded the free piperidine product
(Scheme 1).


To complete the synthesis, tBoc-protected 4-aminocyclo-
hexanone was subjected to reductive amination with the
substituted phenylpiperidine to give a cis/trans mixture
of diaminocyclohexane intermediates. Treatment with
TFA produced the free amine, which was reacted with
various sulfonyl chlorides. Final chromatographic sepa-
ration gave the desired isomeric products16 (Scheme 2).


We first investigated (alkoxyphenylpiperidinyl)cyclo-
hexylsulfonamides (4). A series of analogues were pre-
pared and evaluated; the results are summarized in
Table 1 (Ki values for tamsulosin, 1, in the a1a, a1b,
and a1d binding assays were 0.19, 2.0, and 0.2 nM,
respectively.). In addition to binding affinity for the
a1-adrenoceptor subtypes, each analogue’s dopamine
D2 affinity was also evaluated. For the choice of R2 sub-

Table 1. Binding profiles of (alkoxyphenylpiperidinyl)cyclohexylsulfonamide


N


O


4


R2


Compound Configuration R2 R3


5 cis17 2-Propyl 3,4-D


trans17


6 cis 2-Propyl 3,4-D


trans


7 cis Cyclopropyl 3,4-D


trans


8 cis Cyclopropyl 2-M


trans


9 cis Cyclopropyl 2-F-


trans


10 cis Cyclopropyl 3,4-(


trans

stitutions, we followed the SAR from our earlier piper-
azine series.14 Considering the possible metabolic
vulnerability of the 2-propoxy group, it was replaced
with a cyclopropoxy group in some analogues. Just as
in the piperazine series, we observed noticeable differ-
ences in binding affinities and selectivity profiles between
cis and trans isomers (e.g., cis-5 vs trans-5, cis-7 vs.
trans-7). Generally speaking, cis isomers were the more
desirable compounds since they had better a1a/1d selec-
tivity profiles. However, the cyclopropoxy group did
not appear to offer substantial advantage over 2-prop-
oxy substitution in terms of a1 binding affinity. As for
the R3 group, 3, 4-diMeO seemed to give consistently
better results. It was discovered that several analogues
showed equal affinity for a1a and a1d subtypes, with
good selectivity against a1b subtype (cis-5, 6, and 7).
Their a1a/a1b ratios ranged from 65- to 155-fold, and
their a1d/a1b ratios ranged from 64- to 187-fold. This
represented a substantial improvement over the 10-fold

s 4 (Ki, nM)


N
H


S
O


O
R3


a1a a1b a1d D2


iMeO 2.2 144 0.77 144


28 148 40 55


iF 3.0 470 7.3 79


1.4 1385 87 79


iMeO 0.91 141 2.0 144


11 133 34 133


eO-5-Cl 1.3 82 2.6 129


4.5 305 47 154


5-Cl 1.8 107 2.1 187


3.8 337 32 159


OCH2O) 16 275 13 66


14 340 57 71







Table 2. Binding profiles of (fluoroalkoxyphenylpiperidinyl)cyclohexylsulfonamides 4 (Ki, nM)


N N
H


S


O


O


O


4


R2


R3


Compound Configuration R2 R3 a1a a1b a1d D2


11 cis CH2CF3 3,4-DiMeO 1.8 123 2.2 111


trans 21 368 23 83


12 cis CH2CF3 3,4-(OCH2CH2O) 4.0 92 3.0 57


trans 2.2 91 26 23


13 cis CH2CF3 2-MeO-5-Cl 6.2 216 1.6 69


trans 10 703 36 82


14 cis CH2CF3 2-F-5-Cl 5.9 181 0.98 78


trans 4.8 787 44 37


15 cis CH2CF3 3-OCHF2 7.0 261 5.9 85


trans 12 355 70 129


16 cis CH2CF3 4-OCHF2 5.4 76 2.7 154


trans 38 302 86 104


17 cis CH2CH2F 3,4-DiMeO 8.5 401 5.5 201


trans 69 4403 49 284


18 cis CH2CHF2 3,4-DiMeO 12 300 4.1 276


trans 31 681 86 88
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ratios shown by the commercial drug tamsulosin (1). It
was also observed that many (phenylpiperidinyl)cyclo-
hexylsulfonamides had much reduced dopamine
affinities.


To strengthen the alkoxy group against possible metab-
olism, we decided to incorporate fluorine into the alkyl
side-chain. Several fluoroethoxy-substituted compounds
were synthesized and their binding study results are
summarized in Table 2. We quickly discovered that
within the mono-, di-, and trifluoro-substitutions, only
trifluoroethoxy gave optimal results in terms of affinity
and selectivity (cis-11 vs. cis-17 and cis-18). Once again,
the R3 group followed the same trend as in Table 1 and
cis isomers were more desirable than trans isomers.
Compounds cis-11, cis-13, and cis-14 had single-digit
nanomolar affinity for both a1a and a1d subtypes and
with reasonably good selectivity. Their a1a/a1b ratios
ranged from 30- to 68-fold, and a1d/a1b ratios ranged

Table 3. Binding profiles of compounds 19and 20 (Ki, nM)


N N
H


S
OO


O
F


OMe
MeO


19


Compound Configuration a1a


19 cis 16


trans 23


20 cis 3.3


trans 43

from 56- to 184-fold. Many compounds also displayed
good selectivity against the D2 receptor.


Finally, we prepared and tested several compounds with
fluorinated aromatic rings, including 4-fluoro (19) and
5-fluoro (20) analogues (Table 3). In addition to the
established trend that the cis isomers had higher binding
affinities than the trans isomers, it was also observed
that fluoro substitution at the 4-position was detrimen-
tal to a1a and a1d affinity (cis-19 vs. cis-20). This might
indicate electronic restriction at this position. In con-
trast, fluoro-substitution at the 5-position had little det-
rimental effect on affinity and selectivity; cis-20 had a
similar profile to cis-5.


In conclusion, to identify a1a/1d selective antagonists as
new drugs for the treatment of BPH/LUTS, we have de-
signed and synthesized a series of (phenylpiperidi-
nyl)cyclohexylsulfonamides. These compounds were

N N
H


S
OO


O


F


MeO
OMe


20


a1b a1d D2


690 12 106


639 60 104


299 1.6 178


1487 53 94
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evaluated for their ability to bind to cloned human a1a,
a1b, and a1d adrenergic receptor subtypes as well as the
dopamine D2 receptor. The effect of aromatic substitu-
tion and fluorination of the alkoxy side-chain and phe-
nyl ring on binding affinity and selectivity has been
investigated. We discovered several compounds (cis-5,
6, 7, 11, and 20) that showed equal affinity for both
a1a and a1d adrenoceptor subtypes, with very good selec-
tivity over the a1b subtype. This selectivity profile pro-
vides a great improvement over the commercial drug
tamsulosin. Future work will further explore the issue
of metabolic stability, and progress will be reported in
due course.
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(s, 3H), 3.94 (s, 3H), 4.35 (q, J = 15 Hz, 2H), 5.20 (d,
J = 7.8 Hz, NH, 1H), 6.7–7.6 (m, 7H) MS: 557 (M+1).
Compound trans-11 NMR: d (CDCl3) 1.1–1.4 (m, 4H),
1.65 (m 2H), 1.8–2.0 (m, 6H), 2.30 (m, 3H), 2.93 (m, 3H),
3.04 (m, 1H), 3.92 (s, 3H), 3.94 (s, 3H), 4.33 (q,
J = 14.8 Hz, 2H), 4.80 (d, J = 8.1 Hz, NH, 1H), 6.7–7.5
(m, 7H) MS: 557 (M+1).
Compound cis-18 NMR: d (CDCl3) 1.4–1.6 (m, 4H), 1.6–
1.8 (m, 6H), 1.82 (br d, 2H), 2.25 (m, 3H), 2.88 (m, 1H),
2.95 (br d, 1H), 3.40 (m, 1H), 3.92 (s, 3H), 3.94 (s, 3H),
4.16 (dt, J1 = 13 Hz, J2 = 3.0 Hz, 2H), 5.02 (d, J = 7.8 Hz,
NH, 1H), 6.10 (tt, J1 = 38 Hz, J2 = 2.0 Hz, 1H), 6.8–7.6
(m, 7H) MS: 539 (M+1).
Compound trans-18 NMR: d (CDCl3) 1.1–1.4 (m, 4H),
1.66 (m, 2H), 1.80 (br d, 2H), 1.90 (br d, 2H), 2.27 (m,
3H), 2.93 (m, 3H), 3.05 (m, 1H), 3.94 (s, 3H), 3.96 (s, 3H),
4.15 (dt, J1 = 13.5 Hz, J2 = 3.1 Hz, 2H), 4.60 (d,
J = 7.8 Hz, NH, 1H), 6.10 (tt, J1 = 38 Hz, J2 = 2.0 Hz,
1H), 6.7–7.6 (m, 7H) MS: 539 (M+1).
Compound cis-20 NMR: d (CDCl3) 1.36 (d,J = 6.0Hz,
6H), 1.4–2.0 (m, 12H), 2.33 (m, 3H), 2.91 (m, 1H), 3.10 (br
d, 1H), 3.40 (m, 2H), 3.45 (m, 1H), 3.96 (s, 3H), 3.98 (s,
3H), 4.52 (m, 1H), 5.20 (d, J = 7.5 Hz, NH, 1H), 6.8–7.6
(m, 6H) MS: 535 (M+1).
Compound trans-20 NMR: d (CDCl3) 1.26 (m, 4H), 1.35
(d, J = 6.1 Hz, 6H), 1.64 (m, 2H), 1.8–2.0 (m, 6H), 2.32
(m, 3H), 2.90 (m, 3H), 3.04 (m, 1H), 3.94 (s, 3H), 3.98 (s,
3H), 4.52 (m, 1H), 4.70 (d, J = 7.8 Hz, NH, 1H), 6.7–7.6
(m, 6H) MS: 535 (M+1).
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Abstract—Investigation within the pTyr-binding pocket of the STAT3 SH2 domain led us to develop a novel synthesis of two pTyr
mimetics, LL-tetrazolylmethylphenylalanine (LL-Tmp) and LL-O-malonyltyrosine (LL-OMT), that were next incorporated in a high affin-
ity ligand of STAT3 SH2 domain. Biological evaluation of peptidomimetics on STAT3 dimerization identified LL-OMT as the first
non-phosphorus pTyr mimetic so far reported against STAT3 SH2 domain, harboring an activity similar to that of the Pmp-con-
taining reference peptidomimetic.
� 2007 Elsevier Ltd. All rights reserved.

Signal Transducer and Activator of Transcription 3 is a
latent cytoplasmic transcription factor that plays a key
role in cancer, by regulating as a dimer the expression
of anti-apoptotic or pro-survival genes.1 In response to
extracellular stimuli, STAT3 is recruited to phosphory-
lated receptors via its SH2 domain. It then becomes
phosphorylated on Tyr705 by kinases such as JAK or
Src, or as a result of the intrinsic tyrosine kinase activity
of the receptor. STAT3 then dimerizes through recipro-
cal interaction between the SH2 (Src Homology 2)
domain of one monomer and the pTyr residue of a
second one.


To design small inhibitors of STAT3 dimerization, a
powerful strategy consists in using phosphotyrosine-
based peptidomimetics targeted to the SH2 domain of
STAT3.2


Although a pTyr residue is essential in recognition and
potent binding by SH2 domain, its hydrolytic lability
to cellular phosphatases and poor cell penetration due
to is dianionic charge limit its use for inhibitor design.


Accordingly, pTyr mimetics have been developed to ad-
dress these drawbacks while retaining recognition within
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the pTyr-binding pocket.3,4 These include phosphonic or
acidic non-phosphorus-based phenylalanine com-
pounds. While in vivo efficiency of phosphonate deriva-
tives seems to depend on the mode of cell delivery, the
latter compounds may offer alternative approaches by
facilitating cell penetration.5


Among them, carboxylic groups or its more lipophilic
bioisostere tetrazole have been used to mimic acidic
phosphate group.6–8


Although phosphopeptidomimetic inhibitors of STAT3
dimerization have been reported,9–11 to date, only one
study examines the use of non-hydrolyzable pTyr
mimetics.9 In this paper, pTyr moiety was replaced
either by LL-4-(phosphonomethyl)phenylalanine (Pmp),
LL-4-(carboxyl)phenylalanine (Cpa) or LL-4-(tetrazol-5-
yl)-phenylalanine (Tpa) in a high affinity ligand of the
STAT3 SH2 domain, Ac-pYLPQTV.9 Pmp was found
to be the most potent mimetic, although being 40-fold
less active than its phosphate analog.


We surmised that the loss of activity of Cpa and Tpa
peptides relative to their pTyr analog was due to their
shorter acidic side chains and thus decided to synthesize
pTyr mimetics bearing longer side chains. This paper
describes the novel synthesis of two pTyr mimetics,
LL-4-((tetrazol-5-yl)methyl)phenylalanine (Tmp) and
LL-(O-malonyl)tyrosine (OMT) and their further biological
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Scheme 2. Reagents and conditions: (a) NaH, THF, �40 �C to rt; (b)


LiOH 0.2 N, THF, 0 �C.
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evaluation on STAT3 dimerization, when incorporated
in the Ac-pYLPQTV sequence.


Tilley et al. previously reported a synthesis of racemic
Tmp 5, that is not well suited for our peptidomimetic de-
sign, since it leads to two diastereoisomers.12


Therefore, we developed an enantioselective synthesis of
Na-protected LL-tetrazolylmethylphenylalanine 5, based
on a procedure developed by Oppolzer, which allows
the obtention of a-amino acids with excellent enantio-
meric purities (>99.5% e.e.) (Scheme 1).13 Chiral
auxiliary 1 was alkylated by 4-(cyanomethyl)-benzylbro-
mide in the presence of BuLi to afford compound 2 in
60% yield. Imine function was then hydrolyzed by treat-
ment with 0.5 N HCl in THF, followed by N-acetylation
with acetic anhydride to give compound 3 in 95% yield.


Removal of the sultam group was achieved by hydroly-
sis with ice-cold 0.2 N LiOH in THF to provide acetyl-
LL-4-(cyanomethyl)-phenylalanine 4 in 98% yield.


The nitrile group was finally converted to the corre-
sponding tetrazolyl function, by reaction with azidotri-
methylstannane in dry toluene under reflux to give
final compound 5 in 40% yield.14


The synthesis of LL-O-(2-malonyl)tyrosine (OMT) 7, suit-
ably protected for solid-phase peptide synthesis with
Fmoc chemistry, was first reported by Burke et al. with
the use of di-tert-butyl diazomalonate, which is a toxic
and potentially explosive derivative.15,16


We describe here a shorter and safer synthesis using
di-tert-butyl bromomalonate (Scheme 2).


Fmoc-LL-Tyr-OMe was alkylated by di-tert-butyl bromo-
malonate17,18 in the presence of NaH to give the malonyl

Scheme 1. Reagents and conditions: (a) BuLi 2.5 M in hexane, HMPA, TH


LiOH 0.2 N, THF, 0 �C; (d) Me3SnN3, toluene, reflux.

adduct 6 in 70% yield.19,20 Selective methyl ester hydro-
lysis was then accomplished using ice-cold 0.2 N LiOH
in THF, without removal of the base-labile Fmoc group,
to give final compound 7 in 98% yield.15


Structural data of final compounds 5 and 7 are given in
note 21.


To investigate the structural requirements within the
pTyr-binding pocket, three other pTyr mimetics, includ-
ing Tpa, Pmp, and LL-O-(carboxymethyl)phenylala-
nine,14,23,24 were also prepared and introduced in the
Ac-pYLPQTV sequence (Table 1). Peptide synthesis
was performed on solid phase on HMP resin by Fmoc
chemistry.22

F, �78 �C to rt; (b) i—0.5 N HCl in THF, rt; ii—acetic anhydride; (c)







Table 1. Disruption of STAT3 dimerization and DNA-binding by


peptides


Compound X: IC50
a (lM)


8b 9 ± 0.6


9b 138 ± 29


10b >800


11 >1000


12 >1000


13 108 ± 21


a IC50 values expressed with standard error.
b See Ref. 9.
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In vitro evaluation on STAT3 dimerization was car-
ried out through pre-incubation of peptides with nu-
clear extracts containing STAT3 dimer for 30 min at
room temperature, before incubation in an ELISA
plate pre-coated with oligonucleotides. This test as-
sesses the ability of compounds to inhibit STAT3
DNA-binding. It thus indirectly reflects their ability
to inhibit STAT3 dimerization. Results are reported
in Table 1.


These data indicate that substituting the phosphate
group with either anionic tetrazole groups (peptides 10
and 11) or a monocarboxylic group (peptide 12) strongly
impairs inhibition. These results agree with those ob-
tained by McMurray et al. for Tpa and Cpa9 and sug-
gest that a monoacidic moiety may be not sufficient
for STAT3 SH2 binding, regardless of acid chain length.


In fact, it is well established that STAT3-pTyr pocket is
mainly constituted by the side chains of the two basic
residues Lys591 and Arg609, as well as by those of Ser
611 and Ser 613.25 It is thus conceivable that one addi-
tional negative charge may be required for effective
binding.

Indeed, introduction of an additional carboxyl group in
the geminal position of peptide 12 led to a compound
exhibiting moderate activity (IC50 = 108 lM for peptide
13), which is slightly better than that of the Pmp-con-
taining reference peptidomimetic 9 (IC50 = 138 lM).


Noteworthy, 9 was found in our ELISA only 17-fold less
potent than its phosphate analog 8. This result differs
from previous experiments by McMurray et al., where
it was found 40-fold less active in an EMSA (Electro-
phoretic mobility shift assay).9


Thus, our results strongly suggest that a diacidic
function is required for efficient binding to the
STAT3-SH2 domain, as is the case for malonate and
phosphonate groups.


In fact, numerous pTyr mimetics have been described in
the literature, but their potencies depend on the protein
type.3,4


For instance, Pmp was found to be the most potent mi-
metic against Grb2 SH2 domain,26 while O-malonate
was found more potent against Src and SH-PTP2 SH2
domains.15 In the case of the STAT3 SH2 domain, our
data revealed that both anionic functions could be used
as phosphate alternatives for the future design of non-
peptidic STAT3 dimerization inhibitors.


In conclusion, our work has resulted in the novel
syntheses of two pTyr mimetics, namely LL-4-((tetrazol-
5-yl)methyl)phenylalanine (LL-Tmp) and LL-O-malonylty-
rosine (LL-OMT). More importantly, their incorporation
into a high affinity ligand yielded OMT as the first non-
phosphorus-containing pTyr mimetic so far reported
against the STAT3 SH2 domain.
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Abstract—We report a new class of non-nucleoside antivirals, the 7-oxo-4,7-dihydrothieno[3,2-b]pyridine-6-carboxamides, some of
which possess remarkable potency versus a broad spectrum of herpesvirus DNA polymerases and excellent selectivity compared to
human DNA polymerases. A critical factor in the level of activity is hypothesized to be conformational restriction of the key 2-aryl-
2-hydroxyethylamine sidechain by an adjacent methyl group.
� 2007 Elsevier Ltd. All rights reserved.

Human herpesviruses, including herpes simplex type 1
and 2 (HSV-1, HSV-2), varicella zoster virus (VZV), Ep-
stein-Barr virus (EBV), and human cytomegalovirus
(HCMV), are common and usually self-limiting in
otherwise healthy individuals. However in the im-
mune-impaired, each of these viruses and the emerging
human herpesviruses (HHV-6, -7, and -8) can cause
severe disease, and together they remain a significant
health threat. The nucleoside antivirals ganciclovir
(GCV) and acyclovir (ACV), the nucleotide antiviral
cidofovir (CDV), the pyrophosphate analog foscarnet
(PFA), and the newly described antisense agent, Formi-
virsen, have been approved for treatment of certain her-
petic infections in patients but are less than ideal due to
either their associated toxicity, limited efficacy against
only one or two human herpesviruses, or the require-
ment for non-oral route of delivery.1–3 Additionally,
for certain classes of anti-herpetic drugs, resistance
issues may develop during treatment periods. Thus,
drug-resistant HSV, VZV, and CMV strains have been

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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identified,4–6 and cross-resistance of herpesviruses to
antiviral drugs has been described.7


Nucleoside based antivirals, including GCV, ACV, and
famciclovir (FCV), require phosphorylation by a
viral-specific thymidine kinase and subsequent cellular
enzymes to generate an active form, the nucleoside tri-
phosphate. The triphosphate acts as a substrate for the
viral DNA polymerase, competes with the binding of
the natural 2 0-deoxynucleoside triphosphate, and
thereby leads to partial or complete chain termination.8


We have targeted the herpesvirus DNA polymerase, a
proven molecular target, to identify broad-spectrum
anti-herpetic agents due to its high degree of homology
between nearly all of the eight human herpesviruses.9


We have previously reported on the anti-herpetic activ-
ity in cells and in animals of a novel series of 4-oxo-1,4-
dihydroquinoline carboxamides (DHQs) (e.g., 1, Fig. 1)
that demonstrated broad-spectrum inhibition of
HCMV, HSV-1, HSV-2, and VZV, as well as activity
against EBV and HHV-8 polymerases.10,11 The DHQs
are mixed competitive inhibitors of nucleoside binding
and are not cross-resistant to GCV-resistant HCMV
or to acyclovir-resistant HSV-1 mutants.10d Schnute
et al. subsequently demonstrated broad inhibition of
human herpesvirus polymerases with a related series of
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4-oxo-4,7-dihydrothienopyridines (DHTPs), exemplified
by 2a.12 In contrast to the kinetics determined for the
DHQs, this exemplar proved to be a competitive inhib-
itor of dTTP incorporation into the primer template by
HCMV polymerase.


Previous structure–activity relationship (SAR) work had
established the critical importance of the 4-chlorobenzyl
amide, the pyridone N-methyl group, and the
aminomethyl sidechain for potent antiviral activity.10a,12


Recently, Schnute et al. demonstrated that the 2-aryl-2-
hydroxyethylamine sidechain (e.g., 2b) endows the
DHTP template with significantly improved activity.
This work culminated in the identification of 2c, which
was selected for advanced preclinical development.13


Earlier SAR work also indicated that substitution of the
DHQ template 1 in the 8-position afforded analogs with
improved potency (unpublished results). Since the
DHTP template did not offer the same opportunity for
SAR exploration, we considered investigating the iso-
meric 7-oxo-1,4-dihydrothieno[3,2-b] pyridine (isoD-
HTP) series, represented by 8. Synthesis of initial
analogs from this class is summarized in Scheme 1.14


The known bicyclic esters 315 were regioselectively
formylated via the corresponding dianions, affording
aldehydes 4 in excellent yield. It is worth noting that at-
tempted Vilsmeir formylation of 3 or monoanionic
formylation of N-methylated 3 was completely unsuc-
cessful at installing the key C-2 aldehyde group. N-
Methylation of 4 followed by borohydride reduction
of the carboxaldehyde of 5 provided alcohols 6. The req-
uisite 4-chlorobenzylamide was installed via simple heat-
ing of 6 with the corresponding amine under basic
conditions. After reaction with methanesulfonyl chlo-
ride, chlorides 7 were obtained, which were used to pre-
pare final analogs 8 by simple alkylation of the requisite
sidechain amines. Non-commercial hydroxyethylamines
were prepared as previously described.13


New compounds were assayed for their ability to inhibit
HCMV polymerase and to inhibit plaque formation in
human foreskin fibroblast cells infected with HCMV
(Table 1).10b,12 The prototype 2-phenyl-2-hydroxyethyl-
amine isoDHTP analog 8a, while possessing good activ-
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1


2a: G = morpholinyl (HCMV pol IC50 = 1.1 μM)
2b: G = PhCH(OH)CH2NMe (HCMV pol IC50 = 0.10 μM)
2c: G = (R)-2-pyr-CH(OH)CH2NMe (HCMV pol IC50= 0.06 μM)


1


45


8


Figure 1. Lead carboxamide CMV pol inhibitors.

ity against HCMV pol, was less potent than the
corresponding DHTP 2b. To our surprise, however, sim-
ple addition of a methyl group at the 3-position (8b)
improved the polymerase IC50 by a full order of magni-
tude, rendering the isoDHTP template more potent than
the DHTP template. This remarkable phenomenon
proved to be general across a range of other 2-aryl-2-
hydroxyethylamine sidechains (8d–8q, Table 1).
Corresponding improvements in plaque reduction IC50


of similar or even greater magnitude were also realized.


Interestingly, the C-3 methyl provided no benefit when
the sidechain was morpholine (8v vs 8w), suggesting that
the methyl group itself does not augment binding, but
perhaps instead effects a beneficial conformational
change in the adjacent aryl ethanolamine sidechain. This
hypothesis was supported by the observation that the
C-3 methyl group was in fact detrimental when
the sidechain was N-methyl phenylalaninol (8t vs 8u).
The unique conformational demands presented by the
isoDHTP 3-methyl are also apparent in the complete
inactivity of 8x, an analog which bears a benzylmorph-
oline sidechain that confers reasonably good activity to
the DHTP template (HCMV pol IC50 = 0.5 lM, unpub-
lished results). Nevertheless, similarities with DHTP
SAR are still apparent in the requirement for an
N-methyl group on the 2-aryl-2-hydroxyethylamine
sidechain (8c) and the superiority of the (R)-enantiomer
of 8m compared to the (S)-enantiomer (8s vs 8r).







Table 1. Biological activity of dihydrothieno[3,2-b]pyridines 8


N


O


N
H


O


Cl


SG


R1


Compound Ga R1 CMV pol IC50
b (lM) Plaque IC50


c (lM)


8a Ph–CH(OH)CH2NMe H 0.58 nd


8b Ph–CH(OH)CH2NMe Me 0.041 0.04


8c Ph–CH(OH)CH2NH Me 10.6 15


8d 4-HO–Ph–CH(OH)CH2NMe H 0.22 0.15


8e 4-HO–Ph–CH(OH)CH2NMe Me 0.017 0.0004


8f 3-MeO–Ph–CH(OH)CH2NMe H 0.16 0.1


8g 3-MeO–Ph–CH(OH)CH2NMe Me 0.02 0.002


8h 3-Indolyl–CH(OH)CH2NMe H 0.21 0.5


8i 3-Indolyl–CH(OH)CH2NMe Me 0.019 0.03


8j 2-Furyl–CH(OH)CH2NMe H 0.18 0.1


8k 2-Furyl–CH(OH)CH2NMe Me 0.02 0.004


8l 2-Pyr–CH(OH)CH2NMe H 0.25 nd


8m 2-Pyr–CH(OH)CH2NMe Me 0.032 0.01


8n 2-Thiazolyl–CH(OH)CH2NMe H 0.59 nd


8o 2-Thiazolyl–CH(OH)CH2NMe Me 0.072 0.04


8p 2-Pyrazinyl–CH(OH)CH2NMe H 0.14 0.15


8q 2-Pyrazinyl–CH(OH)CH2NMe Me 0.017 0.06


8r (S)-2-Pyr–CH(OH)CH2NMe Me 0.31 0.06


8s (R)-2-Pyr–CH(OH)CH2NMe Me 0.026 0.002


8t PhCH2CH(CH2OH)NMe H 0.42 nd


8u PhCH2CH(CH2OH)NMe Me 12.4 >1


8v Morpholin-4-yl H 2.3 nd


8w Morpholin-4-yl Me 3.0 >5


8x (R)-3-Benzylmorpholin-4-yl Me >20 >5


a Unless otherwise noted, sidechains are racemic.
b Inhibition of human cytomegalovirus DNA polymerase.
c Inhibition of plaque formation in human foreskin fibroblasts infected with HCMV. nd, not determined.


Table 2. Activity versus calculated sidechain conformational mobility


N


O


N
H


O


Cl


SN


R1


HO
OH


Compound R1 CMV pol IC50
a (lM) No. conf.b


8d H 0.22 30


8e Me 0.02 6


a Inhibition of human cytomegalovirus polymerase.
b Number of rotational isomers (red bonds) within 5 kcal/mol of the


lowest energy conformation.
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We were intrigued by the possibility that the 3-methyl
group might actually be restricting the rotational free-
dom of the 2-aryl-2-hydroxyethyl sidechain into a favor-
able conformation for binding, which would constitute
an interesting example of non-covalent conformational
restriction.16 To support this hypothesis, the 3D struc-
tures of a pair of analogs differing only in the presence
or absence of the C-3 methyl group (8d and 8e) were
modeled. The graphical modeling program MOSAIC17


was used to build a preliminary structural model for
each compound using structural templates in MOSAIC
derived from analysis of crystal structure data contained
in the Cambridge Crystal Structure Database18 (CCSD).
Each of these structures was then minimized using the
structural potential energy minimization and conforma-
tional search program BATCHMIN.17 An MM2*


potential function19 filtered by a generalized Born solva-
tion model20 was employed for the energy evaluations
and minimization. The conformational flexibility of
the C-2 side chain of each compound was explored using
the systematic pseudo-Monte-Carlo search feature of
BATCHMIN to find minimum energy rotational iso-
mers. The five rotatable bonds of the side chain (colored
red in Table 2) were searched considering 10,000 rota-
tional poses and retaining those conformations calcu-
lated to be within 5 kcal/mol of the lowest energy
conformation. The flexible amide sidechain was omitted
from these calculations to reduce the complexity of the
calculation and computation time required. The number

of conformations obtained for each search is given in
Table 2.


The computational data in Table 2 support our hypoth-
esis that the superior activity is associated with attenu-
ated conformational freedom of the amine sidechain.
8e, possessing the C-3 methyl group, has only six low en-
ergy conformations available to it. Removal of the C-3
methyl group (8d) allows the C-2 sidechain to adopt a
full 30 conformations within the same energy range,
and at the same time reduces the polymerase inhibitory
activity by an order of magnitude. Distribution of 8d
into a greater number of low energy conformations
would be expected to increase the entropy of binding,
explaining the overall decrease in activity.
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Unfortunately the superior activity of the isoDHTP ser-
ies was associated with very poor aqueous solubility.
Among the analogs in Table 1, one of the most soluble
was 8m (0.7 lg/mL). Efforts to improve the solubility are
summarized in Table 3. Other heterocycles were exam-
ined with limited success, the best being imidazole (9d)
at 2.6 lg/mL. Changing the benzyl amide phenyl to pyr-
idine (9a) dramatically improved solubility, but at an
unacceptable cost to activity. Polar substituents on the
sidechain phenyl also improved solubility, but increases
beyond 2.7 lg/mL (9h) were not possible without losing
too much activity (9i and 9k). Replacing the chlorine on
the benzyl amide with fluorine effected approximately a
10-fold improvement in solubility (9e vs 9f) but again
this costs a penalty with regard to activity. Ultimately
the best balance of activity and solubility was realized
with pyrimidine analog 9n, although it is also worth not-
ing the excellent activity and improved solubility of the
3-hydroxy-6-pyridyl analog 9j.

Table 3. Biological activity and solubility of dihydrothieno[3,2-b]pyridinesa


N


O


SN
Ar1


OH


Compound Ar1 Ar2 CMV p


8m 2-Pyridyl 4-Cl–Ph 0.032


9a 2-Pyridyl 4-Cl-3-pyr 1.2


9b 2-Pyrazinyl 4-Cl–Ph 0.017


9c 3-Pyridazinyl 4-Cl–Ph 0.20


9d 2-Imidazolyl 4-Cl–Ph 0.25


9e 3-Pyrazolyl 4-Cl–Ph 0.08


9f 3-Pyrazolyl 4-F–Ph 0.51


9g 4-NH2SO2Ph 4-Cl–Ph 0.10


9h 3-AcNHPh 4-Cl–Ph 0.093


9i 4-Me2NCH2Ph 4-Cl–Ph 1.8


9j 3-OH–Pyridin-6-yl 4-Cl–Ph 0.0097


9k 4-HOOC–Ph– 4-Cl–Ph 0.030


9l 2-Pyrimidinyl 4-Cl–Ph 0.037


9m (R)-2-Pyrimidinyl 4-Cl–Ph 0.015


9n (R)-2-Pyrimidinyl 4-F–Ph 0.067


a Unless otherwise noted, sidechains are racemic.
b Inhibition of human cytomegalovirus DNA polymerase.
c Inhibition of plaque formation in human foreskin fibroblasts infected with


Table 4. Broad-spectrum antiviral, PK, and safety data of isoDHTP analog


Compound Polymerase IC50
a (lM) Antivi


HCMV HSV-1 VZV Human DNA-pol HCMV


2c 0.061 0.076 0.021 >20 (a) 0.10


8s 0.027 0.023 0.0058 >20 (a) 0.002


9n 0.067 0.13 0.054 >20 (a) 0.05


Acyclovir >20


Ganciclovir 1.3


Foscarnet 2.5 nd nd <0.28 (c)


Aphidicolin 0.4 0.5 0.6 2.6 (a)


AZT-TP 22.1 3.3 5.8 2.3 (d)


a Inhibition of human cytomegalovirus DNA polymerase.
b Inhibition of plaque formation in human foreskin fibroblasts infected with
c Dosed iv (5 mg/kg) in rats.
d Dosed po (15 mg/kg) in rats. nd, not determined.

Selected isoDHTP analogs were evaluated in a rat phar-
macokinetic model, and complete antiviral and selected
PK data for the two possessing the best bioavailabilities
(8s and 9n) are presented in Table 4. Data for bench-
mark antivirals and the DHTP preclinical candidate 2c
are included for comparison. An examination of the
two pyridyl analogs 8s and 2c reveals the superior anti-
viral activity of the isoDHTP template; however, the
isoDHTP analog suffers from inferior solubility and a
greater propensity to inhibit the hERG channel. hERG
blockage is considered to be a significant cardiovascular
risk factor when selecting compounds for advanced
development.21 The fluoro isoDHTP analog 9n,
although possessing somewhat less impressive antiviral
activity than 8s, has much better solubility and a mark-
edly improved hERG profile. It is also noteworthy that
the HSV-1 plaque reduction IC50 of 9n is nearly 10-fold
lower than that of the DHTP development candidate,
perhaps due at least in part to its superior solubility.

N
H


Ar2


O


9


ol IC50
b (lM) Plaque IC50


c (lM) Aq soln (lg/mL)


0.01 0.7


nd 30


0.06 0.25


0.015 1.9


0.45 2.6


0.035 0.4


0.8 6.8


0.5 0.11


0.02 2.7


nd 19


0.0004 5.0


4.2 >117


0.015 1.3


0.004 1.4


0.05 19


HCMV. nd, not determined.


s versus DHTP 2c and established therapies


ral IC50
b (lM) Aq soln


(lg/mL)


CL


(L/h/kg)c


F%d hERG IC20 (lM)


HSV-1 VZV


3.0 0.002 10 2.8 45 0.5


1.2 0.001 0.3 1.4 30 0.1


0.41 0.02 19 2.1 29 2.0


2.1 8.1


nd nd


HCMV.
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We have established that the DHTP template can be
modified to accommodate substitution in the same re-
gion as C-8 of the DHQ template with only minimal
diminution in activity. Furthermore we observed that
simple methyl substitution at C-3 of the new isoDHTP
template effects a dramatic boost in potency, which
may be due to conformational restriction of the key 2-
aryl-2-hydroxyethylamine sidechain, an hypothesis that
is supported by both SAR and modeling. A compound
was identified from this class (9n) with antiviral activity
nearly equivalent to the DHTP development candidate
2c, but which also possesses improved solubility and re-
duced hERG liability. Additional SAR studies on C-3
and N-4 substitution will be reported in due course.
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Abstract—A series of novel cisplatin-type platinum complexes were designed, characteristic of epoxysuccinates as leaving groups.
The pertinent compounds were prepared and characterized by IR, 1H NMR, and ESI-MS spectra with elementary analyses. The
in vitro cytotoxic activities of compounds toward SPC-A1 human lung adenocarcinoma cell line and BGC823 human stomach ade-
nocarcinoma cell line were determined. Biological tests have confirmed that complexes containing 4R,5R-DMID [abbreviation of
(4R,5R)-4,5-bis (aminomethyl)-2-isopropyl-1,3-dioxolane] as carrier ligands have greater cytotoxicity toward tumor cells than the
corresponding compounds with other carrier ligands. Most platinum complexes with trans-epoxysuccinates usually have higher
cytotoxicity than those with cis-epoxysuccinates. Complex 4a shows the most effective among those tested platinum complexes in
both cell lines, and its cytotoxicity approached that of cisplatin.
� 2007 Elsevier Ltd. All rights reserved.

Cisplatin is one of the most widely used antitumor drugs
in the treatment of various tumors at present,1–9 how-
ever, the clinical shortcoming of cisplatin is obvious,
such as its toxicity,10–12 narrow range of activity, both
intrinsic and acquired resistance, and low aqueous solu-
bility.13–21 Up till now, much effort has been dedicated
to developing cisplatin analogues with expectation to
possess broader spectra of activity, improved clinical
efficacy, and reduced toxicity. Thousands of platinum
compounds have been synthesized and biologically eval-
uated, but only a small number of them have been con-
sidered to be promising for human clinical trials. This
situation is due to the limitation of cisplatin mentioned
above. One major approach to achieve this goal is to
alternate the chloride anions of cisplatin to appropriate
leaving groups. In our previous study, we have replaced
the chloride anion with alkoxyacetate as carboxylato
ligands to promote the aqueous solubility of the related
Pt(II) complexes of the type [Pt(A2)(OCOCH2OR)2] (A2


is a diamine or two monoamines). Experiments indi-
cated that most of them showed better in vitro cytotox-
icity than carboplatin against the selected cell lines.22


However, further investigation showed that these com-
plexes were easily disassociated into ion pairs in their

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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aqueous solutions, due to the weak coordination bond
between the monodentate carboxylato ligand and the
Pt(II) species. In addition, a number of complexes with
seven-membered rings were found to exhibit high antitu-
mor activity.23–26 Thus, dicarboxylate containing an
epoxy linkage is selected as a leaving ligand to prepare
the corresponding Pt(II) complex. It is expected that
such resulting Pt(II) complexes with dicarboxylate as a
bidentate ligand may be less disassociated in water with
chelating seven-membered rings, and show high in vitro
cytotoxicity. Furthermore, the effect of the cis- and
trans-configuration of epoxysuccinates on the cytotoxic-
ity of these complexes will be studied.


cis- and trans-Epoxysuccinic acids were prepared by oxi-
dizing the corresponding maleic acid and fumaric acid,
respectively. A general method was applied to prepare
the related platinum complexes containing epoxysucci-
nate anions by treatment of [Pt(A2)I2]27,28 (A2 is a dia-
mine or two monoamines) with silver carboxylate.29,30


cis-Epoxysuccinates served as leaving groups in com-
plexes 1a–5a, whereas trans-epoxysuccinates as leaving
groups in compounds 1b–5b. All compounds were spec-
trally characterized by IR, 1H NMR, and ESI-MS spec-
tra together with microanalyses.34 The elemental
analysis for each compound agreed well with the empir-
ical formula proposed. In their IR spectra, the shifts of
mNH2 and dNH2 frequencies comparing with the free
amino group demonstrated the participation of amino
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groups in binding with Pt(II) due to Pt(II)–NH2 coordi-
nation. The shifts of the C@O absorption from free
carboxylic acids near 1700 cm�1 to a band near 1662–
1614 cm�1 proved that the carboxylate anion was com-
bined with the metal atom in each case.31 The C–O–C
absorptions of epoxy groups were clearly observed near
950 cm�1, but the presence of C–O–C vibrations near
1250 cm�1 were feeble and concealed. Most of the com-
pounds had a peak of [M+H]+ in their positive ESI mass
spectra, and several compounds gave [M+Na]+ peaks,
which are in agreement with their molecular formula
weights. Because of three isotopes of Pt element, all
the mass spectra of the platinum complexes were found
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Figure 1. Structures of platinum(II) complexes (a = cis-epoxysucci-


nates; b = trans-epoxysuccinates).


Table 1. In vitro cytotoxicity against SPC-A1 human lung adenocarcinoma


Complexes The percentages of cell death after being treate


50 20


1a / /


2a / /


3a 14.3 (113.9 lM) /


4a 74.3 (100.2 lM) 60.2 (40.1 lM)


5a 30.3 (107.1 lM) 8.0 (42.8 lM)


1b 40.6 (139.3 lM) 22.0 (55.7 lM)


2b / /


3b 24.2 (113.9 lM) 10.5 (45.6 lM)


4b 78.6 (100.2 lM) 33.6 (40.1 lM)


5b 66.3 (107.1 lM) 27.7 (42.8 lM)


Cisplatin 74.8 (166.7 lM) 71.0 (66.7 lM)


Table 2. In vitro cytotoxicity against BGC823 human stomach adenocarcin


Complexes The percentages of cell death after being treate


50 20


1a / /


2a / /


3a / /


4a 39.6 (100.2 lM) 20.4 (40.1 lM)


5a / /


1b / /


2b / /


3b 16.4 (113.9 lM) 6.4 (45.6 lM)


4b 17.8 (100.2 lM) 11.7 (40.1 lM)


5b 24.6 (107.1 lM) 9.6 (42.8 lM)


Cisplatin 45.9 (166.7 lM) 34.4 (66.7 lM)

with three protonated ion isotopic peaks. The molecular
structures of all compounds shown in Figure 1 were also
confirmed by their related 1H NMR spectral data.


The in vitro cytotoxicities of the platinum compounds
against SPC-A1 human lung adenocarcinoma and
BGC823 human stomach adenocarcinoma cell lines were
screened by the School of Medicine, Nanjing University.
Cytotoxicities of forerunner complexes 1a–5b toward
SPC-A1 human lung adenocarcinoma and BGC823
human stomach adenocarcinoma cell lines were deter-
mined by PI-FCM assay.32,33 The cytotoxicities of these
compounds were compared with those of cisplatin. In this
study, cells were continuously exposed to test compounds
1a–5b for 24 h. The results are given in Tables 1 and 2,
and illustrated in Figures 2 and 3, respectively.


From the above biological results, it is concluded that
human lung adenocarcinoma cell was more sensitive to
those platinum analogues treatment. The majority of
compounds 1a–5b showed cytotoxicity against SPC-
A1. Several of those complexes showed cytotoxicity
against BGC823. Complex 4a displayed the highest
cytotoxicity against both cell lines. Its cytotoxicity was
comparable to cisplatin toward both SPC-A1cell line
and BGC823 cell line. As seen in Figures 2 and 3, the
order of the cytotoxicities in SPC-A1 is cisplatin
>4a > 4b > 5b > 1b > 5a, 3b > 3a, in BGC823 is
cisplatin >4a > 4b, 5b > 3b.
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Based on the percentages of cell death, the structure–
activity relationship revealed that the structure of the
amino ligand was very important to cytotoxic activity.
In general, it has been demonstrated that most of the
platinum complexes with trans-R,R-bidentate diamine,
such as 3a–5a, and 5b, are more active than those with
the monoamine carrier ligand when the leaving group
is the same. However, among these compounds, there
is a reversing case, 1b > 3b in SPC-A1 cell. The activities

Figure 4. 3D models for 4a and 4b.

of the complexes with isopropylamine seemed lowest in
both selected cell lines.


The cytotoxicities of the resulting platinum complexes
are also related to the nature of the leaving group. It
has been observed from Figures 2 and 3 that nearly all
platinum complexes with trans-epoxysuccinate moieties
have higher cytotoxicity than those with cis-epoxysucci-
nate groups when the amine carrier ligand is the same,
that is 5b > 5a; 3b > 3a and 1b > 1a in both selected
cells. However, there is an exception, such as 4b < 4a
in both SPC-A1 and BGC823.


The 3D models of complexes 4a and 4b are shown in
Figure 4 by chemoffice.35 It is observed that the
seven-membered chelating ring in the complexes with
cis-epoxysuccinates is less distorted than that of those
with trans-epoxysuccinates. This hints that complexes
b series may exhibit higher in vitro cytotoxicity than
complexes a series, when these compounds have the
same carrier ligand. This is probably due to the fact
that the big tension of the chelating ring with trans-
epoxysuccinates is liable to leave in contrast to those
with cis-epoxysuccinates, which has been proved by
experimental data only with an exception of complex
4a.


In conclusion, a part of compounds exhibit better
cytotoxic activity against tested cell lines. Complex
4a, cis-(cis-epoxysuccinato)[(4R,5R)-4,5-diaminome-
thyl-2-isopropyl-1,3-dioxolane]platinum(II), displays
the highest cytotoxicity against both tested cell lines.
Since 4a has lower solubility in both water and organ-
ic solvents, much work needs to be done to improve
physicochemical properties of this series of complexes.
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Abstract—SAR studies for N-aryl-N 0-benzyl urea class of TRPV1 antagonists have been extended to cover a-benzyl alkylation.
Alkylated compounds showed weaker in vitro potencies in blocking capsaicin activation of TRPV1 receptor, but possessed
improved pharmacokinetic properties. Further structural manipulations that included replacement of isoquinoline core with inda-
zole and isolation of single enantiomer led to TRPV1 antagonists like (R)-16a with superior pharmacokinetic properties and greater
potency in animal model of inflammatory pain.
� 2007 Elsevier Ltd. All rights reserved.
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Transient receptor potential vanilloid 1 (TRPV1) is cur-
rently one of the most attractive therapeutic targets in
pain research.1 Nonselective cation channel TRPV1,
originally described as a molecular target for capsaicin,
pungent component of chili pepper, is now considered to
be the principal integrator of noxious information. The
reason for such characterization lies in the fact that
there are multiple mechanisms by which TRPV1 can
be either activated or sensitized. For example, activation
of TRPV1 channel can be achieved by vanilloids such as
capsaicin and resiniferatoxin, noxious heat (>42 �C),
acidic extracellular media (pH < 6), and endogenous
anandamide and arachidonic acid metabolites among
other agents. On the other hand, activation of TRPV1
is potentiated by prostaglandins, bradykinin, and other
pro-inflammatory substances.2 Blocking the painful ef-
fects of activators by TRPV1 antagonists is one of the
major avenues in discovery of novel analgesics.
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Recently two groups reported on discovery of N-iso-
quinolin-N 0-benzyl urea class of TRPV1 antagonists.3,4


This series produced lead compound 1 (Fig. 1) charac-
terized by good potency at TRPV1,5 modest efficacy in
animal pain models6, and less than desirable pharmaco-
kinetic profile. Here we discuss the effects of alkylation
and arylation at the benzylic carbon atom on in vitro,
in vivo, and pharmacokinetic properties of TRPV1
antagonists.


General synthetic approach to the synthesis of target
TRPV1 antagonists is shown in Scheme 1. Starting aryl-
alkylketones 2 were converted to corresponding oximes
3 which then were reduced to amines 4 and further

N


H


1


CF3


Figure 1. Lead TRPV1 antagonist 1.
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Scheme 1. Reagents and conditions: (a) H2NOMeÆHCl, Py, 16 h, rt; (b) H2, 10% Pd/C, MeOH–NH3; (c) 5-isocyanatoisoquinoline, CH2Cl2, rt or


2,2,2-trichloro-N-(isoquinolin-5-yl)acetamide, MeCN, DBU, reflux.
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elaborated to desired compounds 5 by reacting with iso-
quinoline isocyanate or its surrogate trichloroaceta-
mide.3 Scheme 2 outlines synthetic detours necessary
to prepare commercially unavailable starting ketones
2. Thus, for the synthesis of cyclopropyl-containing ke-
tone 2p, corresponding Weinreb amide 7 was prepared
from 4-trifluorobenzoyl chloride (6) and then reacted
with cyclopropylmagnesium bromide. Under the same
reaction conditions cyclopentylmagnesium bromide
yielded only traces of the corresponding ketone 2r.
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Scheme 2. Reagents and conditions: (a) NH(OMe)MeÆHCl, Py, THF, 0 �C, rt


48%; (c) see Scheme 1, a–c; (d) cyclopentylmagnesium bromide, THF, 0 �C, 2


2r and 59% for 2s; (f) piperidine, Py, reflux, 2 h, 86%; (g) AlCl3, CS2, then M

However, reactions between acid chloride 6 and cyclo-
pentyl- and cyclohexylzinc-bromides were more success-
ful providing desired ketones 2r and 2s in 52 and 59%
yields, respectively. 4-Piperidinophenyl-methyl ketone
(2g) was prepared in one step from corresponding
fluoro-substituted ketone 8 by refluxing the mixture of
reactants in pyridine. For the synthesis of compounds
5i–k where phenyl group in the benzyl moiety contains
two substituents one of which is tert-butyl, we
took advantage of known phenomenon of tert-butyl
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, 2 h, quantitative; (b) cyclopropylmagnesium bromide, THF, 0 �C, 1 h,


h; (e) cycloalkylzinc bromide, CuCN, LiBr, THF, �45 �C, rt, 52% for


eCOCl, 49–95%.
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Scheme 3. Reagents and conditions: (a) SOCl2, toluene, 80 �C, 2 h, 98%; (b)!(i!) NaN3, H2O, 0 �C, 0.5 h;! (ii!)toluene, 60 �C, 1 h, 96% for two


steps; (c) 5-aminoisoquinoline, THF, 16 h, rt, 38%; (d) methylmagnesium bromide, THF, 0 �C, rt, 16 h; (e) see Scheme 1c.
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isomerization/migration that occurs during electrophilic
reactions on tert-butyl-substituted benzenes.7 Thus, Fri-
edel–Crafts acetylation of disubstituted benzene 9i–k in
carbon disulfide in the presence of aluminum chloride
initiated tert-butyl group migration from para- to
meta-position and gave desired ketones 2i–k in good
yields. For the synthesis of gem-dimethyl compounds
5t and 5u two approaches were taken (Scheme 3). Cur-
tius rearrangement strategy starting from the carboxylic
acid 10 led to 5t and reduction of nitrile 11 to amine 12
was the key reaction8 in the preparation of 5u.

Table 1. In vitro functional activity of isoquinoline TRPV1 antagonists 5 in


N


HN


O


N
H


R1


5


Compound R1 R2


1 H H


5a Me H


5b Me H


5c Me H


5d Me H


5e Ph H


5f Ph H


5g Ph H


5h Ph H


5i Me H


5j Me H


5k Me H


5l Et H


5m Et H


5n Me2NCH2 H


5o NCCH2 H


5p Cyclopropyl H


5r Cyclopentyl H


5s Cyclohexyl H


5t Me Me


5u Me Me


a All values are means ± SEM of at least three separate experiments.
b Only one reading.

Inspection of SAR Table 1 reveals that attachment of
the methyl group to the benzylic carbon atom provides
superior TRPV1 antagonists compared with the ethyl
(5d vs 5l), phenyl (5a vs 5e), cycloalkyl (5a vs 5p–s) or
gem-dimethyl (5a vs 5u) analogs. Although in vitro
activities of the most potent methyl-substituted com-
pounds 5a–d, j, k were still 4- to 5-fold weaker than
for unsubstituted 1, we found that methylation at the
benzylic carbon atom led to TRPV1 antagonists exhibit-
ing longer half-life and larger volume of distribution in
both rat and dog pharmacokinetic studies (Table 2).

human TRPV1 Ca2+ influx assay


R3


R2


R3 hTRPV1 IC50
a (nM)


4-CF3 4 ± 3


4-CF3 22 ± 9


4-Br 26 ± 10


4-t-Bu 24 ± 4


3-F, 4-CF3 19 ± 5


4-CF3 147 ± 21


4-t-Bu 125 ± 30


4-Piperidino 171 ± 52


H 600 ± 0b


2-Me, 4-t-Bu 46 ± 12


2-Et, 4-t-Bu 20 ± 5


2,4-di-t-Bu 17 ± 5


3-F, 4-CF3 109 ± 11


H 2580 ± 350


H 31,000 ± 2200


H 15,900 ± 1100


4-CF3 149 ± 50


4-CF3 476 ± 180


4-CF3 287 ± 118


4-Cl 143 ± 29


4-CF3 94 ± 14







Table 2. Pharmacokinetic properties of N-benzyl-N 0-isoquinolinyl urea 1 and its methylated analog 5aa


Compound hTRPV1 IC50 (nM) iv T1/2 (h) iv Vb (L/kg) iv Clp (L/h kg) po F (%)


N


HN


O


N
H


CF3


1


4 0.6 (rat) 0.6 (rat) 0.6 (rat) 46 (rat)


1.0 (dog) 0.5 (dog) 0.4 (dog) 32 (dog)


N


HN


O


N
H


CF3


Me


5a


22 1.1 (rat) 1.1 (rat) 0.7 (rat) 47 (rat)


1.6 (dog) 1.1 (dog) 0.5 (dog) 98 (dog)


a Pharmacokinetic parameters determined in rats and dogs following administration of 10 lmol/kg.
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In an effort to further improve pharmacokinetic proper-
ties of target molecules, we replaced the isoquinoline
with an indazole moiety that was previously used in
the unsubstituted series.9 Thus, 4-nitroindazole (13)10


was acylated by methylchloroformate followed by cata-
lytic hydrogenation over Pd/C to provide 4-aminoindaz-
ole derivative 14 which was converted to isocyanate
intermediate 159 (Scheme 4). The latter reacted with sev-
eral a-methyl-benzylamines to afford corresponding ur-
eas, which after indazole N-deprotection by NaOH in
MeOH gave target compounds 16. In order to resolve
individual enantiomers of 16a, several approaches were
taken such as (1) asymmetric synthesis of the chiral
amines where the key reaction was chiral oxazaboroli-
dine catalyzed reduction of acetophenones to secondary
alcohols11,12 followed by elaboration to amines; (2) chi-
ral resolution of racemic amines either by chiral acids or
diastereomer formation; (3) HPLC separation of final
racemic products on chiral columns. The most useful
and reproducible results were obtained by chiral resolu-
tion of racemic amine 4a through diastereomer forma-
tion (Scheme 5). Thus, acetophenone 2a was converted
to racemic amine 4a in two steps consisting of oxime for-
mation followed by reduction. Then, the diastereomeric
mixture of amides 17, prepared from 4 and (R)-O-acet-
ylmandelic acid, was separated on silica gel to give dia-
stereomerically pure amides (R,R)-17 and (S,R)-17 in 42
and 39% yields, respectively. Finally, the cleavage of the
chiral auxiliary by treating the amides with aq HBr
afforded desired chiral amines (R)-4a and (S)-4a in good
yields. Absolute stereochemistry was assigned based on

N
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N
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MeO2C MeO
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b


Scheme 4. Reagents and conditions; (a)! (i!) mix NaH (60% in mineral oil)


(ii!) H2, 10% Pd/C, MeOH, 60 psi, 60 �C, 1 h, used crude; (b) 20% COCl2 in


16 h, rt; !(ii!) 5 M NaOH in MeOH, 2 h, rt.

the sign of reported optical rotation.13 NMR and HPLC
analysis of Mosher amides of synthesized amines con-
firmed enantiomeric ratios of 96:4 and 97:3 for (R)-4a
and (S)-4a, respectively. Synthesis of target chiral com-
pounds (R)-16a and (S)-16a was completed in two steps
from amines (R)-4a and (S)-4a by their acylation with
isocyanate 15 followed by deprotection of methoxycar-
bonyl group. Commercially available chiral amines were
used for the synthesis of single enantiomers of 16b,c.


Appraisal of enantiomeric pairs of TRPV1 antagonists
16 in indazole series indicated clear effect of chirality
on the functional potency of TRPV1 antagonists in
the Ca2+ influx assay (Table 3). (R)-Enantiomers of
16a–c were �5- to 30-fold more potent than their (S)-
counterparts.


The most potent compound from these series, (R)-16a,
was tested in rat model of inflammatory pain and the re-
sult was compared with the activity of compound 1 in
the same model. Compound (R)-16a demonstrated
greater potency in vivo than 1 in relieving CFA (Com-
plete Freund’s Adjuvant)-induced thermal hyperalge-
sia14 after oral administration (Table 4), despite the
fact that it was 10-fold weaker than 1 in Ca2+ influx as-
say. The lack of correlation between in vitro and in vivo
activities for 1 and (R)-16a can be explained by better
pharmacokinetic properties of (R)-16a compared with
1. The most notable differences were larger volume of
distribution (2.9 vs 0.6 L/kg) and longer half-life (2.1
vs 0.6 h) for (R)-16a.
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Scheme 5. Reagents and conditions: (a) see Scheme 1, a and b; (b)!(i!) (R)-O-acetylmandelic acid, DCC, DMAP, CH2Cl2, rt, 16 h;!(ii!) silica


gel chromatography, 42% for (R,R)-17 and 39% for (S,R)-17; (c) 48% HBr (aq), H2O, reflux, 75% for (R)-4a and 72% for (S)-4a; (d) see Scheme 4, c.


Table 3. In vitro functional activity of indazole TRPV1 antagonists 16 in human TRPV1 Ca2+ influx assay


N
N
H


HN


O


N
H


Me


R


16 


Compound R hTRPV1 IC50
a (nM)


(rac)-16a 4-CF3-phenyl 47 ± 11


(S)-16a 4-CF3-phenyl 248 ± 62


(R)-16a 4-CF3-phenyl 41 ± 10


(S)-16b 4-Me-phenyl 749 ± 115


(R)-16b 4-Me-phenyl 73 ± 5


(S)-16c naphthyl 3750 ± 1900


(R)-16c naphthyl 123 ± 7


a All values are means ± SEM of at least three separate experiments.


Table 4. Comparison of in vitro, in vivo, and pharmacokinetic properties of compounds 1 and (R)-16a


Compound hTRPV1 IC50 (nM) CFA ED50 (lmol/kg) poa iv T1/2 (h)b iv Vb (L/kg)b po Fb (%)


1 4 40 0.6 0.6 46


(R)-16a 41 13 2.1 2.9 53


a The data represent means of n = 6 per dose group.
b Pharmacokinetic parameters determined in rats following administration of 10 lmol/kg.
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In conclusion, several modifications to the early pharma-
cological tool compound 1 were made with the goal of
improving both pharmacokinetic properties and in vivo
activity. These modifications included methylation at
benzylic carbon atom, replacement of isoquinoline core
with indazole, and finally resolving individual enantio-
mers. While this process resulted in compounds showing
weaker activity at TRPV1, their improved pharmacoki-
netic properties resulted in greater potency in an animal
pain model. The current data also demonstrated that
introduction of a stereogenic center may offer additional
opportunities to improve pharmacological and pharma-
cokinetic properties of TRPV1 compounds by virtue of
one of the enantiomers being superior to the other.
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Abstract—A series of marine alkaloid 8,9-dihydrocoscinamide B, its analogues and indolylglyoxylamide derivatives have been syn-
thesized and screened for their in vitro antileishmanial activity profile in promastigote and amastigote models. Compounds 7 and 10
have shown 99–100% inhibition against promastigotes and 97–98% inhibition against amastigotes at a concentration of 10 lg/ml.
� 2007 Elsevier Ltd. All rights reserved.

Leishmaniasis is a growing health problem in many
parts of the world, with about 350 million people living
in areas of disease endemicity and about 2 million new
cases each year.1–3 Leishmaniasis is caused by different
species belonging to the genus Leishmania, a protozoan
which is transmitted to humans by the bite of an insect
vector, phlebotomine sandfly. Infection by various
strains of Leishmania causes a wide spectrum of disease
in humans, with many different clinical presentations.
The severity of the disease is largely dictated by the
immunological status of the infected individual and by
the species of Leishmania involved. Leishmania spp.
exists in two morphologically distinct forms: a motile
flagellated form (promastigotes) and an intracellular
non-flagellated form (amastigotes). The promastigotes
are ingested by mononuclear phagocytes of the host,
where they transform into immotile amastigotes, multi-
ply, rupture the host cell and then invade other cells.4


The visceral form of Leishmaniasis, commonly known
as Kala-azar, is caused by the parasite Leishmania dono-
vani and is often fatal. The drugs for leishmaniasis’s
treatment of all their clinical forms are sodium stilbog-
luconate (Pentostam) and meglumine antimonate (Glu-
cantime), despite the fact that they exhibit renal and
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cardiac toxicity.5 Alternative drugs, such as pentami-
dine, amphotericin B, and some azo-derivatives, are also
very toxic with serious side effects.6 Miltefosine, a phos-
phocholine analogue originally developed as an antican-
cer agent, has been found to be highly effective against
leishmaniasis in vitro and in vivo. Now, this compound
is the only oral agent against both cutaneous7 and vis-
ceral8 leishmaniasis, although presenting severe gastro-
intestinal problems.9 Since the chemotherapy against
leishmaniasis is still inefficient, there is an urgent need
for the development of new, efficient and safe drugs
for the treatment of this disease.10


Natural products have played a significant role in the
drug discovery process throughout the last century.
Plant derived natural products were used in traditional
medicine as therapies of malaria and cutaneous leish-
maniasis. Although most active drugs against infectious
agents are derived from natural products,11–13 medicinal
scientific evaluation of the medicinal properties of mar-
ine sources remains grossly understudied because of the
presence of active principle in very minute quantity. A
variety of marine sources including sponges, tunicates,
red alga, acorn worms and symbiotic bacteria have been
shown to generate indole alkaloids, which represent the
largest number and most complicated of the marine
alkaloids.14 The indole skeleton often appears in the nat-
ural products with a variety of biological activities.15–17


It has been reported that indolylglyoxylamide deriva-
tives have anticancer activity and bisindolic enamides,
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Coscinamide A–C (1–3); isolated from a marine sponge,
a Coscinoderma sp., give cycloprotection against HIV in
the NCI assay.18,19 This class of secondary metabolites
draws attention to the tremendous unexplored potential
and can be used as the basis for further development as
drug candidates.
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1 Coscinamide A R=Br, R'=H 


2 Coscinamide B R=R'=H 


3 Coscinamide C R=Br, R'=OH


Apart from the synthesis of bioactive heterocycles,20 we
undertook the synthesis of bioactive marine natural
products and under this ongoing programme, we inves-
tigated the antileishmanial in vitro activity of 8,9-dihyd-
rocoscinamide B, its analogues and indolylglyoxylamide
derivatives. In this communication, we have reported
in vitro antileishmanial activity of these synthesized
compounds.


8,9-Dihydrocoscinamide B (7) and its analogues (8–11)
were synthesized in high yield by reacting indole oxalyl
chloride (I) with tryptamine in dry THF at 0 �C to
ambient temperature for 24 h. (Scheme 1). Same set of
conditions was applied for the synthesis of various indo-
lylglyoxylamide derivatives (12–22) by using different
amines instead of tryptamine (Scheme 2) in quantitative
yield. All the synthesized compounds are well character-
ized by spectroscopic method such as IR, mass, NMR
and elemental analysis.23


Luciferase transfected L. donovani promastigotes, which
are more stable under the influence of G 418, were
maintained at 25 ± 1 �C in medium 199 supplemented
with 10% Fetal Calf Serum (GIBCO). The effect of
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Scheme 1. Reagents and conditions: (a) THF, 0 �C; (b) tryptamine, THF, 0

compounds on the growth of promastigotes was as-
sessed by monitoring the luciferase activity of viable
cells after treatment. The transgenic promastigotes of
late log phase were seeded at 5 · 105/100 ll medium
199/well in 96-well flat-bottomed microtitre (MT) plates
(CELLSTAR) for 72 h in medium alone or in presence
serial dilutions of drugs (250 ng/ml to 10 lg/ml) in
DMSO.21 Parallel dilutions of DMSO were used as con-
trols. After incubation, an aliquot (50 ll) of promasti-
gote suspension was aspirated from each well of 96-
well plate and mixed with equal volume of Steady
Glo� reagent (Promega) and luminescence was mea-
sured in luminometer. The values were expressed as
RLU (relative luminescence unit).


For assessing the activity of compounds against amas-
tigote stage of the parasite, mouse macrophage cell
line (J-774A.1) infected with promastigotes expressing
luciferase firefly reporter gene was used. Cells were
seeded in a 96-well plate (5 · 104 cells/100 ll/well) in
RPMI-1640 containing 10% fetal calf serum and the
plates were incubated at 37 �C in a CO2 incubator.
After 24 h, the medium was replaced with fresh med-
ium containing stationary-phase promastigotes
(2.5 · 105/100 ll/well). Promastigotes invade the mac-
rophage and are transformed into amastigotes. The
test material in appropriate concentration (50 and
10 lg/ml) in complete medium was added after replac-
ing the previous medium and the plates were incubated
at 37 �C in a CO2 incubator for 24 h or more. After
incubation, the drug-containing medium was decanted
and 50 ll PBS was added to each well and mixed with
an equal volume of the steady Glo reagent. After gen-
tle shaking for 1–2 min, the reading was taken in a
luminometer.


The in vitro biological activity of 8,9-dihydrocoscina-
mide B (7), its analogues (8–11) and indolylglyoxyla-
mide derivatives (12–22) has shown encouraging
results against L. donovani. The percentage inhibition
of these compounds against promastigote has been
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shown in Table 1, while compounds having percentage
inhibition against promastigote more than 80% were
further screened for amastigote model (Table 2). Five
compounds (7–10) and 17 showed 99–100% inhibition
against promastigotes, whereas two compounds 7 and
10 exhibited 98% inhibition in amastigotes at a concen-
tration of 10 lg/ml. 8,9-dihydrocoscinamide B (7)
showed 100% inhibition against promastigotes and
�98% inhibition against amastigotes. 5-bromo-8,9-
dihydrocoscinamide B (8) showed 99% and 75% inhibi-
tion in promastigote and amastigote, respectively.


While 6-chloro-8,9-dihydrocoscinamide B (9) showed
99% against promastigotes and 59% inhibition in

Table 1. Antileishmanial in vitro activity against luciferase–promastigote sy
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amastigotes. 5-Bromo-8,9-dihydrocoscinamide B (8) is
more active than 6-chloro-8,9-dihydrocoscinamide (9)
is in agreement with the results reported in the literature
that bromo alkaloids are more active as compared to
chloro alkaloids.22 We observed that indeed 6-chloro-
8,9-dihydrocoscinamide (9) acts as inhibitors, while
5-bromo-8,9-dihydrocoscinamide (8) enhances antileish-
manial activity.


Substitution at N in 8,9-dihydrocoscinamide B is also
very important and responsible for activity. Compound
(10) showed 99% inhibition in promastigotes and �98%
inhibition in amastigotes, whereas compound (11)
showed only 49% inhibition in promastigotes. These
data reveal that presence of electron donating groups
enhances the percentage inhibition, whereas electron
withdrawing groups retard the percentage inhibition.


Compound (12), a bisindole alkaloid, showed �94%
inhibition in promastigotes, while showing total cell loss
in amastigote. Indolylglyoxylamide derivatives showed
lesser degree of inhibition as compared to 8,9-dihydro-
coscinamide B derivatives. Compound (13), the only
indolylglyoxylamide derivative, which showed 83% inhi-
bition in promastigote, also showed 78% inhibition in
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Table 2. Antileishmanial in vitro activity against luciferase–amastigote


system


Compound % inhibition (at 10 lg/ml)


7 97.72


8 75.06


9 59.06


10 97.78


12 TCL


13 78.06


17 NI


TCL, total cell loss; NI, no inhibition.


4078 L. Gupta et al. / Bioorg. Med. Chem. Lett. 17 (2007) 4075–4079

amastigote. Whereas compound (17) showed �99%
inhibition in promastigotes but no inhibition against
amastigote. Compounds (15) and (16) showed 78%
and �69% inhibition against promastigotes. It again
strengthens the fact that electron donating group pres-
ent either in indole ring or phenyl ring enhances the
activity. Compound (15) having two methoxy groups
present in the phenyl ring showed higher percentage of
inhibition as compared to (16), where only one methoxy
group attached to the phenyl ring. Rest of the com-
pounds (18–22) exhibit low percentage of inhibition in
promastigotes at a concentration of 10 lg/ml. The re-
sults prove that 8,9-dihydrocoscinamide B (7) and its
analogues (8–11) exhibited a better correlation of activ-
ity to indolylglyoxylamide derivatives (12–22). Compar-
atively inhibited activity of indolylglyoxylamide
derivatives may be attributed to the presence of one in-
dole ring.


Leishmania occurs in third world countries. Prescribed
treatments are antimonials and benzamidines, known
for high toxicity. This necessitates development of safer
and more chemotherapeutic agents for treatment. 8,9-
dihydrocoscinamide B and its analogues have shown
promising in vitro activity, needing the concentrated
attention and perseverance of the scientific community
so that this lead compound may ultimately be developed
as very useful drug for the future benefits of mankind.
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23. Spectroscopic data for 7. MS: 332 (M+1); mp 198–200 �C;
IR (KBr) 3410, 3350, 3260, 2930, 1700, 1660, 1500, 1435,
1230, 740 cm�1; 1H NMR (CDCl3, 200 MHz): d (ppm)
12.20 (br s, 1H, NH), 10.81 (br s, 1H, NH), 8.39 (t, 1H,
J = 5.4 Hz, NHCO), 7.64 (d, 2H, J = 7.6 Hz), 7.36–7.25
(m, 6H), 7.12 (s, 1H), 6.94 (s, 1H), 3.69 (t, 2H, J = 6.3 Hz),
3.08 (t, 2H, J = 6.7 Hz); 13C (CDCl3, 50 MHz): 182.6,
163.8, 138.9, 136.6, 127.6, 126.6, 123.8, 123.1, 122.9, 121.7,
118.7, 118.5, 112.9, 112.5, 111.9, 111.7, 39.8, 25.3. Anal.
Calcd for C20H17N3O2: C, 72.49; H, 5.17; N, 12.68.
Found: C, 71.58; H, 4.26; N, 11.74. Spectroscopic data for
8. MS: 411 (M+1); mp 200–202 �C; IR (KBr) 3421, 3261,
2930, 1723, 662, 1505, 1435, 1223, 793, 742 cm�1;1H NMR
(CDCl3, 200 MHz): d (ppm) 12.0 (br s, 1H, NH), 10.99 (br
s, 1H, NH), 8.99 (t, 1H, J = 6.2 Hz, NHCO), 8.51 (s, 1H),
7.78–7.66 (m, 6H), 7.58 (s, 1H), 7.03 (s, 1H), 3.12 (t, 2H,
J = 7.22 Hz), 2.38 (t, 2H, J = 7.5 Hz); 13C (CDCl3,
50 MHz): 182.5, 163.4, 139.9, 136.6, 135.5, 128.4, 127.6,
126.4, 125.3, 123.8, 123.0, 121.3, 118.7, 115.7, 115.0, 112.1,
111.9, 111.7, 30.8, 25.2. Anal. Calcd for C20H16BrN3O2:
C, 58.55; H, 3.93; N, 10.24. Found: C, 59.28; H, 2.96; N,
9.27. Spectroscopic data for 9. MS: 367 (M+1); mp 199–
202 �C; IR (KBr) 3423, 3321, 2919, 1730, 1662, 1500, 1436,
1240, 816, 747 cm�1; 1H NMR (CDCl3, 200 MHz): d
(ppm) 12.21 (br s, 1H, NH), 10.81 (br s, 1H, NH), 8.65 (t,
1H, J = 5.0 Hz, NHCO), 7.99 (s, 1H), 7.90–7.85 (m, 6H),

7.21 (s, 1H), 6.80 (s, 1H), 3.55 (t, 2H, J = 7.5 Hz), 3.0 (t,
2H, J = 8.0 Hz); 13C (CDCl3, 50 MHz): 183.0, 162.5,
140.0, 136.6, 135.1, 128.2, 127.6, 126.4, 125.3, 125.1,
123.4, 121.4, 119.2, 115.0, 112.2, 112.1, 111.9, 111.1, 30.8,
25.0. Anal. Calcd for C20H16ClN3O2: C, 65.67; H, 4.41; N,
11.49. Found: C, 6.75; H, 3.38; N, 10.56. Spectroscopic
data for 10. MS: 360 (M+1); mp 196–198 �C; IR (KBr)
3270, 2929, 2850, 1721, 1665, 1500, 1443, 1181, 738 cm�1;
1H NMR (CDCl3, 200 MHz): d (ppm) 8.78 (t, 1H,
J = 5.5 Hz, NHCO), 7.50 (d, 2H, J = 7.5 Hz), 7.49–7.36
(m, 6H), 7.0 (s, 1H), 6.8 (s, 1H), 3.86 (s, 3H), 3.76 (s, 3H),
3.55 (t, 2H, J = 6.0 Hz), 3.02 (t, 2H, J = 6.5 Hz); 13C
(CDCl3, 50 MHz): 184.9, 162.2,139.9, 136.4, 127.6, 126.4,
123.8, 123.0, 122.9, 121.3, 118.6, 113.4, 112.4, 111.9, 111.8,
40.0, 39.1, 25.8. Anal. Calcd for C22H21N3O2: C, 73.52; H,
5.89; N, 11.69. Found: C, 72.55; H, 4.88; N, 1.17.
Spectroscopic data for 17. MS: 269 (M+1); mp 160–
162 �C; IR (KBr) 3390, 3261, 2930, 1725, 1665, 1508, 1430,
740 cm�1; 1H NMR (CDCl3, 200 MHz): d (ppm) 12.0 (br
s, 1H, NH), 8.5 (t, 1H, J = 5.5 Hz, NHCO), 7.56–7.32 (m,
4H), 7.25 (d, 1H, J = 9.4 Hz), 7.03 (s, 1H), 5.95 (d, 1H,
J = 6.5 Hz), 6.12–6.09 (m. 1H), 4.7 (s, 2H); 13C (CDCl3,
50 MHz): 185.0, 161.5, 149.9, 140.2, 135.0, 129.9, 120.8,
120.0, 121.6, 115.9, 109.4, 108.82, 106.0, 99.9, 40.4. Anal.
Calcd for C15H12N2O3: C, 67.16; H, 4.51; N, 10.44.
Found: C, 67.20; H, 4.06; N, 9.45.
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Abstract—O-GlcNAc transferase (OGT) catalyzes the addition of N-acetylglucosamine (O-GlcNAc) onto a diverse array of intra-
cellular proteins. Although hundreds of proteins are known to be modified by O-GlcNAc, a strict amino acid consensus sequence for
OGT has not been identified. In this study, we describe the development of a high-throughput assay for OGT and use it to profile the
specificity of the enzyme among a panel of peptide substrates.
� 2007 Elsevier Ltd. All rights reserved.

The glycosylation of intracellular proteins with the
monosaccharide b-N-acetylglucosamine (O-GlcNAc) is
a posttranslational modification implicated in many
vital cellular processes.1–4 To date, hundreds of nuclear
and cytosolic proteins modified by O-GlcNAc have been
identified. These proteins vary widely in structure and
function and include RNA polymerase II,5 cell cycle reg-
ulators,6 heat shock proteins,7 nuclear pore complex
proteins,8 transcription factors,9 and cytoskeletal com-
ponents.10,11 Furthermore, genetic studies have shown
that the O-GlcNAc modification is required for survival
of both embryonic stem cells and differentiated tissues,
underscoring its critical biological significance.12,13


However, the regulation of the O-GlcNAc modification
remains poorly understood.


The O-GlcNAc modification is initiated by a single
enzyme, O-GlcNAc transferase (OGT), which transfers
a GlcNAc residue from UDP-GlcNAc to select serine
or threonine residues of target proteins. No consensus
sequence has been identified that defines the specificity
of OGT for its protein substrates, and thus the mecha-
nism of substrate selection by OGT remains a mystery.
Given the physiological significance of the O-GlcNAc
modification, there is a pressing need for an assay that
allows for interrogation of OGT’s peptide specificity.
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Screening of peptide libraries comprising combinatorial
arrays of putative peptide targets has been an effective
means for elucidating the sequence preferences of
kinases and proteases.14 To perform such a study with
OGT would require an assay that monitors O-GlcNAc
transfer onto various peptide substrates in a high-
throughput manner. Traditional assays for OGT
activity utilize radiolabeled substrates, require product
isolation, and are not easily amenable for rapid screen-
ing.15,16 Although a high-throughput method that
detects OGT binding to UDP-GlcNAc has been
reported and used for small molecule screens, its
adaptation to peptide specificity profiling is not
straightforward.17


We recently reported an assay for polypeptidyl galac-
tosaminyltransferases (ppGalNAcTs) that capitalizes
on their tolerance for an azido substituent on the acetyl
group of UDP-GalNAc.18,19 The azide provides a means
to detect the glycopeptide products by Staudinger liga-
tion with phosphine probes. We termed this assay archi-
tecture the azido-ELISA.


Similar to the substrate tolerance of the ppGalNAcTs,
OGT will recognize an N-azidoacetyl analog of UDP-
GlcNAc (UDP-GlcNAz) in both biochemical assays
and in cultured cells.20 In cells, the azide-modified sub-
strate appears to be transferred to the same spectrum
of proteins as the natural sugar.21,22 Here, we capitalize
on this finding in the development of a high-throughput
azido-ELISA for OGT and we employ the assay in a
preliminary peptide substrate screen.
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Figure 1. High-throughput azido-ELISA for OGT activity.


Table 1. Library of a-A crystallin-derived peptides


Peptide designation Peptide sequencea Relative activityb


a-A crystallin AIPVSREEK 1.0 ± 0.1


�4I IIPVSREEK 1.6 ± 0.2


�4E EIPVSREEK 1.0 ± 0.2


�4R RIPVSREEK 2.0 ± 0.2


�4P PIPVSREEK 1.8 ± 0.04


�3A AAPVSREEK 0.4 ± 0.1


�3E AEPVSREEK 0.5 ± 0.1


�3R ARPVSREEK 0.0 ± 0.01


�3P APPVSREEK 0.1 ± 0.01


�2A AIAVSREEK 0.1 ± 0.01


�2E AIEVSREEK 0.0 ± 0.01


�2R AIRVSREEK 0.2 ± 0.04


�1I AIPISREEK 0.3 ± 0.1


�1A AIPASREEK 0.1 ± 0.1


�1E AIPESREEK 0.2 ± 0.02


�1R AIPRSREEK 0.0 ± 0.02


�1P AIPPSREEK 0.1 ± 0.01


+1I AIPVSIEEK 0.1 ± 0.1


+1A AIPVSAEEK 0.0 ± 0.07


+1E AIPVSEEEK 0.0 ± 0.05


+1P AIPVSPEEK 0.0 ± 0.04


+2A AIPVSRAEK 5.0 ± 0.06


+2R AIPVSRREK 0.6 ± 0.02


+2P AIPVSRPEK 4.7 ± 0.7


+3I AIPVSREIK 0.1 ± 0.05


+3A AIPVSREAK 0.6 ± 0.03


+3R AIPVSRERK 0.2 ± 0.01


+3P AIPVSREPK 0.3 ± 0.1


Amino acid substitutions in the sequence of the parent peptide are


shown in bold. Activities of the modified peptides are shown relative to


the parent a-A-crystallin peptide.


Each independent experiment was performed in triplicate.
a Lysine residue of each peptide is biotinylated.
b Values shown are representative data from 3 separate experiments.
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A schematic of the azido-ELISA is shown in Figure 1.
Biotinylated peptide substrates are captured onto Neu-
trAvidin-coated 96-well plates and are subsequently
covalently tagged by treatment with phosphine-
FLAG.23 The FLAG-labeled epitopes are then treated
with a horseradish peroxidase (HRP)-conjugated
a-FLAG antibody that allows for colorimetric readout
of HRP activity.


We used a peptide from human a-A crystallin (NH2-
AIPVSREEK(biotin)-COOH), a bona fide physiologi-
cal OGT substrate,24 as the basis for the substrate
library. We confirmed the activity of the peptide by
treatment with UDP-GlcNAz and purified OGT25


and analysis of the product by mass spectrometry
(data not shown). For the azido-ELISA, enzymatic
reactions were carried out under saturating conditions
and were initiated with the addition of purified OGT
(0.4 nM, 4 lL) to a solution containing the a-A crys-
tallin peptide (125 lM), UDP-GlcNAz (62.5 lM),
MgCl2 (12.5 lM), and b-mercaptoethanol (1 mM) in
a total volume of 40 lL. Reaction mixtures were incu-
bated at 37 �C for 4 h and reactions were terminated
with the addition of sodium acetate (0.4 M, 40 lL,
pH 4.5). The reaction solutions were then transferred
to a NeutrAvidin-coated 96-well plate (Pierce) and
incubated at 25 �C for 1 h. The NeutrAvidin plate
was then subsequently washed (3 · 100 lL) with phos-
phate-buffered saline (PBS) and treated with a solu-
tion of phosphine-FLAG (0.2 mM, 200 lL in PBS)
for 2 h at 37 �C. Each well was then washed
(3 · 100 lL) with a BSA blocking buffer (PBS contain-
ing 0.1% BSA and 0.05% Tween, pH 7.2) followed by
the addition of a solution of a-FLAG HRP (1 lg/
5 mL, 100 lL, in blocking buffer) and the plate was
incubated for 1 h at 25 �C. After 3 washes with PBS
(100 lL), the a-FLAG-HRP activity was then quanti-
fied by the addition of a tetramethyl benzidine (TMB)
peroxide solution (100 lL, TMB Substrate Kit reagent
from Pierce) for 5 min at 25 �C. Peroxidase activity
was terminated upon treatment with H2SO4 (2N,

50 lL) and absorbance at 450 nm was monitored on
a Molecular Devices SpectraMAX 190 microplate
reader. The assay allowed for the calculation of kinetic
parameters for UDP-GlcNAz (Km = 22 ± 4 lM, Vmax =
3.6 ± 0.3 lM/min) and the a-A crystallin peptide
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Figure 2. CD spectra of representative peptides.
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(Km = 8.7 ± 3.8 lM, Vmax = 3.9 ± 1.1 lM/min). These
calculated kinetic parameters are consistent with previ-
ous reports.21,26,27


We then employed the assay to evaluate a series of
peptides based on the a-A crystallin sequence that
contained single amino acid substitutions at the
�4 to +3 positions surrounding the modified serine
residue (Table 1). As with the parent peptide, the car-
boxyl terminal lysine residue of each peptide was bio-
tinylated to allow for capture. As shown in Table 1,
five amino acids were substituted at each position of
the parent peptide. The residues were chosen to assess
the effects of variance in hydrophobicity, charge, and
local structure on enzyme activity. The 28 peptides
were synthesized using standard solid-phase
methods.28


The results of the peptide screen are presented in Table
1. Transferase reactions were performed under saturat-
ing conditions and were terminated after 4 h by the
addition of sodium acetate (as described above). Prod-
uct turnover of each library member was normalized
to the measured activity of the parent a-A crystallin
peptide. A peptide containing an Ala in place of the
Ser residue in the a-A crystallin peptide was used as a
negative control that allowed for background subtrac-
tion. As shown in Table 1, the assay detected statistically
significant activity differences among closely related pep-
tide substrates. For example, substitution of residues at
the �1, +1, and +2 positions (which are near the site of
modification) consistently perturbed O-GlcNAc trans-
fer, while OGT was more tolerant of substitution at
the other positions. All modifications of the �4 Ala res-
idue exhibited an approximate 2-fold increase in activity
and substitution of the �3 and +3 positions produced
slight reductions in activity, as did substitution of the
Glu residue at the +2 position with a positively charged
Arg residue. Strikingly, however, when the +2 Glu resi-
due was replaced with either an Ala (+2A) or Pro (+2P),
5-fold activity enhancements were observed.


Kinetic analysis of the +2A and +2P peptides using the
azido-ELISA (Table 2) supported this trend, as the cal-
culated Km and Vmax values showed greater substrate
affinity and turnover than with the parent a-A crystallin
peptide. These preliminary results validate the assay as a
robust means of detecting primary sequence preferences
of OGT toward a library of peptide substrates. How-
ever, it should be pointed out that notable deviation in
calculated Km values has been observed (Table 2), and
although the assay is distinctive in its ability for rapid

Table 2. Kinetic analysis of representative peptides


Peptide designation Km
a (lM) Vmax


a (lM/min) Rel. ELISA


activity


a-A crystallin 8.7 (±3.8) 3.9 (±1.1) 1 (±0.1)


+2A 0.5 (±0.03) 8.5 (±0.7) 5.0 (±0.06)


+2P 0.8 (±0.04) 13.5 (±0.9) 4.7 (±0.7)


a Values shown are means of three experiments; standard deviation is


given in parentheses.

high-throughput screening, it should be used in conjunc-
tion with traditional assays for detailed kinetic analysis.


Finally, we examined a representative sample of the pep-
tides from our series using circular dichroism (CD) spec-
troscopy.29 As shown in Figure 2, peptides from the a-A
crystallin series showed no defined secondary structure,
suggesting that the differences in OGT activity listed in
Table 1 solely reflect the enzyme’s primary sequence
preference.


In summary, we have developed the first high-through-
put assay that can measure the activity of OGT toward
small peptide substrates, setting the stage for high-
throughput screening of larger peptide libraries or small
molecule inhibitors. The assay can also be used to screen
glycopeptide and phosphopeptide libraries, which may
be important for understanding OGT site selection on
multiply glycosylated and phosphorylated substrates
such as RNA polymerase II.30
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Abstract—A series of 3-keto-6-O-carbamoyl-11,12-cyclic thiocarbamate erythromycin A derivatives has been synthesized. The best
compounds in this series possess potent in vitro antibacterial activity against erythromycin-susceptible and erythromycin-resistant
bacteria.
� 2007 Elsevier Ltd. All rights reserved.
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Erythromycin A and its derivatives such as clarithromy-
cin and azithromycin are well-established macrolide
antibiotics that have been widely used to treat respira-
tory tract bacterial infections.1 However, in recent years
there have been reports of failed therapy due to bacterial
resistance to these macrolide antibiotics.2 The macrolide
antibiotics act against bacteria by selectively binding to
the bacterial ribosome and inhibiting protein synthesis.3


The most widespread mechanisms of bacterial resistance
in the important respiratory pathogen, Streptococcus
pneumoniae, involve the erm(B) methyltransferase,
which methylates a specific adenine residue in the mac-
rolide binding site of the bacterial ribosome, and the
mef(A) efflux pump.4


Because of the perceived safety of the early macrolide
antibiotics, and the increased resistance to these agents,
especially in S. pneumoniae, compounds like the ketolids
with the ability to treat macrolide-resistant pneumococci
are particularly attractive. The ketolides are a new class
of erythromycin A derivatives, in which the natural C3-
cladinose sugar is replaced by a keto group.5 The two
most advanced ketolides reported to date are telithro-
mycin6, approved in markets worldwide including Eur-
ope (2001) and the United States (2004), and
cethromycin7, currently in phase III clinical trials

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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(Fig. 1). The distinguishing molecular features of both
compounds are the C3-ketone, a C11,C12-cyclic
carbamate, and a heteroaryl side chain, each of which
contributes to the improved activity against erythromy-
cin-susceptible and erythromycin-resistant pneumococ-
ci. The C3-ketone plays a key role in circumventing
efflux-mediated resistance (mef) and in preventing the
induction of macrolide–lincosamide–streptogramin B
(MLSB, erm) resistance.7 It has been reported that the
C11,C12-cyclic carbamate improves activity against
both erythromycin-susceptible and MLSB-resistant
organisms,7 and that the heteroaryl group of the side
chain enhances the binding affinity of ketolides for both
macrolide-susceptible and macrolide-resistant bacterial
ribosomes.4
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Scheme 1. Reagents and conditions: (a) Ac2O, Et3N, cat. DMAP,


CH2Cl2; (b) NaN(TMS)2, THF, 0 �C; (c) Cl3CC(O)NCO, CH2Cl2,


0 �C; (d) Et3N, MeOH, H2O, reflux; (e) KOtBu, THF, 0 �C; (f) Ac2O,


Et3N, CH2Cl2; (g) aq HCl, EtOH. rt, 35% for seven steps.
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We have recently identified a series of ketolides in which
the heteroaryl side chain is attached to the macrolide
core via a C6-carbamate linkage.8 To broaden our inves-
tigation of this 6-O-carbamoyl series and explore the
structure–activity relationships in the C11/C12 region,
we synthesized 6-O-carbamoyl ketolides with a
C11,C12-cyclic thiocarbamate (Fig. 2). Herein, we re-
port the chemistry and antibacterial activity of this no-
vel series of 6-O-carbamoyl-11,12-cyclic thiocarbamate
ketolides.


The synthesis of the 6-O-carbamoyl-11,12-cyclic thioc-
arbamate ketolides is outlined in Schemes 1–3. Inter-
mediate 4 was prepared by methods described
previously.8 Briefly, erythromycin A was reacted with
acetic anhydride in the presence of triethylamine and
4-dimethylaminopyridine (DMAP) to give 11,2 0,400-tri-
acetylerythromycin A. Subsequent elimination of the
C11-O-acetyl group using sodium bis(trimethylsi-
lyl)amide led to 10,11-anhydroerythromycin A deriva-
tive 1. Treatment of compound 1 with trichloroacetyl
isocyanate, followed by base hydrolysis (Et3N, MeOH/
H2O), generated the C6- and C12-primary carbamates.
Under the reaction conditions, the C12-primary carba-
mate underwent spontaneous intramolecular Michael
addition to form the C11,12-cyclic carbamate. The
Michael addition product 2 was obtained as a mixture
of C10-methyl epimers, which could be equilibrated to
the desired C10-b-epimer 3 by treatment with potas-
sium tert-butoxide. The C2 0-hydroxyl group of 3 was
reprotected, and the C3-cladinose sugar was then
selectively removed under acidic conditions (1 N aq
HCl, EtOH) to give the 3-descladinosyl derivative 4
(Scheme 1).


Compound 4 was treated with di-tert-butyl dicarbonate
(Boc2O) in the presence of catalytic DMAP to selec-
tively acylate the C11,C12-cyclic carbamate. The result-
ing compound 5 was hydrolyzed by treatment with
aqueous lithium hydroxide solution to give the ring
opened product 6. Reprotection of the C2 0-hydroxyl
group (acetic anhydride, Et3N, CH2Cl2) followed by
Dess–Martin oxidation of the C3-hydroxyl to the corre-
sponding C3-ketone gave compound 7. The Boc pro-
tecting group of the C11-amine was removed by a
two-step sequence due to the acid sensitivity of com-
pound 7. The C11-N-tert-butyl carbamate was first
transformed to a tert-butyldimethylsilyl carbamate by
reaction of 7 with tert-butyldimethylsilyl trifluorome-
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Figure 2.

thanesulfonate (TBSOTf) in the presence of 2,6-lutidine.
The C6-primary carbamate was also silylated under
these conditions. The C11-N-tert-butyldimethylsilyl car-
bamate was then removed by brief treatment with
potassium fluoride to give the C11-amino, C12-hydroxy
ketolide 8. Formation of the C11,C12-cyclic thiocarba-
mate was accomplished by reacting 8 with carbon disul-
fide (CS2) in the presence of Et3N. The silyl group of the
C6-carbamate was then removed using tetrabutylammo-
nium fluoride to give 6-O-carbamoyl-11,12-cyclic thioc-
arbamate ketolide 9a, which was converted to
compound 9b by methanolysis of the C2 0-acetyl group
(Scheme 2).


Our initial attempt to install the aryl side chain at the
C6 position by reacting compound 9a with an alde-
hyde under reductive alkylation conditions (Et3SiH,
CF3CO2H, CH3CN, 65 �C)8 was unsuccessful. Fortu-
nately, once the 11,12-cyclic thiocarbamate of 9a was
acetylated as in compound 10, the installation of the
aryl side chain went smoothly to give compound 11.
Removal of the acetyl protecting groups at the C11
and C2 0 positions was achieved by the treatment with
potassium carbonate in methanol to give the desired
product 12 (Scheme 3).


The in vitro antibacterial activity of the 6-O-carbamoyl-
11,12-cyclic thiocarbamate ketolides was assessed
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64%; (b) aq LiOH, THF/MeOH, rt, 82%; (c) Ac2O, Et3N, CH2Cl2; (d)


Dess–Martin periodinane, CH2Cl2, 70% for two steps; (e) TBSOTf,


2,6-lutidine, CH2Cl2, 0 �C, 30 min, 79%; (f) KF, THF, 10 min, 50%; (g)


CS2, Et3N, THF, reflux, 92%; (h) Bu4N+F�, THF, 0 �C, 30 min, 28%;


(i) MeOH, rt, 24 h.
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against both erythromycin-susceptible and erythromy-
cin-resistant bacteria, with particular emphasis on respi-
ratory pathogens. Data for selected compounds are
presented in Table 1 as the minimal inhibitory concen-
tration (MIC; lowest concentration of compound inhib-
iting visible growth)9 against an abbreviated panel of

five bacterial strains, including macrolide-susceptible
Staphylococcus aureus (Smith) OC4172, macrolide-sus-
ceptible S. pneumoniae OC9132, macrolide-resistant
S. pneumoniae OC4051 with the erm(B) ribosomal meth-
ylase gene, macrolide-resistant S. pneumoniae OC4438
containing the mef(A) efflux pump, and Haemophilus
influenzae OC4882, a Gram-negative respiratory
pathogen.


The unsubstituted parent compound 9b was less ac-
tive (higher MIC values) than erythromycin A
against erythromycin-susceptible S. aureus and S.
pneumoniae strains, but it was at least fourfold more
potent than erythromycin A against mef(A)- and
erm(B)-containing S. pneumoniae. In designing
11,12-cyclic thiocarbamate ketolides based on the
9b template, we took a cue from our earlier studies
of the 11,12-cyclic carbamate series,8 in which ana-
logs with a heteroarylpropenyl side chain at the
C6 position were highly active against erythromy-
cin-susceptible and erythromycin-resistant strains.
As before, attachment of the side chain to the pri-
mary carbamate of 9b improved the activity of the
resulting compounds 12 against erythromycin-resis-
tant S. pneumoniae strains. A notable exception to
this trend was the equivalent activity of compounds
9b, 12a, and 12b against mef(A)-containing S. pneu-
moniae, suggesting that in this strain the heteroaryl
side chain may not be suitably disposed for produc-
tive contact with the bacterial ribosome. In review-
ing the data of Table 1, it is evident that
compounds with a mono-aryl (compounds 12e and
12f) or a fused-aryl side chain (compounds 12c
and 12d) generally possessed a better overall anti-
bacterial profile than compounds with a biaryl side
chain (compounds 12a and 12b). This stands in
sharp contrast to our previous results in the 11,12-
cyclic carbamate series, wherein ketolides with biaryl
side chains and fused-aryl side chains are similarly
potent. In fact, the 11,12-cyclic thiocarbamate keto-
lides with a biaryl side chain are considerably less
active against the erythromycin-susceptible and
erythromycin-resistant S. pneumoniae strains than
their 11,12-cyclic carbamate counterparts (12a vs
13), whereas the 3-quinolinyl analog 12c had a sim-
ilar antibacterial profile as its carbamate congener
14.8a It is also noteworthy in comparing 12c and
12d that substitution of fluorine on the double bond
of the side chain had little effect on antibacterial
activity. In terms of the activity against H. influen-
zae, compound 12e showed a fourfold improvement
of activity over erythromycin A, similar to that of
telithromycin.


In conclusion, a series of novel 6-O-carbamoyl-11,12-
cyclic thiocarbamate ketolides has been prepared. The
antibacterial activity of these compounds was evaluated
against erythromycin-susceptible and erythromycin-
resistant bacterial respiratory pathogens. The best
compounds of this series possess in vitro antibacterial
activity similar to that of telithromycin. Further studies
of this series of ketolide compounds will be reported in
the future.







Table 1. In vitro antibacterial activity of 6-O-carbamoyl-11,12-cyclic thiocarbamate ketolides
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Compound X R MIC (lg/ml)


S. aur.a S. pneum.b S. pneum. [erm(B)]c S. pneum.[mef(A)]d H. inf.e


EryA — — 0.5 0.06 >16 4 8


Telith — — 0.25 0.03 0.06 0.25 2


9b S — 4 0.25 4 1 8


12a S
N


N
0.5 0.25 0.25 1 8


12b S
NN


0.5 0.12 0.5 1 4


12c S
N


0.25 60.015 0.03 0.12 4


12d S
N


F 0.5 60.015 0.06 0.12 4


12e S Br
N


0.5 60.015 0.06 0.25 2


12f S
N


N
0.5 0.03 0.06 0.25 4


13f O
N


N
0.12 0.03 0.06 0.25g 4


14f O
N


0.25 60.015 0.03 0.12g 4


a Staphylococcus aureus OC4172 (erythromycin-susceptible).
b Streptococcus pneumoniae OC9132 (erythromycin-susceptible).
c Streptococcus pneumoniae OC4051 (erythromycin-resistant due to ribosomal methylation).
d Streptococcus pneumoniae OC4438 (erythromycin-resistant due to efflux).
e Haemophilus influenzae OC4882.
f Ref. 8a.
g Unpublished results.
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Abstract—Herein, we pursue the hypothesis that the structure of nordihydroguaiaretic acid (NDGA) can be refined for selective
potency against the insulin-like growth factor 1 receptor (IGF-1R) as a potential therapeutic target for breast cancer while dimin-
ishing its action against other cellular targets. Thus, a set of NDGA analogs (7a–7h) was prepared and examined for inhibitory
potency against IGF-1R kinase and an alternative target, 15-lipoxygenase (15 LOX). The anti-cancer effects of these compounds
were determined by their ability to inhibit IGF-1 mediated cell growth of MCF-7 breast cancer cells. The design of the analogs
was based upon a cursory Topliss approach in which one of NDGA’s aromatic rings was modified with various substituents. Struc-
tural modification of one of the two catechol rings of NDGA was found to have little effect upon the inhibitory potency against both
kinase activity of the IGF-1R and IGF-1 mediated cell growth of MCF-7 cells. 15-LOX was found to be most sensitive to structural
modifications of NDGA. From the limited series of NDGA analogs examined, the compound that exhibited the greatest selectivity
for IGF-1 mediated growth compared to 15-LOX inhibition was a cyclic analog 7h with a framework similar to a natural product
isolated from Larrea divaricata. The results for 7h are significant because while NDGA displays biological promiscuity, 7h exhibits
greater specificity toward the breast cancer target IGF-1R with that added benefit of possessing a 10-fold weaker potency against 15-
LOX, an enzyme which has a purported tumor suppressing role in breast cancer. With increased specificity and potency, 7h may
serve as a new lead in developing novel therapeutic agents for breast cancer.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Structure of nordihydroguaiaretic acid (NDGA).

Nordihydroguaiaretic acid (NDGA, Fig. 1) is isolated
from the resinous extract of the creosote bush Larrea
divaricata.1 It has also been reported that NDGA inhib-
its the growth of tumors, both in vitro and in vivo2 but
relatively high concentrations are required to achieve
efficacy in most cases. Preliminary in vivo studies have
revealed that NDGA inhibits tumor growth by inhibit-
ing receptor tyrosine kinase (RTK) phosphorylation.3


NDGA has been shown to inhibit several RTKs overex-
pressed in certain cancer cells. In a previous study, we
noted that NDGA inhibits both the IGF-1R and
HER2/neu with moderate potency and impairs subse-
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quent signaling through the anti-apoptotic pathway in
breast cancer cell.3,4 These and other RTKs such as
the epidermal growth factor receptor (EGFR) are over-
expressed in breast and other cancers and contribute to
a poor prognosis.5–7


However, NDGA is known to directly interact with
multiple non-RTK targets, several of which could con-
tribute to its anti-cancer effects. NDGA directly inhibits
the interaction of fatty acid synthase (FAS) with the
substrate malonyl CoA.8 NDGA can also directly inhi-
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bit 5-a reductase,9 thereby blocking the conversion of
testosterone into the biologically active dihydrotestos-
terone. Inhibitors of both FAS and 5-a reductase can in-
hibit growth or induce apoptosis in certain cancer cell
lines.9,10 NDGA’s reported antioxidant properties are
attributed to its activity as a non-selective inhibitor of
lipoxygenases (LOX).11 The role of LOX isozymes in
cancer has been questionable, as the anti-cancer effects
of NDGA were originally attributed to reduction of cel-
lular levels of leukotrienes generated from arachidonic
acid by 5- and 12-LOX,12–14 but recent studies suggest
that in breast cancer, 15-LOX has a tumor suppressing
role.15. The multiplicity of NDGA’s effects may, in some
cases, enhance its anti-tumor actions, but may also
antagonize its therapeutic effects or increase the undesir-
able side effects in non-tumor sites. Therefore, in design-
ing potential therapeutics for breast cancer, compounds
capable of inhibiting RTKs such as IGF-1R and HER2/
neu but lacking potency against 15-LOX or other targets
could prove promising. The development of NDGA
analogs with more specific potencies for various cellular
targets is expected to result in an enhancement of its
anti-cancer properties.


The focus of the present study was to demonstrate that
the structure of NDGA could be refined for selective po-
tency against the IGF-1R as a therapeutic target for
breast cancer16 while diminishing its action against
15-LOX. Primarily based upon a cursory Topliss
approach,17,18 our objective was to prepare a small set
of NDGA analogs in which the substituents on one of
NDGA’s aromatic rings were adjusted to explore a
range of hydrophobicity, electronics, and steric proper-
ties. We also pursued two simplified analogs of NDGA
in which the methyl substituents on the bridging butyl

Scheme 1. Reagents and conditions: (a) LiAlH4, CH2Cl2, rt, 3.5 h; (b) PCC


CH2Cl2, rt, 1 h; (e) H2, 10% Pd/C, THF, rt, 1.5 h; (f) H2NNH2.H2O and K


PhMe, 160 �C, then H2O.

chain and one of the hydroxyls of a catechol ring were
absent.


The synthesis of NDGA analogs 7a–7g is outlined in
Scheme 1. Carboxylic acids 1a and 1b were initially re-
duced to the corresponding alcohols with LiAlH4


19


and subsequently oxidized to the intermediate aldehydes
2a and 2b with pyridinium chlorochromate (PCC).20


Next, treatment with substituted-aryl Grignard reagents
(3a–3f) yielded alcohols21 4a–4g, which were oxidized
with PCC20 to yield ketones 5a–5g prior to their com-
plete reduction.


As halogenated aryl rings can undergo dehalogenation
under the simple conditions of catalytic hydrogenation
to reduce benzylic ketones,22 the halogen-containing
aryl ketones 5d and 5e were subjected to adapted
Wolff–Kishner conditions employing hydrazine hy-
drate23 to generate an initial hydrazone intermediate.
Hydrazones were subsequently reduced with KOH23,24


to yield alkanes 6d and 6e. The remaining non-halogen
substituted aryl ketones (5a–5c, 5f, and 5g) were reduced
by simple catalytic hydrogenation. Next, precursors 6a–
6e were demethylated with BBr3


25 to yield the NDGA
analogs 7a–7e. 3,4-Methylenedioxy-protected catechol
6f was selectively deprotected using PCl5


26 to yield 7f.
Similar conditions were applied to 6g, followed by sub-
sequent demethylation with BBr3 to generate 7g, the
desmethyl analog of NDGA. Both 7a and 7g have been
reported previously.27,28


A cyclic NDGA analog 7h was prepared as outlined in
Scheme 2. Ketone 5a was reduced with Et3SiH29 and
TFA, and was expected to proceed through two steps
of carbocation formation followed by reduction through

, CH2Cl2, rt, 1 h; (c) Et2O or THF, �78 �C, then rt, 30 min; (d) PCC,


OH, 165 �C, 4 h; (g) BBr3, CH2Cl2, �78 �C, then rt, 30 min; (h) PCl5,







Scheme 2. Reagents and conditions: (a) TFA, Et3SiH, 0 �C then rt, 2.5 h; (b) BBr3, CH2Cl2, �78 �C, then rt, 30 min.
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hydrogen transfer by the silane. Applied to this system,
these conditions generated product 9 which may have
occurred through cyclization of the benzylic carbocation
intermediate 8. Subsequent demethylation provided cyc-
lic NDGA analog 7h. Incidentally, this cyclic framework
has also been isolated as a plant-derived natural product
in Larrea spp.30


Compounds 7a–7h were screened along with NDGA in
three separate assays for activity. The first assay tested
direct inhibition of IGF-1R phosphorylation of a syn-
thetic, non-specific, protein tyrosine kinase substrate.
The second examined the inhibitory effect of the NDGA
analogs on IGF-1 mediated cell growth of MCF-7
breast cancer cells. The third assay screened the analogs
for the inhibition of 15-LOX, a non-target enzyme and
one for which NDGA is a known inhibitor.31 The results
from the three assays for NDGA and its synthetic ana-
logs are summarized in Table 1.


In general, the analogs did not possess inhibitory po-
tency against IGF-1R kinase activity distinct from

Table 1. Inhibitory potency and selectivity of NDGA analogs 6a–6ha


Inhibitor IGF-1R inhibition IC50 (lM) Inhibition of IGF-1 med


NDGA 0.9 (0.3) 24.6 (10.7)


7a 0.8 (0.1) 11. 2 (1.8)


7b 0.8 (0.1) 15.1 (4.1)


7c 1.0 (0.1) 36.2 (6.4)


7d 0.8 (0.4) 13.4 (3.3)


7e 1.0 (0.2) 21.5 (3.2)


7f 1.1 (0.1) 15.7 (4.0)


7g 0.6 (0.1) 25.4 (6.6)


7h 1.0 (0.4) 12.3 (2.4)


a IC50 values represent the means of a minimum of three determinations wit

NDGA. These results suggest that with respect to the
structure of NDGA, a single catechol ring is sufficient
to affect inhibition of IGF-1R. The inhibition of IGF-1
mediated growth of MCF-7 cells by NDGA and the
analogs presented an approximate 3-fold range in po-
tency. The slight variation of potency compared to the
results of IGF-1R inhibition may be due to variances
in passive membrane permeability, metabolism, or inter-
actions with other cellular targets. In contrast, NDGA
and its analogs displayed larger differences in their
inhibitory potency against 15-LOX. The desmethyl ana-
log (7g) exhibited similar anti-lipoxygenase activity as
NDGA and both these compounds were the most po-
tent in the series that were examined. Given the symme-
try of NDGA and 7g, the greater accessibility and
probability of catechol rings binding in the enzyme
may be responsible for their enhanced potency. Analogs
possessing a single catechol ring and bearing sterically
demanding substituents on the remote non-catechol ring
exhibited weaker anti-lipoxygenase activity. The most
dramatic loss of activity was observed for the cyclic ana-
log 7h, especially when directly compared to its linear

iated growth IC50 (lM) 15-Lipoxygenase inhibition IC50 (lM)


3.8 (0.8)


7.3 (0.9)


21.6 (0.5)


9.4 (0.3)


15.0 (5.5)


33.6 (1.6)


15.0 (1.4)


3.9 (1.1)


38.6 (1.7)


h standard deviation in parentheses.
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congener 7a. These results suggest that steric congestion
near the catechol ring diminishes15-lipoxygenase
activity but has no effect upon the inhibition of
IGF-1R and IGF-1R mediated cell growth of MCF-7
cells.


Significant structural modifications to one of the two
catechol rings of NDGA had little effect upon the inhib-
itory potency against the kinase activity of the IGF-1R
and only moderate differences in potency were observed
when assayed for inhibition of IGF-1 mediated cell
growth of MCF-7 cells. Of the three assays conducted,
the inhibitory activity against 15-LOX was the most sen-
sitive to structural modifications of NDGA. From the
limited series of NDGA analogs examined, the com-
pound that exhibited the greatest selectivity for IGF-1
mediated growth compared to 15-LOX inhibition was
the cyclic analog 7h. While the linear congener 7a dis-
played similar potency as 7h against IGF-1 mediated
growth of MCF-7 cells it retained similar potency as
NDGA against 15-LOX. These findings are significant
because while NDGA displays biological promiscuity,
7h exhibits greater specificity toward the breast cancer
target IGF-1R with that added benefit of possessing a
10-fold weaker potency against 15-LOX, an enzyme
which has a purported tumor suppressing role in breast
cancer. With increased specificity and potency, 7h may
serve as a new lead in developing novel therapeutic
agents for breast cancer.
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Abstract—This Letter describes the design and synthesis of tertiary carbinamine macrocyclic inhibitors of the b-secretase (BACE-1)
enzyme. These macrocyclic inhibitors, some of which incorporate novel P2 substituents, display a 2- to 100-fold increase in potency
relative to the previously described acyclic analogs while affording greater stability.
� 2007 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is a neurodegenerative disease
of the brain that leads to a progressive decline in cogni-
tive function and ultimately incapacitation and death.1


AD is characterized by the presence of insoluble amy-
loid plaques and fibrillary tangles, key pathological fea-
tures of this devastating disease. Years of research have
established that the major component of the amyloid
plaques is Ab40–42, a neurotoxic peptide fragment of
b-amyloid precursor protein (APP), generated by the
proteolytic action of the b- and c-secretase enzymes.
Of these two enzymes, b-secretase (b-site APP Cleaving
Enzyme or BACE-1), an aspartyl protease, is considered
rate-limiting in this proteolytic cleavage process.2 Based
on the key role of BACE-1 in the b-amyloid cascade,
inhibition of BACE-1 is widely recognized as one of
the most promising therapeutic approaches for the treat-
ment and prevention of AD.3

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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However, the development of small molecule, brain
penetrant BACE-1 inhibitors has been challenging.
Most efforts so far have relied on the use of transition
state isosteres (hydroxyethylamines, reduced amides,
statines, and aminostatines) to interact with the cata-
lytic aspartates, often with a negative impact on phar-
macokinetics and permeation of the blood–brain
barrier (BBB).


Recently, we disclosed the discovery of non-transition
state isostere derived BACE-1 inhibitors which utilize
a single tertiary carbinamine to bind to the catalytic
aspartates.4 Inhibitors derived from this novel scaffold,
exemplified by 1a (BACE-1 IC50 = 326 nM) and 1b
(BACE-1 IC50 = 27 nM), displayed comparable potency
to classical hydroxyethylene amine (HEA) derived
inhibitors (Fig. 1). However, stability, pharmacokinet-
ics, and brain penetration remain an issue with this
new series. Examination of X-ray crystallography data
for ester 1b bound to BACE-1 revealed the close spatial
proximity between the P1 aryl group and the P3 methyl
(Fig. 2).
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Figure 1. Tertiary carbinamine BACE inhibitor 1 and envisioned


P1–P3 macrocyclization strategy.


Figure 2. X-ray of inhibitor 1b complexed with BACE-1. RCSB ID


code: rcsb042372; PDB ID code: 2PH6.


Table 1. P2 sulfonamide and P3 SAR


R2


O
X


NH2


NHR3


O


 2


Compound R2 R3 X BACE-1


IC50
a (nM)


2a n-Pr-N-SO2Me Ph CH2 17


2b n-Pr-N-SO2Me Ph CO 2


2c Me-N-SO2Me Ph CH2 49


2d Me-N-SO2Me Ph CO 2


2e Ph-N-SO2Me Ph CH2 12


2f Ph-N-SO2Me Ph CO 1


2g Me-N-SO2Et Ph CH2 56


2h Me-N-SO2i-Pr Ph CH2 196


2i n-Pr-N-SO2Me 4-F-Ph CH2 10


2j n-Pr-N-SO2Me Me CH2 290b


2k n-Pr-N-SO2Me Et CH2 85


2l n-Pr-N-SO2Me i-Pr CH2 175


2m n-Pr-N-SO2Me CCH CH2 53


2n n-Pr-N-SO2Me cy-Pr CH2 1100


a IC50s are an average of at least three measurements.6


b Calculated from a mixture of four diastereoisomers.
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Attracted by the possibility of increasing potency by
stabilizing the bioactive conformation as well as the
potential of improving the physiochemical liabilities of
the acyclic series, we embarked on the preparation of
macroethers and macrolactones of type 2.5


In order to evaluate this strategy, we first synthesized a
macrocyclic congener of 1a. Macroether 2a was found

N


O


NH2


NH


O


S
O O


S3


S1


Ser325Asn233


Thr232


Gly230


Asp228


Asp32
Gly230


2a
BACE-1 IC50 = 17 nM


sAPP_NF IC50 = 23 nM


S3


Figure 3. Macrocyclic tertiary carbinamine BACE inhibitors 2a and 2b. For


with Thr232, Asn233, and Ser325; the lactam NH interacts with Gly230; the


makes critical interactions with both Asp32 and Asp228 as well as Gly230. In


Flap.

to inhibit BACE-1 with an IC50 of 17 nM in cell-free
medium and an IC50 of 23 nM in cells,6 thus affording
a 19-fold increase in intrinsic potency relative to 1a
(Fig. 3). Despite making a number of key contacts with
the enzyme, 2a lacks an important interaction with the
BACE-1 ‘flap’ region.4 In acyclic esters of type 1b, the
carbonyl alpha to the tertiary carbinamine accepts a
critical H-bond from the ‘flap’ residue Thr72 (Fig. 2).
This provides a significant boost in potency but at the
cost of stability, both chemically and toward plasma
esterases.4 We postulated that cyclization into a macro-
lactone might confer more stability to the ester linkage
while improving potency against BACE-1.


Gratifyingly, macrolactone 2b exhibited improved po-
tency (ca. 10-fold boost over 2a at 2 nM) and was found
to be not only hydrolytically stable at physiological pH
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two phenyl rings partially fill S1 and S3, and the tertiary carbinamine


2b, the ester carbonyl makes additional interactions with Thr72 of the
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but also stable in rat and human plasma and in micro-
somal preparations in the absence of NADPH (Fig. 3).
Together, these data validated our initial proposal and
warranted the synthesis of additional macrocyclic
analogs.


Table 1 lists macroethers and macrolactones of type 2
bearing a variety of P2 sulfonamides and P3 hydropho-
bic groups. As observed with the prototypical com-
pounds, macrolactones 2b, 2d, and 2f are >8-fold more
potent than the corresponding macroethers 2a, 2c, and
2e. SAR of the N-alkyl portion of the P2 group is rather
flat, especially in the macrolactone mode (2a–f). The

N


O


NH2


NH


O


O


F


SO2Me


3
BACE-1 IC50 = 23 nM


hu P-gp: PApp = 22, B-A/A-B = 56


Figure 4. Attenuation of the tertiary carbinamine basicity by


b-fluorination.


Table 2. Macrolactone optimization


R2


NH


O


R1


R3


3


4


6


Compound R1 R2 R3


2d H Me-N-SO2Me H


4a H N
S


O O
CF3 H


4b H N
S


CF3


O O
H


4c H N
S


N


O O
H


5 H Br H


6a H NO H


6b H 2-CN-Ph H


6c 3-F 2-CN-Ph F


6d 4-F 2-CN-Ph F


6e 6-F 2-CN-Ph F


6f H 2-CN-3-F-Ph F


6g 4-F 2-CN-3-F-Ph F


a IC50s are an average of at least three measurements.6


b Apparent permeability (10�6 cm/s).
c Efflux ratio.

alkyl-sulfone portion appears somewhat more respon-
sive (2g,h), clearly favoring the smaller methyl-sulfone
substituent as in compound 2c.


In contrast, the R3 position is highly sensitive to modi-
fication. While fluoro substitution at the para position
of the P3 phenyl provides a modest improvement in po-
tency (2i), any attempt to reduce the size of the P3 group
(2j–n) results in diminished potency.


Macrolactone 2d represents the best combination of po-
tency and molecular weight, with a 2 nM IC50 toward
BACE-1 and a MW of 535. Unfortunately, like many
other analogs described in Table 1, inhibitor 2d suffers
from poor brain penetration ([2d]brain/[2d]plasma < 5%).7


This could be the result of low apparent permeability
(PApp = 9) and high P-gp efflux (B–A/A–B = 16).8 Mac-
rolactone 2d also displayed poor pharmacokinetics (iv
clearances approaching hepatic blood flow in rats, dogs,
and rhesus) likely due to extensive oxidative metabolism
at various positions of the P1–3 aromatic groups, as ob-
served from incubation with microsomes.


In order to increase the likelihood of brain penetration,
we proposed to modulate the Lewis acidity/basicity of
the polar functional groups. Initially, we evaluated the
effect of reducing the basicity of the tertiary carbinamine

O


NH2


O


1


BACE-1 IC50
a (nM) hu P-gp


PApp
b B–A/A–Bc


2 9 16


16 12 19


38 13 13


4 15 32


270 9 5


780 19 1


27 9 1


130 ND ND


46 9 3


78 6 2


22 7 1


46 6 5
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Scheme 1. Reagents and conditions: (a) base, ArCH2Br; (b) HCl,


MeOH; (c) Boc2O, DIEA; (d) Ellman sulfinimine; (e) vinyl Grignard,


THF; (f) HCl, MeOH; (g) Boc2O, Hunig’s base; (h) 9-BBN, THF; (i)


Pd(PPh3)4, 3 N NaOH, toluene, 85 �C; (j) for 14a: LiBH4,THF; (k) for


14b: 1 N LiOH, THF; (l) 1 equiv NaOH, MeOH; (m) CDI, t-BuOH;


(n) LiBH4,THF; (o) CBr4, PPh3, DCM; (p) for 14a: AgOTf, 2,6-di-t-


Bu-pyr resin, DCE; (q) for 14b: Cs2CO3, DMF; (r) HCl, DCM; (s)


BOP, DIEA, DMF; (t) chiral preparative HPLC; for R2 = Br: Boc2O;


flash chromatography; R2–M, Pd(0); HCl, DCM.
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by b-fluorination. The resulting methyl-fluoro macrolac-
tone 3 (Fig. 4) displayed a 10-fold loss in potency versus
2d while improving apparent permeability (PApp = 22)
and increasing P-gp efflux (B–A/A–B = 56). Similarly,
attempts at modulating the electronics of the P2 sulfon-
amide via inductive or resonance effects (4a–c, Table 2)
resulted in improved PApp but did not affect P-gp efflux.
Despite the critical BACE-1 binding contributions made
by the P2 sulfonamide (Fig. 3), it was also perceived as a
major P-gp liability. Following unsuccessful attempts to
attenuate P-gp efflux via modulation of the sulfonamide
moiety (4a–c, Table 2), efforts centered on finding alter-
native P2 groups. Replacement of the P2 sulfonamide
moiety with a bromo substituent (5) resulted in a
135-fold loss in potency; however, P-gp efflux9 was
improved. Guided by earlier findings10 and encouraged
by this result, we focused on P2 hydrophobic replace-
ments. Although it displayed reduced potency, P2 oxa-
zole11 derivative 6a was the first macrolactone to
display high intrinsic permeability (PApp = 19) without
P-gp efflux susceptibility (B–A/A–B = 1). Installation
of a 2-cyano-phenyl P2 afforded biaryl inhibitor
6b (BACE-1 IC50 = 27 nM, sAPP_NF IC50 = 68 nM,
10-fold loss in intrinsic potency relative to 2d)6 which
was also devoid of P-gp efflux. Unfortunately, this came
at the cost of permeability. A modest 16% brain penetra-
tion was achieved by 6b when administered ip at
30 mpk.7 In an attempt to increase PApp while maintain-
ing low P-gp efflux, fluorine atoms12 were sequentially
installed around the P1–3 phenyl groups (6c–g); unfor-
tunately, this strategy did not improve permeability
(PApp = 6–9).


Additionally, pharmacokinetic properties remained poor
across this series despite blocking multiple oxidative
metabolism locations by fluorination. The only molecu-
lar subunit not yet addressed in these macrocyclic
tertiary carbinamine BACE inhibitors was the P2–P3
amide. Although the amide appeared critical for potency
(H-bond to Gly230),4 it also represented a classical
recognition element for the P-gp efflux pump. Indeed,
P3-a-methylation (7, Fig. 5) as a means to increase steric
hindrance around the P2 to P3 amide did improve P-gp
efflux susceptibility when compared to non-methylated
analog 4b, but it also resulted in a 10-fold loss in potency.


A general synthetic route to macrocyclic tertiary car-
binamine BACE inhibitors is illustrated in Scheme
1.13 Installation of the P1 group is achieved via alkyl-
ation of methyl alanine benzophenone imine 8, which
after hydrolysis and Boc protection of the tertiary car-
binamine provides intermediate 9. The P3 building

N


O


NH2


NH


O


O


7
BACE-1 IC50 = 380 nM


hu P-gp: PApp = 18, B-A/A-B = 1


S
CF3


O O


Figure 5. P3 amide modulation.

block is elaborated from aldehydes of type 10 via
Ellman’s methodology14 to provide vinylic intermedi-
ate 11. Hydroboration, followed by Pd-mediated cou-
pling of aryl bromide 9, affords the P1/P3 subunit
13. Reduction or hydrolysis leads to alcohol 14a or
acid 14b. Alkylation with benzylic bromide 16 leads
to the acyclic P1–3 full assembly 17 which is deprotec-
ted and macrocyclized to 18. If the R2 group is carried
intact from the original diester 15, separation of the
diastereoisomers (at the tertiary carbinamine center)
is performed by preparative chiral HPLC. Alterna-
tively, the R2 group can be installed postmacrocycliza-
tion via Pd-mediated coupling, starting originally from
dimethyl 3-bromoisophthalate.


In conclusion, macrocyclization of tertiary carbin-
amine BACE-1 inhibitors provided 2- to 100-fold
improvement in potency and maintained greater than
1000-fold levels of selectivity against Renin and
Cathepsin D.15 Modification of the P2 group did af-
ford minor improvements in brain penetration but of-
ten at the cost of potency. Initial results also indicated
that modifications of the P2–P3 amide moiety could be
more fruitful; this will be the subject of future work,
to be described in due time.
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Abstract—Novel 4-phenyl-4-[1H-imidazol-2-yl]-piperidine derivatives have been prepared and their synthesis described herein. In
vitro affinities for d-, l-, and j-opioid receptors are reported. Evaluation of some representative compounds from this series in
the mouse neonatal ultrasonic vocalization test and the mouse tail suspension test revealed anxiolytic- and antidepressant-like
effects, respectively, upon subcutaneous administration.
� 2007 Elsevier Ltd. All rights reserved.
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The presence of at least three populations of opioid
receptors, l, d, and j, is well established and docu-
mented. All three populations appear to be present in
the central and peripheral nervous system of many spe-
cies, including human beings.1 There is an increasing
rationale suggesting that endogenous opioids are involved
in the response to antidepressant treatment and stress-
related disorders such as depression and anxiety.2


Endogenous enkephalins have been hypothesized to
diminish the impact of stress, which could be mediated,
at least to some extent, via activation of d-opioid recep-
tors.3 For example, the psychological stress of housing
conditions and rank status has been demonstrated to
alter the functional activity of d-opioid receptors in rats.4


Moreover, prenatal stress, which functions as an animal
model of depression, has been shown to induce a down-
regulation of d-opioid receptors in different hypotha-
lamic regions in rats.5 In addition, the monoamine
oxidase A inhibitor moclobemide, a clinically active
antidepressant drug, increased d-opioid receptor binding
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in frontal cortex and amygdala after 4 days of treatment
in rats.6 More recently Filliol et al. reported that d-opi-
oid receptor-knockout mice exhibited depressive-like
and anxiogenic-like responses in the forced swimming
and elevated plus-maze test, respectively.7


SNC80,8 a non-peptidic selective d-opioid agonist, has
shown both anxiolytic- and antidepressant-like activities
in behavioral models in rodents (Fig. 1). Perrine et al.
have shown that SNC80 produced dose-dependent anx-
iolytic effects in two paradigms of anxiety: the elevated
plus-maze and defensive burying models.9 Furthermore,
SNC80 suppresses ultrasonic vocalizations in rats in
response to air-puff stress,4 providing further evidence

SNC80


N


Figure 1. Selective nonpeptidic delta opioid agonist SNC80.
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Figure 2. Compounds 1 and 2 and their binding affinities.
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Scheme 1. Reagents and conditions: (i) n-BuLi, 1-tritylimidazole (6),


THF, �78 �C to rt, 2 h, 48%; (ii) AcOH (5% in MeOH), reflux, 6 h,


85%; (iii) AlCl3, benzene, 60 �C, 1 h, 77%; (iv) R1COCl, Et3N, DMF,


THF, rt, 2 h; (v) R1OCOCl, Et3N, CH2Cl2, rt, 2 h; (vi) NaH, THF, rt,


10 min, then R2Hal, reflux, 8 h, 56–87%.
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for reduced stress responsivity following d-agonism. The
actions of SNC80 in animal models of depression have
been well characterized.9a,10 Thus SNC80 dose-depen-
dently reduced the duration of immobility in the forced
swim test in rats. Both anxiolytic- and antidepressant-
like effects could be significantly antagonized by naltrin-
dole, a selective d-opioid-receptor antagonist.


We have recently disclosed a series of non-chiral/
non-peptidic 4-phenyl-4-[1H-imidazol-2-yl]-piperidine
derivatives as d-opioid ligands with good selectivity over
l- and j-receptors.11,12 This family of compounds has
the advantage of having no chiral centers and can be
easily synthesized from relatively cheap commercially
available reagents.


Compounds 1 and 2 were identified as the most promis-
ing representatives among the first set of analogues pre-
pared (Fig. 2). Thus, compound 1 was found to be the
most potent agonist found among all tested compounds
(EC50 = 14 nM), despite having only moderate binding
activity (Ki = 18 nM). Conversely, compound 2 showed
good binding affinity (Ki = 3.2 nM) but weak agonism
(EC50 = 832 nM).12


These results prompted us to start a chemical explora-
tion around 4-phenyl-4-[1H-imidazol-2-yl]-piperidine
scaffold to further evaluate its potential. In order to ex-
pand our previous exploration around the piperidine
nitrogen a series of amides 3a–q and carbamates 4a–s
were prepared. The synthesis, binding affinities to l-,
d-, and j-opioid receptors, and preliminary pharmaco-
logical evaluation of these analogues in two in vivo anx-
iety and depression paradigms are reported.


The route for the synthesis of compounds 3a–q and 4a–s
is outlined in Scheme 1 and is similar to the one previ-
ously reported by our group.12 Thus, reaction of the
2-lithium salt of 1-tritylimidazole (6) with the N-protected
piperidone 5 led to the corresponding addition product
7 in moderate yield. The trityl protecting group was
removed under acidic conditions to give the unprotected
imidazole derivative 8. The Friedel–Crafts reaction of 8
with benzene occurred with simultaneous hydrolysis of
the carbamate function affording the key intermediate
9 in good yield (77%). This compound was easily
obtained in 50–100 gram scale.

Selective reaction of 9 with the corresponding acid chlo-
rides or chloroformates gave compounds 10 and 11,
respectively. The alkylation of the imidazole nitrogen
in 10 and 11 was carried out by reaction with different
alkyl halides in THF, using sodium hydride as a base.
The targeted compounds 3a–o and 4a–o were obtained
in moderate to good yields.13


The pharmacological profile of the compounds was
determined in radioligand binding studies and func-
tional GTPcS assays. The binding affinities (Ki) of the
compounds against cloned human d-, l-, and j-recep-
tors were determined. The opioid binding affinities of
analogues of 3a–q and 4a–s are listed in Table 1.


As it can be deduced from the data shown in Table 1, in
general both chemical subseries, amides 3 and carba-
mates 4, showed affinities in the nanomolar range for
the d-opioid receptor and selectivities over l and j
receptors in the range of 10- to 100-fold. Regarding
the exploration of R1 a wide range of different groups
was tolerated in classes (3a–k and 4a–h) keeping a
reasonably good affinity and selectivity for the d-opioid
target. Due to their high potency and good selectivity,
compounds 3f (R1 = methoxymethyl), 3h (R1 = phenyl),
and 4b (R1 = ethyl) were selected as good representatives
to further study the influence of the R2 substituent. Thus
the introduction of a methyl substituent in the benzylic
position of 3f, 3h, and 4b resulted in compounds with
equal or slightly better affinity for the d-receptor (3l,
3n, and 4i, respectively). A similar trend was also ob-
served when the benzyl substituent was replaced by 4-
methoxycarbonylbenzyl. Thus, 3m, 3p and 4o showed
higher affinities for the d-opioid receptor than their







Table 1. Binding affinity of 4-phenyl-4-[1H-imidazol-2-yl]-piperidine derivatives 3a–q and 4a–o to d-, l- and j-receptorsa,b


N


N


N
R2


O R1


N


N


N
R2


O O
R1


3a-q 4a-s


Compound R1 R2 d Ki (nM) l Ki (nM) j Ki (nM) l/d j/d


3a Methyl Benzyl 37 >465 1008 >12 27


3b Ethyl Benzyl 29 >465 n.t. >52 —


3c Isopropyl Benzyl 48 >465 621 >10 13


3d Cyclopropyl Benzyl 23 >465 n.t. >20 —


3e tert-Butyl Benzyl 37 >4652 n.t. >126 —


3f Methoxymethyl Benzyl 7.4 >465 622 >63 84


3g Benzyl Benzyl 23 >465 n.t. >20 —


3h Phenyl Benzyl 2.3 >4652 124 >2023 54


3i 3,5-Dimethylphenyl Benzyl 37 >465 284 >13 7.7


3j 2,4,6-Trimethylphenyl Benzyl 125 >4652 n.t. >37 —


3k 3,5-Trifluoromethylphenyl Benzyl 29 >465 n.t. >16 —


3l Methoxymethyl a-Methylbenzyl 3.7 >4652 >4652 >1257 >1257


3m Methoxymethyl 4-Methoxycarbonylbenzyl 5.9 >4652 65 >788 11


3n Phenyl a-Methylbenzyl 2.3 >4652 334 >2022 145


3o Phenyl 3-Methoxycarbonylbenzyl 85 >465 n.t. >5.5 —


3p Phenyl 4-Methoxycarbonylbenzyl 0.93 >4652 88 >5002 95


3q Phenyl 4-(N,N-Diethylaminocarbonyl)benzyl 158 >4652 n.t. >29 —


4a Methyl Benzyl 19 >4652 n.t. >245 —


4b Ethyl Benzyl 3.7 2763 171 747 46


4c n-Propyl Benzyl 2.9 >465 >4652 >160 >1064


4d n-Butyl Benzyl 9.3 >465 188 >50 20


4e Isopropyl Benzyl 1.8 >465 201 >258 112


4f Cyclohexyl Benzyl 7.4 >465 121 >63 16


4g tert-Butyl Benzyl 9.3 >465 84 >50 9.0


4h Benzyl Benzyl 12 >465 121 >39 10


4i Ethyl a-Methylbenzyl 1.2 >465 62 >378 52


4j Ethyl 3-Methoxybenzyl 29 >4652 366 >160 13


4k Ethyl 4-Methoxybenzyl 12 >4652 201 >388 17


4l Ethyl 3-Fluorobenzyl 5.9 >465 >4652 >79 >788


4m Ethyl 4-Fluorobenzyl 51 >465 n.t. >6.5 —


4n Ethyl 4-Hydroxybenzyl 4.6 >465 108 >101 23


4o Ethyl 4-Methoxycarbonylbenzyl 0.74 >465 25 >628 34


4p Ethyl 2-Naphthylmethyl 642 >465 3116 >0.7 4.8


4q Ethyl 2-Pyridylmethyl 173 >465 n.t. >2.7 —


4r Ethyl Cyclohexylmethyl 147 >465 n.t. >3.2 —


4s Ethyl Cynnamyl 280 >465 n.t. >1.6 —


a The binding activity of compounds is represented as means of two-independent and confirmatory experiments. Only differences in pIC50 up to 0.6


(SD < 0.5) were considered as reproducible and were maintained. The Ki values represent the concentration giving half-maximal inhibition of


[3H]DPDPE (d), [3H]DAMGO (l), [3H]U69593 (j) to cloned human receptors.
b n.t., not tested.
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corresponding unsubstituted analogues 3f, 3h and 4b.
The variation in the position of the methoxycarbonyl
substituent in 3p from position 4 to position 3 (3o) re-
sulted in a substantial decrease in affinity. The corre-
sponding 4-N,N-diethylcarboxamide derivative 3q was
also 170-fold less active than 3p. Attempts to replace
the benzyl group by other subtituents led to poorly ac-
tive compounds (4p–s). Compounds 3p and 4o stand
as the most potent compounds prepared within this ser-
ies so far, their binding affinities for the d-opioid recep-
tor being in the sub-nanomolar range.


Many compounds underwent functional testing in
([35S]GTPcS) and almost all showed agonistic activity.11


A representative compound of each subseries (amides 3

and carbamates 4) was tested in several in vivo para-
digms predictable for anxiolytic and antidepressant
activities. Preliminary results for the amide 3h and car-
bamate 4b are shown in Table 2. Thus, compounds 3h
and 4b showed a statistically significant reduction in
both the number and duration of calls when tested in
the mouse neonatal ultrasonic vocalization test,14 as a
paradigm predictable for anxiolytic activity. Remark-
ably, the benzamide derivative 3h showed activity at a
dose of 1 mg/kg. Additionally 3h and 4b were tested in
the mouse tail suspension test.15 Both compounds de-
creased the duration of immobility in this test at
10 mg/kg and 30 mg/kg, respectively (lowest active
dose), therefore demonstrating antidepressant-like
effects.







Table 2. Effects of d-opioid agonists 3h and 4b on mice neonatal


ultrasonic vocalization and tail suspension testsa,b


Compound Ultrasonic vocalization


(LAD, mg/kg)


Tail suspension


(LAD, mg/kg)


N


N


N


Ph


O Ph 3h 


<1 10


N


N


N


Ph


O OEt 4b 


10 30


a LAD, lowest active dose tested.
b All compounds were dosed subcutaneously.
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In summary, we have shown the potential of a new
chemical class of selective d-opioid agonists based on
the 4-phenyl-4-[1H-imidazol-2-yl]-piperidine scaffold.
These compounds have shown for the first time anxio-
lytic- and antidepressant-like effects in two behavioral
paradigms. Further pharmacological characterization
and chemical exploration of the series in order to broad-
en the SAR around its structure are currently in
progress.
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Abstract—New modifications on the C-8 4-aminobenzyl unit of the previously reported 3-alkyl-1,8-dibenzylxanthine inhibitors of
cPEPCK are presented. The most active compound reported here is the 5-chloro-1,3-dimethyl-1H-pyrazole-4-sulfonic acid amide
derivative 2 with an IC50 of 0.29 ± 0.08 lM. An X-ray analysis of a heteroaromatic sulfonamide is presented showing a new p–p
interaction.
� 2007 Elsevier Ltd. All rights reserved.

Previously we reported1,2 the first GTP-competitive
inhibitors of cytosolic phosphoenolpyruvate carboxyki-
nase (cPEPCK). The PEPCK enzyme catalyzes the
rate-limiting step in gluconeogenesis3 and a number of
papers show that its overexpression in transgenic ani-
mals leads to fasting hyperglycemia and impaired glu-
cose tolerance.4 Reduction of cPEPCK protein levels
using a RNAi has recently been shown to lower blood
glucose levels in diabetic mice5 providing further sup-
port for cPEPCK as a therapeutic target in diabetes.


Our earlier reports1,2 covered the discovery, X-ray stud-
ies, and modifications at N-1, N-3 as well as limited
modifications at C-8 of a class of xanthines that led to
xanthine 1 as the first submicromolar inhibitor of the
cPEPCK enzyme. We now describe use of the previously
described enzyme assay1 for the study of new modifica-
tions at C-8 of 3-alkyl-1,8-dibenzylxanthines. Results of
a cellular assay,6 evaluating a compound’s ability to in-
hibit PEPCK-dependent gluconeogenesis in rat hepa-
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toma cells, are reported for some of the more potent
compounds. The new modifications at C-8 improved
the in vitro activity by >2-fold over that of xanthine 1
and provided the most active inhibitor reported here,
5-chloro-1,3-dimethyl-1H-pyrazole-4-sulfonic acid {4-
[3-cyclopropylmethyl-1-(2-fluorobenzyl)-2,6-dioxo-2,3,
6,7-tetrahydro-1H-purin-8-ylmethyl]phenyl}amide (2),
with an IC50 in the enzyme assay of 0.29 ± 0.08 lM7


and EC50 in the cellular assay of 2.17 ± 0.57 lM.


The required C-8 3- or 4-aminobenzyl xanthines 3
(R3 = butyl or cyclopropylmethyl) were prepared from
N-trifluoro-3- or 4-aminophenyl acetic acid using the
methods described in earlier papers.1,2 A second route
to 3 employed the N-Boc protected uracil 4 as shown
in Scheme 1. The N-Boc protected uracils 4 were pre-
pared from N-Boc-4-amino phenyl acetic acid8 using
the methods described in Refs. 1 and 2. The 3- or 4-
aminobenzyl xanthines 3 were converted into the sulfon-
amides 2, 10–24, 27 or the trifluoroacetamides 5a,b as
shown in Scheme 1.


Initial SAR development at xanthine’s C-8 position had
suggested that the benzyl unit was critical and that an
acetamido substituent on the 4-position of the phenyl
group improved activity.1 However the X-ray studies
of early xanthines2 failed to provide an explanation for
the improved activity when the C-8 benzyl group
contained the 4-acetamido unit. The lack of improved
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Scheme 1. Routes to 3-alkyl-1,8-dibenzylxanthine sulfonamides and


N-trifluoroacetamides. Reagents and conditions: (a) (1) 4 M HCl,


dioxane, rt; (2) 10% NaOH, MeOH/H2O, 50 �C oil bath; (b)


R800–SðO2Þ–Cl in pyridine, rt; (c) N-(trifluoroacetoxy)succinimide.9
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activity of the trifluoroacetyl analogs 5a and b (Table 1),
with their highly electronegative trifluoromethyl group,
over the corresponding acetamide analogs (compounds
6 and 1) made a H-bonding explanation unlikely.


A sampling of other C-8 modifications of compounds in
the N-3 butyl and N-3 cyclopropylmethyl classes is given
in Table 1. The decreased activity shown by the 2,4-
disubstitution on the C-8 benzyl group, compounds 7
and 8, when compared to the 4-substituted analogs 6
and 3a suggested that the presence of an additional 2-
substituent decreased activity relative to compounds
containing only a 4-substituent. Extending the acetyl
unit on C-8 by attaching a dimethylamino group, com-
pound 9, increased solubility but lowered the activity
relative to the corresponding amide analog 1. The activ-

Table 1. IC50 values from the enzyme assay for representative C-8 benzyl m


F


N


N N


N
O


O


R2'


R4'


H


3a, 5a, 6-8


Compound R40


3a Amino


5a N-Trifluoroacetylamino


6 N-Acetylamino


7 N-Acetylamino


8 Amino


1 N-Acetylamino


3b Amino


5b N-Trifluoroacetylamino


9 NH–CO–CH2–N(CH3)2


10 NH–SO2–CH3


11 NH–SO2–N(CH3)2


a The assay protocol is given in Ref. 1.
b IC50 inhibitory values from the enzyme assay. Results showing standard dev


preformed, the number of repetitions is shown in parentheses. Assays were c


SD, indicates a single assay with the average of the duplicate run indicated

ities observed with the sulfonamides 10 and 11 suggested
further investigation of this compound class might be
warranted.


The benzyl sulfonamide 12 and phenyl sulfonamides
whether unsubstituted 13 (Table 2) or substituted with
electron rich or electron poor groups (data not shown),
however, provided no improvement over the sulfona-
mides 10 and 11. However, changing the aromatic group
on the sulfonamide to a 5-membered nitrogen contain-
ing aromatic heterocycle led to improved activity in
the enzyme assay; compare the thiophenes 14, 15 with
imidazole 16 and the pyrazole 17 and also note the activ-
ities of the thiazole 18 and oxazole 19 in the N-3 cyclo-
propylmethyl class. Although the imidazoles 16 and 20
showed good activity against the enzyme (relative to 6
and 1, respectively) they were inactive in cells. The pyr-
azoles 17, 2, 21, 22 all showed improved activity in the
enzyme assay and compound 2 showed improved activ-
ity in the cellular assay when compared to the corre-
sponding N-acetyl derivative 1. Changing the C-8
aminobenzyl unit in 2 to a 5-amino-2-pyridyl unit re-
sulted in a compound with slightly decreased activity
against the enzyme and a 2-fold decrease in activity in
cells, data not shown. Interestingly, replacing the pyra-
zole unit of 2 with a pyridine, compound 23, gave an
analog less active in the enzyme assay than even the cor-
responding N-acetyl derivative 1. The 8-quinolyl 24
showed improved activity against the enzyme relative
to the pyridyl analog 23 but showed no activity in the
cellular assay.


Explanation of some of the increase in activity due to an
aromatic substituent’s attachment to the sulfur of the
sulfonamide was found in the X-ray study of sulfon-
amide 16,10 (Fig. 1). This X-ray showed that the sulfon-
amide linkage allowed a turn that placed the imidazole
ring on top of Phe530; thus Phe530 was now sandwiched

odifications of xanthines 6 and 1
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N N
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O
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R4'


H


1, 3b, 5b, 9-11


R20 IC50
a,b (lM)


H 2.56 ± 0.05 (5)


H 2.30


H 2.11 ± 0.60(32)


N-Acetylamino 8.70 ± 0.85 (2)


Amino 5.65 ± 0.07 (2)


H 0.69 ± 0.29 (6)


H 1.56 ± 0.53 (6)


H 1.80


H 2.07 ± 0.31 (6)


H 1.25 ± 0.30 (6)


H 0.96 ± 0.12 (3)


iation (SD) values were assayed more than once. If multiple assays were


onducted with each compound run in duplicate. A single IC50, without
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Table 2. IC50 and EC50 values from the enzyme and cellular assays for representative sulfonamide modifications of the C-8 benzylamino unit of


xanthines 6 and 1
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N N
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N


N N


N
O


O


NR8'' R8''


H H


H H6 & 12-17 1, 2 & 18-24


Compound R800 IC50 (lM)a,b [ ] c EC50 (lM) e,f,g [ ]c


6 –C(O)CH3 2.11 ± 0.60 (32) 8.6


12 –S(O)2–Bn 31% at 1d ND


13 –S(O)2–Ph 22% at 1d ND


14
S


SO2 CO2CH3 19% at 1d ND


15 S
O2
S 30% at 1d ND


16
N


N


O2
S


CH3


0.63 ± 0.14 (16) IA


17
N
N


O2
S


CH3


CH3
Cl


0.54 ± 0.07 (9) 3.97 ± 1.5 (5)


1 –C(O)CH3 0.69 ± 0.29 (6) 4.70 ± 1.6 (7)


2
N
N


O2
S


CH3


CH3
Cl


0.29 ± 0.08 (38) 2.17 ± 0.57 (9)


18
S


N


O2
S NH2


H3C


0.23 [0.23, 2 = 0.25] 8.20 [8.20, 2 = 1.90, 21 = 4.70]


19
N
O


O2
S


CH3


H3C


0.79 ± 0.26 (6) 3.40 [3.40, 21 = 4.00]


20
N


N


O2
S CH3


CH3


0.34 ± 0.04 (3) [0.30, 2 = 0.25] IA


21
N
N


O2
S


CH3


CH3


0.24 ± 0.05 (44) 5.57 ± 0.97 (8)


22
N
N


O2
S


CH3


0.39 ± 0.05 (4) [0.43, 2 = 0.32, 21 = 0.23] 8.75 ± 0.25 (2) [9.00, 2 = 2.40, 21 = 6.40]


23


O2
S


N


1.95 ± 0.07 (2) [1.90, 2 = 0.35] 5.50 [5.50, 21 = 6.50]


24
O2
S


N
0.45 ± 0.02 (2) IA


a Legends same as Table 1.
b Legends same as Table 1.
c The numbers in brackets are the average of a duplicate assay on the compound indicated and, for comparison, compounds 2 and/or 21 assayed at


the same time.
d Percent inhibition at the lM concentration indicated.
e EC50 values from the cellular assay6 represent the results of duplicate assays.
f ND, not determined.
g IA, inactive up to 10 lM.
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Figure 1. Xanthine 16 bound in the purine-binding site of cPEPCK.


Compound 16 is in light blue and the amino acids in the purine-


binding site of cPEPCK are shown in green. In both the xanthine and


cPEPCK the atoms of oxygen, nitrogen, and sulfur are shown in red,


dark blue, and yellow, respectively.
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between the imidazole ring and the xanthine core of the
ligand. The lower activities observed for the methylsulf-
onamide 10 and its dimethylamino derivative 11 are in
agreement with the X-ray results. The fact that the
upper face of the xanthine-binding cleft, the area above
the imidazole and sulfonamide moieties, is exposed to
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solvent may explain the need for more hydrophilic aro-
matic groups. The other interactions of the protein with
the xanthine inhibitor are identical to those already de-
scribed.2 However, the sulfonamide 16 has trapped a
slightly different conformation of the enzyme in the crys-
tal than reported earlier.2 The C-terminal domain (resi-
dues 435–622) is rotated 4.8� with respect to the
N-terminal domain, in a slightly more open conforma-
tion than seen in the X-ray structure of GTP bound to
PEPCK11 and the previously reported xanthines.


Several N-heteroaromatic benzylsulfonamides (hereafter
called reverse sulfonamides) were prepared12 and all
were less active than the N-benzyl sulfonamides. For
example the direct comparison of the reverse sulfon-
amide 25 with 17 showed at least a 9-fold decrease in
activity in the enzyme assay. While this compares a

chloro-di-methyl substituted pyrazole with a trimethyl
pyrazole, in other xanthine classes these two pyrazole
modifications were found to have nearly identical activ-
ities against the enzyme. Comparison of the N-methyl
analog of sulfonamide 2, the N-methyl-N-chloro-
dimethylpyrazole sulfonamide 26, with 2 showed a 6-
fold decrease in activity in the enzyme assay. The loss
of activity observed with the reverse sulfonamide 25
may be due to steric interactions between the sulfone
oxygens and the methyl groups on the pyrazole ring
and in the N-methyl analog 26 the N-methyl of the N-
methyl sulfonamide with the methyl and halogen on
the pyrazole ring. These interactions, not seen in the
parent compounds, would increase the energy of any
conformational changes required for binding to the pro-
tein. This analysis assumes that the preferred conforma-
tion for sulfonamides is where nitrogen’s lone pair
bisects the sulfone oxygens13 as observed in the X-ray
presented here.


The N-benzyl sulfonamides where the amine attach-
ment was moved to the 3-position of the phenyl unit,
for example, compound 27, showed a decreased activ-
ity in both the enzyme (>3-fold) and cellular (>2-fold)
assays relative to the corresponding 4-substituted ana-
log 2. In the parent C-8 benzyl class the 3-amino and
3-acetamido analogs showed a similar loss in activity
when compared to the corresponding 4-substituted
analogs (data not shown). These results suggested that
while there may be space for groups at the 3-position,
neither the N-benzyl 3-amine, -acetamide nor -sulfon-
amide groups were making any new interactions with
the protein.

In summary, we present modifications at xanthine’s C-8
aminobenzyl moiety that show 5-membered heteroaro-
matic N-benzylsulfonamides provide a new p–p interac-
tion and further increase the inhibitory activity of the
xanthine class of cPEPCK inhibitors. In the sulfonamide
class the 5-chloro-1,3-dimethylpyrazole analog 2 pro-
vides the most active inhibitor in both the enzyme and
cellular assays.
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were prepared in DMSO and then added to the exper-
imental medium such that the final DMSO content was
0.5%. Experimental medium containing the test com-
pound (500 lL) was added to each well and assays were
preformed in duplicate. After incubating the cells for 6 h
at 37 �C, the medium was collected and stored frozen at
�20 �C. The amount of glucose in the medium was
determined using a fluorometric assay (AMPLEX RED/
Molecular Probes) and measured using a plate reader.


7. As noted earlier [2] the IC50s reported here might be 9-fold
higher than the true binding constants.


8. Yu, C.; Taylor, J. W. Bioorg. Med. Chem. 1999, 7, 161.
9. Bergeron, R. J.; McManis, J. S. J. Org. Chem. 1988, 53,


3108.
10. PDB code: 2 GMV, Resolution 2.30 Å, R factor 21.7%.
11. Dunten, P.; Belunis, C.; Crowther, R.; Hollfelder, K.;


Kammlott, U.; Levin, W.; Michel, H.; Ramsey, G. B.;
Swain, A.; Weber, D.; Wertheimer, S. J. J. Mol. Biol.
2002, 316, 215.


12. Prepared from ethyl 4-(chlorosulfonyl)phenyl acetate
Kawashima, Y.; Sato, M.; Yamamoto, S.; Shimazaki,
Y.; Chiba, Y.; Satake, M.; Iwata, C.; Hatayama, K. Chem.
Pharm. Bull. 1995, 43, 1132, The sulfonyl chloride was
reacted with the desired heterocyclic amine and then the
ester hydrolyzed to give the needed phenyl acetic acid
derivative for reaction with the uracil according to Ref. 1.


13. Other X-rays showing this phenomenon may be found in
the following references: Yamada, K.; Fujihara, H.;
Yamamoto, Y.; Miwa, Y.; Taga, T.; Timioka, K. Org.
Lett. 2002, 4, 3509; (a) Aggarwal, V. K.; Charmant, J. P.
H.; Ciampi, C.; Hornby, J. M.; O’Brien, C. J.; Hynd, G.;
Parsons, R. J. Chem. Soc. Perkin Trans. 1 2001, 3159; (b)
Hendi, M. S.; Davis, R. E.; Wheeler, K. A. Cryst. Eng.
2000, 3, 209.
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Abstract—A novel series of 2-(4,5,6,7-tetrahydro-1H-pyrrolo[3,2-c]pyridin-3-yl)-ethylamine derivatives were designed and synthe-
sized as GnRH receptor antagonists. SAR studies led to a series of highly active molecules against both the rat and human receptors.
Furthermore, one potent compound, 17j, demonstrated dose-dependent LH suppression in castrated rats.
� 2007 Elsevier Ltd. All rights reserved.

Gonadotropin-releasing hormone (GnRH), also known
as luteinizing hormone-releasing hormone (LHRH), is a
decapeptide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-
Gly-NH2) which plays an important role in human
reproduction by regulating the levels of luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH).
GnRH is released from the hypothalamus and acts at
GnRH receptor on the pituitary gland to stimulate the
biosynthesis and release of LH and FSH. LH released
from the pituitary gland is responsible for the regulation
of gonadal steroid production in both males and
females, while FSH regulates spermatogenesis in males
and follicular development in females. Due to its biolog-
ical mechanism of action, it is believed that several dis-
ease states would benefit from the regulation of GnRH
function, particularly in antagonizing its activity. These
include sex hormone related diseases such as prostate
cancers, endometriosis, and uterine fibroids.


In earlier work, our group has disclosed SAR studies
over several series (Fig. 1) such as 6-aminomethyl-7-
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aryl-pyrrolo[1,2-a]pyrimid-4-ones1 (1) and 2-aryl-3-ami-
nomethyl-imidazolo[1,2-a]pyrimid-5-ones2 (2a–b, 3) and
uracils3 (4) as potent non-peptide human gonadotropin-
releasing hormone (hGnRH) receptor antagonists.
Furthermore, NBI-42902, a uracil-based analog,
demonstrated efficacy in both monkey4 and human sub-
jects.5 In general, these classes of molecules were found
to be highly species-selective. The binding affinities of
these molecules are usually >100-fold more potent for
the human receptor than for the rat receptor. Thus,
the most convenient and cost effective castrated rat
model cannot be applied for in vivo efficacy screening
to evaluate LH suppression. Interestingly, non-peptide
GnRH receptor antagonists from tryptamine class such
as 5 were reported to be less species-selective,6 presum-
ably they bind to a region of the receptor that is more
conservative among different species based on mutagen-
esis studies.7 To utilize castrated rats as efficient in vivo
screening tool, we report here the design, synthesis, and
SAR studies of 2-(4,5,6,7-tetrahydro-1H-pyrrolo[3,2-
c]pyridine-3-yl)-ethylamine derivatives as novel potent
GnRH receptor antagonists for both human and rat
receptors. Furthermore, LH suppression in castrated
rats by one of the compounds is also demonstrated.


Scheme 1 illustrates the 5-step synthesis of the key inter-
mediate 9. 4-Oxo-piperidine-1-carboxylic acid tert-butyl
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Figure 1. General structures of GnRH antagonists.
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ester (6) was heated with pyrrolidine to form the corre-
sponding enamine intermediate, which directly reacted
with 3,5-dimethyl a-bromoacetophenone without fur-
ther manipulation to yield the crude 1,4-diketone prod-
uct, followed by ring closure with ammonium acetate to
afford the pyrrole dervative 7. N-protecting group of 7
was then switched to acid-stable trifluoroacetamide (8),
which reacted with the (S)-2-methyl-1-(4-nitro-
benzenesulfonyl)aziridine8 to produce the desired com-
pound 9 with orthogonal protections for both basic
amines. Two strategies were then adopted for the syn-
theses of the final compounds 13 and 17 depending on
the need for variation of substitutions on a particular
basic amino group. Scheme 2 shows the syntheses
involving the variation of substitutions on the basic ami-
no group on the bicyclic ring, while the substitution on
side chain basic amino group is locked with 2-(4-pyr-
idyl)-ethyl group, one of the preferred groups from
tryptamine class.6a 9 underwent Mitsunobu reaction

with 2-(4-pyridyl)-ethanol to yield 10. Selective hydroly-
sis of trifluoroacetamide afforded 11, which was coupled
either with a variety of acids or acyl chlorides to form
the corresponding amides. The final compounds 13 were
obtained after the hydrolysis of p-nitrobenzenesulfonyl
group under basic condition in the presence of 2-mer-
captoacetic acid. As indicated in Table 1, without substi-
tution on the ring nitrogen, compound 13a was not
active determined by the IP assay which measures the
inhibition of GnRH-stimulated [3H] inositol phosphate
hydrolysis using RBL cells stably transfected with the
gene for human GnRH receptors. Weaker activity was
observed with a simple acetamide (13b). Subsequently,
a variety of amides were examined. Increasing the size
of amide from the methyl to cyclopentyl gained about
2-fold activity (13c, 3480 nM). A bulky tetramethylcy-
clopropyl group (13d) bolstered the affinity nearly 10-
fold to 475 nM (IC50). However, further increase the
bulkiness using an adamantyl group did not help on
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the activity (13e, 546 nM). Surprisingly, benzamide (13f)
was inactive and the activity was regained by an inser-
tion of a methylene group between the phenyl and car-
bonyl moiety (10g, 1110 nM). Based on this lead (10g),
a variety of substitutions on the phenyl ring were ex-
plored. 2-substitution was evidently preferred over 3
and 4-substitutions, thus the discussion in this report
is focused on the variation of 2-substitution. Compound
13h with a 2-methoxyl group improved the affinity by 2-
fold, while 2-fluoro (13i) and 2-chloro (13j) analogs were
about 4-fold more potent than the non-substituted one
(13f). Mutagenesis studies7 implied that this moiety
might be interacting with Tyr283, Tyr284, Phe313 residues
on the receptor, suggesting that a electron-withdrawing
group should be preferred for facilitating a p–p interac-
tion. Indeed, a substantial improvement was observed

N


N
H


HN
O


F


CF3


N


N
H


N
O


F


CF3


R2SEM


9


14


a, b


16 e-m


c


N


N
H


NH2
O


F


CF3


17 a


d


Scheme 3. Reagents: (a) K2CO3, MeOH, 90%; (b) 2-fluoro-6-(trifluoromethyl


R2OH, Ph3P, DEAD, THF 30–80%; (d) LiOH, HSCH2CO2H, DMF, 50–60

from the introduction of a 2-CF3 group (13k,
IC50 = 86 nM). A combination of 2-fluoro and 6-trifluo-
romethyl groups led to the most potent molecule (13l,
IC50 = 62 nM) from this part of the SAR studies. Subse-
quently, our attention was turned into optimizing the
substitution at the basic amino group on the side chain
using the 2-fluoro-6-trifluoromethylphenylacetyl group
as the preferred substituent for the central core amino
group. Scheme 3 describes the synthetic pathway to ob-
tain such compounds. Thus, 9 was subjected to selective
hydrolysis to remove trifluoroacetamide, followed by
coupling with 2-fluoro-6-trifluoromethylphenylacetyl
chloride to afford 14. Mitsunobu reactions with selected
alcohols (15b–n, Table 2) that were obtained either
through commercial sources or syntheses9 produced
16b–n. For 16b–d and 16n, a simple hydrolysis yielded

S
O


O


NO2


S
O


O


NO2


N


N
H


NH
O


F


CF3


R2


N


N
H


N S
O


O


NO2


O
F


CF3


R2


c


17 b-n


16b-d, 16n 


d


 e, then d


)phenyl acetic acid, HBTU, DIPEA, DCM, 85%; (c) 4-R2OH, or SEM-


%; (e) concd HCl, EtOH, 90%.







Table 1. In vitro activities of 13a–l


N


N
H


R1


HN


N


Compound R1 hIC50
a


(nM)


rKi
b (nM) rIC50


c,d


(nM)


13a H >10,000 >10,000 n.d.


13b
O


8090 120 n.d.


13c


O


3480 18 250


13d


O


475 1.3 96


13e


O


546 1.5 63


13f


O


>10,000 660 n.d.


13g
O


1110 4.5 110


13h
O


O


462 5.6 n.d.


13i
O


F


271 1.8 280


13j
O


Cl


267 2.6 n.d.


13k
O


CF3


86 1.5 47


13l
O


CF3


F


62 0.5 57


a Inhibition of GnRH-stimulated [3H]inositol phosphate hydrolysis.
b Inhibition of [125I]Tyr5,DLeu6, NMeLeu7, Pro-N-Et-GnRH binding


to the cloned rat GnRH receptor.
c Inhibition of GnRH stimulated LH release from rat pituitary cells.
d n.d., not determined.
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the desired products 17b–d and 17n. For 16e–m, which
carried a SEM protection group on the heterocycles,
an additional step to remove the SEM was employed,
followed by the hydrolysis of sulfonamide to yield
17e–m. Compound 17a was prepared by a direct hydro-

lysis of the sulfonamide group on 14. The inhibitions of
GnRH-stimulated [3H] inositol phosphate hydrolysis via
human GnRH receptors are summarized in Table 3.
While compound 17a with no N-substitution on the side
chain was inactive, attachment of 2-(tetrahydro-pyran-
4-yl)-ethyl group, a non-aromatic moiety with a hydro-
gen bond accepting capability (17b), regained some
activity, but was less potent than the 2-pyridin-4-yl-ethyl
analog (13l). While the N-methyl pyridinone (17c) im-
proved the activity by two-fold, the bicyclic quinoxaline
(17d) offered no advantage over the pyridyl compound
(13l). The 2-methylbenzimidazole (17e) and 3-ethyl-qui-
nazoline-2,4-dione (17f) were similarly potent as 17d
despite their additional hydrogen bond donating
capability. However, the benzotriazole analog (17g)
was more active (IC50 = 26 nM) than the benzimidazole
(17e, IC50 = 87 nM), which suggested that an acidic het-
erocycle might be preferred. Two triazole analogs (17h–
i) with increased acidity by either inserting a nitrogen or
substituting a fluoride on the benzotriazole indeed led to
a further improvement of activity. This SAR trend led
us to employ a tetrazole moiety which yielded the most
active molecule in these SAR studies (17j,
IC50 = 1.5 nM). Further manipulation by insertion of a
nitrogen to the phenyl ring (17k) decreased the activity
(IC50 = 10 nM). Attempt to further optimize the chain
length between the tetrazole substituted phenyl ring
and the basic amino group was not successful, while
insertion of an oxygen (17l) resulted in a loss of about
40-fold activity and shortening of the chain (17m) dras-
tically diminished the activity. Furthermore, replace-
ment of the tetrazole with a carboxylic acid (17n) also
reduced the activity, indicating the tetrazole group
may play additional roles beyond its acidity.


All the compounds were also evaluated by rat binding
assay as shown in both Tables 1 and 3. As expected,
species selectivity was not an issue for this class of
molecules. The rat binding affinities were well corre-
lated with that in human. Rat pituitary cell-based as-
says measuring the inhibition of GnRH-stimulated LH
release were also undertaken before a compound was
chosen for in vivo LH suppression study in castrated
rats. It was found that this assay offered a better dif-
ferentiation among the potent binders. For example,
both 17d and 17j were highly potent rat receptor bind-
ers with similar Ki values at 0.3 and 0.2 nM. However,
the rat pituitary cell-based assay revealed that 17j was
far more potent than 17d as demonstrated by their
corresponding IC50 values (17j: 0.6 nM and 17d:
68 nM). With such small shift of potencies (0.2 nM
vs 0.6 nM) from the standard rat receptor binding as-
say to rat pituitary cell-based functional assay, it was
speculated that the binding affinity (Ki) of 17j was
underestimated and should be less than 0.2 nM. How-
ever, possibly due to lack of the equilibrium from the
standard binding assay condition, its true binding po-
tency was not determined adequately. The similar phe-
nomena were observed in uracil series.10


The in vivo efficacy of compound 17j was assessed by
measuring its ability to reduce LH concentrations in
rats that had been castrated approximately 4 weeks
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Table 3. In vitro activities of 17a–n


N
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H


HN R2


O
F


CF3


Compound R2 hIC50
a


(nM)


rKi
b


(nM)


rIC50
c


(nM)


13l N 62 0.5 57


17a H 4180 470 n.d.


17b O 205 4.7 480


17c
N


O 32 0.4 n.d.


17d


N


N 60 0.3 68


17e


N


NH 87 1.0 n.d.


17f


N
N


O


O


91 1.8 n.d.
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N
N
NH 26 0.5 1.2
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N


N N
NH 9.0 0.6 6.4
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N
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F


16 0.7 28
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N N


N


H
N


1.5 0.2 0.6
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N N N


N
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N


7.0 0.6 44


17l O N
N


NHN


63 6.2 n.d.


17m
N N


N


H
N


1600 1600 n.d.


17n
O


OH
22 2.0 n.d.


n.d., not determined.
a Inhibition of GnRH-stimulated [3H]inositol phosphate hydrolysis.
b Inhibition of [125I]Tyr5,DLeu6, NMeLeu7, Pro-N-Et-GnRH binding


to the cloned rat GnRH receptor.
c Inhibition of GnRH stimulated LH release from rat pituitary cells.
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prior to the study. The castrated rats had elevated LH
concentrations that were stable over 24 h. Blood samples
from individually housed rats were withdrawn from pre-
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Figure 2. (a) Pharmacokinetics of 17j in castrated rats via ip administration. (b) LH suppression of 17j in castrated rats via ip administration.
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viously implanted catheters prior to and up to 24 h after
intraperitoneal (ip) injection of 17j, vehicle, or subcutane-
ous injection of the peptide antagonist Cetrorelix at 10 lg/
kg. Compound 17j dose-dependently decreased LH con-
centrations as measured by radioimmunoassay with sig-
nificant effects observed at 1.5 mg/kg, the lowest dose
administered (p < 0.05, Two-way Repeated Measures
ANOVA, Fig. 2b). The highest dose, 15 mg/kg, reduced
plasma LH concentrations to the same degree as the posi-
tive control Cetrorelix. For all doses, suppression was sig-
nificant from 2 to 9 h. Plasma concentrations of 17j after
ip injection increased with dose (Fig. 2a). The AUCs
((ng h)/ml) of plasma concentration from rats completing
the 24-h study were 1290 ± 221.8 (1.5 mg/kg),
2473.4 ± 373.4 (4.5 mg/kg), and 6502.0 ± 1094.6 (15 mg/
kg), respectively.


In summary, we have developed a novel series of GnRH
receptor antagonists that were both potent against hu-
man and rat receptors in vitro. Effectiveness of such
class of molecules to suppress LH was demonstrated
in castrated rats.
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Abstract—Structure–activity relationship (SAR) studies were conducted around early tetrazole-based leads 3 and 4. Replacements
for the tetrazole core were investigated and the pendant benzyl substitution was reoptimized with a triazole isostere. Triazole-based
P2X7 antagonists were identified with similar potency to the lead compound 4 but with improved physiochemical properties. Com-
pound 12 was active in a rat model of neuropathic pain.
� 2007 Elsevier Ltd. All rights reserved.

The P2X receptors (P2X1–P2X7) comprise a family of li-
gand-gated ion channels that are activated by ATP.1 A
functional ion channel forms through the hetero- or
homomeric assembly of P2X subunits. Each subunit, in
turn, consists of a single polypeptide chain with two mem-
brane spanning regions and both amino and carboxy ter-
imini being intracellular. Of the various P2X receptors,
the P2X7 receptor is unique in that it does not form heter-
omeric complexes with other P2X receptor subunits.2


Brief (millisecond) activation of the P2X7 receptor with
ATP results in a non-selective cation (Na+, Ca2+, K+) flux,
whereas longer exposure (>30 min) to ATP gives rise to
cytolytic pore formation.3


The P2X7 receptor is located primarily on cells of the im-
mune system4 such as macrophages, monocytes, mast
cells, and lymphocytes as well as on glial cells (astrocytes
and microglia) in the central nervous system. The pres-
ence of the P2X7 receptor on neurons, however, has yet
to be definitively established.5 Activation of the P2X7


receptor on cells of immunological origin causes a release
of pro-inflammatory cytokines,4 including IL-1b, a pro-
cess that may play an important role in the development
and progression of inflammatory, neurodegenerative6–9


or chronic pain10,11 conditions in either the peripheral
or central compartments. Recent studies with P2X7
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knockout (KO) mice support a prominent role for P2X7


in inflammation and pain. These KO mice showed a re-
duced incidence and severity of arthritic symptoms com-
pared to wild-type mice.12 Additionally, P2X7 KO mice
were protected from the development of both adjuvant-
induced inflammatory pain and partial nerve ligation in-
duced neuropathic pain.13 Blockade of P2X7 with a small
molecule antagonist, thus, could provide a novel thera-
peutic approach to the treatment of pain as well as neuro-
degenerative and inflammatory disorders.
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Structure–activity relationship (SAR) studies of P2X7


selective ligands have appeared in the literature for sev-
eral chemical series.14–19 KN-62 (1), a tyrosine-based
non-competitive P2X7 antagonist, was the first small
molecule inhibitor to be identified.20 Recently, a more
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Table 2.


N


N


N
Cl


Cl R


Compound R hP2X7 pIC50
a


5 H 6.28


12 2-Me 7.11


13 2-OMe 6.72


14 2-CF3 6.88


15 2-CHF2 6.93


16 2-SMe 7.31


17 2-SMeb 7.57
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‘druglike’ series of adamantylbenzamides, exemplified
by 2, have been described that possess potent activity
to competitively block P2X7 receptors.18 As described
in a recent report, we have found that 1-benzyl-5-(2,3-
dichlorophenyl)-tetrazoles are potent P2X7 antagonists
with compound 3 showing activity in a rat model of neu-
ropathic pain.21a The studies described herein extend the
SAR investigations around 3 by examining heterocyclic
replacements for the tetrazole core (see Table 1) and
subsequent reoptimization of the pendant nitrogen sub-
stituent (Tables 2 and 3).


Scheme 1 illustrates the straightforward 3-step method
utilized to prepare the triazole 5 as well as the examples

Table 1.
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Cl
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N
hP2X7 pIC50
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N
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7.40


5
N


N


N
6.28
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N
N


6.52
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N
N


6.22


8
N
N


N
6.37


9


N
N


N
6.68


10
N


N


5.74


11
N


N
5.22


2 7.19


Values are means of at least three experiments.
a Compounds tested at the recombinant hP2X7 receptor as described.21


18 2-SO2Meb 6.84


19 2,3-Benzo 7.23


20 2-Me, 5-F 7.32


21 2-CF3,5-F 7.31


22 2-F, 5-CF3 6.04


23 3-OMe 6.67


24 3-CF3 5.89


25 4-CF3 5.05


26 2,3-DiMeO 6.88


27 2,3-DiCl 6.72


28 2,4-DiCl 6.48


29 2,5-DiCl 6.86


Values are means of at least three experiments.
a Compounds tested at the recombinant hP2X7 receptor as described.21


b 2-Cl,3-CF3 substitution on left hand phenyl rather than 2,3-


dichlorophenyl.


Table 3.


N


N


N


R


Cl


Cl


Compound hP2X7 pIC50
a


30 5.98


31 4.88


32 7.72


33 7.30


Values are means of at least three experiments.
a Compounds tested at the recombinant hP2X7 receptor as described.21

in Tables 2 and 3. Conversion of methyl 2,3-dic-
hlorobenzoate to the oxadiazole intermediate in two
steps proceeded in high yield. Transformation of the
oxadiazole to the triazole by reaction with amines
proved to be a reaction that could be run in parallel,
allowing for the rapid SAR exploration of the R group
off the triazole nitrogen. Although the yields for this
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Scheme 1. Reagents and conditions: (i) NH2NH2, EtOH; (ii) HC(OEt)3, p-TsOH, toluene, D, 90% yield for two steps; (iii) RNH2, toluene, D.
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latter transformation usually did not exceed 50%,22 the
desired product was easily separated from any by-prod-
ucts by either reverse phase HPLC or normal phase col-
umn chromatography.23


The triazole and pyrazole analogs 6 and 11 were synthe-
sized using the same general method (Scheme 2) wherein
either the starting acetophenone or benzamide was reacted
first with DMF-dimethylacetal, followed by condensation
with benzylhydrazine under buffered conditions.24


The 1,2,3-triazole 7 was prepared in three steps (Scheme
3) from 1,2-dichloro-3-iodobenzene via Sonogashira
coupling with trimethylsilylacetylene followed by cleav-
age of the TMS group and 1,3-dipolar cycloaddition of
the primary acetylene with benzylazide. This latter reac-
tion provided the desired 1,5-regioisomer in low yield
(10%) due to the preferred formation of the 1,4-regio-
isomer (�20%). Reaction (not shown) of 1-azido-2,3-
dichlorobenzene with 3-phenyl-1-propyne in toluene
for 18 h at 100 �C provided 8 in low yield (20%), again
due to the preferred formation of the 1,4-regioisomer
in 66% yield.


The triazole 9 was prepared in a straightforward fashion
(Scheme 4) by condensing 2,3-dichlorophenylhydrazine
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O Cl
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Scheme 2. Reagents and conditions: (i) DMF dimethylacetal, D. X@CH3 yie


H2O/MeOH (1:10), 90 �C; yield = 46%; (iii) X@N: BnNH2NH2ÆHCl, NaOA


Cl
Cl I
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Cli, ii


Scheme 3. Reagents and conditons: (i) HC„CTMS, PdCl2(PPh3)2, CuI, Et3


80 �C, 10% yield.


Cl
Cl NHNH2


NHCHOO


+


Scheme 4. Reagent and condition: (i) AcOH, reflux, 28% yield.

with N-formylphenylacetamide in glacial acetic acid at
reflux.


Finally, the imidazole isostere 10 was synthesized by
benzylation of 4-bromoimidazole25 and subsequent
microwave-facilitated Suzuki coupling (Scheme 5). In
the case of the benzylation, the 1,4 regioisomer again
predominated (59%). The Suzuki reaction and product
purification were not optimized, accounting for the
low yield.26


With 2,3-dichlorophenyl and benzyl substitutions held
constant (Table 1), heterocyclic replacements for the tet-
razole moiety were evaluated. There was observed a pro-
gressive loss of P2X7 potency in the order
tetrazole > triazole > imidazole > pyrazole, with the
various triazole regioisomers 5–9 demonstrating similar
P2X7 potency regardless of connectivity (C versus N) to
the phenyl and benzyl groups. In view of this latter re-
sult, it would appear that the position of the nitrogens
in the central ring does not strongly influence activity.
Rather, a stronger relationship seems to exist between
the overall electron density of the core heterocycle and
P2X7 potency. The most electron deficient ring (tetra-
zole) demonstrates the greatest potency, whereas the
more electron rich imidazole and pyrazole rings are
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Scheme 5. Reagents and conditon: (i) BnCl, TBAB, KOtBu, 21% yield; (ii) 2,3-dichlorophenylboronic acid, Pd(PPh3)2Cl2, DME/EtOH/H2O (7:3:2),


microwave, 10 min, 6% yield.


Table 4.


Compound THP-1 IL-1b pIC50
a rP2X7 pIC50


a


12 6.43 6.68


20 6.62 6.26


32 7.12 7.11


4 5.60 7.12


2 NT 6.09


Values are means of at least three experiments.
a Compounds tested at the recombinant rP2X7 receptor and for IL-1b


release as described.21
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the weakest and the various triazoles are intermediate in
terms of both potency and electron density. From these,
the triazole 5 was selected for further study to determine
if optimization of the N-benzyl substitution could result
in analogs that recapture the potency of 4. Using paral-
lel synthesis techniques, a library of approximately 60
analogs was prepared around 5 utilizing a variety of
benzylamines (selected analogs shown in Table 2).
Briefly, ortho-substitution tended to increase P2X7 po-
tency as for analogs 12–18, whereas para-substitution
decreased potency (25) and meta-substitution produced
mixed effects (23,24). In the ortho-position the sulfone
18 was approximately fivefold less potent than the corre-
sponding sulfide 17. From the small set of ortho-substi-
tuted examples, it is clear that a variety of electron
donating and withdrawing groups are tolerated
although the best activity is observed with the electron-
ically more neutral substitutions (12,16). There was typ-
ically a significant degree of tolerance for substitution in
the meta- and para-positions as long as an ortho-substi-
tuent was present (19–21,26–29). However the reduced
activity for compound 22 is consistent with the meta-
CF3 substituted 24 also being weaker. A number of
phenethylamine analogs were also generated in this
fashion, however, none of these showed any appreciable
P2X7 activity (data not shown). Changing the substitu-
tion on the left hand phenyl from 2,3-dichloro to
2-chloro-3-trifluoromethyl provided comparable potency
(16 vs 17). Further exploration of the left-hand side
substitution was not undertaken.


Substitution on the benzylic carbon was also investi-
gated. Interestingly, methyl (30) and dimethyl (31) pro-
gressively decreased P2X7 potency, however, tying back
the methyl to form an indane provided the most potent
analog from this series (32).27 In this case, the (R) enan-
tiomer 32 was 2–3 times more potent than the (S) enan-
tiomer 33.


As shown in Table 4, several compounds were evaluated
for their ability to inhibit IL-1b release from human
THP-1 cells. All three of these compounds blocked

IL-1b release, although with less potency than that ob-
served to inhibit Ca2+ flux. In addition, the compounds
in Table 4 were tested at the rP2X7 receptor where they
also generally showed reduced potency, a potential con-
founding factor when conducting in vivo efficacy studies
in rats.


Compound 12 was further evaluated in vivo for its
antinociceptive activity in the rat Chung model28 of neu-
ropathic pain. When dosed intraperitoneally, compound
12 produced a dose-dependent reversal of mechanical
allodynia at the 30 min timepoint with an ED50 of
125 lmol/kg and a maximum efficacy of 68%. Consistent
with this activity, 12 demonstrated good bioavailability
(ip) in the rat (62%) and a half-life (1.7 h) commensurate
with the duration of the behavioral assessment.29


One of the limitations of earlier tetrazole analogs lack-
ing the pyridine moiety on the right side of the pharma-
cophore was that of low solubility precluding the
routine in vivo evaluation of many analogs.21a Triazole
analogs like 12, however, possess a nitrogen basic en-
ough to permit salt formation27 and sufficient solubility
to permit pharmacokinetic and efficacy studies in vivo.
The improved ADME properties of the triazole isostere
allowed for exhaustive exploration of the benzyl group
SAR without the restriction that pyridine be present
on the right side of the molecule. These studies thus
compliment our earlier work on the left side of the phar-
macophore21a and allowed for the diversification of
P2X7 chemical space and the identification of novel,
selective30 analogs with potency comparable to available
reference compounds. These studies have also provided
additional tool compounds with which to probe the po-
tential of P2X7 antagonists in the treatment of inflam-
matory and neurodegenerative disorders.

References and notes


1. Girdler, G.; Khakh, B. S. Curr. Biol. 2004, 14, R6.
2. North, R. A. Physiol. Rev. 2002, 82, 1013.
3. Morelli, A.; Ferrari, D.; Bolognesi, G.; Rizzuto, R.;


DiVirgilio, F. Drug Dev. Res. 2001, 52, 571.
4. DiVirgilio, F.; Vishwanath, V.; Ferrari, D. Handb. Exp.


Pharmacol. 2001, 151, 355.
5. Sim, J. A.; Young, M. T.; Sung, H.-Y.; North, R. A.;


Surprenant, A. J. Neurosci. 2004, 24, 6307; Andersen, C.
M.; Nedergaard, M. Trends Neurosci. 2006, 29, 257.


6. LeFeuvre, R. A.; Brough, D.; Touzani, O.; Rothwell, N. J.
J. Cereb. Blood Flow Metab. 2003, 23, 381.


7. LeFeuvre, R.; Brough, D.; Rothwell, N. Eur. J. Pharma-
col. 2002, 447, 261.


8. Rampe, D.; Wang, L.; Ringheim, G. E. J. Neuroimmunol.
2004, 147, 56.







4048 W. A. Carroll et al. / Bioorg. Med. Chem. Lett. 17 (2007) 4044–4048

9. Wang, X.; Arcuino, G.; Takano, T.; Lin, J.; Peng, W. G.;
Wan, P.; Li, P.; Xu, Q.; Liu, Q. S.; Goldman, S. A.;
Nedergaard, M. Nat. Med. 2004, 10, 821.


10. Raghavendra, V.; DeLeo, J. A. Adv. Mol. Cell Biol. 2004,
31, 951.


11. Milligan, E. D.; Maier, S. F.; Watkins, L. R. Sem. Pain
Med. 2003, 1, 171.


12. Labasi, J. M.; Petrushova, N.; Donovan, C.; McCurdy, S.;
Lira, P.; Payette, M. M.; Brissette, W.; Wicks, J. R.;
Audoly, L.; Gabel, C. A. J. Immunol. 2002, 168, 6436.


13. Chessell, I. P.; Hatcher, J. P.; Bountra, C.; Michel, A. D.;
Hughes, J. P.; Green, P.; Egerton, J.; Murfin, M.;
Richardson, J.; Peck, W. L.; Grahames, C. B. A.; Casula,
M. A.; Yiangou, Y.; Birch, R.; Anand, P.; Buell, G. N.
Pain 2005, 114, 386.


14. Baraldi, P. G.; Romagnoli, R.; Tabrizi, M. A.; Falzoni, S.;
DiVirgilio, F. Bioorg. Med. Chem. Lett. 2000, 10, 681.


15. Ravi, R. G.; Kertesy, S. B.; Dubyak, G. R.; Jacobsen, K.
A. Drug Dev. Res. 2001, 54, 75.


16. Chen, W.; Ravi, R. G.; Kertesy, S. B.; Dubyak, G. R.;
Jacobsen, K. A. Bioconjugate Chem. 2002, 13, 1100.


17. Baraldi, P. G.; del Carmen Nunez, M.; Morelli, A.;
Falzoni, S.; DiVirgilio, F.; Romagnoli, R. J. Med. Chem.
2003, 46, 1318.


18. Baxter, A.; Bent, J.; Bowers, K.; Braddock, M.; Brough,
S.; Fagura, M.; Lawson, M.; McInally, T.; Mortimore,
M.; Robertson, M.; Weaver, R.; Webborn, P. Bioorg.
Med. Chem. Lett. 2003, 13, 4047.


19. Alcaraz, L.; Baxter, A.; Bent, J.; Bowers, K.; Braddock,
M.; Cladingboel, D.; Donald, D.; Fagura, M.; Furber, M.;
Laurent, C.; Lawson, M.; Mortimore, M.; McCormick,
M.; Roberts, N.; Robertson, M. Bioorg. Med. Chem. Lett.
2003, 13, 4043.


20. Gargett, C. E.; Wiley, J. S. Br. J. Pharmacol. 1997, 120,
1483.


21. (a) Nelson, D. W.; Gregg, R. J.; Kort, M. E.; Perez-
Medrano, A.; Voight, E. A.; Wang, Y.; Grayson, G.;
Namovic, M. T.; Donnelly-Roberts, D. L.; Niforatos, W.;
Honore, P.; Jarvis, M. F.; Faltynek, C. R.; Carroll, W. A.
J. Med. Chem. 2006, 49, 3659; (b) Honore, P.; Donnelly-
Roberts, D.; Namovic, M. T.; Hsieh, G.; Zhu, C. Z.;
Mikusa, J. P.; Hernandez, G.; Zhong, C.; Gauvin, D. M.;
Chandran, P.; Harris, R.; Perez Medrano, A.; Carroll, W.;
Marsh, K.; Sullivan, J. P.; Faltynek, C. R.; Jarvis, M. F.
J. Pharmacol. Exp. Ther. 2006, 319, 1376.


22. A typical experimental procedure goes as follows: 2-(2,3-
dichloro-phenyl)-[1,3,4]oxadiazole (2.28 g, 10.6 mmol) and

2-methylbenzylamine (1.4 mL, 1.1equiv) were heated in
toluene (3 mL) for 2 days in a sealed tube at 100 �C. The
reaction mixture was directly purified by silica gel flash
chromatography eluting with 3% MeOH/EtOAC to pro-
vide 1.64 g (49%) of compound 12 as a tan solid.


23. Reverse phase HPLC conditions: waters symmetry C8
column (40 mm · 100 mm, 7 lm particle size) using a
gradient of 10–100% acetonitrile: 0.1% aqueous TFA over
12 min (15 min run time) at a flow rate of 70 mL/min.
Silica gel flash column chromatography conditions for
compound 12: 3% MeOH/EtOAc.


24. The 1,5-pyrazole regioisomer 11 was the main product in
the reaction although the 1,3-regioisomer was also formed
as a minor product (6%). The structural assignment was
confirmed by NMR studies showing NOE between the
benzylic protons and the ortho-proton of the 2,3-dichlor-
ophenyl group for 11 whereas this NOE was absent for the
minor 1,3-regioisomer. The regiochemistry for the triazole
6 was assigned by analogy to Lin, Y.-i.; Lang, S. A.;
Lovell, M. F.; Perkinson, N. A. J. Org. Chem. 1979, 44,
4160.


25. Diez-Barra, E.; Hoz, A. de la; Sanchez-Migallon, A.;
Tejeda, J. Synth. Commun. 1993, 23, 1783.


26. Compound 10 was purified using the HPLC conditions
described above in footnote 23. The analogous Suzuki
reaction using 5-bromo-1-(2-methyl-benzyl)-1H-imidazole
rather than 5-bromo-1-benzyl-1H-imidazole provided the
product in improved yield (25%) using silica gel chroma-
tography (70:29:1 EtOAc:Hex:Et3N) to purify the
product.


27. Attempts to form the HCl salt of N-indanyl analogs like
32 resulted in some decomposition, presumably due to an
E1-type process. By contrast, compound 12 was stable to
such treatment and the HCl salt was crystallized from
Et2O/EtOH.


28. Kim, S. H.; Chung, J. M. Pain 1992, 50, 355.
29. Compound 12 was administered at a dose of 5 lmol/kg for


the pharmacokinetics study. The following additional
pharmacokinetic parameters were measured for com-
pound 12. Oral bioavailability = 15%; clearance
(iv) = 3.1 L/h/kg; Vb = 1.9 L/kg; Tmax (ip) = 0.33 h; Cmax


(ip) = 0.21 lg/mL.
30. Compound 12 was profiled across a range of ion channels


and receptors at Cerep and was found to interact
significantly only with the peripheral benzodiazepine site
(86% @ 10 lM). Compound 12 was also inactive at P2X1,
P2X2, P2X2/3, P2X4, P2Y1, and P2Y2 receptors at 10 lM.





		Novel and potent 3-(2,3-dichlorophenyl)-4-(benzyl)-4H- 1,2,4-triazole P2X7 antagonists

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3877–3879

Modeling assisted rational design of novel, potent, and selective
pyrrolopyrimidine DPP-4 inhibitors


Ying-Duo Gao,a,* Dennis Feng,b Robert P. Sheridan,a Giovanna Scapin,b


Sangita B. Patel,b Joseph K. Wu,c Xiaoping Zhang,c Ranabir Sinha-Roy,c


Nancy A. Thornberry,c Ann E. Weberb and Tesfaye Biftub


aMolecular Systems, Merck Research Laboratories, NJ, USA
bDepartment of Medicinal Chemistry, Merck Research Laboratories, NJ, USA


cDepartment of Metabolic Disorders, Merck & Co., Inc., PO Box 2000, Rahway, NJ 07065, USA


Received 30 March 2007; revised 27 April 2007; accepted 30 April 2007


Available online 3 May 2007

Abstract—Molecular modeling was used to improve potency of the cyclohexylamine series. In addition, a 3-D QSAR method was
used to gain insight for reducing off-target DPP-8/9 activities. Compounds 3, 4, and 5 were synthesized and found to be potent DPP-
4 inhibitors, in particular 4 and 5 are designed to be highly selective against off-target DASH enzymes while maintaining potency on
DPP-4.
� 2007 Elsevier Ltd. All rights reserved.

Inhibition of dipeptidyl peptidase IV (DPP-4) is a prom-
ising new approach for the treatment of type 2 diabetes.1


DPP-4 is the enzyme responsible for inactivating the
incretin hormones glucagon-like peptide 1 (GLP-1)
and glucose dependent insulinotropic polypeptide
(GIP). These two hormones play important roles in glu-
cose homeostasis2,3 and have been evaluated as potential
antidiabetic agents.4,5 However, DPP-4 rapidly cleaves
the N-terminus of GLP-1 and GIP in vivo which makes
the half-lives of the active peptides extremely short.6,7


Small-molecule inhibitors of DPP-4 which prolong the
beneficial effects of endogenous GLP-18,9 as well as
stabilize GIP10 have been pursued as a new drug class
by many pharmaceutical companies. The potent, orally
bioavailable and highly selective small molecule DPP-4
inhibitor sitagliptin (1) has obtained approval from the
FDA and has been advanced to market.12


In a previous report, we described our effort in designing
and synthesizing a rigid analog (2) with potency compa-
rable to that of sitagliptin (IC50s of 21 and 18 nM,
respectively).11 In this paper, we will discuss the use of

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


doi:10.1016/j.bmcl.2007.04.106


Keywords: DPP-4; Molecular modeling; Potency; Selectivity against


DPP-8/9.
* Corresponding author. Tel.: +1 732 594 6024; fax: +1 732 594


4224; e-mail: yingduo_gao@merck.com

docking studies to further improve potency of the cyclo-
hexylamine series and a 3-D QSAR modeling to gain in-
sight for reducing off-target DPP-8/9 activities.


sitagliptin    1 2


N


FF


F


N


CF3


N
N


NH2


N


FF


F


N


CF3


N
NO


3


N


FF


F


NH2


4


N


FF


F


NH2


N


N


NH2


5


N


FF


F


NH2


N


N


Before the crystal structure (PDB entry 2P8S)11 of com-
pound 2 in complex with DPP-4 was solved, our dock-
ing study revealed that the cyclohexylamine group may
be a good constraint for the middle b-amino butanoyl
portion of the molecule; however, the right hand side
triazolopyrazine group might be distorted in order to
fit into the right hand side pocket, otherwise it would
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Figure 2. Compound 3 was modeled into the DPP-4 active site using


the crystal structure of 1 and DPP-4 (PDB entry 1X70). Compound 1


is shown in yellow line.
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have close contact with the enzyme wall as depicted in
Figure 1. In the crystal structure of 2 and DPP-4 com-
plex,11 multiple conformations are observed in the active
site, and in the conformation where the triazolopyrazine
group stacks face to face with the F357 side chain, it is in-
deed disordered as modeling predicted. The fact that mul-
tiple conformations are present in the active site also
indicates that the triazolopyrazine piece is uncomfortable
staying inside the right hand side pocket, it rotates itself
while the enzyme takes the so-called ‘breathing’ motion.
Taken together, a piece that better fits into the right hand
pocket would improve potency on DPP-4.


To optimize the right hand group, modeling suggested
that an isoindane type of 5–6 fused ring, instead of the
triazolopyrazine (6–5 fused ring), may better fit into
the pocket. As shown in Figure 2, the isoindane fused
ring of the molecule (3) appears to fit into the pocket
without distortion or bumping. In addition, the isoin-
dane ring seems to p-stack with the side chain of F357
much better than the triazolopyrazine group does. This
compound (3) was synthesized and evaluated in vitro for
the inhibition of DPP-4 activity13 and selectivity against
other members in the DPP-4 activity and/or structure
homologue family (DASH).14 The data for DPP-4,
DPP-8, DPP-9, FAP, and quiescent cell proline dipepti-
dase (QPP, also known as DPP-7)13,15 inhibition are
summarized in Table 1. On DPP-4, compound 3 gives
3-fold boost in potency compared with 2. However, it
also picked up DPP-8, DPP-9, and FAP activities. Selec-
tivity against the off-target enzymes, in particular DPP-8
and DPP-9, was of great concern since safety studies
using a selective DPP-8/9 dual inhibitor suggested that
inhibition of DPP-8 and/or DPP-9 is associated with
profound toxicity in preclinical species.16


Lacking structural information for DPP-8/9, we took a
QSAR approach to understand what may contribute to
high DPP-8 activity. We examined 2970 compounds that
have IC50s less than 500 nM on DPP-4 and have IC50 data

Figure 1. Compound 2 was modeled into the DPP-4 active site using


the crystal structure of 1 and DPP-4 (PDB entry 1X70). Compound 1


is shown in yellow line.

available on DPP-8 as well. Trend vector analysis17 with
these data showed that DPP-4 and DPP-8 activities share
very similar activity trends, therefore the trendvector
models could not provide insight and ideas for reducing
DPP-8 activity while maintaining the potency on
DPP-4. We then used the ratio of DPP-4 IC50/DPP-8
IC50 as input data for a 3-D QSAR approach.18


Structure alignment is a critical step for 3-D QSAR ap-
proaches. To ensure we were using and superimposing
the biological relevant conformations for each compound
in the data set, we first overlaid 25 diverse DPP-4 inhibi-
tors using the conformations found in their (in-house)
crystal structures in complex with DPP-4. Next we super-
imposed each of the 2970 compound structures with their
most similar representative among the 25 crystal struc-
tures. This large structural set and log(DPP-4 IC50/
DPP-8 IC50) data were then used for the 3-D QSAR anal-
ysis. Figure 3 presents the resulting contour plots from the
analysis. It suggests that heteroatoms or polar substitu-
ents on the right hand group would help to increase the
DPP-4 IC50/DPP-8 IC50 ratio, namely, to provide more
selective DPP-4 inhibitors. These results are in line with
our chemical intuition that had been gained from known
SAR of both DPP-4 and DPP-8.


To increase the polarity of the right hand group, an ana-
log with a pyrimidine moiety, compound 4, was synthe-
sized and tested. While its DPP-4 activity remains the
same, it is much more selective than 3. The DPP-4
IC50/DPP-8 IC50 ratio is 8600-fold compared with com-
pound 3 which ratio is 258-fold. At the same time, selec-
tivity against DPP-9 also increased significantly.


However, the SAR of compounds 3 and 4 made us won-
dering whether the increased selectivity was from the
replacement of isoindane with heterocycle pyrimidine,
or the introduction of the substitution group cyclo-pro-
pyl. To answer this question compound 5 was made and
shown that the non-substituted pyrimidine 5 has about







Table 1. Activities of cyclohexylamine DPP-4 inhibitors


Compound DPP-4 IC50 (nM) DPP-8 IC50 (lM) DPP-9 IC50 (lM) QPP IC50 (lM) FAP IC50 (lM)


1 18 48 >100 >100 >100


2 21 >100 >100 >100 60


3 6.6 1.7 5.5 68 7.0


4 5.3 45.6 72.3 61.0 10.6


5 0.67 5.0 45.4 >100 8.8


Figure 3. Contour plots for H-bond acceptor (red) and H-bond donor


(green) interaction areas for increasing DPP-4 selectivity against DPP-


8. Compound 3 is shown in yellow stick model.
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7400-fold selectivity between DPP-4 and DPP-8. This
implies that it is the replacement with pyrimidine that
contributed significantly to the highly selective com-
pounds 4 and 5.


Rummey and Metz have recently published homology
models of DPP-8 and DPP-9 based on the crystal struc-
ture of DPP-4.19 They hypothesized that the highly
selective profile of sitagliptin is a result of losing key
contacts in the right hand pocket in DPP-8/9, instead
of steric clashes with any of the ligand binding subsites.
These missing contacts correspond to the interactions of
sitagliptin with F357, R358, and S209 in DPP-4. Along
these lines, the right hand groups of 3 and 4 may not
have the key interactions with DPP-8/9 as well. The
reduced DPP-8/9 activity for 4 could simply come from
increased desolvation costs compared to 3, while on
DPP-4, the pyrimidine piece may better p-stack with
the F357 side chain therefore gaining more binding
energy on top of the desolvation factor. Although it
would require crystal structures of DPP-8/9 to confirm
these rationales, they are in line with our findings from
the 3-D QSAR analysis and shed some light on
designing highly selective DPP-4 inhibitors.


In summary, using docking studies based on the crystal
structure of sitagliptin in complex with DPP4, and com-
bining a 3-D QSAR method, we were able to improve
the potency of the cyclohexylamine series, and gain
structural insight for reducing DPP-8/9 activities. As a
result, we have designed and synthesized pyrrolopyrim-
idine compounds as novel, potent, and selective DPP-4
inhibitors.
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Abstract—Structure–activity relationships and efforts to optimize the pharmacokinetic profile of a class of 2-arylimino-5,6-dihydro-
4H-1,3-thiazines as cannabinoid receptor agonists are described. Among the compounds examined, compound 14 showed potent
affinity and high selectivity for CB2, and compound 23 showed potent affinities against CB1 and CB2. These compounds displayed
oral bioavailability.
� 2007 Elsevier Ltd. All rights reserved.

Cannabinoid receptor agonists, such as D9-tetrahydro-
cannabinol (THC), have been shown to have analgesic
activity in rodents. CB1 has been considered to be
mainly responsible for this analgesic activity, but many
recent reports have indicated that the activation of
CB2 also produces analgesia.1
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In our previous paper, we discussed our initial struc-
ture–activity relationship study of a novel series
of 2-arylimino-5,6-dihydro-4H-1,3-thiazines as cannab-
inoid receptor agonists.2 Among the derivatives exam-
ined, the most potent compound 1 displayed Ki values
of >5000 and 9 nM for human CB1 (h-CB1) and
human CB2 (h-CB2) receptors, respectively, and
showed analgesic activity in mice when administered
subcutaneously to the pain site. However, the pharma-
cokinetic profiles of this compound were not signifi-
cant in a rat in vivo experiment. In the course of
our study, compound 1 was modified structurally for
further improvement of its pharmacokinetic profile.
Structure–activity relationships and efforts to optimize
pharmacokinetic profiles are detailed, along with a
demonstration of the effectiveness of cannabinoid ago-
nists in an animal model.


2-Arylimino-5,6-dihydro-4H-1,3-thiazines were pre-
pared as outlined in Scheme 1. Phenylthioureas III
were prepared by the reaction of anilines I with thio-
phosgene in the presence of triethylamine, followed by
reaction with 3-amino-1-propanols. Thiazines IV were
prepared by cyclization of the phenylthioureas III with
concentrated hydrochloric acid (or CCl4 and PPh3
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Table 1. Effects of substituents (R1 and R2) on the thiazine ring


Compound R1 R2 h-CB2a h-CBla CLtb BAb


Ki (nM) Ki (nM) (mL/min/kg) (%)


1 Me Me 9 >5000 63.4 10


2 Et Et 9 >5000 48.3 19


3 (CH2)2 65 85.1 14


4 (CH2)4 1 541 54.2 8.9


5 (CH2)5 0.8 122 18.6 32


CLt, total clearance; BA, oral bioavailability.
a See Ref. 2 for assay protocol.
b All compounds were administered at 0.5 mg/kg iv and 1.0 mg/kg po. These compounds were administered as a mixture of three to five compounds.


Scheme 1. Reagents and conditions: (a) CSC12, Et3N, CH2C12, rt, 1 h; (b) 3-aminopropanol, CH2C12, rt, 2–8 h; (c) 35% HClaq, reflux 1–3 h or 1—


CC14, Ph3P, MeCN, rt; 2—K2CO3, rt; (d) 1—CS2, NaH, DMF, 0 �C, 0.5 h; 2—Mel, 0 �C, 1 h.


Table 2. Effects of substituents (R3) on the benzene ring


Compound R3 h-CB2a h-CBla CLtb BAb


Ki (nM) Ki (nM) (mL/min/kg) (%)


5 2-i-Pr 0.8 122 18.6 32


6 3-i-Pr 2.5 100


7 4-i-Pr 23 1260


8 2-MeO 1.1 13 75.9 0.4


9 3-MeO 1 108 45.1 13


10 4-MeO 3.8 671


11 4-Et 1.2 95


12 4-Pr 7 514


13 4-CF3 18 1730


14 4-CF3O 6 1500 7.4 24


15 4-CN 2.3 173


16 2-EtO 6.3 358


17 2-CF3 1.1 418


18 2-CF3O 12 711


19 2,3-Me2 1 114


20 2,3-(CH2)3 5 243


21 2,3-(CH2)4 0.2 15 19.1 44


22 3,4-(CH2)4 24 396


See footnotes a and b of Table 1.
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Table 3. Effects of bicyclic moiety


Compound h-CB2a h-CBla CLtb BAb


Ki (nM) Ki (nM) (mL/min/kg) (%)


21 0.2 15 19.1 44


23 6 30 17.7 53


24 11 763 120.7 42


25 1.3 44 60.4 NC


26 0.9 246


27 1.1 85


NC: not calculate.


See footnotes a and b of Table 1.
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then K2CO3). Products V were prepared by the
reaction of IV with carbon disulfide in the presence
of sodium hydride, followed by methylation with
iodomethane.


We evaluated the metabolic stability of compound 1
in vitro to identify the cause of its poor pharmacokinetic
profile. We found that cleavage of the (methylthio)thio-
carbonyl moiety at the 3-position of the thiazine ring
appeared to be the main metabolized part. In our
continuing studies, we synthesized 2-arylimino-5,6-dihy-
dro-4H-1,3-thiazines possessing a (substituted thio)thio-
carbonyl or heteroaryl group instead of the
(methylthio)thiocarbonyl moiety in compound 1, to as-
sess their in vitro activities and pharmacokinetic pro-
files. The compound satisfying the target value could
not be obtained by conversion of this part, although
some improvements were seen in the pyridyl compounds
(data not shown). This led us to hypothesize that cleav-
age of the (methylthio)thiocarbonyl moiety was pre-
vented by the steric effect of 5-position of the thiazine
ring. Table 1 shows the effects of substituents (R1 and
R2) on 5-position of the thiazine ring on binding affinity
and pharmacokinetic profiles.

The introduction of large substituents (diethyl, 2; spiro-
hexyl, 5) at 5-position decreased the total clearance com-
pared to that with dimethyl groups (1), whereas, the
introduction of small substituents (spiropropyl, 3)
increased the total clearance to more than that with
dimethyl groups. These results suggest that the presence
of a bulky group at 5-position may enhance the
metabolic stability. Furthermore, the spirohexyl type
(5) improved bioavailability and increased the binding
affinity against h-CB1.


Since the spirohexyl type was found to be favorable for
high affinity and good pharmacokinetic profiles, the
phenylimino moiety of compound 5 was modified
structurally.


Table 2 shows the effects on the binding affinity and
pharmacokinetic profiles of various substituents (R3)
on the phenyl moiety of 3-(methylthio)thiocarbonyl-2-
phenylimino-5,5-pentamethylene-5,6-dihydro-4H-1,3-
thiazines. Substitution with an isopropyl or a methoxy
group at 2-position (5 and 8) or 3-position (6 and 9)
of the phenyl ring resulted in the most favorable affinity
for h-CB1, while substitution at 4-position (7 and 10) led
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to weak affinity. A 2-methoxy derivative (8) showed high
affinity, but its pharmacokinetic profile was not particu-
larly good.


While all compounds showed high affinity for h-CB2, no
influence of substitution groups (electron-withdrawing
or hydrophobic effect) was noted. Among the 4-substi-
tuted phenyl derivatives (7, 10–15), the 4-trifluorometh-
oxy derivative (14) showed high selectivity against
h-CB2, with good pharmacokinetic profiles. Among
the 2- or 3-substituted phenyl derivatives (7, 10–15),
the 2,3-tetramethylene derivative (21) showed affinity
against h-CB1 and good pharmacokinetic profiles, but
the 3,4-tetramethylene derivative (22) showed reduced
affinity. One possible explanation for this is that a favor-
able conformation of the benzene ring for the steric
influence of substituents, or at the ortho or meta posi-
tion, is required for affinity to h-CB1.


These results revealed that the 2- or 3-substituted phenyl
derivatives were favorable for high affinity, and led us to
examine the activity of the bicyclic type (Table 3). The
naphthyl derivative 23 showed high affinity against h-
CB1, with a good pharmacokinetic profile. However,
introduction of a heteroatom to the bicyclic ring of com-
pounds 24–27 did not improve the binding affinity and
pharmacokinetic profile.


From the results described above, compounds 5, 14,
21, and 23 were selected for further evaluation
(Table 4). Compounds 5, 21, and 23 showed analgesic
activity (formalin test3) when administered intrave-
nously and orally. The analgesic potency of com-
pounds 21 and 23 (CB1/CB2 dual agonist) was equal
to that of THC and superior to that of morphine,
while the analgesic potency of compound 14 (CB2
selective agonist) was low. In our previous study, com-
pounds 1, CB2 selective agonists, showed an analgesic
effect against formalin-induced pain by local adminis-
tration.2 On the other hand, compound 14 which has suf-
ficient efficacy against CB2 did not show any analgesic
effect by systemic administration. This might account
for the insufficient tissue concentration of this compound.


Figure 1 shows the analgesic activity of compound 23.
Orally administered compound 23 caused significant
dose-dependent inhibition of both early (acute pain)
and late (inflammatory pain) phases of formalin-induced
licking3; ED50 was 1.5 and 1.0 mg/kg, respectively. These
effects were reversed by a CB1 antagonist, but not by a
CB2 antagonist. On the other hand, the ED50 of CB1-
mediated motor impairment was more than 10 times
higher than that of the analgesic effects (data not shown).


In summary, this paper has described the structure–
activity relationships of a class of 2-arylimino-5,6-dihy-
dro-4H-1,3-thiazines as cannabinoid receptor agonists,
and our efforts to optimize their pharmacokinetic pro-
files. Among the compounds examined, compound 14
showed potent affinity and high selectivity for CB2,
and compound 23 showed potent affinity for CB1 and
CB2.4 These compounds displayed oral bioavailability.
This novel series of cannabinoid agonists is expected







Figure 1. Analgesic effects of compound 23 on formalin-induced pain compound 23 was orally administered 2 h prior to formalin injection.
**P < 0.01; V, vehicle; n = 8 (mice).


H. Kai et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3925–3929 3929

to be useful for characterizing the functions of cannab-
inoid receptors and evaluating their potential as a new
class of analgesic drugs.
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panol (1.50 g, 10.5 mmol) in dichloromethane (5 ml) was
added. The mixture was stirred at room temperature for 2 h
and concentrated under reduced pressure. The residue was
purified by silica gel column chromatography (ethyl acetate/
hexane) to give N-(1-naphthyl)-N0-(1-hydroxy-2,2-pentameth-
ylene)propylthiourea (2.70 g, yield: 82%) as a white powder.
A mixture of N-(1-naphthyl)-N 0-(1-hydroxy-2,2-pentameth-
ylene)propylthiourea (2.63 g, 8 mmol) and concentrated
hydrochloric acid (8 ml) was heated under reflux with

stirring for 3 h. The reaction solution was cooled to room
temperature and poured into an aqueous solution of 10%
sodium hydroxide (50 ml). The mixture was poured into
water (50 ml) and extracted with chloroform (100 ml). The
organic layer was washed with brine (50 ml), dried over
anhydrous magnesium sulfate, and concentrated under
reduced pressure. The crude product was recrystallized from
ethyl acetate and hexane to give 2-(1-naphthyl)imino-5,5-
pentamethylene-5,6-dihydro-4H-1,3-thiazine (1.06 g, yield:
43%) as white crystals (mp 178–179 �C). 1H NMR (d ppm
TMS/CDCl3 270 MHz) 1.40–1.64 (10H, m), 2.71 (2H, s),
3.17 (2H, s), 5.73 (1H, br s), 7.01 (1H, d, J = 6.9 Hz),
7.35–7.47 (3H, m), 7.55 (1H, d, J = 8.3 Hz), 7.81 (1H, m),
8.01 (1H, m).
To a mixture of 2-(1-naphthyl)imino-5,5-pentamethylene-
5,6-dihydro-4H-1,3-thiazine (0.25 g, 0.8 mmol), carbon
dioxide (0.06 ml, 1.04 mmol) and N,N-dimethylformamide
(2.4 ml), 60% sodium hydride (0.04 g, 1.04 mmol), was
added under ice-cooling conditions. The mixture was
stirred for 1 h, then methyliodide (0.06 ml, 1.04 mmol)
was added. This mixture was stirred at 0 �C for 1 h. Water
(80 ml) was added to the solution, which was then extracted
with diethyl ether (80 ml), dried over anhydrous magnesium
sulfate, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography
(ethyl acetate/hexane) to give compound 23 (0.21 g, yield:
66%). The product was recrystallized from ethyl acetate and
hexane to give yellow crystals, mp 120–121 �C. Anal.
Found: C, 63.06; H, 5.98; N, 7.10; S, 23.95, Calcd for
C21H24N2S3: C, 62.96; H, 6.04; N, 6.99; S, 24.01%. 1H
NMR (d ppm TMS/CDCl3 270 MHz) 1.30–1.85 (10H, m),
2.66 (2H, s), 2.70 (3H, s), 4.65 (2H, s), 7.09 (1 H, d,
J = 7.3 Hz), 7.42–7.53 (3H, m), 7.67 (1H, d, J = 8.2 Hz),
7.85 (1H, m), 8.07 (1H, m). Compound 14 was synthesized
by the same procedure described above: yellow crystals, mp
98–99 �C. Anal. Found: C, 49.68; H, 4.78; F, 13.34; N, 6.38;
S, 22.11, Calcd for C18H21F3N2S3: C, 49.75; H, 4.87; F,
13.12; N, 6.45; S, 22.14%. 1H NMR (d ppm TMS/CDCl3
270 MHz) 1.36–1.61 (10H, m), 2.58 (3H, s), 2.93 (2H, s),
3.61 (2H, s), 7.25–7.29 (2H, m), 7.47–7.52 (2H, m).
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Abstract—We report on the design of benzodiazepinones as peptidomimetics at the carboxy terminus of hydroxyamides. Structure–
activity relationships of diazepinones were investigated and orally active c-secretase inhibitors were synthesized. Active metabolites
contributing to Ab reduction were identified by analysis of plasma samples from Tg2576 mice. In particular, (S)-2-((S)-2-(3,5-diflu-
orophenyl)-2-hydroxyacetamido)-N-((S,Z)-3-methyl-4-oxo-4,5-dihydro-3H-benzo[d][1,2]diazepin-5-yl)propanamide (BMS-433796)
was identified with an acceptable pharmacodynamic and pharmacokinetic profile. Chronic dosing of BMS-433796 in Tg2576 mice
suggested a narrow therapeutic window and Notch-mediated toxicity at higher doses.
� 2007 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease (AD) is the major cause of dementia
in the aging population. Autopsy of brains from AD pa-
tients reveals the presence of extracellular plaques and
intracellular tangles, pathological hallmarks which are
used to confirm diagnosis of the disease.1 Over 20 years
ago, it was discovered that plaques are largely composed
of beta amyloid peptides (Ab).2 Although it was origi-
nally suspected that plaques were themselves the pri-
mary neurotoxic agents in AD, the focus has now
shifted to soluble oligomeric forms of Ab.3 Although
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the majority of Ab is the 40 amino acid form (Ab40),
Ab42 is more prone to oligomerization and is associated
with AD through rare mutations that lead to increased
Ab42 production.3,4 Ab is generated from a precursor
protein through sequential cleavages by BACE and
c-secretase, both of which are being actively pursued
as targets for the treatment of AD.5,6 c-Secretase is a
complex of either presenilin-1 (PS-1) or PS-2 with nicas-
trin, Aph-1, and Pen-2, and is an unusual aspartyl pro-
tease requiring two Asp residues in PS.6,7


Several structurally diverse small molecule inhibitors
of c-secretase have been reported in the literature
using whole-cell c-secretase inhibition assays. These
inhibitors include peptidic PS1 inhibitors,8,9 semi-pep-
tidic inhibitors from the Elan/Lilly group,10,11 diaryl
sulfonamides,12,13 succinoyl-caprolactam derivatives,14


substituted cyclohexyl sulfones,15–20 N-(oxoazepanyl)ben-
zenesulfonamides, aminothia-zoles21, and 1,4-benzoxaze-
pin-3-ones.22 Several compounds are entering clinical
trials.10,23


In two previous communications,24,25 we chronicled our
research efforts exploring potent c-secretase inhibitors
1–3 using a cell based assay that measures Ab40 levels.26


In an attempt to improve the exposure of 1 in Tg2576
mice, the carboxy terminus of 1 was constrained. This
effort led to the discovery of diazepinedione peptidomi-
metic 3. Diazepinedione based compounds exhibited im-
proved efficacy in Tg2576 transgenic mice over their
triamide congeners, but were still inadequate due to
poor pharmacokinetic profiles and/or brain penetra-
tion.24 The potencies of 1 and 3 (Fig. 1) suggest that
the newly introduced tertiary amide bond in 3 may not
be involved in a productive interaction with the c-secre-
tase complex. Since the extra amide bonds may be detri-
mental to brain penetration, our starting point for
peptidomimetic design began with the diazepinedione
moiety. Removal of the carbonyl of 3 would yield dihy-
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Figure 1. Design considerations of diazepinediones based on H-bond


motif recognition.

dro benzodiazepinone 4 or benzodiazepinone 5 which
still maintain all the suspected necessary hydrogen-bond
interactions with c-secretase. A convergent approach to
the synthesis of the dihydro benzodiazepinone ring sys-
tem in 4 is shown in Scheme 1. Our initial attempts to
prepare 4 from the diazepinedione of 3 failed as the aro-
matic carbonyl group could not be reduced selectively.
A successful approach to the synthesis of 4 was based
on an intramolecular Mitsunobu reaction shown in
Scheme 1.


Thus, treatment of 6 (prepared from isochroman-3-one)
with triphenylphosphine and diisopropylazo-dicarboxy-
late furnished the desired compound 7 in 60% yield.
Introduction of azide functionality followed by its
reduction under controlled conditions proceeded in
excellent yield to give the amine 9. The amine was then
coupled to N-3,5-(difluorophenylacetyl)-alanine using
EDC to give 10 in 75% yield. Exposure of 10 to trifluo-
roacetic acid resulted in removal of the N-terminal tert-
butoxycarbonyl group to afford 11 as an amine salt in
almost quantitative yield. Inhibitors 10 (IC50 = 24 nM)
and 11 (IC50 = 9.0 nM) displayed excellent potencies
thereby confirming the hypothesis that the aromatic car-
bonyl group of diazepinediones plays a passive role in
the enzyme–inhibitor interaction. In further studies,
compound 11 was selected for oral administration to
Tg2576 mice (Table 1). The brain and plasma ED50 val-
ues for Ab reductions 3 h after dosing were 26 and
5 lmol/kg, respectively.


Low compound levels of 11 were observed in the brain
relative to the in vitro IC50 value, which suggested that
there might be an active metabolite responsible for Ab
reduction. Mass spectral analysis of plasma and brain
samples from Tg2576 mice detected metabolite 15
(Table 2) which results from oxidation of the diazepi-
none ring in 11. Brain and plasma concentrations
of 15 were similar to the levels of 11 in these samples
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THF, rt, 12 h, 60%; (c) KN(SiMe3)2, �78 �C, THF, trisyl azide, then


HOAc, 61%; (d) 10% Pd–C, EtOAc, H2 (1 atm), 40 min, 98%; (e) N-


(3,5-difluorophenylacetyl)-LL-alanine, EDC, HOBt, Et3N, DMF, rt,


2 h, 75%; (f) CF3CO2H–CH2Cl2, rt, 2 h, 98%.







Table 2. Ab lowering activity in H4 cells following modifications at the amino acid and at the carboxy terminus


N
H


O
H
N


R1
O


R


N
N


O R2X
Y


H


R3


Compound X Y R R1 R2 R3 IC50
a (nM)


15 H H 3, 5-Difluorophenyl CH3 CH3 H 6


16 H H 3-Fluorophenyl CH3 CH3 H 8


17 H H 4-Fluorophenyl CH3 CH3 H 59


18 H H 3-Chlorophenyl CH3 CH3 H 10


19 H H 3-Pyridyl CH3 CH3 H 162


20 H H Cyclohexyl CH3 CH3 H 43


21 H H 2-Naphthyl CH3 CH3 H 269


22 H H 2-Thienyl CH3 CH3 H 3


23 H H 3-Thienyl CH3 CH3 H 1


24 H H 2-Furyl CH3 CH3 H 24


25 O O 3,5-Difluorophenyl CH3 CH3 H 1


26 H H 3,5-Difluorophenyl CH3 CH(CH3)2 H 4


27 H H 3,5-Difluorophenyl CH3 CH3 CH3 1.3


28 OH H 3,5-Difluorophenyl CH3 CH3 CH3 0.2


29 H H 3-Furanyl CH3 CH3 CH3 2


30 H H 3,5-Difluorophenyl CH2CH(CH3)2 CH3 H 0.5


31 H H 3-Fluorophenyl CH2CH(CH3)2 CH3 H 2


32 H H 4-Fluorophenyl CH2CH(CH3)2 CH3 H 14


33 H H 2-Fluorophenyl CH2CH(CH3)2 CH3 H 22


34 H H 3-Thienyl CH2CH(CH3)2 CH3 H 0.7


35 H H 2-Thienyl CH2CH(CH3)2 CH3 H 1.9


36 H H Cyclohexyl CH2CH(CH3)2 CH3 H 14


37 H OH Phenyl CH2CH(CH3)2 CH3 H 56


38 OH H Phenyl CH2CH(CH3)2 CH3 H 0.4


a Values are obtained for diastreomeric mixture. Values are means of two experiments, with 16 data points in each experiment; intra-assay variance


<10% (na = not applicable). IC50s were determined using a cell based assay.24


Table 1. Ab and compound levels 3 h after a single oral dose of 30 lmol/kg to Tg2576 mice, n = 7–10


Compound Cell IC50 (nM) Brain Ab (% inhibition) Brain conc (nM) Plasma Ab (% inhibition) Plasma conc (nM)


11 9 51 ± 4 6 ± 0.5 80 ± 1 205 ± 42


15 6 54 ± 3 12 ± 3 75 ± 3 199 ± 57


25 1 92 ± 2 280 ± 29 98 ± 1 2091 ± 162


40 0.3 90 ± 5 133 ± 12 88 ± 2 1959 ± 190


41 10 91 ± 6 202 ± 8 86 ± 2 2750 ± 322


42 30 29 ± 4 72 ± 10 Not determined 546 ± 49


43 750 Not dosed


Means ± SEM.
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(data not shown). The efficacy observed after dosing 15
(Table 1) supports the conclusion that it contributes to
the efficacy observed upon administration of 11.


The synthesis of diazepine-based inhibitors is shown in
Scheme 2. The synthetic scheme involved coupling
aminodiazepine 14 with N-protected amino acid using
amide bond coupling reagents. Amine functionality
was introduced into the diazepinone moiety 12 using
Evans’ electrophilic azidation of enolates with 2,4,6-tri-
isopropylbenzenesulfonyl azide (trisyl azide).27 Reaction
of ortho-formylphenylacetic acid and methylhydrazine
in refluxing ethanol furnished the requisite diazepinone
12 in 50% yield (Scheme 2). Structural changes at posi-
tion 1 and 3 of the constrained ring were also considered
for structure–activity relationships. 3-Substituted diaz-

epinones were synthesized from isopropylhydrazine
and ethyl o-formylphenyl acetate in 65% yield. 1-Substi-
tuted diazepinones were synthesized from acetophenone
and methylhydrazine in 50% yield. The amine salt 14
was coupled to various acid chlorides or carboxylic acids
to furnish the desired products in 60–85% yield.


c-Secretase inhibition data obtained for the inhibitors
15–38 are shown in Table 2. Comparison of the potency
of peptidomimetic inhibitors to their triamide congeners
1–2 demonstrated that the diazepinone was an effective
mimetic at the carboxy terminus. Within the series of
diazepinone-based inhibitors carrying N-methyl substit-
uents, modification of the N-terminal phenylacetyl
group was performed. Introduction of halogens (e.g.,
3,5-difluorophenylacetyl) improved potency. As the data







N
N


O


Me


R
12: R = H
13a: R = N3
13b: R = NH2


N
H


N
NO


O
Me


H2N


R1


CHO


O


OH


1


2


3


14


a


b


c d, e


f


N
H


O
H
N


R1
O


R


N
N


O R2X
Y


H


R3


Scheme 2. Reagents and conditions: (a) (Me)HNNH2, EtOH, reflux,
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KN(SiMe3)2, �78 �C, THF, trisyl azide, then HOAc; (c) 10% Pd–C,


EtOAc, H2 (1 atm), 40 min; (d) Boc amino acid, EtOC(O)Cl, Et3N,


CH2Cl2, 0 �C, 3 h; (e) CF3CO2H–CH2Cl2, rt, 2 h; (f) RCH2CO2H,


PyBop, EtN(i-Pr)2, CH2Cl2, 12 h, 60–85%.
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suggest, introduction of water solubilizing group or
larger hydrophobic groups at the N-termini led to loss
of potency (21 vs 19 and 22). A similar trend was also
seen in the SAR of the hydroxytriamides. Inhibitors
22–24 were equipotent to 15, with a slight increase in po-
tency observed for the diazepinone with the 3-furanyl
and 3-thienyl N-capping groups. Thus, in addition to
halogenated aryl moieties, 3-furylacetyl functionality
was also desirable. Ketoamide 25 was found to have
comparable potency as the parent compound 15 against
c-secretase. Replacement of the N-methyl group with a
bulkier isopropyl group afforded an equipotent com-
pound (15 vs 26). Introduction of a methyl group at
the 1-position of the diazepine ring improved potency
(27 and 28). The role of a hydrophobic amino acid at
the central amide bond and introduction of an (S)-hy-
droxy group at the benzylic carbon were also investi-
gated. As expected, the trend and improvement in
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inhibitor potencies were similar to those observed in
triamide series. (15 vs 30, 38, and 39.) In addition, the
role of the diazepinone asymmetric carbon on potency
was investigated. Compound 15 was resolved into pure
diastereoisomers, 15a and 15b, using chiral HPLC
(absolute stereochemistry not determined). As expected,
the isomers differed substantially in potency (15a:
IC50 = 2 nM; 15b: IC50 = 150 nM).


Both compound 11 and its metabolite 15 demonstrated
similar efficacy after oral dosing in Tg2576 mice
(Table 1). Again, low compound concentrations of 15
suggested that a metabolite(s) might be at least partly
responsible for efficacy. Mass spectral analysis of plasma
samples detected the formation of hydroxylated metab-
olites which can occur through oxidation at the benzylic
position of the phenylacetyl moiety. As the oxidation pro-
cess generates an additional chiral center, isolation of
pure diastereiomers was necessary to determine the iden-
tity of the active species. The synthesis of each hydroxyl-
ated metabolite is shown in Scheme 3. Diastereomeric
mixture 39 was easily separated using a chiral HPLC (Chi-
ralcel OD 50 · 500 mm column, 20 lm particle size as a
stationary phase and 5% EtOH in heptane as mobile
phase) into pure diastereomers 39a and 39b. Each isomer
was subjected to trifluoroacetic acid (TFA) mediated
deprotection, followed by coupling with either (R) or
(S) 3,5-difluoromandelic acid to furnish the desired
hydroxylated compounds 40 (BMS-433796), 41, 42, and
43 in good yield. The diastereoisomers differed markedly
in activity (Table 1). The stereochemistry of the most ac-
tive diastereoisomer 40 was confirmed by X-ray crystallo-
graphic analysis (Fig. 2). The dependence of potency on
stereochemistry of the hydroxyl functionality in 40–43 re-
flects a similar trend in the triamide series.25


Oral administration of 40 and 41 to Tg2576 mice
showed that they were significantly more effective at
lowering brain Ab than 11 and 15 (Table 1). The brain
Ab ED50 values were similar for 40 and 41 at 4 and
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5 lmol/kg, respectively, compared with ED50 values for
11 and 15 of 26 and 48 lmol/kg, respectively. Com-
pound 40 reduced Ab in brain and plasma for 12 h after
a single dose, with recovery to near baseline in brain by
24 h and a 60% increase in plasma Ab at 24 h (Fig. 3).
This rise in plasma Ab occurred even at a time when
plasma levels of compound were below the level of
detection (<4 nM). Rises in plasma Ab have been re-
ported by others after administration of c-secretase
inhibitor in preclinical models and in humans.10,28


Tg2576 mice were also dosed with 40 for 14 days to
determine the effect of multi-day dosing on Ab lowering
and exposure. In one experiment, brain Ab was lowered
by 25% and 38% after 1 or 14 days of once daily (QD)
dosing at 4 lmol/kg. At a higher dose of 30 lmol/kg,
83%, 89%, and 98% inhibition was observed after a sin-
gle dose, 14 days of QD or twice daily (BID) dosing,
respectively. Along with no significant changes in activ-
ity, sub-chronic dosing did not lead to any accumulation
or reduction in drug levels through 14 days (data not
shown). In addition, when brain and plasma samples
were examined for possible metabolites, an active ketoa-
mide metabolite, 25 (Table 2), was detected at 20–40%
of parent levels in brain and plasma. Metabolite 25
was observed to be active when directly dosed in
Tg2576 mice as well (Table 1).


The animals being dosed at 30 lmol/kg BID needed to
be terminated at 10 days due to toxicity, including: leth-

Figure 2. ORTEP drawing of 40 with ellipsoids drawn at 35%


probability level and H atoms arbitrarily scaled. Carbon and hydrogen


atoms are not labeled.29
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Figure 3. Changes in Ab after a single oral dose of 40 at 30 lmol/kg in


Tg2576 mice. **p < 0.01.

argy, weight loss, diarrhea, alopecia (loss of fur on the
back of the head), and mortality in a third of the ani-
mals. Histopathological analysis showed moderate to
marked hyperplasia of intestinal goblet cells in this
group. Although the 30 lmol/kg QD group did not
show any clinical signs, some animals had mild intestinal
hyperplasia. In addition to reducing Ab production,
c-secretase inhibitors are known to block the cleavage
of Notch, an important protein in development and
differentiation pathways.30 In vitro studies comparing
the activity of 40 in Notch and Ab assays26 show little
separation of activity with a Notch/APP(Ab) IC50 ratio
of 0.5. The clinical signs and histopathology are consis-
tent with a Notch mediated mechanism of toxicity.31


Compound 40 was also characterized in pharmacoki-
netic studies in male Sprague–Dawley rats. Following
a 10-min intravenous infusion at 2.3 lmol/kg in PEG-
400, the total body clearance of 40 was 5.2 ± 0.82 mL/
min/kg (means ± SEM; n = 3), indicating low clearance.
The apparent terminal elimination half-life was
4.6 ± 0.48 h. Oral administration of a PEG-400 suspen-
sion at 35 lmol/kg showed an oral bioavailability of
31% with prolonged absorption. The compound had
satisfactory metabolic stability in human liver micro-
somal preparations and was not an inhibitor of human
CYPs (IC50 > 100 lM).


In summary, we have discovered a new constrained dia-
zepine ring system as a peptidomimetic at the carboxy
terminus of c-secretase inhibitors. The diazepine ring
system has fewer tertiary amide bonds over the previ-
ously disclosed 2,3-diazepin-1,4-dione ring system. Mass
spectral analysis of in vivo samples from Tg2576 mice
led to the identification of metabolites responsible for
inhibition of Ab production and to the design of a diaz-
epinone as a metabolically stable peptidomimetic at the
carboxy terminus. An inhibitor containing the new pep-
tidomimetic diazepine moiety coupled with (S)-3,5-diflu-
oromandelate at the amino terminus displayed
improved inhibition of Ab production in the brain over
its triamide congeners. Although compound 40 showed
excellent activity lowering brain Ab, frank toxicity was
observed with repeated dosing in mice. This toxicity,
likely due to a Notch mediated mechanism, limits the
usefulness of this compound as a therapeutic for the
treatment of AD.
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Abstract—PPARc-activating thiazolidinediones and carboxylic acids such as farglitazar exert their anti-diabetic effects in part in
PPARc rich adipose. Both pro- and anti-adipogenic PPARc ligands promote glucose and lipid lowering in animal models of dia-
betes. Herein, we disclose representatives of an array of 160 farglitazar analogues with atypical inverse agonism of PPARc in mature
adipocytes.
� 2007 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptor-gamma
(PPARc) agonists such as the thiazolidinedione (TZD)
drugs and related carboxylic acids such as farglitazar
(GI262570) are effective insulin sensitizers in patients with
type 2 diabetes mellitus.1,2 Insulin resistance is an early
marker of this type of adult onset diabetes. Oral adminis-
tration of PPARc agonists to these patients reverses
hyperglycemia and hyperinsulinemia by increasing glu-
cose metabolism in muscle and reducing glucose biosyn-
thesis in the liver. PPARc also plays a critical role in
adipocyte function. PPARc agonists promote differentia-
tion of pre-adipocytes to mature adipocytes as measured
by lipid accumulation, changes in cell morphology, and
the expression of adipocyte-specific genes.3
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Adipogenesis involves a complex interplay between


PPARc and a variety of genes, notably fatty acid bind-
ing protein-4 (FABP4).4 Gene knockout studies have
demonstrated that PPARc is essential for adipocyte dif-
ferentiation in vivo.5,6 Paradoxically, the PPARc anta-
gonist GW9662 exerts a modest insulin sensitizing
effect but, unlike agonists, decreases weight gain in obese
mice.7 These results are consistent with knockout of
adipocytic PPARc in a mouse study.8 Despite these
reports, little is known about the interruption of
PPARc-induced target gene expression.
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To date, ligands have been identified primarily for their
propensity to stimulate or inhibit adipogenesis, or re-
cruit co-activators to PPARc.2,9 TZDs and carboxylic
acids (e.g., farglitazar) form a network of hydrogen
bonds with Tyr-473, His-323, His-449, and Ser-289 adja-
cent to the AF2 helix.1,10 Herein, we have devised and
synthesized a mini-library of 160 diverse analogues 2
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Table 2. PPARc CV-1 cell GAL4 reporter activity of representative


amides


GAL4 PPARc


Compound pEC50
a %max pIC50


b %max


2g <5.0 — 5.2 55


2i <5.0 — 5.2 48


2n <5.0 — 5.7 80


2o <5.0 — 6.0 92


2q 6.2 29 5.6 59


2s 6.2 27 5.6 57


2t 6.0 37 5.8 54


GW7845 9.2 92 <5.0 —


a Assay measures transactivation of human PPARc in CV-1 cells


(n P 2, SD = 0.10).15


b Assay measures the inhibition of BRL-49653 stimulated (100 nM)


transactivation of human PPARc in CV-1 cells (n P 2, SD = 0.15).9
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of the PPARc agonist farglitazar to attempt to exert dif-
ferential effects at the AF-2 helix domain, thus leading
to some atypical cofactor peptide interactions.11,12


These compounds differentially recruited a set of 49
coactivator or corepressor-derived peptides to PPARc
ligand binding domain (LBD) in a multiplexed fluores-
cent microsphere based binding assay.11,13 We deter-
mined the functional profiles of these PPARc ligands
in both a GAL4-based reporter assay and mature adipo-
cytes. The synthetic approaches to these ligands and bio-
logical results are revealed below.


Amide 2t (R1 = Me) was prepared as a singleton to aid
in design of the array. Following X-ray co-crystal anal-
ysis of 2t, amides 2 were prepared as described below.16


Optically pure farglitazar was converted to its corre-
sponding activated ester with isobutyl chloroformate
and reduced to the alcohol with sodium borohydride.
This alcohol was treated with diphenylphosphoryl azide
and subsequently reduced to its corresponding amine by
hydrogenation over 10% palladium-on-carbon; the
amine was protected in situ using di-tert-butyl-dicarbon-
ate to afford shelf-stable 1. N-Boc-protected amine 1 was
treated with hydrochloric acid and then quickly acylated
with a variety of polystyrene-bound activated hydrox-
ybenzotriazole esters of carboxylic acids to furnish an
array of 160 farglitazar inverse amide products 2. For
products containing terminal carboxylic acids or
amines, t-butyl ester or N-tert-butoxycarbonyl protec-
tion, respectively, was employed and cleaved as a final
step in a hydrochloric acid/dioxane medium.


Farglitazar analogues 2 were tested in PPAR scintilla-
tion proximity assay (SPA) binding and a transiently
transfected PPARc CV-1 cell GAL4 reporter assay (Ta-
bles 1 and 2).15 Approximately two-thirds of the array
members exhibited PPARc pKi > 6.0 (102/160). All
compounds exhibited >5-fold binding selectivity for
PPARc (PPARa, PPARd data not shown). Small
hydrophobic amides furnished high PPARc affinity
(2p–t). Carboxylic acids exhibited somewhat lower affin-
ity (2k–o). Small hydrophobic amides were devised to

Table 1. Monomer examples (R1CO2H) selected from co-crystal structure a


furnished amides 2a–t with PPARc pKi > 6b


R1 Grou


Alcohols pKi
c


a CH2NHCO-3-C6H4CH2OH 7.00


b CH2OH 6.95


c 4-C6H4CH2OH 6.80


d CH2NHCO-4-C6H4OH 6.76


e 4-c-C6H10OH 6.51


Carboxylic acids pKi
c


k 2-C6H4CO2H 6.94


l CH(Me)CH2CH(Me)CO2H 6.84


m (CH2)2CO2H 6.57


n (CH2)2-4-C6H4SC(Me)2CO2H 6.60


o CH2CH(Me)CO2H 6.04


a See conversion of 1–2 in Scheme 1.
b Listed in descending order of PPARc affinity for each of the four function
c The scintillation proximity assay measures compound interaction with the


49653 (n P 2, SD = 0.15).15

occupy minimal AF2 domain space. Thus, partial intrin-
sic efficacy was observed for this class of amides in the
GAL4 reporter assay. Conversely, larger hydrogen-
bonding amines and carboxylic acids were designed to
displace the AF2 helix and occupy the coactivator cleft
to interrupt coactivator binding (2g, 2i, 2n, and 2o).
Herein, these amides exhibited antagonist GAL4 activ-
ity (Fig. 1).


We also examined the co-regulator affinity signatures of
the 102 array members with pKi > 6.0 using a multi-
plexed interaction assay to determine PPARc LBD
interactions with 49 peptides derived from the binding
motifs of known co-regulator proteins.11,13 In the assay,
mean fluorescence intensity units (MFI) correlate with
affinity of peptide binding. TRAP-220 is a co-activator
that plays a central role in PPARc-mediated adipocyte
gene expression pathways. While the farglitazar/PPARc
complex bound tightly to the TRAP-220 derived peptide
(MFI = 499),13 amide analogues 2i (MFI = �99) and 2n
(MFI = �296) exhibited markedly reduced, atypical co-
activator peptide binding relative to apo-PPARc
(MFI = 0) and a neutral effect on corepressor binding.11


Based on these unusual PPARc/co-regulator interaction

nalysis for acylationa of a primary amine analogue of farglitazar that


ps


Amines pKi
c


f 3-piperidinyl 7.29


g 3-C6H4-O(CH2)2NMe2 7.00


h 2-pyridyl 6.78


i CH2O-3-C6H4NH2 6.72


j 4-c-C6H10CH2NH2 6.71


Hydrophobes pKi
c


p 4-C6H4OMe 7.32


q c-C3H5 7.26


r (CH2)5Me 7.21


s (CH2)2Me 7.06


t Me 6.86


al classifications, n = 2.


ligand binding domain of PPARc by displacement of tritiated BRL-







Figure 1. X-ray co-crystal structure of farglitazar bound to the PPARc
LBD overlaid on the co-crystal structure of 2t (R1 = Me) bound to the


PPARc LBD.14 Whereas the farglitazar carboxylate forms a network


of hydrogen bonds with His-323, His-449 (side chain above/behind


label), and the AF2 helix’s Tyr-473, the amide of 2t merely approaches


His-323 and Tyr-473, without actually making any strong hydrogen


bonds. The AF2 helix is modestly unwound (not shown) consistent


with some destabilization of the activated conformation of the AF2


helix.
Figure 2. Gene expression by PPARc agonist GW7845, partial agonist


GW0072,9 and inverse agonists GSK5737 (2n) and GSK5775 (2i) in


mature 3T3L1 adipocytes.18
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profiles,13 the phenotypes of these ligands and other
array members in Table 2 were characterized in a ma-
ture 3T3L1 adipocyte gene expression assay to compare
them to ligands with known activities. The highly effica-
cious agonist GW7845 positively regulated six of seven
marker genes of fatty acid synthesis, transport, storage,
and oxidation (Fig. 2). 17 Partial activators regulated
these same genes less efficaciously.11 By contrast, inverse
agonists GSK5737 (2n) and GSK5775 (2i) exhibited
atypical activity in that genes were driven to expression
levels below basal PPARc.11 For example, the PEPCK
and FABP4 genes were down-regulated significantly
(Scheme 1).


In summary, a synthetic array of farglitazar analogues
was synthesized with guidance from X-ray co-crystal
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Scheme 1. Synthesis of inverse amide analogues of farglitazar.

structures. These amides were evaluated in PPARc bind-
ing and GAL4 reporter assays, and a mature 3T3L1 adi-
pocyte gene expression assay. Strikingly, sterically bulky
members of this array (2i, 2n), designed to repress coac-
tivator binding in the AF2 helix domain, suppressed
induction of adipogenic genes relative to basal
expression levels.11 Low efficacy partial agonists
(e.g., GW0072)9 and antagonists (e.g., GW9662,7


T0070907,19 PD-068235)20 of PPARc transcription that
inhibit PPARc agonist-induced adipogenesis yet do not
invert the PPARc phenotype in adipocytes have been
disclosed in the literature. In our adipocyte assay, the
competitive antagonist GW9662 exhibited a neutral,
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basal-like effect on PPARc target gene expression. Thus,
inverse agonists of PPARc-mediated activity (e.g., 2n)
herein appear to be uncommon. These amides are repre-
sentatives of a new class of ligands that are available to
evaluate co-activator destabilization and inverse agon-
ism at PPARc in biological models of diabetes, obesity,
and other diseases.21
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1 h and concentrated in vacuo to a yellow solid (0.20 g,
99% yield). Polystyrene-bound hydroxybenzotriazole
(0.029 g, 0.030 mmol) was suspended in DMF
(1 mL). Reagent monomer example acetic acid (0.0027 g,
0.045 mmol), dimethylaminopyridine (0.0022 g, 0.018 mmol),
and diisopropylcarbodiimide (0.017 g, 0.135 mmol) were
added, and the resulting suspension was shaken for 2 h.
The resin was filtered, washed with DCM, and suspended
in DCM (1 mL). The yellow, de-protected HCl salt of
intermediate 1 (0.012 g, 0.021 mmol) and polystyrene-
bound N-methylmorpholine (0.022 g, 0.09 mmol) were
added to the suspension. After 2 h of rotation, the organic
solution was collected by filtration and concentrated in
vacuo to give a crude oil that was purified by silica gel
chromatography to furnish 2t as a yellow solid (0.009 g,
75% yield): 1H NMR (CDCl3, 300 MHz) d 8.1 (d, J = 6.1,
2H), 7.5 (m, 2H), 7.4 (m, 6H), 7.3 (m, 1H), 7.2 (s, 3H), 7.0
(m, 2H), 6.8 (d, J = 8.6, 1H), 6.7 (d, J = 8.6, 2H), 4.2 (t,
J = 6.1, 2H), 3.0 (d, J = 5.8, 2H), 2.8 (m, 1H), 2.4 (s, 3H),
2.0 (s, 1H), 1.9 (s, 3H), 1.8 (m, 2H), 1.2 (m, 1H). MS
(APCI) m/z 574 (M+1).


17. For more information on these genes, see Way, J. M.;
Harrington, W. W.; Brown, K. K.; Gottschalk, W. K.;
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Sundseth, S. S.; Mansfield, T. A.; Ramachandran, R. K.;
Willson, T. M.; Kliewer, S. A. Endocrinology 2001, 142,
1269.


18. Adipocytes were treated with differentiation cocktail to
generate mature adipocytes, and then dosed with test
compounds at the indicated concentrations. GW7845
(1 lM) displays agonism on the tested genes, whereas
GW0072 (1 lM) acts as a partial agonist. Contrast this
with the inverse agonism exhibited for most of the genes
by GSK5737 (10 lM) and GSK5775 (10 lM): (*) p < 0.01,
(#) p > 0.01 versus vehicle.11 Because only array members

shown in Table 2 were run in this assay, results for other
high MW array members with an arene/two-carbon tether
motif are not available.


19. Lee, G.; Elwood, F.; McNally, J.; Weiszmann, J.; Lind-
strom, M.; Amaral, K.; Nakamura, M.; Miao, S.; Cao, P.;
Learned, R. M.; Chen, J.-L.; Li, Y. J. Biol. Chem. 2002,
277, 19649.


20. Camp, H. S.; Chaudhry, A.; Leff, T. Endocrinology 2001,
142, 3207.


21. The study of a PPARc inverse agonist in a diabetic animal
model will be disclosed in a future communication.
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Abstract—2-Arylimino-5,6-dihydro-4H-1,3-thiazines have been identified as a novel class of cannabinoid agonists. A lead structure
with moderate activity was discovered through a high throughput screening assay. Structure–activity relationships led to the discov-
ery of potent agonists of CB2 receptor. The most potent compound 13 displays Ki values of >5000 and 9 nM to CB1 and CB2 recep-
tors, respectively.
� 2007 Elsevier Ltd. All rights reserved.

The pharmacological activity of cannabinoids is
known to be mediated by two cannabinoid receptors
(CB1 and CB2).1 The CB1 receptor discovered in
1990 was mainly distributed in components of the cen-
tral nervous system, such as the brain.2 Agonists of
this receptor were found to suppress the release of
neurotransmitters and to cause some central actions
such as euphoria or analgesia. The CB2 receptor dis-
covered in 1993 was mainly distributed in immune tis-
sues, such as the spleen and tonsil.3 It has been
reported that both agonists and antagonists of this
receptor have anti-inflammatory activity, and only
agonists, but not antagonists, have analgesic activity.
Therefore, selective agonists4 to the CB2 receptor were
expected to be anti-inflammatory agents and analgesic
agents that would not cause side effects associated
with CB1 receptors, such as euphoria or drug
dependence.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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To discover novel cannabinoid receptor (CBR) agonists
with different pharmacophores from conventional can-
nabinoids,5 we screened our compound libraries. High-
throughput screening assay resulted in the discovery of
compound 1, which exhibited modest activities to
CBR (binding affinity, CB2 Ki 428 nM; CB1 Ki


>5000 nM). In attempts to improve the binding affinity
of compound 1, a series of 2-arylimino-5,6-dihydro-4H-
1,3-thiazines have been synthesized with various substit-
uents to find the optimal structure exhibiting the stron-
gest binding affinity. In this paper, we describe the
synthesis and the structure–activity relationships of 2-
phenylimino-5,6-dihydro-4H-1,3-thiazines as cannabi-
noid receptor agonists (Fig. 1).


The 2-phenylimino-5,6-dihydro-4H-1,3-thiazines 5 were
prepared as outlined in Scheme 1.6 Phenylthioureas 4

Figure 1. Lead structure found in a high throughput screening assay.
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Scheme 1. Reagents and conditions: (a) CSCl2, Et3N, CH2Cl2, rt 1 h; (b) 3-aminopropanol, CH2Cl2, rt 2–8 h; (c) 35% HClaq, reflux 1–3 h.
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were prepared by the reaction of anilines 2 with thio-
phosgene in the presence of triethylamine followed by
reaction with 3-amino-1-propanol. Thiazines 5 were pre-
pared by cyclization of the phenylthioureas 4 with 35%
hydrochloric acid.


The general methods for synthesis of 3-substituted 2-
phenylimino-5,6-dihydro-4H-1,3-thiazines are shown in
Scheme 2. Compound 1 was prepared by the reaction
of 5a with ethyl chloroformate in the presence of trieth-
ylamine (Method A). Compound 6 was prepared by the
reaction of 5a with iodoethane in the presence of sodium
hydride (Method B). Compound 7 was prepared by the
reaction of 5a with carbon disulfide in the presence of
sodium hydride followed by methylation with iodoe-
thane (Method C). Compound 8 was prepared by the
reaction of 5a with ethyl isocyanate (Method D). Com-
pound 9 was prepared by the reaction of 8 with Lawes-
son’s Reagent (Method E). The thiazine analogues (10–
34) were prepared using method A, B or C.


Human CB2 receptor binding affinities7 of 2-phenylimi-
no-5,6-dihydro-4H-1,3-thiazines are shown in Tables 1–3.
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Scheme 2. Reagents and conditions: (method A) EtOCOCl, Et3N, THF, rt


NaH, DMF, 0�C 0.5 h, then EtI, 0�C 1 h, 70%; (method D) EtNCO, THF,

First, the ethoxycarbonyl moiety of the thiazine ring of
compound 1 was modified structurally to attain more
potent affinity. Table 1 shows the effects of substituent
(R1) on 3-position of the thiazine ring on binding affin-
ity. The reaction precursor (5a) of 1 was inactive. When
the oxygen atom of the ethoxycarbonyl group of 1 was
replaced by a sulfur atom, the affinity increased (7, 11,
and 12). Alkyl (ethyl, 6; propyl, 16; benzyl, 17) and pro-
pionyl (10) derivatives exhibited extremely weak affinity.
Ethylcarbamoyl (8) and ethylthiocarbamoyl (9) deriva-
tives were inactive. Among the (alkylthio)thiocarbonyl
derivatives (7, 13–15), the (methylthio)thiocarbonyl
derivative (13) was the most active, whereas substituents
larger than the methyl group (ethyl, 7; propyl, 14; iso-
propyl, 15) reduced the affinity. These results suggested
that the physicochemical characteristics or hydrophobic
influence of the sulfur atom into a substituent at 3-posi-
tion might lead to enhancement of the affinity, but
no definitive explanation for this observation is yet
available.


Table 2 shows the effect of substituents on the phenyl-
moiety of 5,5-dimethyl-3-(methylthio)thiocarbonyl-2-
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2 h, 68%; (method B) EtI, NaH, DMF, rt 2 h, 71%; (mehtod C) CS2,


rt 1 h, 87%; (method E) Lawessons Reagent, pyridine, 80�C 2 h, 65%.







Table 2. Lead optimization study of R2 part


Compound R2 CB2 Ki (nM)


7 2-i-Pr 9


18 3-i-Pr 33


19 4-i-Pr 22


20 H 316


21 2-Me 202


22 2-Et 54


23 2-Pr 57


24 2-t-Bu 313


25 2-F 252


26 2-C1 722


27 2-Br 371


28 2-MeO 18


29 2-EtO 84


30 2-CF3 141


31 2-Ph 989


32 2-PhO 2920


33 2,6-Me2 >5000


Table 1. Lead optimization study of R1 part


Compound R1 Method h-CB2 Ki (nM)


1 COOEt A 428


10 COEt A 2090


11 COSEt A 48


12 CSOEt A 230


7 CSSEt C 35


13 CSSMe C 9


14 CSSPr C 119


15 CSS-i-Pr C 275


8 CONHEt D >5000


9 CSNHEt E >5000


5a H – >5000


6 Et B 4880


16 Pr B 915


17 CH2Ph B 1360


Table 3. Lead optimization study of R3 part


Compound R3 CB2 Ki (nM)


7 5,5-Me2 9


34 H 1581


35 4-Me >5000


36 5-Me 98


37 6-Me >5000
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phenylimino-5,6-dihydro-4H-1,3-thiazines. When the
isopropyl group at 2-position of compound 13 was
changed to 3- or 4-position removed, the affinity was re-
duced (18–20). Among the 2-substituted derivatives (13,
18–34), the isopropyl derivative (13) was the most active,
whereas bulky groups (t-Bu; 24, Ph; 31, PhO; 32) or elec-
tron-withdrawing groups (F; 25, Cl; 26, Br; 26, CF3; 30)
reduced the affinity. Furthermore, the 2,6-dimethyl
derivative (33) was inactive. These findings suggested
that the presence of a hydrophobic group as well as a
steric effect of the substituent at 2-position on the phenyl
moiety were responsible for increasing affinity.


Since 5,5-dimethyl-3-(methylthio)thiocarbonyl-2-phenyli-
mino-5,6-dihydro-4H-1,3-thiazines were found to have
favorable affinity for the human CB2 receptor, the di-
methyl moiety of the thiazine ring of compound 13
was modified structurally. Table 3 shows the effects of
substituent (R3) on 4-, 5- or 6-position of the thiazine
ring on binding affinity. Among them, the 5,5-dimethyl
derivative (13) showed the greatest affinity, followed
by the 5-methyl derivative (36). On the other hand,
hydrogen (34), 4-methyl (35) and 6-methyl (37) deriva-
tives were weak or had no activity. These results
revealed that the methyl groups at 5-position of the thi-
azine ring of 3-(methylthio)thiocarbonyl-2-phenylimino-
5,6-dihydro-4H-1,3-thiazines seem to play a significant
role in raising affinity.


Based on the findings described above, compound 13
was selected for further evaluation (Table 4). The affin-
ity of compound 13 for CB2 receptors was high, and its
potency (Ki value) did not differ between the two animal
species. Also, compound 13 exhibited extremely weak
affinities against CB1 receptor, and higher CB2 selectiv-
ity than WIN55212-2. Both CB1 and CB2 are coupled
with Gi proteins and known to reduce the cyclic AMP
concentration in cells upon receptor stimulation.8 Com-
pound 13 showed the inhibitory activity of cyclic AMP
production in the assay by using CHO cells expressing
human CB2.9 The compound showed a fast clearance
rate of 83.3 mL/min/kg, a short half life (t1/2 = 0.6 h),
and low oral bioavailability of 18%. Unfortunately,
the pharmacokinetics profile of this compound was
not suitable in a rat in vivo examination.


Compound 13 showed analgesic activity10 when admin-
istered subcutaneously to the pain site, and caused sig-
nificant inhibition of both early and late phases of
formalin-induced licking when co-injected with forma-
lin. These effects were reversed by SR144528 (CB2


antagonist), but not by SR141716A (CB1 antagonist)
(Fig. 2). In addition, SR144528 by itself did not affect
analgesic activity (data not shown). These findings sug-
gest that compound 13 has analgesic activity due to acti-
vation of CB2.


In conclusion, the structure–activity relationships of a
lead structure found in high throughput screening led
to the discovery of new cannabinoid CB2 selective ago-
nists with approximately 500-fold selectivity in potency.
Compound 13 showed an analgesic effect.11 This novel
series of cannabinoid agonists should be useful for







Table 4. In vitro data and pharmacokinetic profiles in rat of selected compounds


Compound In vitro assay (nM) Rat PK (iv: 2, po: 30 mg/kg)


h-CB2


(Ki)


h-CB1


(Ki)


m-CB2


(Ki)


m-CB1


(Ki)


cAMP


(CB2, IC50)


cAMP


(CB1, IC50)


T1/2


(h)


CLt


(mL/min/kg)


AUC


(po) (lg-h/mL)


BA


(%)


1 428 >5000 187 >5000 322 >5000 NT


13 9 >5000 9 2020 6.1 >5000 0.6 83.3 1.1 18


WIN55212-2 2.2 14 6 7 1.1 17 NT


Figure 2. Analgesic effects of compound 13 reversed by SRI44528 The CB1 selective antagonist SRI41716A (SRI, 0.3 mg/kg) or CB2 selective


antagonist SR144528 (SR2, 0.3 mg/kg) was administered iv 1 min prior to compound 13 administration, compound 13 (500 lg/site) was dissolved in


20 lL of formalin solution (2% in saline), and sc-injected into the dorsal surface of the right hindpaw of mice. *p < 0.05, **p < 0.01 (vs


vehicle + vehicle), ##p < 0.01 (vehicle + compound 13), V: vehicle, 13: compound 13, n = 6–8.
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characterizing the functions of cannabinoid receptors
and evaluating their potential as a new class of analgesic
drugs.
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and triethylamine (44.0 g, 434.8 mmol) in dichlorometh-
ane (200 ml) was added dropwise under ice-cooling over
20 min thiophosgene (25.0 g, 217.5 mmol). The mixture
was stirred at room temperature for 1 h. The mixture was
poured into ice-cold water (500 ml) and then extracted
with ethyl ether (500 ml). The organic layer was washed
with brine (500 ml), dried over anhydrous magnesium
sulfate, and concentrated under reduced pressure to give
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(2-isopropylphenyl)isothiocyanate (38.2 g, yield: 99%) as a
brown oil.
To a solution of (2-isopropylphenyl)isothiocyanate
(20.0 g, 112.8 mmol) in diethylether (30 ml) was added 3-
amino-2,2-dimethylpropanol (11.63 g, 112.8 mmol). The
mixture was stirred at room temperature for 1 hour and
concentrated under reduced pressure to give N-(2-isopro-
pylphenyl)-N 0-(1-hydroxy-2,2-dimethyl)propylthiourea
(31.6 g, yield: 99%) as a yellow oil. 1H NMR (d ppm
TMS/CDCl3 270 MHz) 0.82(6 H, s), 1.25(6H, d,
J = 6.7 Hz), 3.11(1H, sept, J = 6.7 Hz), 3.25(2H, s),
3.55(2H, d, J = 6.3 Hz), 6.05(1H, m), 7.17–7.40 (4H, m).
A mixture of N-(2-isopropylphenyl)-N 0-(1-hydroxy-2,2-
dimethyl)propylthiourea (31.6 g, 112.7 mmol) and concen-
trated hydrochloric acid (30 ml) was heated under reflux
with stirring for 3 hours. The reaction solution was cooled
to room temperature and poured into an aqueous solution
of 10% sodium hydroxide (100 ml). The mixture was
poured into water (400 ml) and extracted with chloroform
(100 ml · 2). The organic layer was washed with brine
(100 ml), dried over anhydrous magnesium sulfate, and
concentrated under reduced pressure. The crude product
was recrystallized from ethyl acetate and hexane to give 2-
(2-isopropylphenyl)imino-5,5-dimethyl-5,6-dihydro-4H-1,3-

thiazine (22.5 g, yield: 76%) as a white crystals (mp 155–
157 �C). 1H NMR (d ppm TMS/CDCl3 270 MHz) 1.15
(6H, s), 1.20 (6H, d, J = 6.7 Hz), 2.67 (2H, s), 3.09 (2H, s),
3.15 (1H, sept, J = 6.7 Hz), 6.88 (1H, m), 7.05–7.11 (2H,
m), 7.20 (1H, m).
To a mixture of 2-(2-isopropylphenyl)imino-5,5-dimethyl-
5,6-dihydro-4H-1,3-thiazine (3.15 g, 12.0 mmol), carbon
dioxide (1.08 ml, 18.0 mmol), and N,N-dimethylformam-
ide (36 ml), 60% sodium hydride (0.72 g, 18 mmol) was
added under ice-cooling. The mixture was stirred for 1 h.
Methyliodide (0.17 g) was added to it. The mixture was
stirred at 0 �C for 1 h. To the solution was added water
(150 ml), extracted with diethyl ether (150 ml), dried over
anhydrous magnesium sulfate, and concentrated under
reduced pressure. The residue was purified by silica gel
column chromatography (ethyl acetate/hexane) to give
compound 13 (2.53 g, yield: 72%). The product was
recrystallized from ethyl acetate and hexane to give yellow
crystals, mp 86–87 �C. Anal. Found: C, 57.85; H, 6.80; N,
8.13; S, 27.28, Calcd for C17H24N2S3: C, 57.91; H, 6.86; N,
7.95; S, 27.28%. 1H NMR (d ppm TMS/CDCl3 270 Mz)
1.20 (6H, d, J = 6.9 Hz), 1.23 (6H, s), 2.65 (3H, s), 2.68
(2H, s), 3.11 (1H, sept, J = 6.9 Hz), 4.51 (2H, s), 6.87 (1H,
m), 7.11–7.18 (2H, m), 7.32 (1H, m).
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Abstract—A potent and selective series of 2-amino-3,5-diarylbenzamide inhibitors of IKK-a and IKK-b is described. The most
potent compounds are 8h, 8r and 8v, with IKK-b inhibitory potencies of pIC50 7.0, 6.8 and 6.8, respectively. The series has excellent
selectivity, both within the IKK family over IKK-e, and across a wide variety of kinase assays. The potency of 8h in the IKK-b
enzyme assay translates to significant cellular activity (pIC50 5.7–6.1) in assays of functional and mechanistic relevance.
� 2007 Elsevier Ltd. All rights reserved.

Protein kinases catalyse the transfer of the c-phosphate
from ATP to the side-chain hydroxyl group of tyrosine,
serine or threonine residues of proteins involved in the
regulation of diverse cellular functions. Aberrant kinase
activity is implicated in many diseases, and makes this
target class attractive for the pharmaceutical industry.1


The IjB (IKK) family of kinases represent an area of in-
tense research since they are central regulators of NF-jB
transcription factors, controlling gene expression in in-
nate and adaptive immune responses.2 Four kinases in
this family have been identified based on sequence
homology (IKK-a, -b, -e and TBK1). The most widely
studied family member to date is IKK-b which is ubiq-
uitously expressed and mediates activation of NF-jB
p50/RelA in response to pro-inflammatory stimuli such
as tumour necrosis factor-a (TNF-a) and lipopolysac-
charide (LPS). The role of this canonical NF-jB path-
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way is well documented in chronic inflammatory
disease and consequently identification of selective
IKK-b inhibitors has been a particular goal for
anti-inflammatory drug discovery.2,3 More recently a
non-redundant role for IKK-a has been elucidated, in
mediating signal transduction from TNFR family
members, such as co-stimulation receptors CD40 and
BAFFR on B lymphocytes.4 The identification of iso-
form selective IKK inhibitors will provide pharmacolo-
gical reagents to further address the differential role of
these kinases in health and disease.


The discovery and development of small-molecule inhib-
itors of IKK-family kinases represents a significant area
of research, as described in a recent review of the patent
literature by Lowinger and colleagues.5 We observed
that small-molecule IKK-family inhibitors of differing
chemotypes contain a common hydrogen-bonding phar-
macophore, Figure 1. For example, thiophene 1, thieno-
pyridine 2 and fused pyrazole 3 exhibit a common motif,
where the orientation of a primary amide is restricted by
an adjacent hydrogen-bonding functionality. In agree-
ment with a pharmacophore hypothesis proposed by
Morwick for thiophene inhibitors similar to 1, we as-
sumed that in each case the constrained, unsubstituted,
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amide group was essential for successful IKK
inhibition.6


Here, we report how we combined this hypothesis with
the synthetic tractability of an IKK-e selective series to
create potent inhibitors of IKK-a and IKK-b. As previ-
ously reported in this journal, the 5-(1H-benzimidazol-
1-yl)-3-alkoxy-2-thiophenecarbonitriles, such as 4,
Figure 2, are potent inhibitors of IKK-e, and are selec-
tive over IKK-a and IKK-b.7 With robust and exploit-
able chemistry in hand from the synthesis of 4 and
analogues, we sought to explore this template further
by adapting it to target other kinases of therapeutic
interest.


We rationalised that removing the hydrogen bond
acceptor capability of the benzimidazole group in 4,
converting the nitrile to a primary amide and combining
this with appropriate proximal alkoxy or amino func-
tionality on a phenyl ring to incorporate an extended
hydrogen-bonding network into a novel framework
would be profitable for IKK-b. We rationalised that
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IKK-α pIC50 < 4.8
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Figure 2. IKK-e selective inhibitor 4.
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additional substitution at the 3-position of the phenyl
ring would allow a second point of diversity and could
provide additional favourable interactions within the ki-
nase active site.


Scheme 1 summarises the synthetic route we used to tar-
get compounds 8, 11 and 12. 2-Amino-5-iodobenzoic
acid 5 provided the most versatile building block in
the 2-amino series; cyclisation with triphosgene to the
benzoxazinedione 6 allowed ring opening with ammonia
or methyl amine to provide carboxamides 7 after Suzu-
ki–Miyaura coupling. Optionally, this was followed by
bromination and Suzuki–Miyaura coupling to introduce
a 3-aryl substitutent, yielding 8.


The analogous 2-hydroxy series was accessed in a simi-
lar fashion from 5-bromosalicylamide 9, a Suzuki–
Miyaura coupling and bromination sequence yielding
phenol 10. Suzuki–Miyaura coupling reactions on this
material were inefficient and unreliable, and temporary
protection by methylation, followed by microwave-med-
iated nucleophilic de-methylation after the coupling al-
lowed smooth access to the target compounds. This
route also provided access to methoxy compounds 11,
which we believed could be of interest, as the action of
the methoxy group as a hydrogen-bond acceptor from
the carboxamide could introduce the desired constraint
into the hydrogen-bond network.


We investigated amino-substituted compounds 8a–s,
Table 1, assessing their IKK-a, -b and -e inhibitions in
enzyme activity assays.8,9 Amide substitution, where
R3 = Me, was not tolerated (8a, 8b; compare 8b with
8f); a finding in accordance with the structures of litera-
ture inhibitors 1–3 all lacking such substitution.


The most striking SAR is apparent in the R1 position.
First, we observed that compounds 8c and 8d which lack
R1 substitution are at best weakly active.10 A distinct
preference for para-substituted phenyl groups at R1 is
apparent, as without exception, all compounds lacking
this arrangement (e.g., 8e, k, m, o, p) fail to achieve
inhibitory potencies above pIC50 6.0 for any of the
IKK isoforms. Finer SAR emerged within compounds
which have para-substituted phenyl groups at R1.
S-linked sulfonamides (8f–h , l, q, r) yielded the greatest
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Table 1. IKK-a, IKK-b and IKK-e inhibition by compounds 8a–s


Compound IKK-a pIC50 IKK-b pIC50 IKK-e pIC50 R1 R2 R3


8a <4.8 <4.8 NDa (4-SO2Me)Ph 4-FPh Me


8b <4.8 <4.8 ND (4-SO2(1-pyrrolidine))Ph 4-FPh Me


8c <4.8 4.8 <4.8 H Ph H


8d <4.8 <4.8 <4.8 H 4-FPh H


8e 5.3 5.8 <4.8 4-Pyridyl 4-FPh H


8f 5.6 6.2 <4.8 (4-SO2(1-pyrrolidine))Ph 4-FPh H


8g 6.3 6.7 <4.8 (4-SO2NH2)Ph 4-FPh H


8h 6.4 7.0 <4.8 (4-SO2NH2)Ph 4-ClPh H


8i 5.2 5.8 <4.8 (4-NHSO2Me)Ph 4-ClPh H


8j 4.9 5.8 <4.8 (4-NHSO2Me)Ph Ph H


8k 5.0 5.1 ND (3-NHSO2Me)Ph Ph H


8l 6.0 6.6 <4.8 (4-SO2NH2)Ph Ph H


8m <4.8 5.1 <4.8 (3-SO2NH2)Ph Ph H


8n 5.1 5.4 <4.8 (4-CH2SO2NH2)Ph Ph H


8o <4.8 <4.8 <4.8 (3-NMe2)Ph Ph H


8p 5.5 5.4 5.4 Ph 4-Pyridyl H


8q 7.1 6.6 5.8 (4-SO2NH2)Ph 4-Pyridyl H


8r 5.7 6.8 ND (4-SO2NH2)Ph 4-SO2MePh H


8s 5.3 6.4 ND (4-SO2(1-pyrrolidine))Ph 4-SO2MePh H


The error within each assay is estimated as ±0.3 log units.
a ND, not determined.
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potencies against IKK-a and -b, while homologated of
the sulfonamides (compare 8l with 8n) or N-linked sul-
fonamides (8i and 8j) were substantially less potent.


It is clear that although the series generally has a degree
of selectivity for IKK-b over IKK-a this is typically
no greater than 10-fold, for example 8r and 8s, with a
methyl sulfone at the para-position of the R2


phenyl substituent. Only compounds 8p and 8q, with a

4


4.5


5


5.5


6


6.5


7


7.5


8c 8h 8l 8m 8q


pIC50


* * * ** *


Figure 3. IKK-a (cyan), IKK-b (blue) and IKK-e (green) inhibition by


compounds 8c, h, l, m, q. *pIC50 < 4.8.


Table 2. IKK-a, IKK-b and IKK-e inhibition by compounds 11a–d and 12


Compound IKK-a pIC50 IKK-b pIC50


11a <4.8 <4.8


11b <4.8 <4.8


11c <4.8 <4.8


11d <4.8 <4.8


12a 4.8 <4.8


12b 5.7 5.8


12c 5.7 6.0


12d 5.3 5.1


The error within each assay is estimated as ±0.3 log units.
a ND, not determined.

4-pyridyl R2 group, exhibit any inhibition of IKK-e,
with 8q also having significant selectivity for IKK-a over
IKK-b. A detailed discussion of the R2 SAR is outside
the scope of this manuscript, but from the data above
it is clear that this position provides an opportunity
for modulation of IKK isoform selectivity. Figure 3
illustrates inhibition data for key compounds.


We then investigated O-substituted compounds 11a–d
and 12a–d, assessing the inhibition of IKK-a, IKK-b
and IKK-e. Key data are summarised in Table 2. Meth-
oxy substitution yielded inactive IKK inhibitors, both
without (11a) and with (11b–d) substitution at R1. Hy-
droxy substitution was more profitable; compounds
with substitution at both R1 and R2 (12b–12d) exhibited
encouraging inhibitory activities against IKK-a and
IKK-b.


Encouraged by the potency of compounds in the amino-
series, representative molecule 8l was docked into the
ATP-site of a homology model of IKK-b, Figure 4a.11


The results agree with our hypothesis that the primary
carboxamide makes a pair of hydrogen bonds to the
hinge region, Glu97 and Cys99. This is tethered by an
internal hydrogen bond to the aniline NH2 group,
helping to maintain planarity.

a–d


IKK-e pIC50 R1 R2


NDa H 4-Pyridyl


ND 4-Pyridyl Ph


ND (4-SO2NH2)Ph 4-ClPh


ND Ph 4-Pyridyl


ND H 4-Pyridyl


<4.8 (4-SO2NH2)Ph 4-ClPh


<4.8 (4-NHSO2Me)Ph Ph


<4.8 (4-SO2NMe2)Ph 4-Pyridyl







Figure 4. (a) Model of IKK-b with docked compound 8l (Top). (b)


X-ray structure of CDK-2 with bound oxindole, PDB code 1fvv.12 H-


bonds are shown as orange dashed lines.
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The R1 aromatic group points towards the solvent side
of the ATP site. The 4-position of R1 points towards
Asp103 and Lys106, located on the surface of a small
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Scheme 2. Reagents and conditions: (a) triphosgene, THF, rt; (b) 0.5 M NH3/


dioxane, water, 80 �C; (d) NBS, acetic acid, rt; (e) R2-boronic acid, PdCl2(d


Table 3. IKK-a, IKK-b and IKK-e inhibition by compounds 8t–y


Compound IKK-a pIC50 IKK-b pIC50


8t 6.0 6.5


8u 6.0 6.5


8v 6.2 6.8


8w 6.1 6.6


8x 6.0 6.5


8y 6.1 6.6


The error within each assay is estimated as ±0.3 log units.

helix. This amino acid pair is also found in CDK-2
(Asp86 and Lys89), where their side-chains interact
favourably with sulfonamides attached to several inhib-
itor chemotypes.12–14 Figure 4b shows the structure of a
sulfonamide-containing oxindole bound into CDK-2,
illustrating this interaction. By analogy, it is likely that
similar interactions contribute to the enhanced IKK-a
and IKK-b potency of sulfonamides in Table 1. Com-
paring the activity of substituted and unsubstituted sul-
fonamides (8r and 8s) it seems that the sulfonamide NH
does not contribute to activity, so the main interaction is
most likely hydrogen bonding between the sulfonamide
oxygens and either the Lys106 side-chain or the Asp103
backbone.


Our observations of the distinct preference for para-sub-
stitution at R1 in the amino series led us to explore this
region further. The synthetic route above (Scheme 1)
necessitates the introduction of R1 via a Suzuki–Miya-
ura coupling step, and the limited availability of appro-
priately functionalized boronic acids or esters led us to
adapt pentafluorophenylsulfonate ester chemistry to al-
low increased diversity.


As recently described by Avitabile and co-workers, the
pentafluorophenyl (PFP) group can be used as a
sulfonic acid protecting group, which is stable to
Suzuki–Miyaura conditions with the employment of a
suitable base.15 The PFP group can then be displaced
by amine nucleophiles to yield substituted sulfona-
mides, Scheme 2.16,17 We utilised this chemistry to pre-
pare compounds 8t–8y, which were assessed for their
IKK-a, IKK-b and IKK-e kinase inhibition, Table 3.
Substitution of the sulfonamide did not yield substan-
tial improvements in IKK-a or IKK-b enzyme inhibi-
tion (compare 8t–y with 8l in Table 2). However, the
tolerance of a variety of N-substituents offers the
opportunity to moderate the physicochemical proper-
ties of the molecule, a detailed description of which is
outside the scope of this manuscript. As with the
majority of compounds in Table 2, no significant inhi-
bition of IKK-e was observed.
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IKK-e pIC50 R4 R2


<4.8 –NH(CH2)3NMe2 Ph


<4.8 –NH(CH2)3(1-morpholine) Ph


<4.8 –NH(CH2)2NH2 Ph


<4.8 –NH(CH2)3OMe Ph


<4.8 –NHcyclopropyl Ph


<4.8 –NH(CH2)2(1-pyrrolidine) Ph







Table 4. Inhibition of pro-inflammatory cytokine release in PBMCs by


8h


Cytokine pIC50


TNF-a 6.1


IL-1b 6.4


IL-6 5.7
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The cellular activity of 8h was assessed via the secretion
of the pro-inflammatory cytokines TNF-a, IL-1b and
IL-6 from peripheral blood mononuclear cells (PBMC)
stimulated by lipopolysaccharide (LPS).18 The IKK-b
enzyme potency of 8h translated to significant inhibition
of the secretion of these cytokines in the cellular assay
(Table 4), as expected for inhibition of the NF-jB sig-
nalling pathway. In addition, 8h was observed to inhibit
(pIC50 = 5.7) the nuclear translocation of NF-jB in a
TNF-a induced cellular assay, confirming the mecha-
nism of action of the compound.19


In addition to exhibiting selectivity within the IKK fam-
ily for IKK-a and IKK-b over IKK-e, the series pos-
sesses an outstanding overall kinase selectivity profile.
Compound 8h was screened in a panel of more than
50 kinase assays, including Alk5, CDK-2, EGFR,
ErbB2, GSK3b, PLK1, Src, VegFr2 and displayed
greater than 50-fold selectivity against all of them. In
addition, 8h was submitted to the Kinomescan assay
panel of 150 kinases (Ambit Biosciences), which utilise
kinases or kinase domains fused to T7 bacteriophage.20


The compound did not show a significant ability to dis-
place an immobilised ATP-site ligand from any of the
kinases in the panel.


In conclusion, we have applied knowledge from litera-
ture IKK inhibitors to a tractable IKK-e series to create
a novel series of potent and selective IKK-a and IKK-b
2-amino-3,5-diarylbenzamide inhibitors. The most po-
tent compounds in the series are 8h, 8r and 8v, with
IKK-b inhibitory potencies of pIC50 7.0, 6.8 and 6.8,
respectively. The series has excellent selectivity, both
within the IKK family over IKK-e, and across a wide
variety of kinase enzyme and binding assays. The po-
tency in the IKK-b enzyme assay translates to signifi-
cant cellular activity (pIC50 5.7–6.1) in assays of
functional and mechanistic relevance.
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Abstract—We report the synthesis of benzoazepine-derived cyclic malonamides (2) and aminoamides (3) as c-secretase inhibitors for
the potential treatment of Alzheimer’s disease. The in vitro structure–activity relationships of 2 and 3 along with dog pharmacoki-
netic results are described.
� 2007 Elsevier Ltd. All rights reserved.

Alzheimer’s disease (AD) is the most common form of
dementia and affects 7–10% of those over 65 years of
age and up to 40% of those over age 80.1 The progres-
sive cognitive impairment and memory loss in AD is
accompanied pathologically by an accumulation in
brain of plaques consisting of 40–42-amino acid b-amy-
loid peptides (Ab), and neurofibrillary tangles made up
of hyperphosphorylated tau.2 Considerable evidence
points to a causative role for Ab in AD, and numerous
strategies for reducing the production and accumulation
of Ab are under investigation.3 Ab peptides are gener-
ated by the cleavage of membrane-bound b-amyloid
precursor protein (APP) by the sequential action of
b-secretase (BACE), an aspartyl protease, and c-secre-
tase, a heteromeric complex consisting of presenilin,
Aph-1, Pen-2, and nicastrin, in which presenilin appears
to be the catalytic component.4,5 Although APP pro-
cessing produces more Ab40 than Ab42, Ab42 is most
closely associated with AD pathogenesis.6 Inhibition
of c-secretase reduces production of all forms of Ab,
and represents a potential strategy for therapeutic
intervention in AD.7


Previously we reported that succinamide 1 potently
inhibits c-secretase activity in APP-transfected Chinese
hamster ovary (CHO) cells (IC50 = 13 nM).8 Like succi-
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namide 1, many benzodiazepine-derived c-secretase
inhibitors in the literature contain one or more chiral
centers in the side chain.9 In an ongoing study of the
structure–activity relationships (SAR) of succinamides
related to 1, we questioned whether it would be possible
to eliminate the a- and b-stereocenters by making gem-
disubstituted analogs 2 and 3 while maintaining the de-
sired c-secretase activity (Fig. 1). In this strategy, the R 0


and R of malonamides 2 and aminoamides 3 could re-
place the n-propyl (R 0) and i-butyl (R) groups of 1
and the terminal amide bonds of 2 and 3 could function
as H-bond acceptor/donors, mimicking the primary
amide (see Fig. 1).10 Herein we report the syntheses of
2 and 3 and their c-secretase inhibitory activities.


Amino-benzoazepinones 4 and 5 (Fig. 2) have been used
in the synthesis of c-secretase inhibitors and their syn-
thesis has been reported.11 The synthesis of trifluorom-
ethylphenyl-benzodiazepinone 6 is shown in Scheme 1.
Deacylation of phenyl acetamide 712 with 1N HCl in
EtOH gave aniline 8. Benzotriazole 913 was then coupled
to aniline 8 and the resulting product 10 was cyclized to
benzodiazepinone 11 using NH4OH/MeOH. Methyla-
tion of 11, followed by resolution using preparative chi-
ral HPLC, gave the desired single isomer 12, which was
treated with HBr gas in DMF to provide the amine 6.
The absolute configuration of 6 was confirmed by a re-
lated crystal structure (vide infra).


A general synthetic scheme for the preparation of cyclic
malonamides (2a) is shown in Scheme 2. Dialkylation of
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malonate 1314 with 1,4-dibromobutane gave cyclic
dicarboxylate 14 in 65% yield. Upon removing the
tert-butyl group, the resulting acid was coupled to

amines and saponified to provide carboxylic acids 16,
which were coupled to aminobenzodiazepinone 6 to give
the desired amides (2a).
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The synthesis of aminoamides 3 is straightforward and
is exemplified with hydroxyl analog 3k (Scheme 3).
Commercially available amine 17 and acid 18 were used
for the initial coupling reaction to yield intermediate 19.
Saponification of 19, followed by the coupling reaction
with benzodiazepinone 6, gave the final product 3k in
32% overall yield. X-ray crystallographic analysis of
3k confirmed the stereocenter of the benzodiazepinone
to be (S) (Fig. 3).
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O
N


N


O
Me


HN
R1 = R2 =

Inhibitors 2 and 3 were initially screened for their ability
to displace a radiolabeled c-secretase inhibitor (3H-1)
from membranes derived from THP-1 cells,15 then eval-
uated in APP-transfected CHO cells for their ability to
block Ab production.16 Binding Ki and cellular IC50 val-
ues for malonamide-derived inhibitors are presented in
Table 1. Examination of the data reveals the following
SAR trends: (I) branched lipophilic side chains (R 0),
such as i-Bu, were optimal for c-secretase inhibition
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Figure 3. Crystal structure of compound 3k.


Table 1. Binding Ki and APP IC50 of malonamidesa


N
H


X


OO


R'


R R


Compound R X R/R Bindingb (APP IC50)b


2b Et R1 Et/Et 1000 nM (NT)


2c n-Pr R1 Et/Et 227 nM (NT)


2d n-Pr R1 c-C4H8 15 nM (82 nM)


2e n-Bu R1 c-C4H8 11 nM (20 nM)


2f i-Bu R1 c-C4H8 3.5 nM (21 nM)


2g i-Bu R2 c-C4H8 1.2 nM (28 nM)


2h i-Bu R3 c-C4H8 1.4 nM (5.8 nM)


2i i-Bu R1 c-C5H10 6.2 nM (19.5 nM)


2j i-Bu R2 c-C5H10 2.0 nM (12.5 nM)


2k i-Bu R3 c-C5H10 3.0 nM (26.1 nM)


a Binding Ki and APP IC50 are 2.6 and 13 nM, respectively, for compound 1.
b Data are reported as means of three determinations. See Ref. 8 for assay protocol.
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(e.g., 2f vs 2e and 2d); (II) cyclic malonamides were more
potent than their corresponding acyclic analogs (e.g., 2c
vs 2d); among the cyclic inhibitors, there was no differ-
ence in affinity between five- and six-membered cyclic
compounds; and (III) the incorporation of different ben-
zoazepinones (R1–R3) had minimal impact on the bind-
ing activity, but in some cases cellular potency could be
modestly improved with the bisbenzoazepinone (R3)
group (e.g., 2h vs. 2g).

Binding affinities and cellular IC50 values of amino-
amide-derived inhibitors are presented in Table 2. The
lipophilic side chain R 0 was essential for c-secretase inhi-
bition. As noted in the malonamide series, there was no
significant difference in affinity between five- and six-
membered ring analogs (e.g., 3c vs. 3d). In addition,
we observed that the incorporation of a hydroxy moiety
in R 0 was well tolerated by the enzyme. The (S)-hydro-
xyl diastereoisomer 3n exhibited superior potency







Table 2. Binding Ki and APP IC50 of aminoamidesa


H
N


X


O


R'


R RO


Compound R 0 X R/R Bindingb (APP IC50)b


3a Thiophene-CH2 R1 c-C5H10 41 nM (19 nM)


3b c-C5H9-CH2CH2 R1 c-C5H10 36 nM (NT)


3c 3,5-Difluorophenyl-CH2 R1 c-C5H10 9.9 nM (96 nM)


3d 3,5-Difluorophenyl-CH2 R1 c-C4H8 13.5 nM (115 nM)


3e i-Bu-CH2 R2 c-C4H8 4.9 nM (14 nM)


3f i-Bu-CH2 R3 c-C4H8 4.0 nM (15 nM)


3g c-C5H9-CH2CH2 R2 c-C4H8 2.2 nM (13 nM)


3h c-C5H9-CH2CH2 R3 c-C4H8 1.3 nM (21 nM)


3i (S)-i-Pr-CH(OH) R2 c-C4H8 1.1 nM (6.7 nM)


3j (S)-I-Pr-CH(OH) R3 c-C4H8 3.9 nM (15 nM)


3k (S)-i-Bu-CH(OH) R2 c-C4H8 2.1 nM (6.1 nM)


3l (S)-i-Bu-CH(OH) R3 c-C4H8 0.9 nM (4.2 nM)


3m i-Bu-CF2 R3 c-C4H8 22 nM (280 nM)


3n (S)-c-C6H11CH(OH) R2 c-C4H8 3.1 nM (11 nM)


3o (R)-c-C6H11-CH(OH) R2 c-C4H8 111 nM (280 nM)


3p c-C6Hn-C(O) R2 c-C4H8 93 nM (NT)


3q (S)-c-C6H11-CR(OK) R3 c-C4H8 0.9 nM (3.6 nM)


a Binding Ki and APP IC50 are 2.6 and 13 nM, respectively, for compound 1.
b Data are reported as means of three determinations. See Ref. 8 for assay protocol.
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(binding Ki = 3.1 nM), as compared to either the (R)-
isomer 3o (binding Ki = 111 nM) or ketone 3p (binding
Ki = 93 nM). Similarly, the gem-difluoro analog 3m
was approximately 25-fold less active as compared to
the parent hydroxyl analog 3l.


Representative compounds from Tables 1 and 2 were
tested in the beagle dog for pharmacokinetic (PK) prop-
erties and the resulting in vivo data are summarized in
Table 3. Compounds were dosed in a single animal (cas-
sette format) with up to nine other compounds. The
doses were kept low (0.25 mg/kg iv and 0.5 mg/kg po)
to help minimize potential compound interactions. All
compounds exhibit good oral bioavailability and a mod-
erate (or long) half-life. Compound 3k was noteworthy
in giving plasma levels of 2975 nM (bioavailabil-
ity = 84%) in this study.


Notch-1 is a cell surface receptor important in cell fate
decisions.17 Previous studies have reported that c-secre-
tase inhibitors block Notch-1 signaling and impair
Notch function.18 Therefore, we tested aminoamide 3k
in NIH 3T3 cells using murine Notch DE to assess its

Table 3. Pharmacokinetics of selective compounds


Parameter 2f 2h 3e 3h 3k 3f


po Dose (m pk) 0.5 0.5 0.5 0.5 0.5 0.5


Fu (%, dog) 0.4 0.1 0.5 0.2 1.7 0.5


Cl (l/h/kg) 1.3 0.5 0.2 0.3 0.04 0.2


Vss (V kg) 3.1 2.1 1.9 2.9 0.2 0.9


t1/2 (h) 5.3 4.6 13.2 13.4 6.5 5.3


Cmax (nM) 84 184 567 365 2975 172


F (%) 42 47 61 71 84 23


Data are reported as means of two or more determinations. See Ref. 10


for full experimental details.

ability to block c-secretase-mediated Notch signaling.
The potency of 3k for inhibition of Notch signaling
(IC50 = 9.8 nM)10 was similar to that observed for inhi-
bition of Ab production (IC50 = 6.1 nM).


In summary, we have found that benzoazepinone-
derived cyclic malonamides and aminoamides are potent
inhibitors of c-secretase, as demonstrated by inhibition
of cellular Ab production and low-nanomolar binding
to presenilin. SAR studies indicated that a cyclic moiety
was preferred at the R position; cyclopentyl and cyclo-
hexyl-derived inhibitors exhibited similar inhibitory
activity. The introduction of a hydroxyl moiety in the
aminoamide side chain improved both binding and cel-
lular activity. Aminoamide 3k has fewer stereocenters
than succinamide 1 and exhibits similar potency against
cellular Ab production. As shown from preliminary
in vivo results, compound 3k has an attractive overall
PK profile in dog. Further studies are needed to assess
the effects of 3k on Ab levels in the central nervous
system.
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Abstract—4-Arylpyrano-[3,2-c]-pyridones have been prepared by a one-step cyclocondensation of 4-hydroxy-1,6-dimethylpyridin-
2(1H)-one with various substituted benzaldehydes and malononitrile. These heterocycles exhibit micromolar and submicromolar
antiproliferative activity in HeLa and induce apoptosis in Jurkat cell lines. Structure–activity studies performed on a small library
of these compounds show a pronounced cytotoxicity enhancing effect of the bromo substituent at the meta position of the C4
aromatic moiety.
� 2007 Elsevier Ltd. All rights reserved.
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diazaquinomycin A

2-Pyridone structural unit occurs in many natural and
synthetic molecules exhibiting diverse biological activi-
ties.1 A few selected examples include antitumor antibi-
otic diazaquinomycin A,2 a non-nucleoside HIV reverse
transcriptase inhibitor L-697,6613, and a phosphodies-
terase inhibitor milrinone,4 used in the clinic for the
treatment of heart failure (Fig. 1).


Many libraries of compounds containing a 2-pyridone
moiety fused with another heterocyclic ring have been
prepared and tested for various biological activities.
Somewhat surprisingly, the biology of 4H-pyrano-[3,2-
c]-pyridin-5(6H)-ones (A, Figure 2) has not been thor-
oughly investigated with the exception of antibacterial
properties associated with some of these compounds.5


For example, a literature search reveals that pyranopyri-
dones B, whose preparation by way of cyclo-
condensation of arylidene malononitriles with
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4-hydroxypyridine-2-ones has been reported on many
occasions,6 have not been evaluated for biological activ-
ities. In contrast, a number of recent publications and
patents have described promising anticancer activity,
associated with chromenes C.7 These compounds,
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Figure 1. Structures of biologically active 2-pyridone-containing


compounds.
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Figure 2. Structures of the scaffold A, pyranopyridone library B, and


chromene library C.
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shown to inhibit tubulin polymerization and induce
apoptosis in cancer cells, exhibit high potency against
taxol- and vinblastine-resistant, P-glycoprotein over-
expressing cell types.7d Furthermore, chromenes C dis-
rupt tumor vasculature in a number of human solid
tumor xenografts and they are currently under develop-
ment as anticancer agents.7b,c


Extensive SAR studies performed with chromenes C
show that substituents on the benzene ring at positions
7 and 8 (R7 and R8) are well tolerated, while the intro-
duction of substituents at positions 5 and 6 (R5 and
R6) results in inactive compounds. Furthermore,
replacement of the benzene ring of the chromene scaf-
fold with a heterocyclic moiety has not been reported
to the best of our knowledge. We reasoned that pyri-
dones B would represent an interesting test because of
the partial aromatic character of this ring brought about
by the amide resonance conjugation. In addition, the
amide group would be placed into the part of the struc-
ture that is most sensitive to alterations. Finally, amide
resonance conjugation would make the compounds
more polar addressing water solubility issues of the par-
ent chromenes C.8


The synthesis of the pyridone B library is shown in Fig-
ure 3. Pyridone 1 was prepared by treating the corre-
sponding commercially available pyrone with aqueous
MeNH2 following a literature procedure.9 A three-com-
ponent reaction of pyridone 1 with malononitrile and
various aromatic aldehydes in a 1:1:1 ratio proceeds
smoothly in refluxing ethanol containing a small quan-
tity of Et3N.10 Pyranopyridones 2–12 precipitate directly
from the refluxing reaction mixtures and require no fur-
ther purification. The product yields are given in
Table 1.11,12

N OMe
Me NMe


Me
O


O


X


NH2


CNCNNC


X
OHC


Et3N, EtOH
reflux


OH


1 2-12


Figure 3. Three-component synthesis of pyrano-[3,2-c]-pyridones.

The analogue library was tested for antiproliferative
activity using HeLa cell line as a model for human
cervical adenocarcinoma. The cells were treated with
respective compounds for 48 h and cell viability was
assessed through measurements of mitochondrial
dehydrogenase activity using MTT method (Table
1).13 It is noteworthy that all potent analogues have
a 3-bromo substituent on the aromatic ring at posi-
tion C4 of the pyranopyridone skeleton (compounds
2–8) and this preference is uniform irrespective of
the substitution pattern of this aromatic moiety. The
3-chloro (9) and other variously substituted analogues
(10–12) are significantly less potent or are totally
inactive. Further, the substitution of the nitrogen in
the pyridone ring by oxygen, as in pyranopyranone
13, abolishes the activity as well. Moderate potency
of the N-(b-arylethyl)pyridone 14, synthesized in a
manner analogous to the rest of the library, warrants
further investigation of compounds having a bulky
moiety on the pyridone nitrogen. Efforts to prepare
a library of such compounds are underway in our
laboratories.


Since many clinically used anticancer agents induce
apoptosis in cancer cells, we tested the pyranopyridone
analogues for their ability to induce apoptosis in Jurkat
cells using a flow cytometric annexin-V/propidium
iodide assay (Fig. 4). Compounds 2–8, exhibiting sub-
micromolar or low micromolar potencies for the inhibi-
tion of proliferation of HeLa cells, were found to be
strong inducers of apoptosis in Jurkats at 5 lM con-
centrations. The magnitude of apoptosis induction
(50–60% after 36 h treatment) is comparable to the
known antimitotic agent colchicine used at the same
concentration. In contrast, compounds 9, 11, 14, which
are much less potent or totally inactive in the HeLa
MTT assay, show no apoptosis induction of Jurkats
at this concentration.


For comparison we selected some of the most potent
chromene C (Fig. 2) analogues on the basis of the lit-
erature data (e.g., R5, R6, R8 = H; R7 = NMe2;
X = 3,4,5-tri-OMe or X = 3-Br-4,5-di-OMe),7 synthe-
sized, and evaluated them in our assays. While the
chromenes are significantly more cytotoxic to HeLa
cells (IC50 = 1–10 nM), the magnitude of apoptosis
induction in Jurkats is similar to compounds 2–8
(50–55% at 5 lM).


The images of Jurkat cells after 48-h treatment are
shown in Figure 5. Cells treated with an inactive com-
pound 11 (Fig. 5B) look similar to the DMSO treated
counterparts (Fig. 5A). In contrast, extensive deforma-
tion and fragmentation are observed with cells treated
with a potent analogue 3 (Fig. 5C).


Lastly, the flow cytometric cell cycle analysis, performed
with pyranopyridones 2 and 3 using Jurkat cell line,
shows pronounced cell cycle arrest in the G2/M phase
(Table 2). This effect is characteristic of antimitotic
agents disrupting microtubule assembly, and is also
observed with chromenes C that bind to or near the col-
chicine binding site on b-tubulin.7d This observation is







Table 1. Synthetic yields and antiproliferative activity of pyrano-[3,2-c]-pyridones


N


Me


Me


O


O


Ar


NH2


CN


Synthesis Compound concentration required to reduce HeLa cell viability by 50% after 48-h


treatment relative to 100% DMSO control as assessed with MTT assay in three


independent experiments


Analogue Ar % Yield IC50(1), lM IC50(2), lM IC50(3), lM IC50, lM SD, lM


2
Br


NMe2


83 0.3 0.3 0.4 0.33 0.06


3
Br


OMe
OMe


87 0.75 0.5 0.5 0.58 0.14


4
Br


OEt
OMe


88 2 0.75 0.5 1.08 0.8


5
Br


OH
OMe


75 2 2 4 2.67 1.1


6
Br


OAc
OMe


83 4 2 4.5 3.5 1.3


7
Br


F


84 7 7 5 6.33 1.1


8


Br


97 7.5 7 5 6.5 1.3


9
Cl


Cl


98 20 15 20 18.3 2.9


10
MeO


OMe
OMe


97 40 50 40 43.3 5.1


11 81 >100 >100 >100 >100 n/a
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Table 1 (continued)


N


Me


Me


O


O


Ar


NH2


CN


Synthesis Compound concentration required to reduce HeLa cell viability by 50%


after 48-h treatment relative to 100% DMSO control as assessed with


MTT assay in three independent experiments


Analogue Ar % Yield IC50(1), lM IC50(2), lM IC50(3), lM IC50, lM SD, lM


12


O2N


97 20 25 60 35.0 21.8


13


O


Me


O


O NH2


CN


Br


87 >100 >100 >100 >100 n/a


14


N


Me


O


O NH2


CN


MeO
OMe


OMe


MeO


MeO


80 30 18 20 22.7 6.4


Figure 4. Induction of apoptosis in Jurkat cells treated for 36 h with


DMSO control, colchicine (5 lM), and selected pyridone library


analogues (5 lM) in flow cytometric annexin-V/propidium iodide


assay. Error bars represent data from two experiments.


Figure 5. Jurkat cells after 48-h treatment with DMSO control (A), inactive


Table 2. Flow cytometric cell cycle analysis of Jurkat cells


Compound % Relative DNA content ±SD after 15-h


treatment as assessed with Vybrant


Orange staining


G0/G1 S G2/M


DMSO 49.4 ± 2.7 26.6 ± 0.1 23.9 ± 2.4


2 (5 lM) 14.4 ± 1.7 18.1 ± 0.6 67.5 ± 2.3


3 (5 lM) 12.0 ± 3.5 19.0 ± 2.0 68.5 ± 4.7


Colchicine (25 lM) 19.0 ± 0.2 23.1 ± 0.1 57.9 ± 0.1
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indicative of the antitubulin mechanism for pyranopyri-
dones B similar to the one established for chromenes C.


Further optimization of the pyranopyridione library
with the aim of identifying more potent analogues as

compound 11 (B) and potent analogue 3 (C).
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well as more detailed mechanistic studies are underway
and will be reported in due course.
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Abstract—Anxiolytic-like effects induced on mice by several compounds with imidazo[2,1-a]isoindolol (II), pyrimido[2,1-a]isoindo-
lol (III) and [1,3]diazepino[2,1-a]isoindolol (IV) structures have been evaluated through the elevated plus-maze test. The evaluation
has been based on measuring the spent time and counting the number of entries of mice in the open arms of the maze. Single intra-
peritoneal administration of imidazoisoindolol IIe and pyrimidoisoindolols IIIa, IIIe and IIIg induced significant increments in these
behavioural parameters.
� 2007 Elsevier Ltd. All rights reserved.

Anxiety is a normal reaction to stress that in many cases
can become an important pathological disabling and
lasting disorder.1,2 Pharmacological treatment of anxi-
ety is principally based on the 1,4-benzodiazepines
(BDZ), such as diazepam (DZP) and related drugs,
though for anxiety disorders associated to depression,
5-HT1A receptor agonists and selective 5-HT reuptake
inhibitors (SSRIs) are often prescribed.3 In a previous
paper dealing with the search for new types of anxiolytic
agents we reported the evaluation of the effects induced
by some benzalphthalides (I),4 which were easily
prepared by condensation of phthalic anhydride with
differently substituted phenylacetic acids. Two
benzalphthalides, Ia (p-methoxybenzalphthalide) and Ii
(p-methylsulfonylbenzalphthalide), induced significant
increments in the two main parameters considered as
those most relevant for testing anxiety in the elevated
plus-maze test,5 namely, the relative spent time on the
open arms (STOA %) and the relative number of entries
into the open arms (NEOA %). The 3D structures of the
most stable conformers calculated for the phthalides Ia
and Ii could be practically superimposable with those

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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of the previously reported anxiolytic flavonoids apigenin
and 6-bromo-3 0-nitroflavone, respectively.4,6


As a part of our ongoing study aiming to discover novel
anxiolytic compounds, we report in this article the
preliminary evaluation of the anxiolytic-like effects
displayed by other heterocyclic compounds derived
from benzalphthalides, including imidazo[2,1-a]isoindo-
lol (II), pyrimido[2,1-a]isoindolol (III) and [1,3]diazepi-
no[2,1-a]isoindolol (IV) derivatives.


The general procedure to obtain the intermediate ben-
zalphthalides (I) was previously described by us.7 These
compounds were subsequently treated with either, ethy-
lenediamine, 1,3-propylenediamine or 1,4-butylenedi-
amine to obtain, respectively, the corresponding
imidazoisoindolol (II), pyrimidoisoindolol (III) and dia-
zepinoisoindolol (IV) derivatives, in good to excellent
yields (65–99%, Scheme 1), with the exception of com-
pound IIIa (25%).8–10 A representative selection of nat-
ural and not natural, electron-donating and electron-
withdrawing, bulky and small volume substituents were
introduced on ring B, aiming to analyse their respective
influences on the activity.


The evaluation of anxiolytic effects was performed on
albino ICR mice, through their behaviour in the men-
tioned elevated plus-maze test.4 In this assay anxiolytic
drugs prolong the spent time and the number of entries
into the open arms of the maze, whereas anxiogenic



mailto:olmo@usal.es





H2N(CH2)mNH2


m = 2, 3, 4
n


O


R1


R2


R3


O


N


R1


R2


R3


N


HO


A


B B


A


Benzalphthalides (I) n  yield 
Ia: R1, R3 = H, R2= OCH3      Imidazoisoindolols  (II)  1 71-99 


%
Ib: R1, R2 = OCH2O, R3= H           pyrimidoisoindolols (III) 2 25-95 


%
Ie: R1, R3 = H, R2= Cl   [1,3]diazepinoisoindolols (IV) 3 65-96 


%
Ig: R1, R3 = H, R2= OCH3   
Ii: R1, R3 = H, R2 = SO2CH3   


Scheme 1. The synthesis of fused [1,3]diazaheterocycle[2,1-a]isoindolols.
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compounds produced a fair reduction of these parame-
ters. The test group was treated with compounds IIa–
IIi; IIIa–IIIi; IVa, IVd and IVe (15 mg/kg, single dose,
ip); three other groups were, respectively, treated with
either, the anxiolytic reference drug (diazepam, DZP,
1 mg/kg, ip), the anxiogenic reference drug (picrotoxin,
PTX, 2 mg/kg, ip) or vehicle (Tween 20, 5%, ip).11 Doses
were selected according to our previous experience in
this field. Tests began 1 h after administration and mice
evolutions were recorded for 5 min using a video cam-
era. The anxiolytic effect was evaluated through count-
ing the number of entries and measuring the times
spent on the open or in the closed arms of the maze,
among other parameters.12


Table 1 shows the structures and the experimental val-
ues of the spent time by mice on the open arms (STOA)
and of the number of entries in the open arms (NEOA).
Percent STOA values were calculated considering the
time spent by the animal in the closed arms and also
the time spent in the central zone (dead time). Two other
columns have also been implemented in order to facili-
tate data comparisons. They correspond to normalised
percent data nSTOA and nNEOA, calculated, respec-
tively, by means of Eqs. 1 and 2, and whose values are
equivalent to consider the anxiolytic responses to DZP
and the control (vehicle) as 100% and 0% in each param-
eter, respectively. Thus, compounds with significant po-
sitive values in these n columns could be considered as
anxiolytics, while those with fair negative values could
be considered as anxiogenics.

nSTOA ¼ 100� ½STOAð%Þcompd


� STOAð%Þcontrol�=½STOAð%ÞDZP


� STOAð%Þcontrol� ð1Þ


nNEOA ¼ 100� ½NEOAð%Þcompd


�NEOAð%Þcontrol�=½NEOAð%ÞDZP


�NEOAð%Þcontrol� ð2Þ

In a first overall comparison, it is observed (Table 1)
that all of the tested pyrimidoisoindolols (III) and al-
most all the tested imidazoisoindolols (II) increased
the nSTOA parameter with respect to control, whereas
the few diazepinoisoindolols (IV) tested induced low
increments or even decreased (IVa) the value of this
parameter. These facts can be analysed by comparison
within the groups of chloro (IIIe � IIe > IVe) or meth-
oxy (IIIa > IIa� IVa) derivatives. Similarly, pyrimi-
doisoindolols increased the nNEOA values, becoming
higher than 60% for compounds IIIa and IIIg, thus con-
firming the fair anxiolytic-like activity of compounds of
this series, whereas imidazo (II) and diazepino (IV)
derivatives gave lower nNEOA values, below 50% of
that of DZP in all the cases.


Almost half of the tested pyrimidoisoindolols induced
differences greater than 20% between the relative times
spent on the open and in the closed arms. The effects
of compounds IIIe and IIIg were significant, the last
one corresponding to the highest potency observed
through this parameter. Imidazo derivatives (II), though
less potent, behaved similarly, with only two compounds
(IIb and IIe) inducing a fair difference and only one (IIe)
doing it significantly. It is interesting to note that, while
a certain parallelism was observed for the influence of
most substituents in both series II and III, it happened
differently in relation with the increase induced by the
methylsulfanyl group in series III, that was practically
absent in series II. Also it can be noted the anxiogen-
ic-like effect induced by the bulky trimethoxyphenyl
group in series II, while being almost insignificant in ser-
ies III.


The observation of data related to the number of entries
denotes that only two compounds, IIIg and IIIa, dis-
played a significant increase of the NEOA parameter.
These two compounds also belong to the group of pyr-
imidoisoindolols, thus reinforcing the interest of this
structural group. Compound IIIg, at the dose regime ap-
plied in the experiments, attained up to the 73.8% of the
nSTOA and 66.0% of the nNEOA values of DZP, thus
becoming a new anxiolytic drug lead, which would merit
further research.







Table 1. Structures and anxiolytic-like effects of benzyl derivatives of imidazo, pyrimido and [1,3]diazepino[2,1-a]isoindolols


n


N


R1


R2


R3


N


HO


3'
4'


5'


A


B
n


imidazoisoindolols    (II) 1
pyrimidoisoindolols  (III) 2
[1,3]diazepinoisoindolols (IV) 3


Chemical data Plus-maze evaluation data


Spent time Number of entries


Compound R1 R2 R3 STOAa STOA (%) nSTOA NEOAb NEOA (%) nNEOA


IIa H OCH3 H 145.1 ± 39.0 59.2 48.9 9.1 ± 3.4 52.8 34.6


IIb OCH2O H 126.0 ± 50.5 60.3 51.3 12.5 ± 5.7 56.3 44.8


IIc OCH3 OCH3 OCH3 79.0 ± 46.0 33.4 �7.9 6.1 ± 3.4 35.4 �16.0


IId H F H 99.3 ± 36.3 47.4 22.9 10.1 ± 4.5 42.8 5.5


IIe H Cl H 166.8 ± 35.7* 65.4* 62.6 9.8 ± 4.0 55.3 41.9


IIf H NO2 H 115.9 ± 17.0 53.4 36.1 12.7 ± 1.8 52.3 33.1


IIg H SCH3 H 139.4 ± 26.7 58.7 47.8 9.6 ± 3.2 53.4 36.3


IIh H SOCH3 H 122.7 ± 15.2 57.0 44.0 9.7 ± 2.7 49.6 25.3


IIi H SO2CH3 H 106.5 ± 53.2 57.0 44.0 11.9 ± 6.2 50.3 27.3


IIIa H OCH3 H 152.6 ± 58.1 60.5 51.8 10.1 ± 3.1* 61.6* 60.2


IIIb OCH2O H 126.8 ± 14.0 59.1 48.7 13.7 ± 4.2 56.7 45.9


IIIc OCH3 OCH3 OCH3 143.2 ± 41.4 57.1 44.2 13.0 ± 5.2 57.0 46.8


IIId H F H 125.3 ± 35.0 57.3 44.7 8.7 ± 2.3 49.4 24.7


IIIe H Cl H 143.2 ± 15.5* 65.4* 62.6 8.3 ± 2.9 57.2 47.4


IIIf H NO2 H 135.3 ± 65.7 63.8 59.0 12.5 ± 2.7 56.1 44.2


IIIg H SCH3 H 177.0 ± 25.6* 70.5* 73.8 13.2 ± 4.5* 63.6* 66.0


IIIh H SOCH3 H 96.1 ± 45.3 44.4 16.3 9.8 ± 3.3 50.4 27.6


IIIi H SO2CH3 H 98.8 ± 33.2 43.3 13.9 8.3 ± 3.1 38.4 �7.3


IVa H OCH3 H 77.2 ± 62.9 32.9 �9.0 6.0 ± 4.5 32.5 �24.4


IVd H F H 120.2 ± 33.8 52.2 33.5 10.5 ± 4.6 53.4 36.3


IVe H Cl H 132.2 ± 44.3 56.4 42.7 9.5 ± 3.3 55.0 41.0


DZP 218.1 ± 32.1* 82.4* 100.0 14.6 ± 5.2** 75.3** 100.0


VEH 85.3 ± 26.2 37.0 0.0 8.0 ± 2.2 40.9 0.0


PTX 52.2 ± 34.0 22.8 �31.8 2.8 ± 1.8 27.9 �37.8


In bold, data for compounds attaining nSTOA and nNEOA values >50% of DZP values. In italic, anxiogenic-like data. Other explanations, see text


and references and notes.5


a Data represent means (seconds/5 min) ± SEM.
b Data represent means (number of entries/5 min) ± SEM (n = 8). Dose for compounds II, III, and IV: 15 mg/kg, ip; DZP, diazepam (1 mg/kg, ip);


VEH, Tween 20 (5%); PTX, picrotoxin (2 mg/kg, ip).
* p < 0.05.
** p < 0.001.
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In attempts at justifying the potency variations observed
for the sulfide (IIIg), sulfoxide (IIIh), sulfone (IIIi) deriv-
atives as well as, for the oxygenated derivatives (types a,
b, c), the electronic (rp), lipophilic (par) and size (Es,
Lster) aspects of the substituents at the benzylic moiety
were examined as possible structure–activity relation-
ship (SAR) influencing factors. No one of these param-
eters can be considered as a main determinant of the
activity. Similarly, not a fair linear dependence, but a
certain correlation was found between the nSTOA and
nNEOA values of pyrimidoisoindolols and lipophilicity
factors of the whole molecules. The most potent
compounds displayed logP13 values around 4.4 and
mi logP14 values near 2.8. These facts and, particularly,
the lack of a well-defined lipophilia–activity correlation
would suggest the existence of a specific compound–
biotarget interaction to be ascertained, rather than that
of an unspecific action.

In spite of the appreciable structural difference between
pyrimidoisoindolols and the most typical BDZ anxiolyt-
ics, we detected several features shared by both types of
molecules. Thus, p-chloro- and p-nitrophenyl substitu-
ents, present in the structures of those more potent pyrim-
idoisoindolols, can be recognised as parts of the structure
of common BDZs, most of which contain chloro or nitro
groups at position C-7 of the BDZ system (Fig. 1A). This
analogy moved us to carry out other structural compari-
sons between both types of molecules. With this aim, MM
and ab initio calculations of conformational energies and
electrostatic charge distribution were performed for the
most potent compounds of those tested, IIIe and IIIg.
Conformational calculations led to several conformers
displaying energy differences lesser than 1.5 kcal/mol,
with respect to that of the most stable one, for both com-
pounds. Two of the main conformers of compound IIIe
were superimposed to the most stable conformer of







Figure 1. Comparisons of structures (A), main conformations (B and C) and 3D contours of molecular electrostatic isopotentials (D, pink-purple)


between diazepam (DZP, yellowish) and pyrimidoisoindolol IIIe (blue-green).


a


b


c


4'


8


a


b7


3


4 a
b


c
d


N


N


HO


N


N


N


N


2'


1


1'


1 1


IIb III IV


5


O


O


Figure 2. Numbering used for NMR data assignment.


A. Zamilpa et al. / Bioorg. Med. Chem. Lett. 17 (2007) 4016–4021 4019

DZP, allowing us to confirm the a priori non expected glo-
bal structure similarity between both compounds
(Fig. 1A–C). In the figure, B/B 0 and C/C 0 pairs correspond
to superimpositions of two stable conformers of IIIe with
the most stable conformer of DZP, each one being ob-
served from two different orientations. It can be seen that
actually, in spatial and geometric terms, compound IIIe is
not too far from DZP and, consequently, could be able to
interact with BZD receptors (Fig. 2).


Complementarily, calculations for analysing the charge
distribution in both molecules were also carried

out.15,16 The comparison of 3D contours of molecular
electrostatic potentials (MEP), at the �35 kcal/mol iso-
potential level for DZP and IIIe (Fig. 1D, pink-purple
colour zones), also revealed, particularly for the S-IIIe
enantiomer, a similar spatial distribution of the electro-
static charge17 and, consequently, of the sites for molec-
ular recognition and binding to the target biomolecules.
All these favourable comparisons seem to justify the ob-
served parallelism of the anxiolytic-like effects of pyrim-
idoisoindolols with those of DZP. However, it remains
to be ascertained experimentally whether or not they
act by the same mechanism. In this respect, more com-
pounds are being prepared and the effect of pyrimidois-
oindolols on the GABAA receptor–benzodiazepine
receptor–chloride ion channel complex, as well as their
potential interaction with 5-HT receptors and its trans-
porter protein, will be evaluated. The close structural
similarity between compounds IIe and IIIe and the ap-
proved antiobesity agent and anorexogenic drug mazin-
dol, as well as the reported ability of mazindane group
of compounds for inhibiting cocaine binding to the
DA transporter,18 will also be considered for future
mechanistic studies.
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N


N


R


Cl


n


mazindane n = 1, R = H 
mazindol n = 1, R = OH 
cyclazindol n = 2, R = OH 

As a global conclusion, though much chemical and
pharmacological research must be done, it can be stated
that the pyrimido[2,1-a]isoindolol fragment constitutes a
new scaffold and the structural basis for the develop-
ment of new anxiolytic drugs.
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Abstract—Inhibition of Eg5 represents a novel approach for the treatment of cancer. Here, we report the synthesis and structure-
activity relationship of S-trityl-LL-cysteine (STLC) derivatives as Eg5 inhibitors. Some of these derivatives such as 4f demonstrated
enhanced inhibitory activity against Eg5 and induced mitotic arrest with characteristic monoastral spindles in HeLa cells.
� 2007 Elsevier Ltd. All rights reserved.

Antimitotic agents such as taxol, epothilone, and vinca
alkaloids have found clinical utility as cancer chemo-
therapeutic agents.1 These agents bind to the b-tubulin
protein a component of the mitotic spindle microtu-
bules. Although microtubules play important roles
throughout the cell cycle of cancer cells, disruption of
microtubule dynamics also produces undesirable side ef-
fects, such as toxicity in non-dividing cells like periphe-
ral neurons, leading to peripheral neuropathy in
patients.2


The microtubule associated kinesin Eg5 also known as
kinesin spindle protein (KSP), a member of the kine-
sin-5 family, plays an important role in the early stages
of mitosis. It is responsible for the formation and main-
tenance of the bipolar spindle.3 Inhibition of Eg5 leads
to cell cycle arrest during mitosis and causes cells with
a monopolar spindle, so called monoasters.4 Because
Eg5 is not expressed in postmitotic neurons and is likely
to act only in dividing cells, its inhibitors might provide
better specificity than microtubule inhibitors in the
treatment of human malignancies.5 In 1999, Monastrol,
the first small-molecule inhibitor of Eg5, was discovered
in a phenotype-based screening.6 Since then, a number
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of Eg5 inhibitors have been found and some of them ap-
peared as the therapeutic potential for anticancer
drugs.7


In order to find a new structural class of kinesin Eg5
inhibitors, we screened our chemical library using
in vitro ATPase assay measuring the test compound’s
ability to prevent the ATP hydrolysis by Eg5.8 As the re-
sults of screening efforts, we identified LL-cysteine deriva-
tives 1 and 2 (Fig. 1) as kinesin Eg5 inhibitors. Although
compound 1 (S-trityl-LL-cysteine, STLC) was known as
an Eg5 inhibitor,9,10 there were no reports on struc-
ture-activity relationships (SARs) for the related ana-
logues. Therefore, we decided to make synthetic efforts
on its derivatizations to find potent and selective inhib-
itors of Eg5. In this paper, we describe the synthesis of
LL-cysteine derivatives and their inhibitory activity
against Eg5 as well as their ability to inhibit cell division.

Figure 1. Eg5 inhibitors: Monastrol, cysteine derivatives (1), and (2).
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Table 1. SAR of thiol substituent of LL-cysteine


Compound R ATPase


IC50
a (lM)


Cytotoxicity


IC50
a (lM)


3a (LL-cysteine) H >63 >50


3b CH3 >63 >50


3c t-Bu >63 >50


3d CH2Ph >63 >50


3e CH2-40-anisole >63 >50


3f CH2COOH >63 >50


3g CH2CH2NH2 >S3 >50


3h CH-9H-fluorene >63 >50


3i CHPh2 >63 >50


1 (STLC) CPh3 1.80 3.29


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


triplicate data points.


Scheme 1. Reagents and conditions: (a) DMF, rt; (b) SOC12, MeOH,


0 �C then reflux; (c) AcC1, pyridine, CH2C12, rt.


Scheme 2. Reagents and conditions: (a) n-BuLi, THF, �78 �C; then


benzophenone, THF; (b) LL-cysteine, TFA, rt.
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During our first attempts to develop a SAR and to iden-
tify the key features that would drive the inhibition, we
focused on modifying the thiol substituents in the
LL-cysteine. At first, we confirmed the lack of potency
of commercially available triphenylmethane and triphe-
nylmethanethiol against Eg5 (ATPase assay
IC50 > 63 lM). Then, we purchased compounds (3a–i)
from several suppliers and evaluated for their activity

against Eg5 and an anti-proliferation activity in HeLa
cells (Table 1).11 Surprisingly, all examination of substit-
uents on the thiol group in the LL-cysteine resulted in loss
of potency in both assays (3a–i). Based on these initial
results, we expected that cysteine derivatives containing
triarylmethyl group would have a greater potential for
high inhibition levels of the Eg5. Next we focused on
modifications for the triarylmethyl, amino, and carboxyl
moieties in STLC.


The synthetic procedures for the target compounds are
summarized in Schemes 1 and 2. Compound 4f was eas-
ily prepared by treating LL-cysteine with commercially
available triarylmethyl chloride 5.12 Compound 4f was
converted to the methyl ester 4i with SOCl2 in MeOH,
and subsequently acylation by AcCl led to compound
4j. Compounds 4g and 4h were synthesized as follows;
triphenylmethanols 8 and 9 were prepared by treating
corresponding aryl bromide 6 or 7 with n-BuLi at
�78 �C in THF to form aryl lithium which upon treat-
ment with benzophenone, and condensation with LL-cys-
teine in the presence of TFA provided target compounds
4g and 4h, respectively.


As expected, triarylmethyl group in LL-cysteine deriva-
tives was essential for high inhibition level of both in
Eg5 ATPase and cytotoxic activities and close correla-
tion for inhibitory activities between Eg5 ATPase and
cytotoxicity was observed across almost all compounds
(Tables 1 and 2). In general, protection of the amino ter-
minal in 1 resulted in loss of both activities (4a–d, 4j).
Modification of the carboxylic acid terminal in 1 to
the primary amide as in 2 or the methyl ester as in 4e
yielded little loss of Eg5 ATPase activity. On the other
hand, cytotoxicity of 2 and 4e was slightly improved
compared to 1, presumably reflecting different cell per-
meability properties. There is a possibility that the major
cellular uptake pathway of STLC is amino acid trans-
porter such as System L. System L and other amino acid
transporters require free amino and carboxyl moiety as
substrate.13 However, we showed that the cytotoxicity
of 2, 4e, and 4i was improved compared to 1. These re-
sults suggest that hydrophobicity of STLC derivatives is
more important for incorporation.


Drastic changes both in Eg5 ATPase and cytotoxic
activities were observed by incorporation of substituents
onto the phenyl ring (1 versus 4f–h, 4e versus 4i).
Remarkably, compound 4f showed >10-fold potent
inhibition both in Eg5 ATPase and cytotoxic activities
as compared to 1. However, incorporation of 3,4-dime-
thoxy substituents onto the phenyl ring resulted in loss
of potency (4g). Among 4-MeO analogues (4f, 4i, and
4j), the same SAR for LL-cysteine moiety above men-
tioned was obtained. That is, modification of carboxylic
acid terminal to methyl ester yielded little loss of Eg5
ATPase activity (4f versus 4i), and acetyl protection of
amino terminal resulted in activity losses of the both
(4i versus 4j). Introduction of trifluoromethyl group
provided compound 4h with sevenfold increase in Eg5
ATPase and sixfold increase in cytotoxic activity over
1. We then chose three compounds (4f, 4h, and 4i) and
evaluated for inhibition of four other structurally and







Table 2. SAR of side chain (R1, R2) and phenyl substituent (R3)


Compound R1 R2 R3 ATPase IC50
a (lM) Cytotoxicity IC50


a (lM) Mitotic arrest MI50
b (lM)


1 (STLC) H OH H 1.8 3.29 1.4


2 H NH2 H 3.1 1.78 NT


4a Ac OH H >63 >50 NT


4b Fmocc OH H 55.0 11.9 NT


4c Boc OH H >63 >50 NT


4d Trityl OH H >63 16.5 NT


4e H OMe H 5.8 1.72 NT


4f H OH 4-OMe 0.15 0.21 0.15


4g H OH 3,4-Dimethoxy 14.8 49.7 NT


4h H OH 4-CF3 0.22 0.53 0.34


4i H OMe 4-OMe 0.68 0.32 NT


4j Ac OMe 4-OMe >63 >50 NT


a IC50 values were derived from dose–response curves generated from triplicate data points.
b MI50 values were derived from dose–response curves generated from triplicate data points; NT, not tested.
c Fmoc; 9-fluorenylmethoxycarbonyl.


Table 3. ATPase inhibitory activity of selected compoundsa


Compound Eg5 CENP-E Kid MKLP-1 KIF-4


1 (STLC) 89 0 0 2 4


4f 98 0 0 10 5


4h 79 0 0 7 3


4i 100 0 0 5 4


a The inhibition values were determined by ATPase assay and are


indicated as a percentage of the solvent only control. Values are the


means of three independent measurements. The final concentration


of the compounds in the assay was 20 lM.


Figure 2. HeLa cells with normal spindle (B) and with monoasters


after treatment with compound 4f (1 lM) (A and C).
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functionally related mitotic kinesins (CENP-E, kid,
MKLP1, KIF4).14 All these kinesins were not inhibited
by the tested compounds including 1 at 20 lM, respec-
tively (Table 3). These results indicate that the selected
derivatives are specific Eg5 inhibitors as STLC is.


In order to confirm that the cytotoxicity displayed by the
STLC derivatives was a consequence of Eg5 inhibition,

we further characterized the cellular activity of com-
pounds 4f and 4h. Cells with suppressed Eg5 function,
for example by RNAi or small molecule inhibitors, dis-
play a characteristic monoastral phenotype and arrest
in mitosis. HeLa cells treated with compounds 4f or 4h
for 18 h, corresponding to approximately one cell cycle,
showed an increase in the mitotic index relative to un-
treated cells. The MI50 values (concentration of 50%
induction in M phase in HeLa cells at 20 h) of both of
compounds (4f and 4h) were lower than that of STLC
(Table 2).15 We next examined the mitotic phenotype of
the cells treated with compound 4f.16 As shown in the
fluorescent microscopy images of Figure 2, compound
4f induced the formation of monopolar mitotic spindles
in HeLa cells after 20-h treatment. Multiple monopolar
mitotic spindles but no bipolar mitotic spindles were ob-
served (Fig. 2). Several DAPI-stained chromosomes
(blue) are detected in the focal plane with microtubules
of the mitotic spindle (red). As expected, the monoastral
phenotype was observed in cells treated with 4f.


In conclusion, we have identified specific and potent cell-
permeable inhibitors of the mitotic kinesin Eg5. Struc-
tural optimization of the screening hits 1 and 2 led to
the sub-micromolar inhibitors 4f, 4h, and 4i. The most
potent compound 4f was >10-fold more potent than ini-
tial compound 1, both in Eg5 ATPase and cytotoxic
activities. Future efforts will focus on further improve-
ment in potency for this compound series.
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Abstract—a-Glucosidase inhibitors with a chlorinated phthalimide or a thiophthalimide skeleton, derived from thalidomide, were
found to possess liver X receptor (LXR) antagonistic activity. Novel LXR antagonists with a 2 0-substituted phenylphthalimide skel-
eton were obtained by structural development of glucosidase inhibitors derived from thalidomide.
� 2007 Elsevier Ltd. All rights reserved.

Liver X receptors (LXRa and LXRb) are members of
the nuclear receptor superfamily (a family of ligand-
dependent transcription factors which modulate specific
gene expression and thereby influence diverse biological
processes, including cell growth, differentiation, and
metabolism).1,2 The physiological ligands of LXRs are
considered to be oxysterols, such as 24(S),25-epoxycho-
lesterol (1, EPC),1,2 and several synthetic agonists,
including GW3965 (2), and T0901317 (3), have been
reported (Fig. 1).3,4 LXRs function as heterodimers with
other nuclear receptors, the retinoid X receptors
(RXRa, RXRb, and RXRc), to regulate important
aspects of cholesterol homeostasis by controlling expres-
sion of their target genes, including ATP binding cas-
sette ABCA1 and CYP7A genes.5,6 LXRs also regulate
the expression of several genes involved in glucose
metabolism.7,8 Thus, LXRs have been regarded as mem-
bers of the metabolic subfamily of nuclear receptors,
participating in the regulation of both lipid and sugar
metabolism. Mitro et al. reported that LXRs act as glu-
cose sensors, that is, DD-glucose and DD-glucose-6-phos-
phate act as ligands for LXRs and activate their
transcription activity with EC50 values of 308 lM for
LXRa and 3141 lM for LXRb.9 This finding indicates
that LXRs recognize both oxysterols and glucose deriv-
atives as their physiological ligands.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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We have been engaged in structural development studies
of thalidomide, a drug first launched as a sedative/hyp-
notic agent, but withdrawn from the market because
of its severe teratogenicity, focusing on its potential
for the treatment of a range of diseases, including can-
cers, diabetes, and rheumatoid arthritis.10–12 We have
developed a series of potent a-glucosidase inhibitors,
including CP0P (4), CP4P (5), and PPS-33 (6)
(Fig. 2).10–15 CP0P (4) is a non-competitive inhibitor
of a-glucosidase, whereas CP4P (5) is a competitive
inhibitor.13 PPS-33 (6) is another competitive a-glucosi-
dase inhibitor, but it also inhibits other enzymes, includ-
ing maltase and dipeptidylpeptidase type IV.16 The
competitive inhibition of a-glucosidase by CP4P (5)
and PPS-33 (6) indicated that these compounds might
be structural mimics of glucose.


On this basis, we considered that CP4P (5) and PPS-33
(6) might be recognized as glucose mimics by LXRs (vide
supra) and might act as ligands for LXRs. Here, we de-
scribe the discovery of LXR-antagonistic activity of
CP4P (5), PPS-33 (6), and some related derivatives,
and the development of novel LXR ligands with a
2 0-substituted phenylphthalimide skeleton.


Effects of CP0P (4), CP4P (5), and PPS-33 (6) on
LXRs. First we investigated the effects of CP0P (4),
CP4P (5), and PPS-33 (6) on LXRs using a reporter gene
assay method with CMX-GAL4N-hLXR as the recom-
binant receptor gene, TK-MH100x4-LUC as the repor-
ter gene, and the CMX b-galactosidase gene for
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Table 1. a-Glucosidase-inhibitory activity of CPnP (4, 5, and 7–11),


PPS-33 (6), CPP-33 (14), PP60 (15), and PP2P (16)


Compound IC50 (lM)


n = 0: CP0P (4) 2.6


n = 1: CP1P (7) 10.9


n = 2: CP2P (8) 6.0


n = 3: CP3P (9) 4.5


n = 4: CP4P (5) 2.0


n = 5: CP5P (10) 3.5


n = 10: CP10P(11) 6.8


X = H, Y = S: PPS-33 (6) 8.0


X = CI, Y = O: CPP-33 (14) 2.4


R = (CH2)5CH3: PP60 (15) 24.7


R = (CH2)2Ph: PP2P (16) 16.2


Figure 1. Structures of known LXR agonists, EPC (1), GW3965 (2), and T0901317 (3).1–4


Figure 2. Structures of a-glucosidase inhibitors (4–6) derived from thalidomide.10–12
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normalization, as previously reported.17–19 Briefly, hu-
man embryonic kidney (HEK) 293 cells were cultured
in Dulbecco’s modified Eagle’s medium containing 5%
fetal bovine serum at 37 �C in a humidified atmosphere
of 5% CO2 in air. Transfections were performed by the
calcium phosphate coprecipitation method. Test com-
pounds with or without 0.1 lM T0901317 (3) were
added 8 h after the transfection, and luciferase and
b-galactosidase activities were assayed using a lumino-
meter and microplate reader. The experiment was
repeated three times, and the normalized average values
are presented in this paper. None of the compounds
tested show agonistic activity under the experimental
conditions used (data not shown). a-Glucosidase-inhib-
itory activity was evaluated as reported previously.13–15


Briefly, a-glucosidase (Wako Pure Chemical Industries
Ltd., 25 mU/mL) was incubated with various concentra-
tions of test compounds in 10 mM phosphate buffer (pH
7.2) at 37 �C for 10 min. The substrate (p-nitrophenyl-a-
DD-glucopyranoside) was added at the final concentration
of 0.16 mM and the mixture was incubated at 37 �C for
30 min. It was basified by adding 0.5 M Na2CO3, and
the amount of released p-nitrophenol (Abs. 400 nm)
was measured. The IC50 values are shown in Table 1.


As shown in Figure 3, a non-competitive a-glucosidase
inhibitor, CP0P (4, IC50 value of 2.6 lM toward a-glu-
cosidase, Table 1), did not show LXR-antagonistic
activity, while the competitive inhibitors CP4P (5, IC50


value of 2.0 lM toward a-glucosidase, Table 1) and
PPS-33 (6, IC50 value of 8.0 lM toward a-glucosidase,
Table 1) showed dose-dependent antagonistic activity
toward both LXRa and LXRb. CP4P (5) seems to be
an almost non-selective (very slightly LXRa-selective)
LXR antagonist with calculated IC50 values of 88 lM
for LXRa and 101 lM for LXRb. On the other hand,
PPS-33 (6) seems to be an LXRa-selective antagonist
with IC50 values of 3.1 lM for LXRa and 18 lM for
LXRb. LXR-antagonistic activity is not correlated
with a-glucosidase inhibitory activity, because the

non-competitive a-glucosidase inhibitor CP0P (4) did
not show LXR-antagonistic activity. The finding that
the competitive a-glucosidase inhibitors CP4P (5) and







Figure 3. LXR-antagonistic activities of a-glucosidase inhibitors (4–6) measured by means of reporter gene assay. Various concentrations of the test


compounds were added in the presence of 0.1 lM T0901317 (3). The relative luciferase activity (vertical scale) induced with 0.1 lM T0901317 (3)


alone was defined as 100%.


Table 2. LXR-antagonistic activities of CPnP (4, 5, and 7–11), PPS-33


(6), 5CP4P (12), 56CP4P (13), and CPP-33 (14) measured by means of


reporter gene assay


Compound % Inhibition


LXRa LXRb


n = 0: CP0P (4) Inactive Inactive


n = 1: CP1P(7) 60 51


n = 2: CP2P(8) 38 38


n = 3: CP3P(9) 59 52


n = 4: CP4P (5) 53 49


n = 5: CP5P(10) 42 3-10


n = 10: CP10P(11) Inactive Inactive


X = H, Y = S: PPS-33 (6) 94 92


X = CI, Y = O: CPP-33 (14) 61 49


X = H: 5CP4P (12) 66 45


X = CI: 56CP4P (13) 50 35


The test compounds (100 lM) were added in the presence of 0.1 lM


T0901317 (3). Inhibition (%) of the relative luciferase activity induced


by 0.1 lM T0901317 (3) alone is presented.
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PPS-33 (6) show LXR antagonistic activity suggests that
they are indeed recognized by LXRs as glucose mimics,
as we had expected (vide supra).


Effects of chlorinated phthalimide analogs (4, 5, and 7,
14) on LXRs. Next, we investigated the effects of sev-
eral chlorinated phthalimide derivatives on LXRs. The
derivatives [CP1P (7),[13] CP2P (8),13 CP3P (9),13


CP5P (10),13 CP10P (11),14 5CP4P (12),20 56CP4P
(13)14, and CPP-33 (14)14] were prepared by usual
organic synthetic methods, that is, condensation of
appropriate amines with chlorinated phthalic anhy-
dride, as previously reported.13–15 None of these
compounds showed LXR-agonistic activity (data not
shown). The results of LXR-antagonistic activity assay
in the presence of 0.1 lM T0901317 (3) are presented
in Table 2. Compounds 7–11 are derivatives with var-
ious lengths of methylene spacer linking a tetrachlor-
ophthalimide moiety and a phenyl moiety. CP0P (4)
is inactive toward both LXRa and LXRb, as men-
tioned above. However, insertion of a spacer with
one to four methylene units between the tetrachlor-
ophthalimide moiety and the phenyl moiety resulted
in the appearance of antagonistic activity, that is,
CP1P (7), CP2P (8), CP3P (9), and CP4P (5) at
100 lM showed 30–60% inhibition of T0901317 (3)-in-
duced transcriptional activation of both LXRa and
LXRb. Although no clear structure–activity relation-
ship concerning the methylene spacer length was ob-
served, the compounds with an odd number of
methylene units [CP1P (7) and CP3P (9)] seemed to
be more potent than those with an even number of
methylene units [CP2P (8) and CP4P (5)] (though
the difference is not large). However, CP5P (10), a
derivative with a five methylene unit spacer, showed
weaker antagonistic activity toward LXRs than those
of CP4P (5). The result suggests that insertion of an
over-long spacer causes disappearance of the activity.
A derivative with a ten methylene unit spacer,
CP10P (11), was inactive towards both LXRa and
LXRb.
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5CP4P (12) and 56CP4P (13) are dechlorinated deriva-
tives of CP4P (5). 5CP4P (12) and 56CP4P (13) showed
similar antagonistic activity toward both LXRa and
LXRb, with the former being slightly more potent.
CPP-33 (14) is a tetrachloro/carbonyl derivative of
PPS-33 (6). Although CPP-33 (4) shows more potent
a-glucosidase-inhibitory activity (IC50: 2.4 lM) than
PPS-33 (6) (Table 1), its LXR-antagonistic activity was
weaker than that of PPS-33 (6) (Table 2). Thus, potency
of a-glucosidase-inhibitory activity again does not corre-
late with potency of LXR-antagonistic activity in this
case.


Structural development of novel LXR antagonists (15 and
16) based on a phthalimide skeleton. The above results
indicate that a phenylphthalimide skeleton can be re-
garded as a novel scaffold for LXR antagonists. The re-
ported crystal structures of the ligand binding domains
of LXRs suggest that the ligand-binding pocket is larger
than that of retinoic acid receptors (RARs) and smaller
than that of peroxisome proliferator-activated receptors
(PPARs).21,22 The amino acid sequences of LXRs and
the results of molecular evolutional analysis suggest that
LXRs are evolutionally close to PPARs, which have
been established to possess a Y-shaped ligand-binding
pocket of approximately 1300–1400 Å3.23 Based on
these findings, we designed Y-shaped, branched, 2 0-
substituted phenylpthalimide derivatives, PP60 (15),
and PP2P (16) (Fig. 4).

Figure 4. Structures of the designed branched, Y-shaped compounds,


PP60 (15), and PP2P (16).


Figure 5. LXR-antagonistic activities of PP60 (15) and PP2P (16) measured


compounds were added in the presence of 0.1 lM T0901317 (3). The relative


as 100%.

PP60 (15)24 and PP2P (16)25 were synthesized by usual
organic synthetic methods. Briefly, pentyl [for PP60
(15)] or benzyl [for PP2P (16)] triphenyl phosphonium
bromide was treated with butyl lithium (1 eq.) and re-
acted with 2-nitrobenzaldehyde. The resultant ortho-
substituted nitrobenzene was reduced with H2 gas over
Pd/C, followed by condensation with phthalic anhy-
dride. The a-glucosidase-inhibitory activity and the ef-
fects on LXRs of PP60 (15) and PP2P (16) were
evaluated as mentioned above, and the results are pre-
sented in Table 1 and Figure 5, respectively.


Both PP60 (15) and PP2P (16) showed moderate a-glu-
cosidase-inhibitory activity with IC50 values of 24.7 and
16.2 lM (less potent than other compounds in Table 1),
respectively (Table 1), and more potent antagonistic
activity toward both LXRa and LXRb than CP4P (5)
(Figs. 3 and 5), with no agonistic activity on LXRs (data
not shown). As shown in Figure 5, both PP60 (15) and
PP2P (16) seem to be LXRa-selective antagonists, that
is, PP60 (15) antagonized transcriptional activation of
LXRs by 0.1 lM T0901317 (3) with IC50 values of
13 lM for LXRa and 65 lM for LXRb. The IC50 values
of PP2P (16) determined under the same experimental
conditions were 9.8 lM for LXRa and 44 lM for
LXRb.


Although the LXR-antagonistic activities elicited by
PP60 (15) and PP2P (16) are less potent than those of
PPS-33 (6), PP60 (15), and PP2P (16) are thought to
be superior lead compounds for the development of
LXR ligands. One reason for this is that they are less
cytotoxic [PP60 (15) and PP2P (16) at 100 lM inhibited
HEK293 cells to the extent of 57% and 48%, respec-
tively] than PPS-33 (6, 73% inhibition of cell growth of
HEK293 cells at 100 lM). In addition, they seem to be
more selective [possessing no inhibitory activity toward
dipeptidylpeptidase type IV, maltase, or other enzymes
toward which PPS-33 (6) shows inhibitory activity, as
well as having less potent a-glucosidase-inhibitory activ-
ity] than PPS-33 (6).

by means of reporter gene assay. Various concentrations of the test


luciferase activity induced with 0.1 lM T0901317 (3) alone was defined
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In conclusion, we discovered LXR antagonists [CP4P
(5), PPS-33 (6), and their derivatives] among our a-glu-
cosidase competitive inhibitors derived from thalido-
mide. Based on a consideration of our findings and
reported information, novel LXR antagonists with a
2 0-substituted phenylphthalimide skeleton, PP60 (15),
and PP2P (16), were designed and synthesized. Further
investigation of the structure–activity relationships,
development of superior LXR ligands, and further
applications of phenylphthalimide-related structures as
glucose mimics are in progress.
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Abstract—An efficient process for the discovery of inhibitors of DDAH enzymes, without the requirement for high throughput
screening, is described. Physicochemical filtering of a 308,000-compound library according to drug likeness followed by reciprocal
nearest neighbour selection produced a representative subset of 35,000 compounds. Virtual screening on a dual processor PC using
FlexX, followed by biological screening, identified two hit series. Similarity searches of commercial databases and chemical re-syn-
thesis of pure compounds resulted in SR445 as an inhibitor of Pseudomonas aeruginosa DDAH at 2 lM.
� 2007 Elsevier Ltd. All rights reserved.

The pentein superfamily of proteins (Fig. 1a) is charac-
terized by a propeller like arrangement of five abbab
units forming a narrow channel with a central negatively
charged core.1,2 This elegant structure is ideal for recog-
nition of the guanidinopropyl side chain of the amino
acid arginine: its main biological function in the guani-
dine modifying enzyme (GME) branch of the superfam-
ily. GMEs contain a conserved triad of His, Asp and
Cys amino acids which serve to catalyze a range of
hydrolysis and transferase reactions on the arginine or,
in the case of DDAH, the methyl arginine side chain
(Fig. 1b). The biological functions of this family are very
diverse,2 not only allowing metabolic reactions on sim-
ple arginine derivatives but also, in the case of the pro-
tein arginine deiminases (PADs), able to function as
molecular switches for transcription by citrullination
of arginine side chains on histones.3 Mammalian
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DDAH functions to control ADMA levels (a cardiovas-
cular risk factor) and can modulate the nitric oxide
pathway with its pivotal role in endothelial cell func-
tion.4,5 Significantly DDAH may also participate in pro-
tein regulation and DDAH 2 has been shown to increase
transcription of the cancer promoting cytokine VEGF6


(Fig. 1). Pseudomonas aeruginosa (Pa) is a pathogen
linked to chronic lung infections in cystic fibrosis7 and
PaDDAH is a possible factor involved in pathogenic-
ity.8 The discovery of inhibitors of DDAH and the wider
pentein family is therefore of considerable interest
(Fig. 2) and both competitive 1, 2 and irreversible 3, 4,
5 inhibitors have been reported.3,9–12


We have previously described substrate based inhibi-
tors9 of mammalian DDAH such as 1 (SR291), however
we required access to inhibitors of better potency and
different chemical structural types. The availability of
the PaDDAH crystal structure allowed us to consider
virtual screening as an approach to the discovery of
new inhibitors. Virtual screening has many potential
advantages: lower cost, higher speed and lower resource
requirements make it ideally suited to an academic re-
search group. We therefore initiated an approach based
on physicochemical filtering, virtual screening and hit
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35,000 structures


260,000 structures


109 compounds


2 inhibitors
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Rotatable bonds <10, low complexity
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Figure 3. Filtering, virtual screening, biological testing and hit analysis


lead to the discovery of micromolar inhibitors of DDAH.
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analysis to identify inhibitors of PaDDAH utilizing the
crystal structure.13


Starting with a database of 308,000 commercially avail-
able compounds,14 we initially employed a series of fil-
ters to remove about 48,000 non-druglike15,16


compounds and reactive molecules (Fig. 3). This first
step is divided into a structural filter17,18 (see Supple-
mentary data) which removes non-drug-like compounds
and those with undesirable atoms/functional groups and
a properties filter19,20 that passes only lead-like com-
pounds. All filtering was implemented with scripts writ-
ten in the Sybyl programming language. After this first
step the number of compounds in the databases was re-
duced to �260 k. A reciprocal nearest neighbour21


(RNN) packing algorithm was then utilized to generate
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Figure 2. Inhibitors of DDAH and PAD4.

a diverse, subset of compounds such that clusters of sim-
ilar compounds in the original database were repre-
sented by small groups of compounds (not singletons)
in the subset. In this way a cluster containing actives is
better represented in the subset.22 The subset of 35,000
two-dimensional structures was then converted into
3D using Concord23 and minimized with the MMFF94
force field. In the final step the MMFF94 charges were
replaced with formal charges for input to the docking
program FlexX. The PaDDAH structure (pdb: 1h70)
was manipulated by restoring the Cys249, adding hydro-
gens and Kollman atom charges then minimized using
the Amber Force Field (version 7.0). Citrulline was left
in place during the minimization to prevent collapse of
the active site and was then removed. Virtual docking
was conducted using FlexX.24 FlexX cuts ligands into
fragments at rotatable bonds and places a base fragment
into the active site, the ligand is then reformed and the
energy calculated using Bohm’s function. The dimethy-
larginine binding pocket site was defined accurately
using the Sybyl/Flexx interface (Leu18, Asp 60, Phe63,
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Asp66, Glu65, Arg85, Glu114, Arg132, Leu161, His162,
Ile243, C249).


The top 2000 successfully docked compounds were
ranked with the CScore scoring function. The highest
scoring 200 molecules were visually inspected to ensure
that the docking algorithm had placed them in the bind-
ing pocket with at least one hydrogen bond between the
protein and the ligand. Of these 109 structures, 90 were
available for supply and these were screened, using a
simple colorimetric assay (see supporting information).
Three actives were identified, compounds 6, 7 and 8
(Fig. 4), representing two chemical scaffolds.


About 30% of the original screening set exhibited poor
solubility precluding accurate IC50 determination. The
activity around the active scaffolds was probed by the
purchase of 20 additional analogues identified using
similarity searches on the active hits based on Unity fin-
gerprints and a Tanimoto score of >80%.


Re-synthesis to provide pure authentic samples was a
key part of the hit analysis and the general synthesis25

Figure 5. Top and side views of predicted binding mode of 10.

is shown for compounds 9 and 10 in Scheme 1. If re-
quired the indole carbaldehydes were N-alkylated fol-
lowed by condensation with the substituted barbituric
acids26 to provide the target molecules.


The indolylthiobarbituric acid scaffold proved the most
interesting; the compounds resulting from the similarity
searches, 9 and 10 (SR445), demonstrated much im-
proved activity in the re-synthesised samples with 10
having an IC50 of 2 lM. This is the most potent PaD-
DAH inhibitor identified to date and is structurally dis-
tinct from the other inhibitors of both PaDDAH and
mammalian DDAH (Fig. 2). The predicted binding
mode of 10 (Fig. 5) shows insertion into the active site
of DDAH with the indole moiety taking the place of
the arginine side chain.


This study highlights the advantages of virtual screen-
ing, allowing academic laboratories with limited man-
power and resources to discover protein ligands for
biological studies. Pre-filtering the database produced
a representative set amenable to screening on a dual pro-
cessor PC. We cannot yet consider the docking process
to be very precise.27 Rather docking enriches the final
biological screening set to increase the chances of
obtaining an active. The recent disclosures of the crystal
structures of bovine and human DDAH5,28 should allow
similar methodology to be applied to the discovery of
inhibitors of the mammalian and human isoforms.
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Abstract—Structure–activity relationships for a series of pyrazine carboxamide CB1 antagonists are reported. Pharmaceutical prop-
erties of the series are improved via inclusion of hydroxyl-containing sidechains. This structural modification sufficiently improved
ADME properties of an orally inactive series such that food intake reduction was achieved in rat feeding models. Compound 35
elicits a 46% reduction in food intake in ad libidum fed rats 4-h post-dose.
� 2007 Elsevier Ltd. All rights reserved.

Overweight and obese individuals, as characterized by
BMI > 25 and 30 kg/M2, respectively, constitute over
60% of the US population, and this fraction of the pop-
ulation has significantly increased over the last
20 years.1,2 Obesity is caused by an imbalance between
nutrient intake and energy expenditure,3 is a significant
risk factor for cardiovascular disease and diabetes, and
is associated with significantly reduced longevity.4 Feed-
ing behavior is known to be modulated through the can-
nabinoid receptor 1 (CB1); increased feeding activity
results upon activation of the receptor by its endogenous
agonists, the endocannabinoids.5 CB1 knockout mice
are lean, hypophagic, and resistant to diet-induced obes-
ity, demonstrating the receptor’s role in energy
homeostasis.6


Pharmacological intervention to inhibit the actions of
the endocannabinoid-cannabinoid receptor system leads
to a reduction in food intake in vivo. The most clinically
advanced CB1 antagonist, SR141716 (Fig. 1), binds to
the human CB1 receptor with nanomolar affinity and
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blocks signaling of the receptor.7 In libidum-fed rats,
SR141716 administered at 10 mg/kg i.p. produces a
50% reduction in food intake upon acute administration
versus saline-treated control animals.8 Upon chronic
administration, animals initially display a fairly dra-
matic reduction in food intake which, over several days,
returns to levels that are only slightly less than those of
vehicle controls, resulting in an overall body weight
reduction.9 In the RIO clinical trials in North America
and Europe, 20 mg q.d. of SR141716 (rimonabant)
was shown to reduce the body weight of obese subjects
by �4.7% over placebo during the first year of treat-
ment. This weight loss was maintained over the second
year of treatment.10


The structures of many small molecule CB1 antagonists
have been recently reviewed.1,11 In general, the proper-
ties of the lead compounds do not deviate from a recent
analysis of GPCR ligands. In this analysis of lipid-bind-
ing GPCRs, a class that includes CB1, the authors find
that drugs developed to bind these receptors have a
mean calculated logP (c logP) of 5.5.12 A few published
medicinal chemistry reports focus on efforts to reduce
the logP of CB1 antagonists to improve pharmaceutical
properties. For example, Lange et al. describe an effort
to reduce the logP of clinical candidate SLV-319
through modifications of peripheral groups including
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the sulfonamido-sidechain.13 Most of the CB1 antago-
nists in this report have a lower logP, however they sac-
rifice some in vitro and in vivo potency relative to the
starting point. To address a lead compound’s poor PK
properties, Debenhem et al. sought to modify the central
core to effect reductions in log P.14 As a consequence,
the in vivo efficacy of the lead compound improved
due to increases in plasma and brain exposure as well
as oral bioavailability despite a fivefold reduction in
CB1 binding affinity. A similar effort to improve phar-
maceutical properties of a lead compound is described
herein.


High-throughput screening of the Bristol Myers Squibb
chemical collection for binding to the CB1 receptor re-
sulted in many compounds of interest, including com-
pounds 1–3, that were suggestive of known ligands for
type-1 GPCRs. The diaryl-substituted cores of these
leads (Fig. 1, boxed moieties) are similar to the diaryl-
substituted pyrazole of the known CB1 inverse agonist,
SR141716, a moiety proposed to be important in aro-
matic stacking interactions that stabilize the inactive
form of the receptor.15 Structural overlays of these hits
with SR141716 suggested that the 6-membered core ring
of compounds 1 and 3 may be preferable to a linear 6,6-
fused structure of compound 2. The inclusion of a car-
boxamide may be important vis-à-vis published reports
of the importance of an H-bond acceptor with Lys192
for the inverse-agonist activity of SR141716.15


Combining design elements from compounds 1 to 3 with
those from known literature compounds rapidly led to
the synthesis of pyrazine carboxamide 418 (Fig. 1). The
SAR of the carboxamide sidechain was elucidated by
preparing a library of alkyl carboxamides derived from
carboxylic acid A which was readily obtained by con-
densation of 2,3-diaminopropionic acid and 4,4 0-dim-
ethylbenzil.19 Following treatment of carboxylic acid A
with oxalyl chloride, the resulting acid chloride B
(X=Cl) (Scheme 1) was isolated and distributed into
reactor tubes containing PS-DIEA in methylene chlo-
ride, followed by addition of the amines. Final com-
pounds were purified via preparative RP-HPLC. CB1

binding results for a series of alkyl pyrazine carboxa-
mides are shown in Table 1. While short-chain alkyl
groups demonstrated sub-micromolar potency, the
inclusion of an aromatic group with a 3-carbon linker
(entries 13 and 15) gave rise to greater binding potency
versus recombinant CB1. An ether linkage in 14 is detri-
mental to CB1 binding versus compound 13, but a ter-
tiary amine is well tolerated in the linker (entry 16).
Compound 13, with a Ki value of 18 nM and full-func-
tional CB1 antagonism in a GTP-cS assay,20 was chosen
for evaluation in our in vivo rat food intake model.


Compound 13 did not induce any reduction in food in-
take when administered orally at 30 mg/kg in food-de-
prived rats.21 In an oral PK study, this compound
exhibited low plasma and brain exposure, and slow
absorption (Table 3) when administered at 30 mg/kg as
a suspension in 0.5% Methocel and 1% Tween 80 to
male Sprague–Dawley rats. The plasma and brain con-
centrations observed are likely too low to elicit a robust
effect on food intake via CB1 inhibition.


In an attempt to simultaneously improve efficacy and
oral exposure, we sought to lower c logP guided by both
the ‘Rule of 5’22 concepts and prior CB1 literature re-
ports (vide supra). Incorporation of polar amines such
as 3-aminopyrrolidin-2-one and piperizin-2-one yielded
analogs 33 and 34 which exhibited significantly reduced
c logP and CB1 affinity (Table 2). The reported finding
from a SAR study of the SR141716 pyrazole chemotype
suggested that hydroxylation may offer a more conser-







Table 2. SAR of pyrazine carboxamides B (Scheme 1) with H-bond donor sidechains
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Table 1. SAR of pyrazine carboxamides B17


Compound X = NHR hCB1 Ki (nM) SD (nM) c logP


AM251 (see Fig. 1) 3 0.5 6.9


4 1-Aminopiperidine 53 13 5.5


5 Methylamine 3848 2636 4.3


6 Ethylamine 2381 397 4.8


7 i-Propylamine 656 86 5.1


8 i-Amylamine 195 21 6.3


9 Aniline 509 36 6.1


10 N-Methylbenzylamine 110 20 5.3


11 Cyclohexylmethylamine 59 11 6.9


12 Cyclopropylmethylamine 178 31 5.2


13 3-Phenylpropylamine 18 6 6.8


14 2-Phenoxyethylamine 631 322 6.3


15 4-Phenylbutyl-2-amine 5 2 7.1


16 3-(N-methyl-N-phenylamino)propylamine 25 10 7.0


17 3-(2,6-Dimethylphenoxy)-propyl-2-amine 39 5 7.6


18 1-Benzyloxybutyl-2-amine 203 49 7.0
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vative means to increase polarity of the alkyl pyrazine
carboxamides.23 We hoped that the reduced logP of
hydroxylated pyrazine carboxamides might improve
pharmaceutical properties to produce compounds that
would display in vivo efficacy in the CB1 feeding behav-
ior study.


Ethanolamine carboxamide 19 (Table 2) exhibited
reduced binding affinity as compared to the des-hydroxyl
derivative 6, though the 4-fold loss in affinity was moder-
ate given the difference in polarity (Dc logP = 0.9). The
hydroxyl group in aminocyclohexan-4-ol 27 and
piperidin-4-ol 28, however, resulted in compounds with
significantly reduced CB1 binding affinity. Upon recogni-
tion that intramolecular hydrogen bonding (Fig. 2) of the
hydroxyl group in compound 19 may minimize the impact
of the polar group within the hydrophobic CB1 binding
pocket, we focused on substituted ethanolamines.

CB1 binding affinity in pyrazine carboxamides is depen-
dent on the stereochemical configuration of the alkyl
sidechain as demonstrated by the ten-fold affinity differ-
ence for the enantiomeric pair 21 and 22. One isomer,
compound 21, is �fourfold more potent than its des-
hydroxymethyl counterpart 8. In contrast, hydroxyl-
ation of SR141716 analogs substantially reduced CB1
binding affinity with no stereochemical preference for
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Figure 3. Bis-(4-chlorophenyl)pyrazine carboxamide (35).
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the functionalized alkyl sidechain.23 Benefits of an inter-
nal hydrogen bond were not limited to alcohols. The
hydroxymethyl group of compound 21 was replaced
with a primary carboxamide to give compound 31.
Intramolecular H-bonding of 31 to minimize unfavor-
able hydrophobic receptor interactions would account
for the twofold greater binding potency than that of
the alkyl derivative 8 despite a reduced c logP (Dc
logP = 1.4).


Compound 2124 exhibited reduced lipophilicity (Dc
logP = 1.3) and similar CB1 affinity to the lead in vivo
candidate, 13.25 In contrast to compound 13, compound
21 displayed improved exposure, and a more favorable
brain/plasma ratio at 4 h when administered to rats at
10 mg/kg (Table 3). In addition, when administered oral-
ly at 10 mg/kg in the food deprived rat feeding model,21


compound 21 reduced feeding by 37% 2 h after adminis-
tration, by 32% 4 h after administration, and by 16%
24 h after administration (with no change in locomotor
activity versus vehicle-treated animals). Using a model
of ad libidum fed rats that are trained to operate a lever
to obtain food, a 10 mg/kg dose of compound 21 did not
produce a statistically significant change in food intake,
however a 30 mg/kg dose induced a 34% (p < 0.05)
cumulative reduction in food intake at 4 h versus vehi-
cle-treated control animals.26,27 These results suggested
that hydroxyl-containing pyrazine carboxamides pro-
vided the improvement in physicochemical properties
needed to drive in vivo efficacy.


A limited exploration of SARs at the diaryl portion of
the pyrazine carboxamide core revealed that CB1 bind-
ing affinity was enhanced by substituting chlorine for
methyl substituents.18 A priori, the bis-(4-chlorophenyl)
series would be expected to be too lipophilic to exhibit
good PK properties; however, hydroxylation of the side-
chain to generate 3528 (Fig. 3) was anticipated to amelio-
rate this matter. The expected enhancement in affinity of
35 relative to 21 was maintained; CB1 Ki values of 14
and 45 nM, respectively. Moreover, the two compounds
display very similar PK properties (Table 3) despite c
logP of the dichloro analog 35 being �0.4 U higher than

Table 3. Measured PK parameters for pyrazine carboxamidesa


Compound p.o. dose 13b


30 mg/kg


(nM)


21c


10 mg/kg


(nM)


35c


10 mg/kg


(nM)


Time (h)


0.5 23 74 218


1 35 245 257


2 89 148 187


4 84 105 157


Avg. Tmax (h) 2 1 1


AUC0�4h (nM h) 256 541 736


Brain concd 4 h (nM) 34 306 491


Brain/plasma at 4 h 0.4 3 3.1


a Tabular values are averages from n = 2 male Sprague–Dawley rats.
b Administered as a suspension in 0.5% Methocel/1% Tween 80/water;


compound 13 is insoluble in 10%EtOH/10% Cremaphor/water.
c Administered as a solution in 10% EtOH/10% Cremaphor/water.

that of the dimethyl analog 21. When administered at
10 mg/kg to rats trained to operate a lever to obtain
food, compound 35 demonstrated a 46% cumulative
reduction of food intake at 4 h versus vehicle-treated
control animals. Inclusion of a hydroxylic sidechain
potentially provides a means to further enhance solubil-
ity and oral bioavailability by incorporation of a pro-
drug moiety.29,30


We report a series of pyrazine carboxamides as CB1
receptor antagonists that were developed from high-
throughput screening lead structures. The incorporation
of a hydroxyl moiety provides physicochemical benefits,
including lowered c logP, that results in compounds
with enhanced oral exposures and in vivo efficacy in a
food intake model in rats. The hydroxyl group also pro-
vides an opportunity for prodrug strategies that provide
further improvements in physicochemical characteristics
such as aqueous solubility. Our efforts to increase the
in vitro and in vivo potency of this series while maintain-
ing low logP will be the subject of future
communications.
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Abstract—Surface-rigidified cerasomes (ceramic-coated liposomes) are neither fused nor cross-linked when bound to siRNA (short
duplex RNA) but not to plasmid DNA (long duplex DNA) which induces cross-linking. Non-ceramic reference liposomes are easily
fused by the siRNA. The cerasome can thus be used as a viral-size siRNA-carrier in a wide range of concentration for RNAi
silencing of exogenous and endogenous genes.
� 2007 Elsevier Ltd. All rights reserved.

Since the discovery of lipofection,1 cationic lipids have
been widely used as transfection agents in gene delivery
in vitro.2 They form cationic liposomes, to which anio-
nic DNAs (plasmids) are bound electrostatically. This
is, however, an over-simplified formulation. Liposomes
(vesicles) easily undergo fusion (aggregation) as induced
not only by hydrophobic species3 but also by simple ions
(divalent metal cations4 and organic dianions5 for anio-
nic and cationic liposomes, respectively). There is no
doubt that DNAs (and RNAs as well) are potential
fusion-inducers to lead to transfection-irrelevant (low
efficiency and high toxicity) big particles.6 Thus, we are
often forced to use the plasmid and lipid in low ‘protocol’
concentrations. A real problem of artificial (non-viral)
gene delivery, as far as its low efficiency is concerned,
seems to lie in this high-concentration intolerance.


We recently introduced the cerasome strategy.7,8 Trialk-
oxysilylated quaternary ammonium lipid 1 (Fig. 1)
forms single-walled liposomes with concomitant sol-gel
processes on the surface (Si-OEt + H2O! Si-OH +
EtOH followed by 2Si-OH! Si-O-Si + H2O) to give
surface-rigidified cerasomes (ceramic- or silica-coated
liposomes),9 which can be used as an infusible transfec-
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tion agent of high performance at �10 lM lipid concen-
tration. Unfortunately, as shown below, however, the
cerasomes are still not high-concentration tolerant,
because they are still cross-linkable by the plasmid as
a huge template. What if we use much shorter oligonu-
cleotides? This is how we started the present work on
siRNA delivery. We report here that the cerasome is nei-
ther fused nor cross-linked by the siRNA and can thus

Figure 1. Lipids 1 and 2 and silencers siRNAfirefly and siRNADsRed2.
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Figure 3. Freeze-fracture TEM images (scale bar = 100 nm) at 100 lM


N of 1 siRNAfirefly complex (a, N/P = 3.0), 1 (b), 1-pGL3 complex (c,


N/P = 2.0), 2-siRNAfirefly complex (d, N/P = 3.0), and 2 (e) in water


and 1-siRNAfirefly complex (f, N/P = 3.0) in water containing 10% FCS


(fetal calf serum). Approximately 10 independent images were taken


for each sample; three of them, including the smallest one and the


largest one, are shown.


3936 K. Matsui et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3935–3938

be used as a viral size siRNA-carrier in a wide concen-
tration range.10


Complexation of cerasome lipid 111 and siRNA was
monitored by gel electrophoresis. The siRNA used was
a 21-mer duplex RNA (siRNAfirefly, Fig. 1)11 homolo-
gous in sequence with the gene of firefly protein lucifer-
ase encoded in plasmid pGL3. The RNA duplex was
rendered immobile at N/P P 1.5 (Fig. 2a) as a result
of complexation with the lipid (N and P stand for the
ammonium group of 1 ([N] = [1]) and a phosphate moi-
ety of RNA, respectively). Freeze-fracture TEM (trans-
mission electron microscopy) revealed that the particles
present at 100 lM N and 33 lM P (N/P = 3.0) had a
rather uniform and compact size of �70 nm (Fig. 3a),
which was essentially the same as that of the RNA-free
cerasome itself (60–70 nm, Fig. 3b). When plasmid
pGL3 was used in place of siRNAfirefly in a similar con-
centration range of 100 lM N and 50 lM P (N/P = 2.0),
a quite different morphology was observed (Fig. 3c), a
number of cerasome particles being bound to, and hence
cross-linked by, the plasmid in an extended form to give
a mean DLS (dynamic light scattering) size of the com-
plex of 205 nm.12 Non-silylated reference lipid 211


turned out to be a somehow weaker complexer and
required N/P P 3.0 for immobilizing siRNAfirefly


(Fig. 2b). The TEM images at 100 lM N and 33 lM P
(N/P = 3.0) revealed the presence of much bigger parti-
cles with various sizes (150–500 nm, Fig. 3d), in marked
contrast to the liposomes (60–70 nm, Fig. 3e) formed by
lipid 2 in the absence of siRNAfirefly.


The above results, obtained at a relatively high (100 lM)
lipid (N) concentration, provide a couple of interesting
comparisons. (1) The normal liposomes formed by
non-ceramic lipid 2 undergo fusion upon interaction
with siRNAfirefly, while the surface-rigidified or -sewed
cerasomes derived from ceramic lipid 1 bind to the
siRNA without fusion. This is supported also by fluores-
cence studies.13 (2) The infusible cerasome particles are
cross-linked when interacting with plasmid pGL3 but
remain monomeric as such when binding to siRNAfirefly.
The different behaviors of pGL3 and siRNAfirefly may be
understood in terms of their different chain-lengths.
pGL3 contains 5256 base-pairs with an extended strand
length of l ffi 1800 nm, which is long enough to assemble
cerasome particles (d = 60–70 nm) on. The siRNA, on
the otherhand, is composed of 19 base-pairs and two-

Figure 2. Electrophoretic gel shifts for siRNAfirefly in the absence and


presence of increasing amounts of lipid 1 (a, without FCS; c, with FCS


(10%); FCS, fetal calf serum) or lipid 2 (b, without FCS) using 0.7%


agarose gel in 40 mM Tris–acetate buffer.

base overhangs at both ends and is too short (l ffi 7 nm)
to do so.


RNA interference (RNAi) is a posttranscriptional gene
silencing process.14 The siRNAfirefly-mediated silencing
of target firefly luciferase in pGL3 was investigated
using Renilla luciferase contained in plasmid pRL-TK
as a non-silenced control gene under dual-assay condi-
tions.10a HeLa cells were cotransfected with a mixture
of plasmids pGL3 (or pGL2 as a non-target control15)
(180 ng per well) and pRL-TK (20 ng per well) and si-
lencer siRNAfirefly (0–126 ng) using lipid 1 as a com-
mon carrier at N/Pt = 3.0 (Pt = PpGL3(2) + PpRL-TK).11


The normalized yields (Yfirefly/YRenilla) of pGL3-derived
firefly luciferase (black bars), but not pGL2-derived
ones15 (slashed bars), sharply decrease in the presence
of siRNAfirefly (Fig. 4), showing that the effective
(�90%) RNAi silencing of the present exogenous lucif-
erase gene is achieved by a tiny amount (�10 ng,
�0.3 lM P) of the siRNA complexed with 1 as a
carrier.16







Figure 4. RNAi silencing of exogenous firefly luciferase gene in HeLa


cells by the increasing amounts of siRNAfirefly complexed with lipid 1


under cotransfection conditions. Chemiluminescence intensity ratios of


target to control (pGL3 firefly to pRL-TK Renilla, black bars) or


control to control (pGL2 firefly to pRL-TK Renilla, slashed bars)


luciferase are normalized to a buffer control (siRNA = 0 ng). Data are


averages of about five experiments and error bars represent standard


deviations.
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We then moved on to silencing of an endogenous gene
using HeLa cells stably expressing fluorescent protein
DsRed2.17 They constantly fluoresce at 580 nm (excita-
tion at 563 nm). Silencing of this endogenous DsRed2
gene in HeLaDsRed2 was monitored by fluorescence inten-
sity using the DsRed2-specific siRNA (siRNADsRed2,
Fig. 1) (6500 ng or 615 lM P) as well as siRNAfirefly


as a non-silencing reference siRNA; both being
complexed with lipid 1 at N/P = 2.0 (630 lM N). The cell
viability based on MTT assay was �100% at least up to
252 ng (7.6 lM P and 15.2 lM N) of siRNA, where
silencing was �70%18 with siRNADsRed2 and �0% with
siRNAfirefly. The silencing profile in the whole range
is shown in Figure 5 (black bars). The smooth and
[siRNADsRed2]-dependent decrease in the yields of
DsRed2, coupled with the lack of activity of siRNAfirefly,
confirms that the silencing is indeed due to specific RNAi
by the siRNADsRed2 delivered from the bulk medium
where, referring to Figure 3a (taken at 100 lM N), the

Figure 5. RNAi silencing of endogenous DsRed2 gene in HeLaDsRed2


cells by the increasing amounts of siRNADsRed2 complexed with lipid 1


in the absence (black bars) or presence of 10% FCS (gray bars) or 20%


FCS (white bars). Slashed bars are for control runs using lipid 2 in


place of 1 in the absence of FCS. Fluorescence intensities for DsRed2


are normalized to a buffer control (siRNA = 0 ng). Data are averages


of about five experiments and error bars represent standard deviations.

siRNADsRed2 (630 lM N) must remain attached to the
non-fused cerasome. The cell viability was >90% in the
whole range. Control runs showed that non-ceramic ref-
erence lipid 2 was completely inactive (slashed bars) under
the present conditions, where, referring to Figure 3d, the
siRNADsRed2 must be contained in fused huge particles
irrelevant for cellular uptake. Furthermore, the present
system is serum-compatible. The 1-siRNADsRed2 complex
survives in the presence of FCS (fetal calf serum), as evi-
denced by electrophoresis (Fig. 2c) and TEM (Fig. 3f),
and displays similar silencing performance (Fig. 5, gray
bars (10% FCS) and white bars (20% FCS)) as it does in
the absence of the serum (black bars).


Size control of particles is crucial for their efficient cellu-
lar uptake19 and smooth vascular diffusion. This work
reveals that the surface-rigidified, infusible cerasomes
(d = 60–70 nm) are not cross-linked when interacting
with short siRNAs (l ffi 7 nm), thus keeping the cera-
some–siRNA complexes in a compact viral-size for their
better RNAi performance.20 The size stability and ser-
um-compatibility of the complexes suggest a potential
in vivo application of the cerasome-mediated siRNA
delivery. siRNAs can be encoded in plasmid DNAs
and delivered as such.21 However, the size problem in
lipofection-based gene (plasmid) delivery appears to be
rather serious. The monomeric cerasome complexes of
plasmid DNA (pGL3, l ffi 1800 nm) in a viral size
(d ffi 70 nm) survive at �10 lM N7,8 but, as shown here,
collapse into cross-linked multi-cerasome complexes at a
10-fold higher concentration (100 lM N). Plasmid-in-
duced, concentration-dependent cross-linking of lipo-
somes, even when rendered infusible, seems to be
unavoidable as far as the huge plasmid is simply bound
on the outer surface of the liposome and not encapsu-
lated therein as in real viruses. Further work is now un-
der way along the above line.
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Abstract—A novel series of 3-arylureidobenzylidene-indolin-2-ones was synthesized and their inhibitory activity against Ret tyrosine
kinase investigated in comparison with the Ret inhibitor RPI-1 as a reference compound for this series. A few compounds were able
to revert the RETC634R oncogene-transformed morphologic phenotype of NIH3T3MEN2A cells and showed a selective antiprolif-
erative activity against these cells as compared to parental NIH3T3 cells or NIH3T3 cells transformed with a non-tyrosine kinase
oncogene (NIH3T3H-RAS). Inhibition of Ret enzyme activity by effective derivatives was confirmed in a kinase assay. Structure–
activity relationship indicated a favourable activity for 5,6-dimethoxyindolinone derivatives with H, OH, or OMe in the para posi-
tion of the distal aryl ring.
� 2007 Elsevier Ltd. All rights reserved.

The RET protooncogene is a typical example of a gene
encoding a receptor protein tyrosine kinase involved in
the aetiology of human tumours.1 Activating RET
mutations and rearrangements have been implicated in
the development of sporadic and inherited forms of thy-
roid cancer. In papillary carcinomas, RET oncogenes,
designated RET/PTCs, derive from somatic chromo-
somal rearrangements linking the promoter and N-ter-
minal domains of unrelated genes to the C-terminal
fragment of the RET protooncogene. As a result, chime-
ric, constitutively active, forms of Ret tyrosine kinase
are ectopically expressed in thyroid cells.2,3 In sporadic
cases of medullary thyroid carcinoma (MTC), RET mis-
sense mutations are present at a somatic level, whereas
RET mutations at a germline level are responsible for
the inherited type-2 Multiple Neoplasia (MEN2) syn-
dromes which include MTC.4,5 RET mutants identified
in thyroid carcinomas are dominantly acting oncogenes
which confer gain-of-function to the encoded proteins.
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In fact, all RET oncoproteins are characterized by con-
stitutive ligand-independent tyrosine kinase activity that
is required for their transforming ability.6 RET onco-
gene transforming activity can be assessed by transfec-
tion assays on NIH3T3 cells and is typically associated
with constitutive tyrosine phosphorylation of Ret onco-
proteins, alteration of cell morphology, anchorage-inde-
pendent growth in vitro and tumorigenicity in vivo.7


Different strategies designed to block the oncogenic
activity of RET, including gene therapy approaches,
monoclonal antibodies, neutralizing aptamers and tyro-
sine kinase inhibitors, have provided evidence that RET
oncogenes and their products are potential targets for
selective thyroid cancer therapy.8,9 However, a clinically
useful therapeutic option for treating patients with
RET-associated cancers is still not available. Over the
past few years, a number of small-molecule tyrosine
kinase inhibitors have been shown to inhibit Ret activity.
They include natural products such as the fungal metab-
olites clavilactones10 and several synthetic compounds
including indolocarbazoles (CEP-701, CEP-751),11,12


pyrazolopyrimidines (PP1, PP2),13–15 anilinoquinazo-
lines (ZD6474),16 pyrrolopyrimidines (AEE788),17


pyridinyloxyphenylureas (BAY 43-9006)18 and indolin-
2-one derivatives (RPI-12,19,20 and SU1124821).
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In an effort to improve the Ret inhibitory activity of
RPI-1 (Chart 1), we designed a series of new compounds
derived by insertion of a diphenyl urea moiety on the ac-
tive nucleus of 5,6-dimethoxyindolinone. The impor-
tance of the diphenyl urea moiety for the inhibition of
a number protein kinases, including p38 MAPK,
RAF-1 and CDKs, is consistent with earlier observa-
tions regarding this structural motif.22 Recently, other
classes of diphenyl urea derivatives have been shown
to be potent inhibitors of KDR tyrosine kinase.23


Compounds 1–11 (Table 1) were synthesized24 by con-
densation of the appropriate indolin-2-one with the cor-
responding 4-arylureidobenzaldehyde in the presence of
piperidine. The aldehydes were obtained in turn by reac-
tion of 4-formylphenylisocyanate with the appropriate
arylamine (Scheme 1). Compound 12 was obtained by
the same sequence but using 4-methylpiperazine. In
the case of 13, the required aldehyde was prepared by
coupling 4-carboxybenzaldehyde with aniline.


Compound 14 was obtained by hydrogenation of 3 in
the presence of Pd/C (Chart 2). In general, the coupling
reaction gave the E isomer as the major product, except
in the case of compounds 1, 2 and 10. Therefore the
presence of the 5,6-dimethoxy substitution seems to

N
H


O
MeO


MeO


HO


RPI-1


Chart 1.


Table 1. Structure of new 3-arylureidobenzylidene-indolin-2-ones


N
R3


O
R1


R2


N


Compound Config. R1 R2 R3


1a Z H H H


1b E H H H


2 Z Cl H H


3 E OMe OMe H


4 E OMe OMe Me


5 E OMe OMe H


6 E OMe OMe H


7 E OMe OMe H


8 E OMe OMe H


9 E OMe OMe H


10 Z H H OH


11 E OMe OMe H


a Chemical shift of the 2 0 and 6 0 protons on the proximal aryl ring.

favour strongly the E product. The assigned configura-
tion of the compounds was based upon the chemical
shifts of the protons at the C-2 0 and C-6 0 positions in
the phenyl ring of the benzylidene moiety (Table 1). It
has been demonstrated through NOE experiments that
the chemical shift of C-2 0 and C-6 0 protons is in the
range 7.45–7.84 ppm for the E isomers and 7.85–8.53
for the Z isomers.25


A cell-based screening26 was performed to assess inhibi-
tion of RET-driven transformation by the synthesized
compounds. The inhibition of RET transforming activ-
ity was evaluated by using NIH3T3 cells transformed by
the C634R mutant of RET associated with the MEN2A
syndrome (NIH3T3MEN2A) as a model system.15 Com-
pounds able to revert the oncogene-transformed mor-
phologic phenotype of NIH3T3MEN2A cells were further
tested on NIH3T3 cells and NIH3T3 cells transformed
with a non-tyrosine kinase oncogene (NIH3T3H-RAS)15


to compare the antiproliferative effect of each com-
pound on the three cell lines. Furthermore, the same
compounds selected as the most effective were subjected
to a Ret kinase assay to assess direct enzyme inhibition.
Ret inhibition in NIH3T3MEN2A cells was assessed by
the receptor autophosphorylation in Western blot anal-
ysis. In each test, RPI-1 [3-(4-hydroxybenzylidene)-5,6-
dimethoxyindolin-2-one], previously characterized as a
Ret inhibitor,19 was used as the reference compound.


The results of the cell-based screening and kinase assay
with the synthesized compounds are reported in Table 2.


Two compounds in this series (3 and 4) induced a stable
reversion (up to 72 h) of the RET-induced transformed
phenotype of NIH3T3MEN2A cells, with IC50 compara-
ble to that of the reference compound RPI-1. Com-
pounds 6 and 7 induced a partial reversion of the
transformed cell morphology (cell flattening) associated,

H


O


NH R4


R4 mp (�C) % Yield da


Ph 265–267 23 8.44


Ph 224–226 50 7.61


Ph 271–273 35 8.46


Ph 255–258 65 7.61


Ph 250–252 32 7.61


4-F-Ph 255–258 65 7.61


4-OH-Ph 250–252 32 7.61


4-OMe-Ph 260 (dec) 25 7.60


4-NMe2-Ph 248–250 (dec) 58 7.58


3,4-(OCH2O)-Ph >200 (dec) 40 7.62


Ph 249–250 52 8.44


4-Py 264–265 46 7.59
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Scheme 1. Reagents and conditions: (a) Toluene, reflux, 2–5 h; (b) EtOH, piperidine, 90 �C, 3–7 h.
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particularly in the case of 7, with cell suffering (Fig. 1).
Compound 12 induced a transient reversion of the trans-
formed cell phenotype which was lost after 24 h of treat-
ment. Conversely, none of these compounds affected the
transformed morphology of NIH3T3H-RAS cells (Fig. 1).


Similar to RPI-1, compounds 3, 6 and 7 showed a selec-
tive antiproliferative effect against NIH3T3MEN2A cells
as compared to that of NIH3T3H-RAS cells or the paren-
tal NIH3T3 cells, thus confirming that RET oncogene
expression could be a major determinant of cell sensitiv-
ity to drug treatment. Compounds 3, 4, 6, 7 and 12 were
tested for their inhibitory activity in a Ret kinase assay27


in comparison with RPI-1. The results indicated com-
pound 6 as the most effective inhibitor. Comparable

Table 2. In vitro activity of the synthesized compounds


NIH3T3MEN2A reversion (10 lM) Antiproliferative


NIH3T3MEN2A


RPI-1 YES (s)a 3.6 ± 1.6


1a NO >40


1b NO 10 ± 0.7


2 NO >40


3 YES (s)a 4.6 ± 0.1


4 YES (s)a 4.1 ± 1


5 NO 6.1 ± 1.7


6 YES (p)a 8.2 ± 1.8


7 YES (p)a 3.6 ± 1


8 NO >40


9 NO 19.4 ± 2


10 NO 7.5 ± 0.1


11 NO 4.7 ± 0.1


12 YES (t)a 15.8 ± 0.7


13 NO 12.2 ± 0.4


14 NO 21.5 ± 2.8


a (s), stable; (p), partial; (t), transient.
b Phosphorylation of MBP as substrate.
c inactive up to 3lM.

IC50 values were obtained for RPI-1 and 3, a lower
activity for 6, while 4 and 12 were inactive or almost
inactive, respectively. Compound 4 showed no selectiv-
ity among the three cell lines, suggesting a different
mechanism of action. Indeed, N-methylation resulted
in a loss of ability to inhibit Ret kinase activity as doc-
umented for compound 4 and the N-methyl derivative of
RPI-1 (not shown). The ability of 4 to induce reversion
of the transformed phenotype likely reflects modulation
of downstream events implicated in various survival
pathways. This interpretation is consistent with efficacy
of 4 in H-RAS transformed cells and in a partial rever-
sion of these cells (not shown).


Western blot analysis confirmed the ability of com-
pounds 3 and 6 of inhibiting Ret tyrosine kinase in
NIH3T3MEN2A cells as indicated by dose-dependent
inhibition of the receptor autophosphorylation. In con-
trast to the cell-free enzyme assay, compound 3 showed
higher efficacy than compound 6 in cell culture (Fig. 2).
As previously reported for RPI-1,20 Ret kinase inhibi-
tion in treated cells was associated with a reduction of
RET protein expression.


The results of this study allow some consideration as to
the structure-activity relationship. Comparison of the
biochemical and cellular effects of the compounds that
proved able to induce the reversion of the transformed
phenotype provides the following information:

activity (IC50 in lM) (72 h) Ret Kinase Assayb (IC50lM)


NIH3T3 NIH3T3H-RAS


16.3 ± 3.7 19.7 ± 2 0.17 ± 0.01


14 ± 2.2 8.7 ± 0.1 0.2 ± 0.001


6.6 ± 0.8 5.4 ± 1.4 Inactivec


24.4 ± 0.1 22.2 ± 3 0.05 ± 0.02


14.7 ± 2 12.3 ± 1.3 0.58 ± 0.22


>3







Figure 1. Effect of selected 3-arylureidobenzylidene-indolin-2-ones on the transformed morphologic cell phenotype of murine fibroblasts NIH3T3


transfected with RETC634R (NIH3T3MEN2A) or H-RAS oncogene (NIH-3T3H-RAS). Cells were treated with vehicle or 10 lM compound, then


photographed under a phase-contrast microscope after 24 h (NIH3T3MEN2A) or 72 h (NIH-3T3H-RAS) of treatment. Parental NIH3T3 cells are


shown for comparison. Original magnification 100·.
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(a) 3, characterized by an unsubstituted distal aryl
group, retained activity features, including direct
Ret kinase inhibitory activity, comparable to those
of RPI-1.

(b) The presence of substituents in the distal aryl moi-
ety reduced the ability to inhibit Ret function in cell
culture, as indicated by the less persistent effects of
6 and 7 on transformed morphology. This is







Figure 2. Effect of treatment with compounds 3, 6 and RPI-1 reference


compound on Ret autophosphorylation and expression. NIH3T3MEN2A


cells were exposed to vehicle or to the indicated concentrations of


drugs for 24 h. Whole cell lysates were analyzed by Western blotting


with the indicated antibodies. pY, generic pTyr; pY1062, specific pRet-


Tyr1062.
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consistent with the loss of activity of compounds
with bulkier substituents (e.g., derivatives 8 and
9). On the other hand, the presence of hydroxyl
group in the distal aryl (compound 6) conferred
the highest inhibitory activity on Ret enzyme in
cell-free system. In fact, the O-methyl derivative
of compound 6 (7) was found ten times less potent.


(c) Methylation of the indolin-2-one nitrogen of 3
causes loss of Ret inhibitory activity and specificity
against Ret-transformed cells.


(d) The replacement of the distal aryl moiety by a basic
piperazine (12) did not allow persistent cellular
effect, probably as a consequence of a reduced
interaction with the target, as indicated by the Ret
kinase assay.


(e) Hydrogenation of the exocyclic double bond (14 vs.
3), with the consequent loss of coplanarity of the
rings, strongly depressed the activity.


(f) Finally, the presence of the two methoxy groups at
positions 5 and 6 in the indolin-2-one nucleus seems
to play an important role in the activity (compare 3
vs 1b).


In conclusion, the present study has identified new
inhibitors of Ret kinase in a series of 3-arylureidobenzy-
lidene-indolin-2-ones. Structure–activity relationship
evidences a favourable biochemical and biological activ-
ity activity of 5,6-dimethoxyindolinone derivatives with
H, OH, or OMe in the para position of the distal aryl
ring. Further studies are needed to optimize chemical–
physical properties as well as the potency of these
inhibitors.
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NMR (300 MHz, DMSO-d6) d 10.40 (s, 1H, NH indol),
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2Ar), 7.59 (m, 2H, 2Ar), 7.45 (m, 2H, 2Ar), 7.37 (s, 1H,
1Ar), 7.25 (s, 1H, CH@), 6.51 (s, 1H, 1Ar), 3.78 (s, 3H,
–OMe), 3.62 (s, 3H, Ome). Compound 12:. 1H NMR
(300 MHz, DMSO-d6) d 10.20 (s, 1H, NH indol), 7.75 (m,
2H, 2Ar), 7.55 (m, 2H, 2Ar), 7.48 (s, 1H, 1Ar), 7.10 (s, 1H,
CH@), 6.50 (s, 1H, 1Ar), 3.78 (s, 3H, –OMe), 3.60 (s, 3H,
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NMe). Compound 13: 1H NMR (300 MHz, DMSO-d6) d
10.42 (s, 1H, NH indol), 10.35(s, 1H, –NH), 8.09 (d,
J = 8.56 Hz, 2H, 2Ar), 7.84 (d, J = 8.56 Hz, 2H, 2Ar), 7.79
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indol), 8.60 (s, 1H, –NH), 8.52 (s, 1H, –NH), 7.45 (m, 2H,
2Ar), 7.25–7.35 (m, 4H,4Ar), 7.00–7.15 (m, 2H, 2Ar),
6.80–6.95 (m, 1H, 1Ar), 6.55 (s, 1H, 1Ar), 6.45 (s, 1H,
1Ar), 3.70–3.90 (m, 1H), 3.75 (s, 3H, –OMe), 3.62 (s, 3H,
OMe), 3.40–3.55 (m, 1H), 2.75–2.90 (m, 1H).


25. Sun, L.; Tran, N.; Tang, F.; App, H.; Hirth, P.; McMa-
hon, G.; Tang, C. J. Med. Chem. 1998, 41, 2588.


26. Cell culture and antibodies. Cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 5% serum for NIH3T3MEN2A or 10% calf
serum (Colorado Serum Company, Denver, CO) for
NIH3T3 and NIH3T3H-RAS cells and incubated at 37 �C
in a 10% CO2 atmosphere. Compounds, dissolved in
DMSO, were diluted in cell culture medium (0.5% solvent
final concentration). IC50s were calculated from dose-
response curves obtained by cell counting after 72 h of
treatment. The effect of selected compounds on tyrosine
phosphorylation and expression of the Ret oncoprotein
was assessed by Western blot analysis of NIH3T3MEN2A


cells after 24 h of treatment as previously described.20 The
following antibodies were used: monoclonal anti-pTyr
antibody clone 4G10 (Upstate Biotechnology, Lake
Placid, NY); rabbit polyclonal anti-Ret H300 and anti-
pRet (Tyr1062) (Santa Cruz Biotechnology, Santa Cruz,
CA) and anti-tubulin (Sigma Chemical Company, St.
Louis, MO).


27. Kinase assay. A non-radioactive kinase assay was per-
formed using recombinant Ret active protein (Upstate,
Lake Placid, NY) and Myelin Basic Protein (MBP)
(Sigma) as kinase substrate following the Upstate protocol
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with some modifications. Briefly, Ret protein (30 ng), was
incubated for 10 min at 30 �C in kinase buffer (11.6 mM
MOPS, pH 7, 0.2 mM EDTA, 0.9 mM EGTA, 13.5 mM
MgCl2, 4.5 mM b-glycerophosphate, 0.18 mM Na3VO4


and 0.18 mM dithiothreitol) with solvent or inhibitor
(DMSO 4% final concentration) in the presence of 2 lM
MBP and 5 lM ATP. The reaction was stopped by 3-fold

concentrated Laemmli buffer, then samples were subjected
to SDS–PAGE and immunoblotted with anti-pTyr anti-
body. Phosphorylated MBP was revealed by chemiolumi-
nescence reaction ECL (GE Healthcare, Little Chalfont,
UK) and detected by ChemiDoc XRS System, PC. Signal
intensity was analyzed with the interfaced software
Quantity One 4.6.3 (Bio-Rad, Hercules, CA).
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Abstract—A conventional synthesis of a-thioglycoside of sialic acid as a glycomonomer was accomplished. Radical copolymeriza-
tion of the glycomonomer with vinyl acetate proceeded smoothly to afford a new class of glycopolymers having thiosialoside res-
idues, in which all protection was removed by a combination of transesterification and saponification to provide a water-soluble
thiosialoside cluster. The results of a preliminary study on biological responses against influenza virus neuraminidases using the thi-
osialoside polymer as a candidate for a neuraminidase inhibitor showed that the glycopolymer has potent inhibitory activity against
the neuraminidases.
� 2007 Elsevier Ltd. All rights reserved.

Synthetic glycoclusters are of great interest in biochemical
as well as biomedical fields because the multivalent com-
pounds have various advantages such as (1) simplicity
of the synthetic process, (2) obvious epitope structures
in the molecule, and (3) chemical and biological stabili-
ties.1 Among the various synthetic glycoclusters, glyco-
polymers are attractive candidate for manufacturing
therapeutic reagents.2 We have previously reported glyco-
polymers having trisaccharidic epitopes of globotriaosyl
ceramide (Gb3; Gala1! 4Galb1! 4Glcb1! Cer)3


and their biological evaluations.4 The results of a study
on biological evaluations showed that the activity of the
glycopolymers was highly enhanced by the sugar-cluster
effect, and the therapeutic treatment for mice was also
demonstrated.4 A sialic acid (Neu5Ac) is a unique mono-
saccharide and is specifically recognized by various carbo-
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hydrate-related proteins.5 Several proteins in influenza
virus are the carbohydrate-related proteins. In general,
influenza viruses have different types of carbohydrate-
related proteins on their viral particle surfaces,6 such as
hemagglutinin (HA), which is a kind of lectin and specif-
ically binds to sialyl oligosaccharides on host cells,7 and
glycosidase, which is referred to as either sialidase or neur-
aminidase (NA) and cleaves sialic acid residues from
sialoglycoproteins as well as gangliosides on the surfaces
of the host cells.8 Neuraminidase inhibitors, such as
zanamivir9 and oseltamivir,10 have been synthesized and
widely used as therapeutic agents in the clinical treatment
of influenza A and B viruses.11 Although these drugs have
extremely high inhibitory potencies to the release of influ-
enza virions from infected cells, NA inhibitor-resistant
viruses have already been generated.12 Oseltamivir-resis-
tant avian influenza virus has been isolated, and the death
of a human from influenza A virus (H5N1) infection has
recently been reported.13 Since the inhibitors are not
naturally obtained and are designed as transition-state
analogues after cleavage of sialic acid residues by an
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NA, a therapeutic treatment of influenza using oseltami-
vir would result in the oseltamivir-resistant virus.12a It
seems that an epitope of the neuraminidase of influenza
virus is a natural sialic acid, and the resistant virus
therefore appeared during treatment of the infection.
Therefore, we planned to synthesize a new polymeric
thiosialoside cluster as an additional antiviral agent
because thioglycosidic linkage is usually not hydrolyzed
by glycosidases such as NA.14 However, since monomeric
sialoside does not have any potent inhibitory activity
for NA, we utilized the sugar-cluster effect for enhance-
ment of the binding activities.15 In addition, a thiosialo-
side polymer is expected to show enhancement of the
binding activity, since NAs display tetrameric structures
on the virion surface.16 In this paper, we describe
syntheses of thiosialoside polymers and preliminary bio-
logical evaluations of the activity of the polymers against
influenza virus NAs.


The synthetic scheme of a convenient pathway for prepa-
ration of carbohydrate monomer 4 is shown in Scheme 1.
Commercially available x-undecylenyl alcohol (10-unde-
cen-1-ol) 1 was selected as a precursor of aglycon because
the alkenyl groups have a C@C double bond at an end
terminal, which has polymerizable potency with other
monomers.17 In addition, the alcohol has a long aliphatic
chain, which can increase the degree of freedom of a
carbohydrate moiety bearing from linear backbone
after polymerization and has an adequate hydrophobicity
as a lipid-like component. Thus, O-mesylate 2 having
a leaving group was prepared from 1 in quantitative
yield. Known thioacetate of sialic acid 318 was treated
with mesylate 2 in the presence of potassium carbonate
to give a-thioglycoside 4� in 92% yield after re-acetylation,

� All new compounds with specific rotation data gave satisfactory


results of elemental analyses.

½a�30


D +28.7� (c 1.0, CHCl3), J7,8 = 8.2 Hz, Dd |H-9a-H9b| =
0.20 ppm.19


Since the preparation of glycomonomer 4 was accom-
plished, we directed our attention to utilization of the
monomer for radical polymerization. We first investi-
gated a radical polymerization of deprotected 4 with
an acrylamide in water by a previously reported meth-
od.3 However, a glycopolymer having sialic acid resi-
dues was not obtained in the present study. Therefore,
a direct copolymerization of glycomonomer 4 having
protecting groups with vinyl acetate (VA) was exam-
ined. The synthetic scheme of the reaction is shown in
Scheme 2. A polymerization of 4 with VA was initially
carried out in the presence of AIBN as a radical initiator
in MeOH as a solvent, but a polymeric product was
unfortunately not obtained. Consequently our synthetic
plan had to be changed. Bulk polymerization was one of
the suitable procedures for preparation of a polymer.
Thus, the copolymerization of 4 with VA as both a
comonomer and a solvent was investigated. The results
of the radical polymerization, in which the monomer
ratio of the polymerization reaction was fixed at 1:10
and the reaction temperature as well as reaction time
were changed, are summarized in Table 1. The results
of polymerization showed that the reaction temperature
of 90 �C and the reaction time of 3 h gave the best result.
The effects of different amounts of AIBN as an initiator
were then examined, and the results are summarized in
Table 2. The yields of the polymerization were gradually
increased until around 40% according to addition of
AIBN. The weight–average molecular weights ðMwÞ of
the glycopolymers were around 20 kDa as estimated
by the results of size exclusion chromatography (SEC),
and SEC experiments also gave information on the
degree of polydispersion ðMw=MnÞ of the polymers,
which was estimated to be around 1.7. 1H NMR spectra







Table 1. Results of radical polymerization of 4 with vinyl acetate (VA)


Entry Monomer ratio sugar:VA Temp (�C) Time (h) Polym. comp.a Sugar content (wt%) Total yield (%)


1 1:10 60 12 — — —c


2 1:10 80 6 1:11 41.1 14.7


3 1:10 rt � 80 3 N.D.b N.D.b 6.1


4 1:10 rt � 90 6 N.D.b N.D.b 6.1


5 1:10 90 3 1:7 52.3 31.2


6 1:10 90 6 1:6 56.1 17.4


7 1:20 90 6 1:23 25.0 57.1


a Polymer compositions of sugar unit:vinyl acetate unit were estimated on the basis of the results of 1H NMR spectra.
b N.D. means ‘not determined’ due to small amount of the polymer.
c Polymerization reaction did not proceed.


Table 2. Effects of the initiator (AIBN) for the radical polymerization in 1:10 of sugar/vinyl acetate (monomer ratio) at 90 �C for 3 h


Entry AIBN (mg) Total yield (%) Polym. comp.a Sugar content (wt%) Mw ðkDaÞb Mw=Mn


1 0.69 6.9 1:9 46.0 17.4 1.6


2 1.10 26.0 1:9 46.0 16.3 1.8


3 1.57 30.4 1:9 46.0 18.3 1.7


4 2.02 40.0 1:9 46.0 24.3 1.9


5 2.47 37.3 1:10 43.4 17.5 1.8


6 3.02 39.0 1:9 46.0 16.4 1.6


a Polymer compositions of sugar unit:acrylamide unit were estimated on the basis of the results of 1H NMR spectra.
b The weight–average molecular weights were estimated by size-exclusion chromatography in THF using tandem-bonded Tosoh TSKgel SuperHZM-


M · 2 columns. Calibration curves were obtained using polystyrene standards (0.5, 1.0, 2.5, 5.87, 9.49, 17.1, 37.2, 98.9, 189, 397, 707, and 1110 kDa;


TSK standard, PS-oligomer kit).


Figure 1. 1H NMR spectra of (a) a glycomonomer 4 and (b) a glycopolymer 5.
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of the glycomonomer 4 and the glycopolymer 5 in
CDCl3 are shown in Figure 1. Signals due to proton
binding to a C@C double bond of aglycon on 4 ap-
peared at around 6–5 ppm (Fig. 1a), and the signals dis-
appeared after polymerization (Fig. 1b).


Given the success of preparation of glycopolymers having
thiosialoside residues by radical polymerization, com-
plete removal of the protection in the polymer was our
next objective. Transesterification and subsequent sapon-
ification of 5 gave water-soluble glycopolymer 6 after gel

filtration to remove low molecular-weight byproducts.
Structural elucidation of 6 was performed by a combina-
tion of spectroscopic analyses, including NMR and IR.
IR spectra of the fully protected glycomonomer 5 and
the deprotected glycopolymer 6 are shown in Figure 2.
Disappearance of a characteristic infrared absorption
band of C@O functional group as stretching vibration
at around 1740 cm�1 and appearance of a characteristic
infrared absorption band of O–H functional group as a
stretching vibration at around 3400 cm�1 in 6 (Fig. 2b)
provided evidence of a completely deprotected structure.







Figure 2. IR spectra of (a) a fully protected glycopolymer 5 and (b) a deprotected glycopolymer 6.


Table 3. Preliminary results of inhibition assays for influenza virus


sialidases


Compounda Influenza virus subtype


A/Memphis/1/71 (H3N2) A/PR/8/34 (H1N1)


6 2.5 10


IC50 values are indicated in millimolar concentration based on a


monomeric sugar unit concentration.
a The structure is shown in Scheme 2.
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Preliminary results of inhibitory activity of a glycopoly-
mer 6 (m:n = 1:7) against influenza virus NAs20 are sum-
marized in Table 3. Interestingly, the glycopolymer
showed inhibitory activity potencies not only against
H3N2-type NA but also against H1N1-type NA, while
a similar glycopolymer having thiosialoside with a short-
er spacer-arm length than that of 6 did not show any
activity.21 The results suggested that the degree of free-
dom of the sialoside moiety in the glycopolymer is an
important factor for effective inhibition of tetrameric
NAs expressed on viral particles.


In summary, an efficient synthesis of a new class of glyco-
polymers 6 having thioglycosidic linkage of sialic acid was
accomplished by a convenient radical polymerization
protocol. Biological responses of 6 against influenza virus
NAs were preliminarily evaluated, and the results showed
that 6 has inhibitory activity against viral NAs. Further
manipulations of a series of glycopolymers having thios-
ialoside moieties are now in progress. In addition, we have
recently reported glycodendrimers as sialidase inhibitors
and the multivalency effect was also observed to enhance
weak binding efficiency.22 The details of the results pre-
sented here and the further synthetic procedures as well
as biological activities will be reported elsewhere.
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Abstract—STAT3 is a promising molecular target for the design of new anticancer drugs. In this paper, we report the design and
synthesis of a conformationally constrained macrocyclic peptidomimetic 2 via click chemistry. Compound 2 was determined to bind
to STAT3 with a Ki value of 7.3 lM in a competitive fluorescence-polarization-based binding assay, representing a promising initial
lead compound for further optimization.
� 2007 Elsevier Ltd. All rights reserved.

Constitutive activation of the signal transducers and
activators of transcription 3 (STAT3) is frequently de-
tected in human cancer specimens from patients with ad-
vanced disease and cancer cell lines, but not in normal
epithelial cells.1,2 Persistent activation of STAT3 signal-
ing has been demonstrated to contribute directly to
oncogenesis by stimulating cell proliferation and pre-
venting apoptosis in human cancer cells.1,2 STAT3 acti-
vation may not only provide a growth advantage,
allowing accumulation of tumor cells, but also confer
resistance to conventional therapies that rely on apopto-
tic machinery to eliminate tumor cells.1,2 STAT3 is an
important and specific molecular target for the design
of an entirely new molecularly targeted therapy for hu-
man cancer with constitutively active STAT3. Such ther-
apeutic agents should have low toxicity to the normal
cells without constitutive STAT3 signaling.1–4


STAT3, recruited from cytosol, makes specific interac-
tions through its SH2 domain with phosphotyrosine
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docking sites on different cytokine receptors. STAT3
then becomes phosphorylated on a carbonyl terminal
tyrosine (Tyr705).1,2 Tyrosine phosphorylation of
STAT3 causes it to dimerize and translocate to the
nucleus and bind to specific promoter sequences on its
target genes.1–6 Dimerization of STAT3 is a decisive
event for its activation1–5 and blocking this dimerization
with a small-molecule antagonist is a very attractive
therapeutic approach to the development of a molecu-
larly targeted therapy for the treatment of human can-
cers in which STAT3 is constitutively activated.7–10


Two approaches are currently being pursued for the de-
sign of small-molecule antagonists to block STAT3
dimerization.7–10 The first is to design peptide-based
antagonists and peptidomimetics7,8 and the second is
to discover non-peptidic small-molecules.9,10 While a
number of peptide-based ligands can achieve quite high
binding affinities to STAT3, they are generally not
cell-permeable due to their peptidic nature and the
negatively charged phosphotyrosine group in the
ligands. For non-peptide small-molecule inhibitors,
the major advantage is their good cell permeability,7,8


but the inhibitors reported to date still have relatively
poor binding affinities to STAT3. Although they may
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be considered as potential lead compounds, their bind-
ing affinity and specificity to STAT3 must be signifi-
cantly improved. In this paper, we wish to present our
structure-based design, synthesis, and biochemical
evaluation of a conformationally constrained macrocy-
clic peptidomimetic as a new inhibitor of STAT3. The
present study represents our initial but an important
step toward our ultimate goal for the design of potent,
cell-permeable, conformationally constrained peptidomi-
metics that block STAT3 dimerization.


The phosphopeptide, acetyl-pY*LKTKF-amide 1
(Fig. 1), has been found to inhibit STAT3 dimerization8


and was the starting point in our design. The corre-
sponding peptide segment (pY*LKTKF) in a complex
with STAT3 (Fig. 2) in the crystal structure of the di-
meric STAT36 showed that the phosphotyrosine has
extensive electrostatic interactions with the side chains
of Lys591, Arg609, Ser611, and Ser613, the hydrophobic
side chains of leucine and phenylalanine residues inter-
act with several hydrophobic residues or hydrophobic
side chains of polar residues (Trp623 with leucine and
Cys712, Y640, Met648, Asn647 with phenylalanine) in
the protein, and the side chain of the threonine residue
forms a hydrogen bond with Y640 in STAT3. However,
the side chains of the two lysines are exposed to solvent
(Fig. 2). This provided us with an opportunity to cyclize
these two lysine residues to form a macrocyclic
ring, obtaining conformationally constrained, macrocy-
clic, new STAT3 inhibitors. Compared to linear
peptides, conformationally constrained, macrocyclic
peptidomimetics can be much more resistant to protease
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degradation and may also achieve higher binding affini-
ties to the target protein than its linear counterparts by
reducing the entropic cost associated with loss of con-
formational degrees of freedom upon binding to the tar-
get protein.


Based upon these considerations, we have designed com-
pound 2, in which the ring cyclization was accomplished
via ‘click chemistry’,11 a highly efficient synthetic meth-
od for coupling. Modeling showed that compound 2
interacts with STAT3 in a similar fashion as the linear
peptide 1 (Fig. 2) and predicted that compound 2 would
bind to STAT3 with a good affinity.


The synthesis of compound 2 is shown in Scheme 1.
Boc-LL-6-hydroxynorleucine (3) was condensed with
O-t-butyl-LL-threonine methyl ester (4) to afford com-
pound 5. Compound 5 was treated with methanesulfo-
nyl chloride to give the methanesulfonate ester, which
was then converted to the azide by the treatment with
sodium azide in DMF at 90 �C. The methyl ester was
hydrolyzed to the carboxylic acid 6, condensation of
which with (S)-propargylglycine methyl ester furnished
compound 7. This was converted in 80% yield into the
key intermediate 812 via click chemistry11 in the presence
of CuSO4Æ5H2O/sodium ascorbate. Compound 8, whose
structure was confirmed by NMR spectroscopy,11 was
hydrolyzed to the acid 9, which was coupled with LL-phe-
nylalaninamide to afford compound 10. Removal of the
Boc group gave 11 and coupling with N-Fmoc-LL-leucine
furnished compound 12. Removal of the Fmoc in 12 fol-
lowed by coupling with Cbz-phosphotyrosine di-t-butyl
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Scheme 1. Reagents and conditions: (a) EDCI/HOBt/i-Pr2NEt/DCM; (b) MsCl/i-Pr2NEt/DCM; (c) NaN3/DMF/90 �C; (d) 2 N LiOH/dioxane, then


1 M HCl; (e) (S)-propargylglycine methyl ester, EDCI/HOBt/i-Pr2NEt/DCM; (f) CuSO4Æ5H2O/Na ascorbate/H2O/t-BuOH; (g) 2 N LiOH/dioxane,


then 1 M HCl; (h) LL-phenylalaninamide, EDCI/HOBt/i-Pr2Net/DCM; (i) 4 M HCl; (j) N-Fmoc-LL-leucine, EDCI/HOBt/i-Pr2NEt/DCM; (k)


diethylamine/acetonitrile; (l) Cbz-phosphotyrosine di-t-butyl ester, EDCI/HOBt/i-Pr2NEt/DCM; (m) H2/10% Pd–C/MeOH; (n) acetic anhydride/


i-Pr2NEt/DCM; (o) TFA/TES/DCM, rt, 30 min.
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ester yielded compound 13. Hydrogenation of 13 to
remove the Cbz group, followed by acetylation, and
removal of the two t-butyl groups afforded the designed
target compound 2.


In order to determine quantitatively the binding affin-
ity of compounds 1 and 2 to STAT3, we have devel-
oped a fluorescence-polarization-based binding assay.
A previous study13 showed that a peptide with the
GpY*LPQTV sequence derived from gP120 protein
binds to STAT3 with a much higher affinity than
the native STAT3 peptide. We have therefore synthe-
sized a peptide with the b(Ala)-b(Ala)-G-pY*LPQTV

sequence labeled with a fluorescence tag, 5-carboxy-
fluorescein (5-FAM) at the N-terminus and expressed
and purified a recombinant STAT3 protein (residues
127–722). It was determined that this fluorescently
tagged peptide binds to the recombinant STAT3 with
a Kd value of 50 nM, consistent with its high affinity
reported in the previous study.13 Using this FP-based
assay, it was determined that compounds 1 and 2 are
capable of competing with the binding of the fluores-
cently tagged peptide to STAT3 in a dose-dependent
manner with Ki values of 25.9 and 7.3 lM, respec-
tively (Fig. 3). Hence, compound 2 is 3 times more
potent than the lead peptide 1.
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Figure 3. Competitive binding curves of compounds 1 and 2 to STAT3


as determined using a fluorescence-polarization-based binding assay.
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In summary, a new, conformationally constrained
macrocyclic compound 2 has been designed and syn-
thesized using intramolecular ‘click chemistry’ as an
inhibitor of STAT3. Compound 2 binds to STAT3
with a Ki value of 7.3 lM, and is a promising initial
lead compound for further optimization for the de-
sign and development of potent, cell-permeable,
small-molecule inhibitors of STAT3 as a new class
of anticancer drugs.
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Abstract—Virtual screening against a pCDK2/cyclin A crystal structure led to the identification of a potent and novel CDK2 inhib-
itor, which exhibited an unusual mode of interaction with the kinase binding motif. With the aid of X-ray crystallography and mod-
elling, a medicinal chemistry strategy was implemented to probe the interactions seen in the crystal structure and to establish SAR.
A fragment-based approach was also considered but a different, more conventional, binding mode was observed. Compound selec-
tivity against GSK-3b was improved using a rational design strategy, with crystallographic verification of the CDK2 binding mode.
� 2007 Elsevier Ltd. All rights reserved.

Virtual screening is now recognized as an important tool
in the armoury of methods which can be applied to hit
identification in the industrial environment.1–4 One pop-
ular approach involves the use of high throughput dock-
ing methods to screen catalogues of compound
structures, in order to select a subset of molecules for
acquisition and assay. A number of successful applica-
tions have been reported, including the discovery of li-
gands targeting the Chk1 kinase5 and Hsp90.6 Whilst
virtual screening methods can be applied to homology
models,7–10 they are more typically used in conjunction
with experimental structural data, particularly X-ray
crystallographic data. The availability of crystal struc-
tures greatly aids the virtual screening process and also
provides important insights into the kinds of changes
in protein conformation, which may be significant in
determining both likely hit rates, and also the kinds of
ligands which may be identified as hits.11,12
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Kinases comprise one of the most important families of
drug targets, accounting for 20–30% of the drug discov-
ery programmes of many companies, second only to
GPCRs.13 They are of particular interest in oncology,
as a number of them are involved in the regulation of
cell growth and survival. In addition, the CDK2 protein
is highly amenable to crystallography, with a large num-
ber of crystal structures, both of the monomeric form of
the protein and the activated pCDK2/cyclin A complex,
being available. In common with some earlier studies,14–16


this report documents the use of the activated, and
possibly more physiologically relevant, complex in a
protein structure-guided drug discovery strategy. How-
ever, it should be noted that where the same ligand
has been crystallized with both the monomeric and acti-
vated complexes (unpublished data), there is generally
good agreement between the observed binding modes
in our hands. Differential packing interactions may af-
fect some ligands, however, as can be seen in the struc-
tures with pdb codes 2C6M and 2C6T.17,18


CDK2, along with other cyclin dependent kinase (CDK)
family homologues, is known to be important in regulat-
ing entry into, and progression through, the cell cycle.
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Whilst some selectivity against other kinases is desirable
in order to mitigate against unwanted off-target effects,
it is not necessary to have absolute selectivity, since a de-
gree of promiscuity may help to circumvent resistance
mechanisms. This may be particularly pertinent for
CDK2, as recent literature reports19,20 suggest that there
may be a degree of functional degeneracy within the
CDK family. In particular, selectivity over CDK1 was
not actively sought. For the lead scoping phase of the
project, it was decided to monitor selectivity over glyco-
gen synthase kinase-3b (GSK-3b) as the main counter-
screen. GSK-3b was chosen as it has a therapeutically
antagonistic effect to CDK2, but also exhibits some sim-
ilarities in its small molecule inhibition profile.21,22


The public domain structure of the activated complex
bound to ATP18 [pdb code-1QMZ 23] was chosen as a
base for the virtual screen, since this is the most physio-
logically relevant cavity. It was anticipated that knowl-
edge of the other CDK2 cavities, and the glycine loop
flexibility, could be leveraged during any subsequent
hit-to-lead or lead optimization activities.


A high throughput docking protocol, using rDock,24 was
employed to screen a docking library of 975,000 com-
pounds against the CDK2 ATP binding site. This library
was derived from rCat,25 a diverse compound collection
derived from vendor catalogues of commercially avail-
able compounds, following filtering to remove com-
pounds containing unwanted chemical functionality and
also those with poor calculated physicochemical proper-
ties. A two-stage docking protocol was used, with score
thresholds set based on experience with this and other ki-
nase targets. Whilst it was well recognized that the major-
ity of kinase inhibitors interact with the protein though
hydrogen bonds to the conserved kinase backbone motif
(Glu81 and Leu83 for CDK2), no attempt was made to
enforce this other than a requirement for the ligand to oc-
cupy the pocket in the vicinity of this motif. This region
comprises the deepest and most constrained region of
the binding site. The aim of the screen was to identify li-
gands which were as diverse and novel in nature as possi-
ble. This decision was partly based on the very
competitive nature of the CDK2 area, with its wealth of
pre-existing IP, and also partly on a wish to complement
other approaches being pursued in-house.17,26


Compounds which docked in poses meeting the required
score threshold were subjected to further triage. This
process included removal of those compounds with
<1 lM predicted solubility,25 those previously screened
in-house, those with a poor balance of polar and hydro-
phobic properties and those flagged by the GP filter
algorithm.27 The solubility calculation, which gives a
cross validated r2 = 0.81 on publicly available com-
pounds using a leave out group of 5 method,25 provided
a means of enriching the surviving set with compounds
likely to demonstrate a satisfactory level of aqueous sol-
ubility. It should be remembered, however, that whilst
this high throughput calculation performs very well on
large datasets, individual compound properties may
not always be well predicted. The remaining set of
18,800 compounds was subjected to diversity analysis,28

followed by visual inspection of binding modes. A set of
1121 compounds were purchased and assayed, resulting
in 38 hits with an IC50 value of less than 100 lM. The
top concentration in the assay, whilst relatively high,
was chosen to maximise the likelihood of obtaining
structurally diverse hits that could be crystallized in
CDK2, so as to gain information on diverse scaffolds
and interactions of interest. The assay results corre-
sponded to a 3.4% hit rate, which compared favourably
to the 1.2% hit rate which resulted from a medium
throughput screen of 3341 compounds which had been
sourced from commercial kinase-biased libraries.26


Two compounds of similar chemical class, and with
sub-micromolar activity against CDK2, were identified
(1; IC50 0.18 lM and 2; IC50 0.76 lM).29 These were
the only compounds with IC50 < 10 lM, with a further
7 compounds having IC50 < 20 lM. Other analogues
of compound 1, with lower CDK2 potency (3; IC50


19 lM and 4; IC50 48 lM), also appeared in the hit
set, giving confidence that there would be directional
SAR. This paper reports the initial, structure-guided
lead scoping around 1, which was employed to assess
its suitability for progression to lead optimization.
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Preliminary exploration around the structure of 1 re-
vealed no prior art with respect to CDK2, although
one patent30 claimed very similar compounds as inhibi-
tors of VEGF, which is also an oncology target. The
unusual nature of the 2-imino-thiazolidin-4-one moiety
of compound 1 also prompted considerations as to
whether the compound would be tolerated in vivo. Lit-
erature analysis provided no reports of toxicity, and
supporting information was obtained in the form of dar-
bufelone 5,31,32 a compound which is reported as having
been in phase II clinical trials.
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Screening compound 1 in a cross-kinase panel gave
encouraging selectivity data (CDK1 IC50 0.32 lM;
GSK-3b IC50 0.23 lM; PDK1 IC50 67 lM; PKA IC50


77 lM; AKT with 54% inhibition at 10 lM; Chk1 with
44% inhibition at 50 lM), confirming that this
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compound is unlikely to be a frequent hitter.33–35 Com-
pound 1 showed no selectivity over GSK-3b, however,
so a key aim was to determine if this could be introduced,
as well as improving the observed poor aqueous solubility.


Compound 1 can exist as different geometrical isomers
and tautomers; it was therefore of interest to determine
the nature of the active species. Detailed modelling work
was unable to assign the chemical structure unambigu-
ously, with both E- and Z-isomers having the ability
to dock. The bound Z-isomer was subsequently ascer-
tained from the unambiguous electron density for 1 in
complex with pCDK2/cyclin A. Whilst the virtual screen
had suggested an extended pose for 1, more exhaustive
docking, with a solvation correction, suggested a ‘‘bent’’
binding mode to be more favourable, with the central
furan being near the kinase motif, the aryl sulfonamide
extending towards solvent and the 2-imino-thiazolidin-
4-one moiety interacting with the floor of the binding
site. Interestingly, for docking into the 1QMZ23 com-
plex, the solvation correction is needed to produce this
binding mode. However, docking into the 1CKP struc-
ture,18,36 chosen as a general purpose monomeric
CDK2 cavity which had performed well in limited cross
docking experiments, suggested the bent binding mode
to be preferred, irrespective of the solvation term.


Analysis of the crystal structure of compound 1 co-com-
plexed with pCDK2/cyclin A clearly showed the bent
binding mode to be present, consistent with the model-
ling, and with the unconventional interaction to the ki-
nase binding motif (Fig. 1).


The crystal structure of 1 bound to the activated form of
CDK2 had two complexes in the asymmetric unit, with
subtle differences in the ligand interactions observed in
each case. The ligand, which has little conformational
freedom and therefore a low entropic penalty to bind-
ing, has very good steric complementarity with the ac-
tive site and the molecule is tethered at either end by
hydrogen bonding. However, in one of the chains, the
ligand sulfonamide group interacts with the backbone
NH of Asp86 (2.8 Å between heavy atoms) and also
the side chain (3.1 Å), whilst in the other chain the inter-

Figure 1. Kinase motif interactions in the crystal structure of


compound 1 with pCDK2/cyclin A.37

actions are to the backbone NH of Asp86 (3.1 Å) and
the backbone carbonyl of Leu10 (3.3 Å). The structural
data suggested that the 4-sulfonamide group was avail-
able for elaboration, as long as some of the hydrogen
bonding character of the sulfonamide nitrogen was
maintained, providing a handle for elaboration to mod-
erate physicochemical properties such as solubility. As
shown in Table 1 the methyl sulfonamide (6) maintains
good potency (CDK2 IC50 120 nM) and 7, a solubilised
variant, has a CDK2 IC50 of 570 nM. In contrast, com-
pounds 8 and 9, in which the sulfonamide NH is re-
placed, lose significant potency, as does a carboxylic
acid variant (4), and the amide 10. This is consistent
with the importance of the interactions to this part of
the ligand. When interpreting the SAR, however, it
should be remembered that the compounds can exist
as more than one regioisomer, and the relative popula-
tions of these species have not been examined.


The structural data also suggested that there was scope
for elaboration of the 3-position of the phenyl ring, since
one edge of the ring is solvent exposed in the active site.
This was also tolerated, with a very similar binding
mode for 11 being verified by crystallography, although
with the bound regioisomer having the trifluoromethyl
group packing against the protein rather than facing
out into solvent. Compounds 11 and 12 showed reverse
selectivity, being highly potent against GSK-3b.


The 2-imino-thiazolidin-4-one moiety of 1 binds in the
crystal such that the carbonyl group interacts with a
bridging water (3.0–3.5 Å), the ring nitrogen interacts
with the backbone NH of Asp145 (3.4–3.5 Å) and very
weakly with Lys33 (3.7–4.0 Å) and the imino group in
one of the two chains interacts with the Asp145 side
chain (3.1 Å). Replacement of this exocyclic nitrogen
by oxygen (14) is detrimental to activity.


As shown in Table 1, crystal structures are available for
the complexes of compounds 1, 4, 6, 11, 13, and 14, with
either pCDK2/cyclin A (co-crystals) or monomeric
CDK2 (soaks), and these all broadly demonstrate the
expected binding modes. The ligands do shift relative
to each other in the binding site (by approximately
1 Å), however, and the protein exhibits a high degree
of induced fit or malleability around some of the li-
gands. In each case, it is the Z-isomer of the compound
that is bound in the crystal structure.


A key aim was to improve selectivity over GSK-3b, and
previous work26 had shown this could be achieved by
improving packing against Phe80. Methylation of the
double bond provided a means of achieving this, and
improved GSK-3b selectivity from 1.4-fold to over 14-
fold, as illustrated by compound 13. The crystal struc-
ture of 13 complexed with CDK2 showed a binding
mode very similar to that expected, with the methyl
group packing against Phe80, but with a degree of in-
duced fit and an improved interaction between the imi-
nothiazolidinone ring and the side chain of Asp145.
Unfortunately, all compounds had an HCT116 GI50 of
>80 lM in an SRB assay, other than compound 9
(HCT116 GI50 40 lM).38







Table 1. Enzyme activity (CDK2 and GSK-3b) and X-ray crystallographic data for compounds 1, 3, 4, and 6–14
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IC50 (lM)a
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PDB Code Resolution (Å)


1 NH H
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O


0.18 0.25 pCDK2/ cyclinA 2uzd 2.8


3 NH H N
+O


O


19 No


4 NH H


O


OH 47 pCDK2/ cyclinA 2uze 2.4


6 NH H S
O


N
H


O
Me


0.12 0.08 pCDK2/ cyclinA 2uzb 2.7


7 NH H
S


O NH


N
MeMe


O


0.57 0.51 No


8 NH H S
O


O


N


NH


2.9 No


9 NH H S
O


O


N


O


150 No


10 NH H


O


NH2 9.3 No


11 NH H S


O


NH2


O
F F
F


0.61 0.002 pCDK2/cyclinA 2uzl 2.4


12 NH H
S
O


NH2


Cl
O


0.57 0.014 No


13 NH Me S


O


NH2


O
0.03 0.43 CDK2 low occup. 2uzn 2.3


14 O H S
O


NH2


O


27 CDK2 2uzo 2.3


a Values are means of at least two determinations and are rounded to two significant figures. For CDK2, [ATP] = 100 lM (2 · Km) and for GSK3b,


[ATP] = 10 lM (1 · Km).
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Compounds 6–9 and 11–14 were synthesized in accor-
dance with Scheme 1. Sulfonamides of type 16 were
prepared from 4-bromobenzenesulfonyl chlorides 15
(R1 = H, CF3 or Cl) and the appropriate amine in the

presence of pyridine. Subsequent conversion to boronic
acids of type 17 was achieved using n-butyl lithium and
triisopropyl borate. In the case of primary sulfonamides,
Boc-protection of 16 (R2 = R3 = H) was required prior
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Scheme 1. Reagents and conditions: (i) R2R3NH, C5H5N, CH2Cl2, rt,


1 h, quant.; (ii) (for R2 = R3 = H) Boc2O, Et3N, DMAP; B(i-PrO)3,


n-BuLi, THF, �78 �C to rt, 18 h, 40%; (for 2y and 3y sulfonamides)


B(i-PrO)3, n-BuLi, THF, �78 �C to rt, 18 h, 40%; (iii) (for R4 = H)


5-bromo-2-furaldehyde, THF–H2O (10:1 v/v), K2CO3, Pd(dppf)Cl2,


l wave, 120 �C, 5 min; (for R4 = Me) 1-(5-bromofuran-2-yl)ethanone,


THF–H2O (10:1 v/v), K2CO3, Pd(dppf)Cl2, l wave, 140 �C, 5 min, 40–


80%; (iv) (for R4 = H, X = NH) 2-imino-thiazolidin-4-one HBr salt,


piperidine, PhMe, AcOH, D; (for R4 = Me, X = NH) 2-imino-thiazoli-


din-4-one HBr salt, PhMe, NMP, NH4OAc, l wave, 240 �C, 30 min;


(for R4 = H, X = O) thiazolidine-2,4-dione, piperidine, PhMe, AcOH,


D, 5–15%.
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Scheme 2. Reagents and conditions: (i) 5-bromo-2-furaldehyde, THF–


H2O (10:1 v/v), K2CO3, Pd(dppf)Cl2, l wave, 120 �C, 5 min; (ii) 2-


imino-thiazolidin-4-one HBr salt, piperidine, PhMe, AcOH, D; (iii)


NaOH(aq), THF, l wave, 100 �C, 500 s, quant.; (iv) EDCI, NH4-


HOBT, DMF, rt, 18 h, 20%.


Figure 2. Crystallographically observed binding mode of compound


24/pCDK2/cyclin A, showing kinase motif interactions.36 Available


from the PDB (ref. 18) under code 2v0d.
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to this step, which was then cleaved during the final con-
densation. Compounds of type 17 were coupled with 5-
bromo-2-furaldehyde 18 (R4 = H) in the presence of
potassium carbonate and Pd(dppf)Cl2 to give furans of
type 19. Condensation of 2-iminothiazolidin-4-one or
thiazolidine-2,4-dione and 19 (R4 = H) led to com-
pounds 6–9, 11, 12 and 14,31,39 which were purified to
P85% by preparative HPLC.


Treatment of 5-bromo-2-furaldehyde 18 (R4 = H) with
methyl magnesium bromide in THF, and subsequent
oxidation using a suspension of MnO2 in dichlorometh-
ane, gave 1-(5-bromofuran-2-yl)ethanone 18 (R4 = Me)
in 79% overall yield, which underwent Suzuki coupling
with compounds of type 17 as described above. Conden-
sation of 19 (R4 = Me) with 2-iminothiazolidin-4-one
was achieved by microwave irradiation in toluene/
NMP in the presence of ammonium acetate, which affor-
ded compound 13.31,39


Compound 10 was prepared as outlined in Scheme 2.
The ethyl ester 22 was prepared from boronic acid 21,
in a manner analogous to that for the synthesis of sul-
fonamide derivatives 6–9 and 11–14 in Scheme 1.
Hydrolysis of 22 to the carboxylic acid 23, and subse-
quent treatment with EDCI and NH4-HOBT, gave the
primary carboxamide 10.


The binding mode of the commercially available
fragment, 2-imino-5-[1-pyridin-2-yl-methylidene]-thiaz-
olidin-4-one 24, was also studied by X-ray crystallogra-
phy. Figure 2 shows that compound 24 also bound to
CDK2, but in a more extended mode, with the 2-imi-

no-thiazolidin-4-one moiety interacting with the kinase
binding motif, and was the E- rather than the Z-isomer.
The compound binds such that the imino group is able
to donate a hydrogen bond to the backbone carbonyl
of Glu81 (3.0 Å), and accept one from the backbone
NH of Leu83 (2.6 Å). N-3 interacts with Leu83 via a
water mediated hydrogen bond (2.4 Å to the water,
which is 2.8 Å from the Leu83 carbonyl). The same
water also interacts with the ligand carbonyl group
(2.7 Å).


N
H


S
NH


O


N


24

The fragment structure therefore provides new opportu-
nities for structure-guided design, supported by crystal-
lographic data, complementary to the compound series
resulting from the virtual screening. This shows the ver-
satility inherent in combining approaches to hit identifi-
cation. The change in the observed binding mode
illustrates the importance of having access to structural
data. This can avoid being misled when designing hit to
lead or lead optimization strategies for developing series
from low molecular weight starting points.
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In summary, virtual screening against CDK2 identified a
submicromolar inhibitor, with a distinctive binding
mode and selectivity over a number of other kinases.
A structure-guided lead scoping exercise led to the iden-
tification of a 30 nM CDK2 inhibitor 13 with selectivity
over GSK-3b of over 14-fold. Crystal structures were
obtained for a number of compounds of interest, and
provided important validation of the unusual binding
mode and support for optimization. It was also ob-
served that the 2-imino-thiazolidin-4-one moiety is able
to interact more classically with the kinase binding mo-
tif, as was verified by the crystal structure of CDK2 in
complex with a smaller ligand, which also contains this
functionality.
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Abstract—19F NMR probes were used to follow interactions between ligands in the aminoadamantane series, amantadine (Am) 1
and 3-F-Am 2, and the 5-F-Trp20 transmembrane fragment of the influenza A M2 proton channel (F-M2TM 3) in dodecylphos-
phocholine micelles over the pH range 5–8. Above pH 7, when the peptide adopts a tetrameric state that is able to bind channel
blocking ligands, 19F-Trp signals from both the free and bound states of the M2TM tetramer are resolved. This differentiation
of bound and unbound states of the M2TM receptor by 19F NMR may provide a system for SAR studies.
� 2007 Elsevier Ltd. All rights reserved.

Influenza presents a severe threat to public health. In
Europe in the 20th century more casualties were inflicted
by influenza than any other infectious disease.1a In 1997,
outbreaks of the H5N1 influenza virus killed six of the
18 infected individuals. A highly pathogenic H7N7
avian influenza virus killed a veterinarian and infected
poultry workers in 2003, while in the same year H9N2
viruses were isolated from individuals with mild influ-
enza.1b The H5N1 avian influenza virus that emerged
in southern China in 1996 is now endemic in domestic
poultry in southeast Asia and has so far infected 121 hu-
mans, killing 62. In the summer of 2005, this H5N1 virus
caused a lethal outbreak of influenza in wild birds in
western China and subsequently spread to poultry in
Europe.1c The M2 protein is one of the few drug targets
that can be inhibited in order to stifle infections of the
influenza A virus.2


M2 is a small 97-residue integral membrane protein
which self-assembles as a homo-tetramer to form a pro-
ton-selective ion channel3 that is activated by low pH
environments, such as those found in endosomes.4 The
M2 channel allows protons to enter the interior of the
virus and this acidification dissociates the matrix protein

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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M1, releasing the viral RNA genome.5 Similar small ion
channels have been found in the other enveloped influ-
enza viruses, e.g., the BM2 (influenza B) and CM2
(influenza C) proteins, and in the human immunodefi-
ciency type-1 (HIV-1) virus (the Vpu protein).6 It is
important to study such viroporins and their interac-
tions with ligands in order to realize their potential as
drug targets.


It has been shown that the 25-residue M2TM peptide
(the transmembrane domain of the wild-type M2 pro-
tein, corresponding to residues S22-L46 of the Singa-
pore and Udorn strains: SSDPLVVAASIIGILHLIL
WILDRL) forms tetrameric Am 1-sensitive proton
selective channels in planar lipid bilayers.7 Early exper-
imental insights from neutron diffraction and circular
dichroism8 and more recent FT-IR data9 have revealed
that in a lipid environment the M2TM tetrameric assem-
bly adopts a left-handed parallel bundle of a-helices.
The measurement of orientational and a few distance
constraints by solid state NMR studies10 indicates a
helical tilt of 32–38� with respect to the lipid bilayer nor-
mal. These models, which account for cysteine mutagen-
esis data and inhibition with transition metal ions,11


indicate that residues A9, G13, H16 and W20 of
M2TM line the pore. Molecular dynamics simulations12


have yielded detailed models of the M2TM tetramer
structure, which were used along with mutational
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data13a and infrared spectroscopic measurements13b to
propose a mechanism13 for proton conductance.3


According to the gating mechanism option,13b at low
pH values the protonated His-37 imidazole tetrad of
the M2TM tetramer is stabilized via cation-p interac-
tions with Trp-4113b sidechains in the channel and a gate
opens that can pass a proton but not other ions. At high
pH, this p-complex is destabilized and the indole side-
chains of Trp-41 move to occlude the pore. A recent
model suggests that the M2TM channel conducts pro-
tons via three protonated His sidechains which line the
pore of the tetramer and that at physiological pH the
channel is closed by two imidazole–imidazolium di-
mers.14 Conformational changes between the open and
closed states have been followed using UV fluorescence,
circular dichroism (CD) spectroscopy and by analytical
ultra-centrifugation (AUC) in DPC micelles.15


Amantadine (Am) 1, a drug in the aminoadamantane
series,16 blocks M2 proton channel activity3 and inhibits
virus entry and uncoating at micromolar concentra-
tions.5a,b It has been proposed that this is achieved
via interactions of the drug with the mouth of the M2
pore.8b Amantadine resistant mutations mostly target
pore-lining residues, including V27,17 A30 and G34.5b,c


Molecular modelling11,12,18 suggests that the luminal
space between M2 residues L26 and H37 is complemen-
tary in its shape, hydrophobicity and polarity to Am 1;
binding of this drug is expected to block proton channel
activity by displacing water molecules that are essential
for proton conduction.


Am 1


NH3
+Cl-


F-Am 2


NH3
+AcO-


F


The effects of the binding of Am 1 on the monomer/tetra-
mer equilibrium of M2TM in dodecyl phosphocholine
(DPC) micelles over the pH range 5–8 have recently been
investigated by a variety of biophysical techniques.15,19


Fluorescence spectroscopy, CD and AUC in DPC mi-
celles showed that tetramerization of M2TM and binding
of Am 1 are both favoured at pH 7.5–8. Compound Am 1
binds with its highest affinity to the neutral tetrameric
closed state of the channel at elevated pH.15a Electrophys-
iological studies have also shown that Am 1 binds most
tightly to the wild-type M2 protein at pH 8.3a Thus, prop-
erties of the full-length protein can be deduced from stud-
ies of the M2TM peptide.


There are several advantages when fluorine is used as a
reporter group for the study of ligand–receptor interac-
tions by NMR. The sensitivity of the 19F nucleus is
nearly as high as that of the proton, which keeps acqui-
sition times short and results in strong NMR signals
appearing against a background devoid of signals from
endogenous nuclei. In addition 19F is very sensitive to
the local environment of a binding pocket, with free
and bound species typically showing large changes in

chemical shift.21 Several 19F NMR studies of drug bind-
ing to lipid membranes and ligand–receptor interactions
have been reported, both in solution and in the solid
state.22


In this paper, we describe a 19F NMR study of the
M2TM/aminoadamantane drug system in dodecyl-
phosphocholine (DPC) micelles over the pH range
5–8. Detergent micelles of this sort can provide an
environment that successfully mimics a lipid bilayer
for segments of integral membrane proteins.23 The isos-
teric replacement of the bridgehead and 5-indole ring
hydrogen atoms of Am 1 and Trp20 of M2TM resulting
in F-Am 2 and 5-F-Trp M2TM 3, respectively, provided
useful probe molecules for studying: (a) drug– or
M2TM–lipid bilayer interactions (which are important
for drugs that bind to membrane proteins since it can
be assumed that the ligand must first interact with the
lipophilic barrier in order to reach its receptor24); and
(b) drug–M2TM receptor interactions. When the inter-
action of a membrane-associated peptide or protein is
considered, tryptophan has been established to be a
sensitive reporter of local dynamics.25


Results. In recent work we used the lineshapes of ligand
resonances in 1H NMR spectra to report on interactions
between amantadine analogue 2 and the M2TM peptide
in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
liposomes. Above pH 7.5, when M2TM bound the ligand,
3-fluoroamantadine 2 resonances became too broad to be
detected.26 When we attempted to acquire 1H NMR
spectra of F-M2TM 3 in DPC micelles over the pH range
5–8, no significant changes were observed in the absence
or presence of ligand 2 (data not shown). We therefore
turned our attention to 19F spectroscopy, which is more
sensitive to local environment changes.


19F NMR spectra of F-Am 2 in aqueous buffer. Between
pH 5 and pH 8 no significant changes in the spectra of
F-Am 2 were observed (data not shown). This is consis-
tent with F-Am 2 possessing a high pKa and existing in
the same protonated state throughout the pH range un-
der consideration.27


19F NMR spectra of F-Am 2 with DPC micelles. In the
presence of DPC micelles at pH 5–8, the resonances of
F-Am 2 were slightly broader (Fig. 1a–d) and T1 relax-
ation times decreased from 1.5 s (panel a) to 1.2 s (pan-
els b–d), suggesting that free drug molecules bind to and
are released from the phospholipid assemblies at a rate
that is fast compared to the changes in chemical shift be-
tween the bound and unbound states.28 Increasing the
sample pH from 5 to 8 made little difference to the 19F
chemical shift, which changed from �132.9 to
�132.7 ppm (Fig. 1a–d). These observations are consis-
tent with recent results from liquid-state NMR measure-
ments of translational diffusion, which indicate that
amantadine has a strong membrane partition potential
but does not bind strongly to lipid molecules, tumbling
freely and diffusing laterally in a model bilayer system.29


19F NMR spectra of 5-F-Trp20 M2TM 3 with DPC
micelles. After adding peptide 3 to DPC micelles, a
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Figure 1. (a–d) 19F NMR spectra of samples containing 1 mM F-Am 2 in 50 mM phosphate buffer containing 20 mM DPC and 100 mM NaCl at


298 K: (a) pH 5; (b) pH 6; (c) pH 7; (d) pH 8. (e–h): 19F NMR spectra of samples containing 1 mM 5-F-Trp20 M2TM 3 monomer in 50 mM


phosphate buffer containing 20 mM DPC and 100 mM NaCl at 298 K: (e) pH 5; (f) pH 6; (g) pH 7; (h) pH 8. All spectra averaged over 512 scans.
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Figure 2. 19F NMR spectra of samples containing 1 mM F-Am 2 in


50 mM phosphate buffer containing 20 mM DPC, 100 mM NaCl and


1 mM 5-F-Trp20 M2TM 3 monomer at 298 K: (a) pH 5; (b) pH 6; (c)


pH 7; (d) pH 8; Annotations used: M4L, bound F-M2TM 3 tetramer


peaks; M4, free F-M2TM 3 tetramer peaks; L, F-Am 2 peaks. All


spectra are averaged over 512 scans.
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significant line broadening effect was observed when the
pH was increased from 5–6 (Fig. 1e and f) to 7–8
(Fig. 1g and h). In DPC micelles the monomer–tetramer
equilibrium of M2TM is reportedly reversible, with a tet-
rameric peptide assembly being favoured at high peptide/
lipid molar ratios.15 The DPC/M2TM molar ratio used in
this study was 20, which is known to favour the formation
of the tetrameric state of M2TM at pH 8.15b


The broadening effect observed in the 19F spectrum of
5-F-Trp20 M2TM can therefore be explained in terms
of the peptide tumbling more slowly when organized
as a tetrameric assembly at pH 8, leading to a more
effective dipolar interaction between the 19F and 1H
spins, thereby reducing the 19F transverse relaxation
time (T2) of the bound state form and increasing the
linewidth of the NMR signal.


Throughout this pH range a small downfield resonance
shift of 0.3 ppm was observed (from �127.8 ppm at pH
5 to �127.5 ppm at pH 8), but the 19F T1 relaxation time
of 5-F-Trp20 remained constant at 0.6–0.7 s. Since lon-
gitudinal relaxation rates depend on the overall tum-
bling of the system containing the fluorinated aromatic
ring, the same T1 can be observed at the different corre-
lation times associated with monomeric structure and a
tetrameric assembly.21


19F NMR spectra of F-Am 2 or Am 1 with DPC micelles
containing 5-F-Trp20 M2TM 3. When F-Am 2 was
added to DPC micelles that contained the fluorinated
peptide 3 at pH 5–6, two fluorine signals were detected
at �132.9 and �127.8 ppm (Fig. 2a and b). These peaks
correspond to the fluorine nuclei of F-Am 2 and 5-F-

Trp20 M2TM 3, respectively, and show no chemical
shift or linewidth changes from the signals of binary
mixtures with DPC (Figs. 1a and 2a). Both resonances
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shifted slightly upfield by �0.3 ppm when the pH was
raised to 8 (Fig. 2d). However, at pH 7, a broad signal
of lower intensity appeared at �124.6 ppm (Fig. 2c),
�3 ppm downfield from the resonance of the F-
M2TM 3 tetramer; the definition of this feature was
slightly improved at pH 8 (Fig. 2d or 3c). The 19F spec-
trum of F-M2TM 3 in DPC micelles contains a similar
signal in the presence of Am 1, which contains no fluo-
rine (Fig. 3a). We therefore surmised that the new signal
represents the bound state of the F-M2TM 3 tetramer
rather than a change in the environment of F-Am 2.
Supporting this conclusion, the intensity of the free
F-M2TM signal decreased and that of the bound state
increased when the concentration of F-Am 2 was in-
creased by 10-fold (Fig. 3b).


The DPC/M2TM molar ratio used in this study (20) is
likely to favour the formation of the tetrameric state
of M2TM at pH 8.15 This pH value is also optimal for
the binding of Am 1 to both full-length M2 and
M2TM.15,3a The appearance of the fluorine signal at
�124.6 ppm at pH 8 is therefore consistent with a state
formed by the drug binding tightly to an intact tetra-
meric F-M2TM 3 channel. 19F relaxation measurements
for the ligand were consistent with this suggestion, as the
T1 value decreased significantly from 1.2 s in DPC alone
to 0.6 s in DPC micelles containing peptide 3 at pH 8.


Discussion. Previous experiments have shown that the
tetramerization of M2TM which occurs in DPC micelles
at pH P 7.5 can be monitored using a small but signif-
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Figure 3. 19F NMR spectra at 298 K of samples containing 20 mM


DPC, 100 mM NaCl and 1 mM 5-F-Trp20 M2TM 3 monomer in


50 mM phosphate buffer pH 8 containing: (a) 1 mM Am 1; (b) 10 mM


F-Am 2; (c) 1 mM F-Am 2; Annotations used: M4L, bound F-M2TM 3


tetramer peaks; M4, free F-M2TM 3 tetramer peaks; L, F-Am 2 peaks.


All spectra are averaged over 2048 scans.

icant increase in ellipticity at 223 nm in the CD spec-
trum. This change has been interpreted in terms of the
Trp41 indole ring experiencing an increasingly hydro-
phobic and/or rigid environment. The ellipticity change
is more pronounced upon binding Am 1, suggesting that
the peptide experiences a subtle conformational change.
It has been proposed that on going from acidic to neu-
tral conditions or from the monomeric to the tetrameric
state of M2TM, a reorientation of the indole ring
occurs; this movement of the Trp sidechain is possibly
governed by a favourable cation–p interaction between
His16 and Trp20.13,30


In the present study, a 19F-labelled tryptophan analogue
was used to investigate the monomer/tetramer equilib-
rium of M2TM in DPC micelles and the effects of drug
binding. Such an approach presents a risk of inducing
structural or electronic perturbations, but 19F-labelled
analogues are generally compatible with native struc-
tures, causing only small changes.25 According to the
NMR spectra presented in Figure 1e–h, under optimal
conditions for M2TM tetramer formation (pH 8 and a
DPC/M2TM molar ratio of 20) the only changes in
the F-M2TM peak were a significant broadening and
a small downfield resonance shift (0.3 ppm). In parallel
with the minor changes observed in CD spectra,15a dif-
ferences in the 19F spectrum were small but could never-
theless be used to follow the tetramerization of M2TM.
We interpret our experiments as indicating that the tet-
rameric state of F-M2TM 3 appears at pH 7, that is
�0.5 units below the pH at which tetramer formation
had previously been identified by CD for M2TM.15a


The 19F NMR spectra of F-Am 2 and Am 1 with 5-F-
Trp20 M2TM 3 in DPC micelles obtained at pH 5–6
(Fig. 2a and b) show two peaks at �132.9 and
�127.8 ppm, corresponding to F-Am 2 and F-M2TM
3, respectively. These signals are similar to those in sam-
ples containing only F-Am 2/DPC or peptide 3/DPC
(Fig. 1a and e), indicating that there is no special inter-
action between the drug and F-M2TM 3 at low pH. This
result was not unexpected, since M2TM exists mainly in
a monomeric state in DPC micelles below pH 7.5.15a


However, the ability of the extracellular domain of the
full-length M2 protein to form intersubunit cysteine
bridges indicates that the intact channel remains tetra-
meric under all conditions in native membranes. Thus,
the monomeric state observed for M2TM in DPC
micelles is an artefact of the non-native membrane-mi-
metic environment and the peptide model of the channel.


It has been proposed that at pH P7.5 in DPC micelles
Am 1 inserts into the pore of the M2TM channel, where
it is stabilized through favourable hydrophobic and po-
lar interactions.8b,11,19 At pH 8, 5-F-Trp20 M2TM 3
gave rise to a second fluorine signal at �124.6 ppm in
the presence of both Am 1 and F-Am 2 (Figs. 2c and
d; 3a–c). Since M2TM exists mainly as a neutral tetra-
mer above pH 7.5 in DPC micelles, this behaviour can
be interpreted in terms of the recovery of a peptide tet-
ramer conformation that is capable of binding to the
drug in a reversible manner; on addition of the ligand
the environment of 5-F-Trp-20 in the tetramer is altered,
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resulting in the new peak. Figure 2c indicates that
this signal began to manifest itself at pH 7. Consistent
with the previous observation on the spectra of the
F-M2TM/DPC vesicle system (Fig. 1e–h), this confirms
that a tetrameric state of the F-M2TM 3 peptide is at
least partially formed at pH 7.


The observation of two signals from F-M2TM suggests
that chemical exchange between the free and bound tet-
rameric states is slow compared with the chemical shift
difference between the two sites. This agrees with con-
ductivity experiments which showed that Am 1 is a rel-
atively strong inhibitor, exhibiting an almost irreversible
block with a binding constant of 3 · 106 M�1 and a very
low reverse reaction constant (3 · 10�4 s�1).3a Our re-
sults represent the first time that resonances from a com-
plex between amantadine analogues and an M2TM
receptor have been resolved by NMR. A significant frac-
tion of the F-M2TM 3 tetramer appears to remain un-
bound at pH 8 (Fig. 3a). Taking into account that the
molar ratio of Am 1 or F-Am 2 to F-M2TM 3 was 1
and that, according to the conductivity experiments,
Am 1 binds to M2TM in a first order reaction,3a this
suggests that a significant number of ligand molecules
diffuse into DPC micelles.


Synopsis. Our investigation used 19F labels and simple
1D NMR spectroscopy to study the interactions be-
tween Am 1 or F-Am 2 and F-M2TM 3 incorporated
into DPC micelles. Consistent with previous studies on
unfluorinated M2TM, F-M2TM 3 is not able to bind
the aminoadamantane ligand at pH 5–6, due to the for-
mation of a non-native monomeric state. Above pH 7,
F-M2TM 3 adopts a neutral tetrameric form that binds
the drug with high affinity. Under these conditions, two
separate NMR signals assigned to the free and bound
forms of the F-M2TM 3 tetramer were detected.


These results could possibly be used for SAR by
NMR22c,28 studies of the aminoadamantane series and
will guide new investigations into the formation of the
M2TM–drug complex. Since M2TM is also a minimal
model for the study of other viral ion channels and of
proton channel proteins in general,5 such experiments
would provide information about how ion channel/
blocker interactions can be described and possibly con-
tribute to the design of successful channel blockers.
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Clive A. Smith and Michael J. Wilson
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A potent and selective series of 2-amino-3,5-diarylbenzamide inhibitors of IKK-a and IKK-b is


described. The most potent compounds are 8h, 8r and 8v, with IKK-b inhibitory potencies of pIC50


7.0, 6.8 and 6.8, respectively. The series has excellent selectivity, both within the IKK family over


IKK-e, and across a wide variety of kinase assays. The potency of 8h in the IKK-a and IKK-b
enzyme assay translates to significant cellular activity (pIC50 5.7–6.1) in assays of functional and


mechanistic relevance.


Discovery of pyrazine carboxamide CB1 antagonists: The introduction of a hydroxyl group
improves the pharmaceutical properties and in vivo efficacy of the series


pp 3978–3982


Bruce A. Ellsworth,* Ying Wang, Yeheng Zhu, Annapurna Pendri, Samuel W. Gerritz, Chongqing Sun,
Kenneth E. Carlson, Liya Kang, Rose A. Baska, Yifan Yang, Qi Huang, Neil T. Burford, Mary Jane Cullen,
Susan Johnghar, Kamelia Behnia, Mary Ann Pelleymounter, William N. Washburn and William R. Ewing
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35


Structure–activity relationships for a series of pyrazine carboxamide CB1 antagonists are reported.


Pharmaceutical properties of the series are improved via inclusion of hydroxyl-containing


sidechains. This structural modification sufficiently improved ADME properties of an orally


inactive series such that food intake reduction was achieved in rat feeding models. Compound 35


elicits a 46 in ad libidum fed rats 4-h post-dose.


Identification and SAR of potent and selective non-peptide obeline somatostatin
sst1 receptor antagonists


pp 3983–3987


Thomas Troxler,* Daniel Hoyer, Daniel Langenegger, Peter Neumann, Paul Pfäffli,
Philippe Schoeffter, Dieter Sorg, Robert Swoboda and Konstanze Hurth*
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4g: pKd (sst1) = 9.67, (sst2) = 5.29 


The identification of a novel class of non-peptide somatostatin sst1 receptor ligands is described. Optimization of


positions 6 and 9 in these obeline-type compounds leads to functional antagonists with sub-nanomolar affinities to sst1


and >10,000-fold selectivities over the sst2 receptor subtype.
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SAR of the arylpiperazine moiety of obeline somatostatin sst1 receptor antagonists pp 3988–3991


Konstanze Hurth,* Albert Enz, Philipp Floersheim, Conrad Gentsch, Daniel Hoyer, Daniel Langenegger,
Peter Neumann, Paul Pfäffli, Dieter Sorg, Robert Swoboda, Annick Vassout and Thomas Troxler*
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31: pKd (sst1) = 9.15, (sst2) = 5.11 


The optimization of the arylpiperazine moiety in obeline-type somatostatin sst1 antagonists is


presented, leading to compounds with subnanomolar sst1 affinities and >10,000-fold selectivities


over the sst2 receptor subtype as well as promising pharmacokinetic properties.


Novel heterocyclic thyromimetics. Part 2 pp 3992–3996


Helmut Haning,* Ulrich Mueller, Gunter Schmidt, Carsten Schmeck,
Verena Voehringer, Axel Kretschmer and Hilmar Bischoff


Novel heterocyclic thyromimetics are presented carrying carboxy-substituted benzofurans or sulfur containing heterocycles, as


replacements for the amino acid side chain of T3. Potent agonists were identified in both series (e.g., 21 and 32.)


Cyclic benzamidines as orally efficacious NR2B-selective NMDA receptor antagonists pp 3997–4000


Kevin T. Nguyen,* Christopher F. Claiborne, John A. McCauley, Brian E. Libby, David A. Claremon,
Rodney A. Bednar, Scott D. Mosser, Stanley L. Gaul, Thomas M. Connolly, Cindra L. Condra,
Bohumil Bednar, Gary L. Stump, Joseph J. Lynch, Kenneth S. Koblan and Nigel J. Liverton
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29


A novel series of cyclic benzamidines was synthesized and shown to exhibit NR2B-subtype selective NMDA antagonist activity.


Compound 29 is orally active in a carrageenan-induced rat hyperalgesia model of pain.


Synthesis and preliminary evaluation of mono-[123I]iodohypericin monocarboxylic acid
as a necrosis avid imaging agent


pp 4001–4005


Humphrey Fonge, Lixin Jin, Huaijun Wang, Yicheng Ni, Guy Bormans and Alfons Verbruggen*
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The study describes the synthesis and preliminary biological evaluation of mono-[123I]iodohypericin monocarboxylic acid as a


potential tracer agent for in vivo visualization of necrosis by SPECT.
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Discovery of (S)-2-((S)-2-(3,5-difluorophenyl)-2-hydroxyacetamido)-N-((S,Z)-3-methyl-4-oxo-
4,5-dihydro-3H-benzo[d][1,2]diazepin-5-yl)propanamide (BMS-433796): A c-secretase
inhibitor with Ab lowering activity in a transgenic mouse model of Alzheimer�s disease


pp 4006–4011


C. V. C. Prasad,* Ming Zheng, Shikha Vig, Carl Bergstrom, David W. Smith, Qi Gao, Suresh Yeola,
Craig T. Polson, Jason A. Corsa, Valerie L. Guss, Alice Loo, Jian Wang, Bogdan G. Sleczka, Charles Dangler,
Barbara J. Robertson, Joseph P. Hendrick, Susan B. Roberts and Donna M. Barten*
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Potent and orally active benzodiazepinone-based c-secretase inhibitors with a narrow therapeutic range were identified.


The discovery of long acting b2-adrenoreceptor agonists pp 4012–4015


Alan D. Brown, Mark E. Bunnage, Paul A. Glossop,* Kim James, Rhys Jones,
Charlotte A. L. Lane, Russell A. Lewthwaite, Simon Mantell, Christelle Perros-Huguet,
David A. Price,* Mike Trevethick and Rob Webster
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The design and profile of a series of saligenin containing long acting b2-adrenoreceptor agonists is described. Evaluation of these


analogues using a guinea-pig tissue model demonstrates that analogues within this series have significantly longer durations of


action than salmeterol and have the potential for a once daily profile in human.


[1,3]Diazaheterofused isoindolol derivatives displaying anxiolytic-like effects on mice pp 4016–4021


Alejandro Zamilpa, Maribel Herrera-Ruiz, Esther Del Olmo,* José L. López-Pérez,
Jaime Tortoriello* and Arturo San Feliciano
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n = 1, 2, 3
A number of imidazo[2,1-a], pyrimido[2,1-a] and [1,3]diazepino[2,1-a]isoindolols have been tested in the elevated plus-maze test,


with significant anxiolytic-like results.


Ferulic acid and benzothiazole dimer derivatives with high binding affinity to b-amyloid fibrils pp 4022–4025


Seong Rim Byeon, Yun Jung Jin, Soo Jeong Lim, Ji Hoon Lee, Kyung Ho Yoo,
Kye Jung Shin, Seung Jun Oh and Dong Jin Kim*
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Inhibition of IGF-1R and lipoxygenase by nordihydroguaiaretic acid (NDGA) analogs pp 4026–4029


Joseph E. Blecha, Marc O. Anderson, Jennifer M. Chow, Christle C. Guevarra, Celia Pender,
Cristina Penaranda, Marianna Zavodovskaya, Jack F. Youngren* and Clifford E. Berkman*


2-Arylimino-5,6-dihydro-4H-1,3-thiazines as a new class of cannabinoid receptor agonists.
Part 1: Discovery of CB2 receptor selective compounds


pp 4030–4034


Hiroyuki Kai,* Yasuhide Morioka, Takami Murashi, Koichi Morita, Satomi Shinonome, Hitoshi Nakazato,
Keiko Kawamoto, Kohji Hanasaki, Fumiyo Takahashi, Shin-ichi Mihara, Tohko Arai, Kohji Abe,
Hiroshi Okabe, Takahiko Baba, Takayoshi Yoshikawa and Hideyuki Takenaka


Among the 2-arylimino-5,6-dihydro-4H-1,3-thiazines, the most potent compound 13 displays Ki values of >5000 and 9 nM to CB1


and CB2 receptors, respectively.


Synthesis and radiopharmacological characterization of [11C]AL-438 as a nonsteroidal
ligand for imaging brain glucocorticoid receptors


pp 4035–4039


Frank Wuest,* Torsten Kniess, Ralf Bergmann, Brian Henry and Jens Pietzsch
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The radiosynthesis and the radiopharmacological characterization of [11C]AL-438 as a nonsteroidal ligand for the glucocorticoid


receptor (GR) is reported.


Structure–activity relationships of bioisosteres of a carboxylic acid in a novel class
of bacterial translation inhibitors


pp 4040–4043


J. Craig Ruble, Brian D. Wakefield, Gregg M. Kamilar, Keith R. Marotti,
Earline Melchior, Michael T. Sweeney, Gary E. Zurenko and Donna L. Romero*
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31


To improve potency and reduce protein binding in a novel series of antibacterial translation


inhibitors, the SAR of carboxylic acid replacements and bioisosteres such as in compound 31 was


explored.
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Novel and potent 3-(2,3-dichlorophenyl)-4-(benzyl)-4H-1,2,4-triazole P2X7 antagonists pp 4044–4048


William A. Carroll,* Douglas M. Kalvin, Arturo Perez Medrano, Alan S. Florjancic, Ying Wang,
Diana L. Donnelly-Roberts, Marian T. Namovic, George Grayson, Prisca Honoré and Michael F. Jarvis
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The synthesis and in vitro characterization of a series of phenyltriazole P2X7 antagonists are described. Compound 12 was


discovered to be active in a rat model of neuropathic pain.


Synthesis of 7-thiaarachidonic acid as a mechanistic probe of prostaglandin H synthase-2 pp 4049–4052


Chris M. McGinley, Cyril Jacquot and Wilfred A. van der Donk*
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ERb ligands. Part 6: 6H-Chromeno[4,3-b]quinolines as a new series of estrogen
receptor b-selective ligands


pp 4053–4056


An T. Vu,* Alison N. Campbell, Heather A. Harris, Rayomand J. Unwalla,
Eric S. Manas and Richard E. Mewshaw
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A series of 6H-chromeno[4,3-b]quinolines has been prepared and displayed high affinity and moderate selectivity for estrogen


receptor beta.


Design, synthesis, and SAR of macrocyclic tertiary carbinamine BACE-1 inhibitors pp 4057–4061


Stacey R. Lindsley,* Keith P. Moore, Hemaka A. Rajapakse, Harold G. Selnick, Mary Beth Young,
Hong Zhu, Sanjeev Munshi, Lawrence Kuo, Georgia B. McGaughey, Dennis Colussi,
Ming-Chih Crouthamel, Ming-Tain Lai, Beth Pietrak, Eric A. Price, Sethu Sankaranarayanan,
Adam J. Simon, Guy R. Seabrook, Daria J. Hazuda, Nicole T. Pudvah,
Jerome H. Hochman, Samuel L. Graham, Joseph P. Vacca and
Philippe G. Nantermet*
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This Letter describes the design and synthesis of tertiary carbinamine macrocyclic


inhibitors of the b-secretase (BACE-1) enzyme. These macrocyclic inhibitors, some of


which incorporate novel P2 substituents, display a 2- to 100-fold increase in potency


relative to the previously described acyclic analogs while affording greater stability.
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Synthesis and characterization of a perchlorotriphenylmethyl (trityl) triester radical:
A potential sensor for superoxide and oxygen in biological systems


pp 4062–4065


Vinh Dang, Jinhua Wang, Song Feng, Christophe Buron, Frederick A. Villamena,
Peng George Wang and Periannan Kuppusamy*
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Perchlorotriphenylmethyl (trityl) triester radical: a potential sensor for superoxide and


oxygen in biological systems.


Synthesis and biodistribution of 8-iodo-11-(4-methylpiperazino)-5H-dibenzo[b,e][1,4]-
diazepine: Iozapine


pp 4066–4069


Alummoottil V. Joshua,* Sanjay K. Sharma, Alicia Strelkov, John R. Scott, Mathew T. Martin-Iverson,
Douglas N. Abrams, Peter H. Silverstone and Alexander J. B. McEwan
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8-Iodo-11-(4-methylpiperazino)-5H-dibenzo[b,e][1,4]-diazepine: Iozapine(2), a potential D4-receptor ligand was synthesized using


oxidative iododestannylation reaction. The preliminary biodistribution studies of radioiodinated iozapine have shown that the


compound is taken up in the brains of mice and rabbits.


Synthesis and biological activity of enantiomeric pairs of 5-vinylthiolactomycin congeners pp 4070–4074


Kohei Ohata* and Shiro Terashima
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Me
3: R2=Me; 4: R2=H
a: R1=H; b: R1=Me; c: R1=Et; 
d: R1=nPr; e: R1=nBu; f: R1=nHex


Among 3a–f, ent-3a–f, 4a–f, and ent-4a–f produced, (S)-3-demethyl-5-(pent-1-enyl)thiolactomycin derivative (ent-4d) exhibited


mammalian type I FAS inhibitory activity equal to that of C75, the potent inhibitor so far reported, with complete loss of in vitro


antibacterial activity.


Synthesis of marine alkaloid: 8,9-Dihydrocoscinamide B and its analogues as Novel class
of antileishmanial agents


pp 4075–4079


Leena Gupta, Archna Talwar, Nishi, Shraddha Palne, Suman Gupta and Prem M. S. Chauhan*
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A series of 8,9-dihydrocoscinamide B, its analogues and indolylglyoxylamide derivatives have been synthesized and screened for


their in vitro antileishmanial activity profile in promastigote and amastigote models.


3812 Contents / Bioorg. Med. Chem. Lett. 17 (2007) 3799–3813







Indexed/Abstracted in: Beilstein, Biochemistry & Biophysics Citation Index, CANCERLIT, Chemical Abstracts, Chemistry
Citation Index, Current Awareness in Biological Sciences/BIOBASE, Current Contents: Life Sciences, EMBASE/Excerpta
Medica, MEDLINE, PASCAL, Research Alert, Science Citation Index, SciSearch, TOXFILE


ISSN 0960-894X


OTHER CONTENTS


Summary of instructions to authors p I


*Corresponding author


Supplementary data available via ScienceDirect


COVER


Typical snapshot of 7b bound to HIV-RT from an MC simulation. Carbon atoms of 7b are gold; from the left, Tyr181, Tyr188,


Phe227, Leu100, Lys101; Trp229 at the top, Val106 at the bottom. H-bond with Lys101 O on right. Some residues in front including


Glu138 have been removed for clarity. The water on N5 is also H-bonded to a carboxylate O of Glu138. [Thakur, V. T.; Kim, J. T.;


Hamilton, A. D.; Bailey, C. M.; Domaoal, R. A.; Wang, L.; Anderson, K. S.; Jorgensen, W. L. Bioorg. Med. Chem. Lett. 2006, 16,
5664.]


Contents / Bioorg. Med. Chem. Lett. 17 (2007) 3799–3813 3813












Bioorganic & Medicinal Chemistry Letters 17 (2007) 4035–4039

Synthesis and radiopharmacological characterization of
[11C]AL-438 as a nonsteroidal ligand for imaging


brain glucocorticoid receptors


Frank Wuest,a,* Torsten Kniess,a Ralf Bergmann,a Brian Henryb and Jens Pietzscha


aInstitut für Radiopharmazie, Forschungszentrum Dresden-Rossendorf e.V., POB 51 01 19, D-01314 Dresden, Germany
bOrganon Laboratories Limited, Newhouse, Scotland, UK


Received 3 November 2006; revised 24 April 2007; accepted 25 April 2007


Available online 29 April 2007

Abstract—The radiosynthesis and the radiopharmacological characterization of [11C]AL-438 as a nonsteroidal ligand for the gluco-
corticoid receptor (GR) is described. Radiolabeling of the corresponding desmethyl precursor 10 with [11C]MeI gave [11C]AL-438 in
decay-corrected radiochemical yields of 30 ± 4% (based upon [11C]CO2) within 35 min at a specific radioactivity of 10–15 GBq/lmol


at the end-of-synthesis. The radiopharmacological evaluation of [11C]AL-438 involved biodistribution and small animal PET imag-
ing in rats, and autoradiography studies using rat brain sections. Biodistribution studies were performed in male Wistar rats and
demonstrated high radioactivity uptake in pituitary and brain. However, the inability of high dose corticosterone to block binding
would suggest that the radioactivity accumulation in the brain was not receptor-mediated.
� 2007 Elsevier Ltd. All rights reserved.

Glucocorticoids which are appropriately labeled with
the short-lived positron emitters 11C (t1/2 = 20.4 min)
and 18F (t1/2 = 109.8 min) would allow the noninvasive
in vivo imaging of brain glucocorticoid receptors
(GRs) by means of positron emission tomography
(PET). PET imaging of brain GRs would provide
important information on the neurobiological basis of
GR-mediated abnormalities of hypothalamo–pituitary–
adrenocortical (HPA) axis function and regulation,
which has been suggested to play a crucial role in the
pathogenesis of depression.1–5 The accumulating evi-
dence of the important role of brain GRs in several neu-
ropsychiatric disorders, such as severe depression and
anxiety, has stimulated research on PET radiotracers
for studying brain GRs in vivo over the last 15 years.
Research was mainly focused on steroidal glucocorti-
coids, and numerous attempts have been made to
synthesize GR-binding steroids labeled with the short-
lived positron emitter 18F6–13 and, to a lesser extent, with
11C.14 Despite the excellent in vitro GR binding of some
of the synthesized compounds, none of the investigated

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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compounds are suitable for imaging brain GRs either
due to their rapid in vivo defluorination and/or insuffi-
cient blood–brain-barrier penetration. Moreover, the
steroidal GR ligands used (e.g. RU486) often show
binding to other steroid hormone receptors, mainly to
the progesterone receptor (PR). The lack of selectivity
of some of the steroidal compounds has further limited
their use as selective GR tracers.


In contrast, recently identified nonsteroidal compounds
with high affinity and selectivity toward the GR provide
an interesting alternative for the design and synthesis of
PET radiotracers for GRs. Nonsteroidal GR-binding li-
gands comprise a broad structural variety. Prominent
examples of nonsteroidal GR ligands are structurally
based on dibenzyl anilines, N-arylpyrazolo-based li-
gands or benzopyrano-quinolines.15


A selection of structures for nonsteroidal GR ligands
and the steroidal GR ligand RU486 is given in Figure 1.


Among the reported benzopyrano-quinolines, AL-438
was identified as one of the first compounds showing
both, high affinity and selectivity for the GR.16 More-
over, the methoxy group at position 10 of AL-438 makes
this compound an attractive candidate for isotopic
labeling with 11C through a methylation reaction of
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Figure 1. Structures of nonsteroidal GR ligands15 and RU486.
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the corresponding desmethyl precursor with [11C]methyl
iodide.


In this paper we describe the radiosynthesis and radio-
pharmacological evaluation of [11C]AL-438 as a first
example of a nonsteroidal PET radiotracer for imaging
brain glucocorticoid receptors.


The synthesis of labeling precursor 10 and AL-438 as
reference compound is depicted in Figure 2.


A suitable starting material for synthesis of compounds
10 and AL-438 is tetracyclic lactone 6, which was pre-
pared according to literature procedure.16 The phenolic
OH-group at position 10 was protected as silyl ether
using TBDMSCl and KOtBu as the base in DMF in
65% yield. The TBS-protected tetracyclic compound 7
was further functionalized at position 5. For this pur-
pose lactone 7 was subjected to a controlled reduction
using DIBAL in toluene followed by acid-catalyzed
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Figure 2. Reagents: (a) TBDMSCl, KOt-Bu, DMF, 65%; (b) DIBALH,


toluene; (c) MeOH, TsOHÆH2O, 58% for two steps; (d) allyltrimeth-


ylsilane, BF3ÆEt2O, 95%; (e)TBAF, 68%; (f) Cs2CO3, MeI, 73%.

methanolysis affording methyl acetal 8 in 58% yield for
both steps.


Treatment of methyl acetal 8 with allytrimethylsilane in
the presence of the Lewis acid BF3ÆEt2O afforded allylat-
ed product 9 in excellent 95% yield. Removal of the
TBS-ether protecting group in 9 succeeded through
treatment with TBAF in 68% yield to give compound
10 as labeling precursor. Subsequent treatment of desm-
ethyl precursor 10 with Cs2CO3 as the base in the pres-
ence of an excess of MeI afforded AL-438 in 73% yield.
The total yields of desmethyl precursor 10 and reference
compound AL-438 were 24% and 18%, respectively,
based upon compound 6.


The radiosynthesis of [11C]AL-438 is shown in Figure 3.


The radiolabeling was accomplished by a methylation
reaction of desmethyl precursor 10 with [11C]methyl io-
dide. The radiosynthesis of [11C]AL-438 was performed
in a remotely controlled synthesis apparatus (Nuclear
Interface, Münster). [11C]Methyl iodide was prepared
starting from [11C]CO2 according to Crouzel and co-
workers.17 [11C]Methyl iodide was transferred in a
stream of nitrogen into the reaction vessel containing
the sodium salt of desmethyl precursor 10 (1 mg) in
DMF (400 ll) and 5 N NaOH (30 ll) at �20 �C. The
formation of the sodium salt of 10 could easily be mon-
itored by the yellow color of the DMF solution. After
completion of the [11C]MeI transfer, the reaction vessel
was sealed and heated at 100 �C for 5 min. The reaction
mixture was diluted with eluent (1 ml) and the mixture
was transferred from the reaction vessel onto a semi-
preparative C-18 column (83:17 acetonitrile/water
containing 0.1% ammonium formate, 4 ml/min). The
fraction eluting at 9–11 min was collected, diluted with
water (10 ml), and passed through a C-18 Sep-Pak Light
cartridge. The cartridge was washed with water (5 ml)
and the product was eluted with ethanol (0.5 ml).
Addition of 0.9% saline (9.5 ml) gave 5% EtOH solution
in saline suitable for the animal experiments.


In a typical experiment, 30 GBq of [11C]CO2 could be
converted into 3.0 GBq of [11C]AL-438 (30 ± 4% de-
cay-corrected radiochemical yield) after HPLC purifica-
tion at a specific radioactivity of 10–15 GBq/lmol at the
end-of-synthesis within 35 min. The radiochemical pur-
ity exceeded 95%.


The biodistribution results18 of [11C]AL-438 in normal
and corticosterone pretreated male Wistar rats are de-
picted in Table 1.
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Figure 3. Radiosynthesis of compound [11C]AL-438.







Table 1. Radioactivity expressed as percent injected dose per gram tissue in different organs after single intravenous injection of 20 MBq of [11C]AL-


438 in 0.5 ml saline with 2% ethanol


%ID/g tissue (time p.i.) Control Blocked


5 min 60 min 5 min 60 min


Blood 0.52 ± 0.10 0.60 ± 0.19 0.52 ± 0.07 0.74 ± 0.30


Rest of brain 1.52 ± 0.41 0.56 ± 0.10 1.46 ± 0.21 0.61 ± 0.14


Cortex 1.67 ± 0.32 0.60 ± 0.18 1.55 ± 0.23 0.74 ± 0.11


Cerebellum 1.39 ± 0.37 0.53 ± 0.06 1.46 ± 0.26 0.64 ± 0.11


Hippocampus 1.30 ± 0.34 0.61 ± 0.09 1.35 ± 0.29 0.68 ± 0.11


Pituitary 2.49 ± 0.69 1.77 ± 1.04 2.45 ± 0.93 1.76 ± 0.82


Adrenals 7.63 ± 1.38 4.40 ± 1.07 8.68 ± 1.19 3.80 ± 0.34


Pancreas 2.79 ± 0.55 1.99 ± 0.48 2.81 ± 0.38 1.43 ± 0.19


Spleen 0.97 ± 0.16 1.06 ± 0.26 1.21 ± 0.18 0.91 ± 0.28


Kidneys 1.72 ± 0.32 1.19 ± 0.29 2.06 ± 0.11 1.13 ± 0.08


Fat 1.19 ± 0.42 3.11 ± 1.30 1.51 ± 0.32 2.43 ± 0.37


Brown fat 5.22 ± 2.50 8.54 ± 1.43 5.00 ± 1.09 7.44 ± 1.57


Muscle 0.94 ± 0.29 0.59 ± 0.08 0.90 ± 0.11 0.52 ± 0.06


Heart 1.70 ± 0.38 0.75 ± 0.15 1.91 ± 0.43 0.67 ± 0.06


Lungs 1.44 ± 0.35 1.11 ± 0.21 1.44 ± 0.11 1.03 ± 0.20


Thymus 1.57 ± 0.47 1.48 ± 0.32 1.46 ± 0.38 1.60 ± 0.43


Harderian glands 1.68 ± 0.32 3.35 ± 0.92 1.65 ± 0.0.35 2.87 ± 0.63


Liver 2.65 ± 0.38 2.54 ± 0.54 3.04 ± 0.54 3.84 ± 1.46


Femur 0.90 ± 0.20 0.88 ± 0.15 0.85 ± 0.07 0.70 ± 0.12


Testis 0.47 ± 0.14 0.52 ± 0.15 0.43 ± 0.11 0.50 ± 0.08


n = 4 for each time point; p.i., post injection.
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The radioactivity concentration in the blood remains
stable over time reaching the maximum 5 min post injec-
tion (p.i.). The highest initial radioactivity uptake was
observed in the adrenals (7.63 ± 1.38% ID/g at 5 min)
which decreased to 4.40 ± 1.07% ID/g at 60 min. Com-
pared to other tissues and organs relatively high radio-
activity concentration was further found in the
pancreas, liver, and brown fat. The pituitary as target
organ known to express high levels of GRs showed high
radioactivity uptake of 2.49 ± 0.69% ID/g at 5 min
which was slightly reduced to 1.77 ± 1.04 ID/g after
60 min. In all organs, excluding the adrenals, changes
of the activity concentration within the first hour after
injection were relatively low. The compound readily
penetrates the blood–brain barrier as shown by the rel-
atively high radioactivity concentration in selected brain
regions, like cortex, hippocampus, and cerebellum.
However, radioactivity was steadily washed out from
the brain over time reaching comparable radioactivity
levels in the cortex (0.60 ± 0.18% ID/g), hippocampus
(0.61 ± 0.09% ID/g) and cerebellum (0.53 ± 0.06% ID/g)
at 60 min p.i.


The blocking experiments with corticosterone were per-
formed to study glucocorticoid binding site-mediated
uptake. However, no change of radioactivity concentra-
tion was observed for the GR-rich target organs (adre-
nals, thymus), the pituitary and selected brain regions
(cortex and hippocampus). Thus, it can be concluded
that the observed radioactivity uptake is not receptor-
mediated and the biodistribution reflects predominantly
nonspecific distribution of compound [11C]AL-438. This
is in keeping with the calculated high lipophilicity of this
compound (logP 6.13).


This finding may be explained by the fact that in this
study normal nonadrenalectomized rats were used.

Consequently, the endogenous adrenal steroid capacity
of the animals was high during the experiments which
might have prevented sufficient blocking of radiotracer
uptake. It is known that under normal conditions the
GRs are occupied through endogenous corticosterone
by 28%.19 The effect of plasma corticosterone level in
normal rats (423 ± 23 ng/mg) and in adrenalectomized
rats (23 ± 3 ng/mg) was discussed recently.14 The almost
30% occupancy of the brain GR binding sites by endog-
enous corticosterone in addition to the rather low spe-
cific activity of AL-438 (5 GBq/lmol at the time of
injection) probably caused a substantial saturation of
the binding sites which may have prevented a measur-
able blocking effect.


Our data on the competition binding of AL-438 and the
potent antiprogestin RU486 for GR and PR (Table 2)
are in agreement with the proposed GR binding affinity
and selectivity properties of AL-438. The binding affin-
ity of AL-438 is lower but still in a comparable range
to that of the high affinity GR/PR ligand RU486. How-
ever, AL-438 demonstrates lower binding to the PR
compared to RU486 resulting in an improved GR selec-
tivity profile toward the PR. The calculated logP values
(6.13 for AL-438 and 4.84 for RU486, respectively) re-
flect a high lipophilicity for both compounds, being
especially high for the nonsteroidal compound AL-438.
The high logP value for compound AL-438 agrees with
the biodistribution profile of a highly lipophilic
compound.


Figure 4 shows an autoradiogram of the in vivo distribu-
tion of [11C]AL-438 in the median horizontal plane of
the rat brain at 5 min after injection.20 High radioactiv-
ity concentration was detected in the cortex and tha-
lamic region. The observed regional radioactivity
accumulation is in agreement with the results reported







Table 2. Competition binding of AL-438 or RU486 at GR and PR.


Binding data were generated using fluorescence polarization assay kits


available from Invitrogen (PolarScreen Glucocorticoid Receptor


Competitor Assay Kit, Green and PolarScreen Progesterone Receptor


Competitor Assay Kit, Green)


Compound GR PR logP


AL-438 8.1 ± 0.21 6.9 ± 0.17 6.13


RU486 8.6 ± 0.01 7.8 ± 0.16 4.84


Data are expressed as pEC50 with 95% confidence interval of the mean


of N = 3 determinations. RU 486 was purchased from Sigma. Calcu-


lated logP values are based on ACDLab predictions.


Figure 4. Digital autoradiograph of a rat brain section at 5 min after


single iv administration of [11C]AL-438.


Figure 5. Sagittal, coronal, and transaxial images of a male Wistar rat


brain after intraveneous injection of 30 MBq of [11C]AL-438.
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by Ahima et al. using 3H-labeled corticosteroids. In this
study the authors report high densities of GRs in all re-
gions of the cerebellar cortex.21


Small animal PET imaging with [11C]AL-438 was per-
formed using a microPET� P4 primate model scanner
(CTI Concorde Microsystems Inc., Knoxville, TN).
The raw data were sorted into 3D sinograms followed
by Fourier re-binning and two-dimensional ordered sub-
sets expectation maximization (OSEM) image recon-
struction. No correction for recovery and partial
volume effects was applied. General anesthesia of the
animal was induced and maintained by inhalation of
halothane (3%) and N2O (65%) in O2. The animal was
positioned with the brain in the center of the 22 cm
transaxial and 8 cm axial field of view (FOV) of the
scanner. The rat was injected with 30 MBq of [11C]AL-
438 via the tail vein and sacrificed at 2 h p.i. by intrave-
nous application of KCl. The rat was scanned for
50 min, and the raw data were sorted into 30 frames
with photon attenuation correction. Two-dimensional
projections of sagittal, transversal, and coronal small
animal PET images are displayed in Figure 5.


The brain is clearly visible in the microPET images,
which is consistent with the obtained regional brain dis-
tribution data. The initial high radioactivity uptake in
the brain declined over time. Summation of frames be-
tween 30 and 60 min shows local accumulation of radio-
activity consistent with the regional radioactivity
distribution found in the ex vivo autoradiography.


In summary, 11C-labeled nonsteroidal glucocorticoid
[11C]AL-438 as novel potential ligand for studying brain

GRs could be conveniently synthesized in sufficient
radiochemical yield via 11C-methylation of the
corresponding desmethyl precursor 10. Compound
[11C]AL-438 represents the first example of a nonsteroi-
dal glucocorticoid ligand labeled with a short-lived
positron emitter. The radiopharmacological investigation
of [11C]AL-438 showed promising brain uptake and accu-
mulation in brain region known to express high levels of
GRs. However, the failure to demonstrate effective block-
ade by corticosterone pre-treatment suggests that the up-
take of [11C]AL-438 into target tissues may not be GR-
mediated. For further experiments, optimization of the
benzopyrano-quinolines-based lead structure will be nec-
essary to reduce the lipophilicity. For this purpose several
recently described novel ligands bearing a sulfonamide
moiety22 should be envisaged for further 11C and 18F
radiolabeling experiments to provide compounds with
high affinity and selectivity for the GR while showing a
significantly reduced lipophilicity.
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Abstract—A new class of estrogen receptor beta (ERb) ligands based on the 6H-chromeno[4,3-b]quinoline scaffold has been pre-
pared. Several C7-substituted analogues displayed high affinity and modest selectivity for ERb.
� 2007 Elsevier Ltd. All rights reserved.

Estrogens are known to play a crucial role in mamma-
lian reproductive system and also in many other non-
reproductive organs such as skeletal, cardiovascular,
and central nervous systems.1 Estrogens exert their
effects mainly by interactions with the estrogen receptor
(ER), which is ligand-activated transcription factor and
belongs to a superfamily of nuclear hormone receptors.
The unexpected discovery of a second subtype of estro-
gen receptor, estrogen receptor beta (ERb)2, in 1996
necessitated renaming of the first estrogen receptor
ERa. Because ERb possesses unique tissue distribution
patterns and transcriptional properties from those of
ERa,3 its discovery has prompted intense research to
investigate ERb as a potential new drug target4 as well
as to develop novel, tissue and cell-selective estrogens.5


Recently, studies from Wyeth laboratories have demon-
strated certain therapeutic potentials of ERb-selective
ligands.6


Although the ligand binding domains (LBD) of ERa
and ERb share only modest homology (58% identity),
their ligand binding cavities are highly conserved, differ-
ing by only two amino acid residues (ERa Leu384 is re-
placed by ERb Met336, and ERa Met421 is replaced by
ERb Ile373).7 While this slight difference in the binding
cavities poses a great challenge in developing ER sub-
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type-selective ligands, medicinal chemistry efforts from
our laboratories and others in recent years have yielded
a number of structural motifs with impressive ERb
selectivity.8


We recently reported a series of 2-phenylquinoline ERb-
selective ligands,9 which was developed based on the
6-phenylnapthalene scaffold.10 The best compound in
this report was 4 (Scheme 1), which exhibited ERb bind-
ing IC50 value of 3.4 nM and 83-fold selectivity for ERb.
Docking of 4 into the ligand binding domain of the ERb
LBD/6-phenylnapthalene 3 cocrystal structure10 placed
the bromo group in close proximity to the ERb
Ile373! ERa Met421 residue substitution (Fig. 1A), sug-
gesting that the observed ERb selectivity of 4 may be
due to a differential interaction of the bromo group with
these amino acid residues.9,12 The docked structure of 4
also revealed a 16� dihedral angle between the pendant
phenyl ring and the quinoline core. We anticipated that
locking this dihedral angle by introducing a ring would
restrict the rotational freedom about the bond connect-
ing the two aryl planes, and generate a rigid quinoline
framework that would mimic the docked conformation
of 4. This anticipation led us to investigate the 6H-chro-
meno[4,3-b]quinoline scaffold (Scheme 1). To retain
similar geometrical arrangement as that of the 2-phenyl-
quinoline, a hydroxyl group will be placed at positions 3
and 9, which are known to be essential for binding to
ER. Docking of 6H-chromeno[4,3-b]quinoline-3,9-diol
7 (R = Br) into the ERb LBD/3 binding pocket reveals
a 13� torsion angle between the phenyl ring and the
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quinoline core (Fig. 1B), which is similar to the dihedral
angle of the docked 4. Overlaying docked structures of 4
and 7 shows a near perfect alignment (Fig. 1B). In
addition, a variety of functional groups including
electronegative, aliphatic, and aromatic substituents
will also be introduced at position 7, which corresponds
to position 4 of the 2-phenylquinoline scaffold and
has been shown to be the preferred position to gain
ERb selectivity and/or binding affinity (Scheme 1 and
Fig. 1B).9 Herein, we describe the synthesis and struc-
ture–activity relationships of this novel series of 6H-
chromeno[4,3-b]quinolines.


All 6H-chromeno[4,3-b]quinolines in Table 1 were
synthesized as shown in Schemes 2 and 3. The synthesis
began with alkylation13 of 3-methoxyphenol and subse-
quent intramolecular Friedel–Crafts acylation14 of the
resulting 3-(3-methoxyphenyl)-propionic acid to give
7-methoxychroman-4-one (Scheme 2).15 The construc-
tion of the 6H-chromeno[4,3-b]quinoline core was

B
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Figure 1. (A) Compound 4 docked to ERb LBD/3 complex; (B) Overlaying o


Calculations were performed as described in Ref. 11. Only key residues and

carried out using the Niementowski modification of
the Freidländer synthesis.16 Thus, condensation of
7-methoxychroman-4-one and 5-methoxyanthranilic
acid gave 5. Subsequent reaction with phosphorus oxy-
chloride, followed by removal of the methyl protecting
group, afforded the 7-chlorochromenoquinoline 6.
Treatment of 5 with phosphorus oxybromide, followed
by demethylation furnished the bromo analogue 7.


Compound 7 was also the common intermediate from
which a number of 7-substituted 6H-chromeno[4,3-
b]quinolines could be prepared using various transition
metal-mediated cross-coupling reactions (Scheme 3).
Thus, heating 7 with copper cyanide gave the cyano ana-
logue 8, whereas Stille coupling of 7 with tribu-
tyl(vinyl)tin afforded the vinyl derivative 9. Similarly,
reaction of 7 with (trimethylsilylethynyl)tributyltin17 fol-
lowed by desilylation yielded the alkynyl compound 10,
which upon reduction furnished the ethyl analogue 11.
Suzuki reaction of 7 with substituted phenylboronic
acids provided targets 12–18.


The 7-substituted 6H-chromeno[4,3-b]quinolines were
evaluated in a competitive radioligand binding assay
measuring the relative binding affinity (IC50) of the com-
pounds for the human ERa and ERb LBD.18 Results
are presented in Table 1. As expected, endogenous
ligand 17b-estradiol bound equally well to both ER
isoforms in this assay.


The chloro analogue 6 exhibited high ERb binding affin-
ity (3.3 nM IC50) comparable to that of 17b-estradiol,
and a respectable ERb selectivity (27-fold). Larger elec-
tronegative bromo substituent of 7 and electron-with-
drawing cyano group of 8 also showed strong affinity
for ERb (nanomolar ERb IC50 values), but with slightly
lowered selectivity. Small aliphatic groups such as vinyl
(9), alkynyl (10), and ethyl (11) all showed some ERb
selectivity, although with considerably weaker binding
affinities. This affinity reduction for both ER isoforms
may be attributed to a greater desolvation penalty
caused by the increased basicity of the quinoline core
in the absence of an electron-withdrawing substituent
of analogues 9–11 (relative to derivatives 6–8). Phenyl
groups of analogues 12–18 bearing either electron-rich
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Table 1. Binding affinity for human ERa and ERb ligand binding domain
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are for a single determination only.
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or electron-deficient substituents did not offer any
further improvement in either binding affinity or
selectivity.


Compared to the corresponding 2-phenylquinolines (19–
24, Table 1),9 the chromenoquinolines (6–11) generally
showed a similar SAR trend. However, they appeared
to exhibit slightly stronger affinity for both ER isoforms.
This affinity enhancement may be attributed to a favor-
able hydrophobic effect and van der Waals interactions

between the methylene moiety of the chromane ring
and surrounding hydrophobic residues.


In summary, we have identified the 6H-chromeno[4,3-b]
quinolines as a new series of ERb selective ligands,
which was developed by rigidifying the 2-phenylquino-
line framework. Analogues with halogen or cyano sub-
stitution at the C7 position displayed high binding
affinities (comparable to that of 17b-estradiol) and were
moderately selective toward the ERb receptor. Our
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current efforts focus on multiple substitution strategy to
maximize ERb binding affinity and/or selectivity.
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Abstract—A novel 5,4-dialkyl substituted thiophene was discovered by in silico screening of the 3D polymerase crystal structure
(1GX6) that demonstrated single digit micromolar HCV inhibition activity in the replicon assay and dose-dependent inhibition
in the replicase complex assay. Subsequently, SAR was explored with a small set of dialkyl and tetrahydro-benzo thiophenes. Since
these thiophenes inhibit synthesis of both, single- and double-stranded RNAs, their mechanism of action is distinct from other
known HCV inhibitors.
� 2007 Elsevier Ltd. All rights reserved.

In the USA alone there are an estimated four million
carriers of the RNA virus Hepatitis C, 80% of which will
develop chronic symptoms and 20–30% will progress on
to the end-stage liver diseases. Current treatment results
in a sustained response rate in about 50% patients.1 The
need for a drug that is well tolerated and targets HCV
directly motivates continued drug discovery efforts such
as the one presented here.


Hepatitis C is a member of the Flaviviridae family and
exists in six known genotypes and over 12 subtypes.2


The HCV RNA dependent RNA polymerase (RdRp,
NS5B) is a key enzyme in the viral life cycle and cata-
lyzes RNA polymerization.3 Recent clinical studies of
HCV NS5B inhibition by non-nucleoside and active site
nucleoside analogs have validated the HCV RdRp as a
therapeutic target.4


Multiple crystallographic structures of HCV NS5B have
been solved to date5–10 and reveal a common polymer-
ase 3D structure that resembles a right hand made up
of fingers, thumb, and palm domains (Fig. 1). It includes
an active site that is enclosed by the finger and thumb
domains. In addition, a b-hairpin loop that is unique
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to HCV NS5B protrudes into the active site binding
pocket which likely aids in positioning the 3 0 end of
the RNA template.11 The hydrophobic C-terminal tail
is believed to act as a membrane anchor and help in
modulating the RNA synthesis as well.12 Two divalent
metal ions coordinated in the palm region drive the
polymerization reaction.13–15 One ion stabilizes the tri-
phosphate group of the incoming nucleotide, while the
other is positioned to activate the 3 0 hydroxyl group of
the growing RNA chain for nucleophilic attack. This
polymerization process can proceed in the absence of a
primer and from a single nucleotide in vitro.16,17


X-ray crystallography and mutational mapping studies
provide evidence for multiple non-nucleoside inhibitor
binding sites in and around the thumb domain.18–23 A
shallow binding pocket that binds at least three distinct
chemotypes is found at the outer base of the thumb do-
main, 30 Å away from the active site. Binding of di-
substituted phenyl-alanines, thiophene-2-carboxylic
acids, and cyclopentyl dihydropyran-ones is found to
be mutationally sensitive to Met423. Two distinct benz-
imidazole analogs interact with a highly conserved
Pro495 and share another allosteric, low affinity GTP
binding site, at the top of the thumb domain. Benzothi-
adiazines and proline sulfonamides are found to bind in
a pocket at the inner surface of the thumb and muta-
tions to Met414 confer resistance to the benzothiadi-
azine series. Substituted benzofurans are found to bind
on the interior of the RdRp palm region interacting with
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Figure 1. HCV NS5B polymerase: thumb, palm, and fingers domains
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Arg200 and loop residues 364–368, a hinge region that is
closed in the apo form of the enzyme but open upon
binding of the inhibitor. Resistance to the benzofurans
is conferred by mutations to Val201 and Cys316. Final-
ly, pyrophosphate mimics bind in the palm region and
presumably interact with bound metal ions to disrupt
binding of incoming RNA nucleotides or activation of
the elongating RNA chain. It is noteworthy that, unlike
nucleosides that are chain elongation inhibitors, all the
known non-nucleoside HCV polymerase ligands are
chain initiation inhibitors.


We used virtual screening to dock a library of available
lead-like compounds in the thumb domain of HCV
NS5B for selection and purchase of novel putative li-
gands. In order to identify HCV/NS5B inhibitors, the
purchased compounds were evaluated in an HCV repli-
case complex (RC) assay24,25 (cell-free) and HCV repli-
con assay26 (cell-based). As opposed to the use of
recombinant NS5B in the biochemical assay, RC assay
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Figure 2. Literature procedure for synthesis of amino thiophenes.

utilizes NS5B within the replicon complex that is iso-
lated from the replicon containing cells. This assay has
been used to determine NS5B inhibition potency of sev-
eral compounds.26–30 Subsequently, one of the active
compounds identified was followed-up by applying sub-
structure and similarity searches and in-house synthesis
of analogs.


A database of lead-like compounds used for virtual
screening was derived from an initial pool of about
two million compounds from the Specs & BioSpecs,
Bionet, Microsource, Available Chemicals Directory
(ACD), Nanoscale, ChemDiv, Orion, Asinex, Interbio-
screen, Timtec, and Chembridge databases. Tripos
SLN Filters32 were used to remove duplicates and reac-
tive functionalities and to select compounds according
to the following criteria; compounds containing at least
one ring, 61 chiral center, 68 rotatable bonds, 275–400
molecular weight, and C logP 63.5. This resulted in a
library of 90,000 molecules. In preparation of the mole-
cules for docking, Schrodinger utilities were used to strip
salts, neutralize, and ionize compounds at the physiolog-
ical pH before energy minimization to a low energy
conformer.


The 3D structure of HCV NS5B (1GX6)6 was prepared
for virtual screening by deleting the UTP ligand and
mutating seleno-methionine residues to methionines.
This was followed by energy minimization of the model
with the impref utility of Schrodinger suite of soft-
ware.33 The PRCG method was used with a maximum
number of iterations set to 10,000 and gradient conver-
gence criteria set at 0.05 kJ/A mol. The force field used
was OPLS-AA with the GB/SA implicit solvent treat-
ment at a constant dielectric of 1.0. Next, Glide34,35


was used to calculate grids with a 20 Å bounding box
centered on residues 421, 422, and 426 and an enclosing
box to fit ligands with up to 30 Å length that enclosed
the entire thumb region.


Compounds were docked flexibly using Glide, allowing
generation of up to 5000 initial conformations and
refinement of 400 poses per ligand with the best scoring
pose retained for each ligand. The virtual screening
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Figure 3. Dialkyl substituted thiophene inhibitors of HCV.
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calculation was performed with impact-v20012 on a Li-
nux cluster of four dual processor computers.


Docked ligands were found to cluster in the three known
binding sites of the thumb domain. The top 1318 ligands
that scored �7.17 (glide score) or better were visually in-
spected to select and purchase a structurally diverse set
of 50 putative ligands, encompassing the known binding
sites. Subsequently, purchased compounds were tested
in the RC and replicon assays.


The previously described RC assay24,25 was modified as
following: various concentrations of compounds were
incubated with membrane fractions containing HCV
replicase complexes isolated from HCV replicon cells
in the reaction buffer at 30 �C for 30 min. Viral RNA
synthesis was then initiated by adding ATP, GTP,
UTP, and [a-32P]CTP. After incorporation of nucleo-
tides at 30 �C for 60 min, the reaction was stopped
and RNA was isolated with TRIzol LS Reagent (Invit-
rogen). The isolated RNA was resolved by electrophore-
sis on a 1% agarose gel, dried, and visualized by
autoradiography (Fig. 4).


Previously described replicon assay31 was modified to
use firefly luciferase as the reporter. Serially diluted com-
pounds were added to the replicon cells seeded in 96-well
plates. The 72 h long treatment was followed by measur-
ing anti-HCV activity of the tested compounds with
Blight-Glo luciferase assay kit (Promega) and the cellu-
lar toxicity was measured with CellTiter 96 Aqueous
One Solution (Promega) Table 1.


The most active hit identified (compound 1) caused a
dose-dependent inhibition in the RC assay (IC50 50–
100 lM). Following up the initial hit, available analogs
of compound 1 were purchased to explore electronic
properties of the substituents at thiophene 3-position
and steric properties of substituents at thiophene 4-
and 5-positions. In addition, two aminothiophenes, 3
and 4, were synthesized in-house following the literature
procedure.36 3-Pentanone, sulfur, and ethylcyanoacetate
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were refluxed together in ethanol in the presence of pyr-
rolidine for 6 h (Fig. 2). All the volatiles were evapo-
rated and the residue was purified by chromatography
on silica gel to give the aminothiophene I. The amino
group was then converted to the amide using 3-phenyl-
propionylchloride to give compound 3 followed by
hydrolysis of the ester group to give the corresponding
carboxylic acid, compound 4.


The resulting follow-up set led to limited SAR data cap-
tured in eight additional compounds (Fig. 3). Replace-
ment of the amide function in compound 1 by a cyano
(compound 2) results in >2· improvement in potency
in the RC assay. Because of their structural similarity
to known thiophene-2-carboxylic acid inhibitors of
HCV NS5B,37 in addition to the amide and cyano
compounds available for purchase, the ethyl ester (com-
pound 3) and carboxylic acid (compound 4) at the 3-po-
sition were synthesized in-house. Surprisingly, the acid
and ethyl ester were found to be inactive in the RC as-
say. These results imply that the dialkyl substituted







Table 1. Substituents, HCV replicon, and cell-free assay EC50 results for compounds 1–5 and 6–9


Compound A B HCV replicon EC50 (lM) mean (SD)a HCV replicase complex IC50 (lM)


4,5-Dialkyl analogs


1 CONH2 Et 0.92 (0.67) 50–100b


2 CN Et 1.66 (0.79) 25c


3 COOEt Et ND >100


4 COOH Et ND >100


5 CONH2 Me ND >100


4,5,6,7-Tetrahydro-benzo analogs


6 CONH2 H ND >100


7 CONH2 Me ND >100


8 CONH2 Et 1.95 (0.90) 30–50b


9 CN Et ND >100


HCV replicon assay. ND, not determined.
a Values are means of three experiments. HCV RC assay: single point (100 lM) experiment, IC50 estimated from single-strand band intensity


reduction on gel; 50%!�100 lM, 75%!�50 lM, 92.5%!�25 lM.
b Ranges reflect N = 2.
c Five point 2· dilution experiment; 100–6.25 lM.
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thiophenes have a distinct binding mode or location
from that of the previously reported thiophene-2-car-
boxylic acid HCV NS5B inhibitors.


The inhibition activity of the thiophenes displays a
remarkable sensitivity to the aliphatic substituent
changes. Loss of activity was found for simple substitu-
tions of a methyl group for an ethyl at the 4 (acyclic) or
6 (cyclic) position (compounds 1/5 and 7/8), while activ-
ities of the 4-Et/5-Me (acyclic) and 6-Et (cyclic) substi-
tuted analogs were comparable (compounds 1 and 8)
in the RC assay. Perhaps, this could be explained by a
shape complementarity between aliphatic substituents
and a hydrophobic region of the binding pocket.


It is noteworthy that in addition to inhibiting single-
stranded (SS) RNA synthesis, these dialkyl thiophenes
inhibited double-stranded (DS) RNA synthesis. We have
previously reported that the benzothiadiazine and benz-
imidazole NS5B non-nucleoside inhibitors, binding to
two different sites, block SS RNA synthesis and have
rather little effect on DS RNA synthesis.25 Therefore, as
expected, benzothiadiazine (the positive control) in the
current experiment completely inhibited SS RNA synthe-
sis with very little effect on the DS RNA synthesis (Fig. 4,
compare lane 2 to lane 1 in (a) and compare lane 7 to lane 1
in (b)). Among six amino-thiophenes tested, two (com-
pounds 8 and 2) showed a nearly complete inhibition of
SS RNA at the highest concentration tested. However,
unlike benzothiadiazine, these thiophenes inhibited DS
RNA synthesis as well (Fig. 4a and b, compare lane 6 to
lane 2 in (a) and compare lane 2 to lane 7 in (b)). These re-
sults suggest that dialkyl thiophenes inhibit NS5B via a
mechanism different from the other two chemotypes, war-
ranting for further studies.


The compounds active in the RC assay were also evalu-
ated in the HCV replicon assay (Table 1). Lower than
expected EC50 values are partly derived from the cellular
toxicity because the therapeutic window (CC50/EC50) for
these compounds is less than 10 (3–9).


The observed activity of dialkyl thiophenes in the repli-
con and RC assays suggests inhibition of HCV/NS5B

and the limited SAR explored further supports interac-
tion of compounds with a well-defined binding site. In
addition, inhibition of both single- and double-stranded
RNA synthesis represents a unique mechanism for the
potential treatment of HCV infection. These novel
inhibitors are amenable to parallel synthesis exploration
and offer a reasonable starting point for further drug
discovery efforts.
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The phosphoinositide-dependent kinase-1 (PDK1) is a
Ser/Thr kinase that is a key activator of a number of
protein kinases in the AGC kinase super-family that
play important roles in the progression of cancer, such
as Akt, S6 kinase, and protein kinase C.1a,b The best
characterized cellular substrate for PDK1 is Akt.2


PDK1 activates each of the three isoforms of Akt
(AKT1, AKT2, and AKT3) through phosphorylation
of a regulatory Threonine residue within the activation
loop (e.g., on Thr308 of AKT1). This Thr residue func-
tions in Akt and other AGC super-family kinases to
control access of substrates to the active site.1a,b Binding
of the phosphoinositide 3-kinase (PI3K) products
PtdIns-3,4-P2 or PtdIns-3,4,5-P3 to the pleckstrin
homology domains of Akt and PDK1, recruits these
proteins to the plasma membrane and is necessary for
Akt activation. A large number of studies implicate
Akt in cancer progression through its role in the
promotion of tumor cell growth, metabolism, survival,
epithelial to mesenchymal transition (EMT), and angio-
genesis.3 S6 kinase activity also depends on several mod-
ifications downstream of PDK1.1a As in the case of Akt,
PDK1 phosphorylates a critical regulatory site on the
activation loop of S6 kinase (Thr229) that is required
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doi:10.1016/j.bmcl.2007.05.060


Keywords: Kinases; PDK-1; AKT; PI 3-kinase; Cancer; Antitumor


agent.
* Corresponding author. Tel.: +1 510 799 9512; e-mail: imadulislam@


yahoo.com

for catalytic activity. In addition, PDK1-mediated acti-
vation of Akt results in phosphorylation of Thr389 on
S6 kinase, which is also required for activation. S6 ki-
nase promotes growth and survival of cancer cells and
is a key target of rapamycin analogs (e.g., CCI-779/
temsirolimus) which are currently being tested clinically
as anticancer agents.4


The PI3K/PDK1/Akt/S6 kinase signaling pathway is
commonly elevated in tumors through the constitutive
activation or over-expression of a variety of upstream
signaling molecules such as growth factor receptors
(e.g., ErbB2, EGFR, c-Met), Src, Ras, or through the
elevated expression of PI3K and AKT proteins.3 The
pathway is also activated through the frequent loss of
the tumor suppressor PTEN/MMAC1, whose D-3 inosi-
tol phosphatase activity removes the phosphorylation
products of PI3K.5 PDK1 has also been implicated in
the activation of other potential cancer targets, such as
protein kinase C.1a,b The role of PDK1 in several key
signaling pathways important in the progression of can-
cer led us to investigate the use of PDK1 inhibitors as
anticancer agents.


In the preceding paper, we described our discovery of
indoline based inhibitors of PDK1 and their optimiza-
tion to yield BX-517. BX-517 is a potent and selective
inhibitor of PDK1 that binds to the ATP binding pocket
of the protein. Furthermore, BX-517 blocks activation
of Akt in tumor cells. Herein, we describe additional
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optimization of BX-517, focused on addressing ADME
and solubility liabilities of the compound. This effort
led to a series of novel and potent PDK1 inhibitors
showing superior physicochemical properties compared
to BX-517.


Despite the high enzymatic potency of BX-517, it pos-
sessed poor solubility and pharmacokinetic properties
that prohibited further development (Fig. 1). Exami-
nation of the structure of BX-517 co-crystallized with
PDK1 suggests that substitution at the 4-position of
the pyrrole ring would be tolerated as it points to-
ward the solvent. To improve the solubility we intro-
duced hydrophilic groups onto the 4-position of
pyrrole ring. We first incorporated a carboxylic acid
which was further elaborated into amides. Another
approach to improve physicochemical properties was
to synthesize heteroaryl and aryl linked solubilizing
groups. Finally, inhibitors possessing a 4-aminomethyl
pyrrole were synthesized and derivatized via amide
bond formation.


Syntheses of the compounds having a carboxylate at the
4-position of the pyrrole are shown in Scheme 1.
Carboxylic acids 1 were either prepared according to
published procedures6 or purchased. Compounds
2a–2d in Table 1 were prepared by condensation of
the appropriate carboxylic acids with 5-ureidoindolin-
2-one. The subsequent amide formation afforded com-
pounds 3a–3f (Table 1).
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Scheme 1. Reagents and conditions: (i) cat. piperidine, ethanol, reflux (40–8

Synthesis of aryl, heteroaryl, and substituted aryl ana-
logs (7a–7l) is shown in Scheme 2. 4-Bromo-2-formyl-
pyrrole (4) was protected7 with toluenesulfonyl
chloride and subsequent Suzuki coupling8 with boronic
acids gave intermediate 6. Condensation with 5-ureido-
indolin-2-one under basic conditions afforded intermedi-
ate 7. Reaction of 7c with amines under standard condi-
tions for amide formation gave compounds 7d and 7e.
Demethylation of analog 7g using BBr3 furnished ana-
log 7f.


The analogs (13–22) derived from 4-aminomethyl pyr-
roles and bearing a methyl substituent on the olefin were
prepared as described in Scheme 3. 2-Acetylpyrrole-4-
carbonitrile (8)9 was reduced and protected using Boc
anhydride in one pot. Condensation of 9 with 5-nitroin-
dolin-2-one under basic conditions followed by reduc-
tion of the nitro group with Tin chloride provided 11.
Urea formation from 11 with trimethylsilyl isocyanate
and subsequent cleavage of the Boc group with HCl
afforded 13. Acylation of intermediate 13 with acetyl
chloride gave analog 14. Coupling of 13 with pyridine
carboxylic acids in presence of EDC afforded analogs
15 and 16. Coupling with substituted acids and subse-
quent deprotection under standard conditions furnished
analogs 17–22.


The in vitro data for acid substituted analogs and their
corresponding amides are shown in Table 1. While the
analogs showed potency in the enzyme assay within
about 2-fold of the parent compound, BX-201
(IC50 = 20 nM), they all displayed lower cell based activ-
ity. At the highest dose tested (10 lM) none of the ana-
logs were active, and therefore, were at least 10-fold less
potent than BX-517 in cells (IC50 = 0.1–1.0 lM). Indeed,
some of the analogs slightly stimulated the cell based
assay, which can occur through apparent feedback acti-
vation of the AKT signaling pathway.10 We observed
such stimulatory effects in PC-3 cells to be a property
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Table 1. Activity of PDK-1 inhibitors
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9 No inhibition
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39 ND
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57 >10 (26% inhibition at 10 lM)
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27 (62% inhibition at 10 lM)
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3e


N
H


N


N


H


O


N
H 14 No inhibitiona
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H
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17 No inhibitiona


For assay descriptions see Refs. 11 and 12.
a Showed some stimulation at highest dose (10 lM).
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of some weak PDK1 inhibitors. While introduction of a
carboxylic acid group at C-4 0 (2a) or a methyl group at
C-3 0 did not affect enzyme potency, compounds with a
propionic acid side chain at C-4 0 and mono- or
cdimethyl substitution at C-3 0 (2c) and C-5 0 (2d) were
4- to 6-fold less potent than 2a which had weak activity
in cells.

Amidation of analog 2a either maintained or reduced
potency (3a–3f) but reduced cellular activity in all cases
tried.


In vitro potency of aryl and heteroaryl analogs is shown
in Table 2. Phenyl (7a) substitution at C-4 0 was tolerated
as were substituted phenyl compounds. Substituents at
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the 3-position of the phenyl ring (7a) such as acid (7c),
methoxy (7g), fluoro (7h), and methyl (7i) afforded
similar potency to the unsubstituted phenyl compound.
The 3-pyridyl analog (7b) was highly potent with good
cellular activity (8 nM, and 0.10–1.0 lM, respectively).
Amide analogs 7d and 7e were also potent PDK1 inhib-
itors with good cellular activity. The hydroxy and meth-
oxy analogs (7f and 7g) were very potent in cells, but
showed high clearance when dosed in rats (data not
shown).


A further strategy to improve solubility was installing
an aminomethyl group at the C-4 0 of the pyrrole
which could serve as a linker to attach water solubiliz-
ing groups (Table 3). Although the aminomethyl
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compound (13) and its analogs (14–22) were all highly
potent in the in vitro cAKT assay, the cellular activity
of these compounds was lower than that BX-517 or
7b and 7d. Compound 17 displays a solubility similar
to 7d.


An X-ray structure of 7e bound to PDK1 was obtained
during optimization (Fig. 2). The inhibitor forms hydro-
gen bonds to the backbone C@O of Ser160 (2.8 Å), the
NH of Ala162 (2.8 Å) , the C@O of Ala162 (3.0 Å), and
the side chains of Lys111 (2.8 Å) and Thr222 (2.8 Å).
The hydrogen bonds to Ser160 and Ala162 mimic the
interaction of adenosine with the hinge region of
PDK1. The hydrogen bond to Thr222 (3.0 Å) and the
hydrophobic interaction with Tyr170 (4.0 Å) are se-
quence specific interactions that augment the selectivity
of the compound.


Selectivity of key analogs was assessed against a
highly structurally related kinase, protein kinase A
(PKA).


BX-517 displayed good selectivity (320-fold), while
compounds 7b, 7d, 7e, and 16 had variable degrees
of selectivity against PKA (2-, 78-, 35-, and 21-fold,
respectively). These and other data indicated that,
among the analogs we tested, BX-517 was the most
selective.


Some of the major issues with further developing BX-
517 as an antitumor agent were its poor pharmaceutical
properties including short half-life, low metabolic stabil-
ity, and poor solubility. As shown in Table 4, selected
analogs show longer half-life, better solubility, and
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Table 2. Activity of PDK-1 inhibitors
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Compound R cAKT2 IC50 (nM) P-AKT in PC-3 cells IC50 (lM)


BX-201 H 20 3–10


7a 21 ND


7b
N


8 0.10–1.0


7c OH
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45 >10 (34% inhibition at 10 lM)


7d
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N 4 0.10–1.0


7e
H
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N 4 1.0


7f
OH


6 0.02–2.0


7g
O


19 0.01–0.1


7h
F


51 ND


7i 37 ND


7j NH2


O


5 >1.0a


7k
N
H


O
8 1.0–1.0


7l NH2
3 (65% inhibition at 10 lM)


a Phosphorylation was stimulated at high doses.
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better metabolic stability (except for 7d) compared to
BX-517. Plasma clearance and volume of distribution
were comparable, however.


Based on their superior overall profile in enzyme and
cellular assays and their improved PK properties, we
further assessed the in vitro efficacy of compounds
7b and 7d by evaluating their effect on MDA-468
breast cancer cell growth in soft agar (transforma-
tion-dependent growth) and on tissue culture plastic.
Compound 7b blocked the growth of tumor cells in

soft agar with an estimated IC50 of 1 lM, while not
blocking growth on tissue culture plastic at concentra-
tions below 10 lM. Compound 7d showed a similar
pattern, blocking growth of MDA-468 cells in soft
agar with an estimated IC50 of 0.3 lM, and not block-
ing growth on plastic at concentrations below 10 lM.
These data are consistent with a significant role of
PDK1/Akt signaling in growth and/or survival of tu-
mor cells under certain conditions, such as anchor-
age-independent growth on soft agar. Whether this
activity is sufficient to block tumor progression or
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Figure 2. A divergent stereo view of the crystal structure of compound 7e bound to PDK1, PDB entry 2PE2.
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Table 4. PK profile of select PDK-1 inhibitors in rat


Compound t1/2
a (h) Cla (mL/min/kg) Vssa L/kg hLM stability (% remaining 1 h) Solubility (mg/L in PBS)


BX-517 0.4 30.8 0.9 27 2


7b 1.6 37.1 3.8 82 29


7d 3.7 41.8 3.6 30 13


16 2.0 22.0 0.8 80 nd


17 2.4 8.8 0.8 nd 17


a 5 mg/kg iv.
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metastasis in animals or humans is a key question for
future evaluation.


In summary, we optimized the pharmaceutical proper-
ties of BX-517 by exploring substitution at the C-4 0


position of the pyrrole. Carboxylic acids and amides
had improved solubility but decreased cellular po-
tency. 3-Pyridyl substitution afforded a compound
(7b) with improved pharmacokinetic properties. Com-
pound 7d showed excellent half-life and good solubil-
ity but poor in vitro liver microsome stability.
Compounds 16 and 17 also had better pharmacoki-
netic properties compared to BX-517. Discovery of
these compounds will provide tools for further evalu-
ation of the role of the PDK1/Akt signaling in the
treatment of various cancers and the development of
new therapeutic agents.
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Abstract—HTS screening identified 1 with micromolar inhibitory activity against PDK1. Optimization of 1 afforded 4i (BX-517)
which has single-digit nanomolar activity against PDK1 and excellent selectivity against PKA.
� 2007 Elsevier Ltd. All rights reserved.

Protein kinases are critical regulators of cellular pro-
cesses in normal tissues and disease. A number of small
molecule kinase inhibitors such as Iressa, Gleevec, and
Sorafenib have been approved for the treatment of can-
cer. Compounds targeting other kinases are in develop-
ment.1 One promising protein kinase target for the
development of new cancer drugs is phosphoinositide-
dependent kinase-1 (PDK1). PDK1 is required for the
activation of Akt, which plays a key role in processes
such as tumor cell growth, protection from apoptosis,
stimulation of epithelial to mesenchymal transition
(EMT), and tumor angiogenesis.2 The Akt family of
Ser/Thr protein kinases is comprised of three highly
homologous members (AKT1, AKT2, and AKT3), all
of which require PDK1 for activation. PDK1 activates
Akt by phosphorylating its activation loop (e.g., on res-
idue Thr 308 of AKT1), which initiates a conforma-
tional change to the active protein.3


Numerous studies demonstrate that Akt is highly acti-
vated in many common tumor types, including melanoma
and breast, lung, gastric, prostate, hematological, and
ovarian cancers. Activation of Akt by PDK1 is promoted
by phosphoinositide 3-kinase (PI3K) activity in cells,
resulting in the production of PtdIns-3,4-P2 or PtdIns-
3,4,5-P3 that recruit Akt and PDK1 to the plasma mem-
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brane through interaction with their pleckstrin homology
domains.4 PI3K and Akt activity become highly elevated
in many tumors through the up-regulation or mutation of
upstream signaling molecules such as EGF receptors,
Ras, Src, and c-ABL, or by over-expression of PI3K
itself.2a–c Loss of the tumor suppressor PTEN/MMAC1,
which negatively regulates PI3K activity, is also a
common mechanism of Akt activation in tumor cells.5


In addition to Akt, PDK1 has been shown to be a crit-
ical activator of other kinases in the AGC kinase super-
family that are important promoters of cancer
progression, including protein kinase C (PKC), serum
and glucocorticoid-regulated kinase (SGK), and p70
ribosomal S6 kinase (S6K1).2 These kinases have a
homologous region in their activation loops containing
a consensus substrate recognition site for PDK1.6


The role of PDK1 in several distinct signaling pathways
that are important for tumor progression provides fur-
ther rationale for the development of small molecule
PDK1 inhibitors as anticancer drugs. Previously, we
reported on the discovery and characterization of
aminopyrimidines with potent inhibitory activity against
PDK1.7 Several additional reports of small molecule
Akt inhibitors have also appeared in the literature.8


High-throughput screening using a PDK1 mediated
AKT2 activation assay (cAKT29) identified 1 as a
1.8 lM inhibitor (Fig. 1). This assay can identify inhib-
itors of Akt activation as well as inhibitors of AKT2 or
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Table 2. PDK1 activity of methyl analogs on the pyrrole ring and


alkene


N
H


O


N
H


3'


HO


Alk R


5'


Compound Alk R cAKT2 IC50
a (nM)


1e H H 340


2a Me H 80


2b H 3 0-Me 280


2c H 4 0-Me 280


2d H 5 0-Me 680


2e H 5 0-Et 2300


2f H 3 0,5 0-Me 1100


a Values are means of multiple experiments (n P 2), standard deviation


is <30% of the mean.


Table 3. PDK1 activity of analogs substituted at the 5-position of the


indolinone ring


N
H


O


N
HR 5


Compound R cAKT2 IC50
a (nM)


1e OH 340


3a OMe 580


3b SO2NH2 290


3c CO2Me 670


3d CO2H 260


3e CONH2 120


3f 5-Tetrazole 200


3g NH2 580


3h CN 990


3i CH2NH2 1000


3j NHSO2Me 530


3k NHCOMe 55


3l NHCONH2 18


a Values are means of multiple experiments (n P 2), standard deviation
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PDK1 activity. Further testing determined that 1 blocks
PDK1 kinase activity10 and inhibits the activation of
Akt in tumor cells in vitro.7,11 Compound 1 was previ-
ously reported to be an inhibitor of VEGF receptors,12


CDK4,13 and other kinases.14 We found that 1 also
inhibits PKA although with 9-fold less potency. Due
to the close homology of PKA with PDK1, PKA was
used as an initial measure of kinase selectivity. The goal
was to achieve 50-fold selectivity or higher. Herein we
disclose the optimization of 1, leading to 4i (BX-517),
a potent and selective inhibitor of PDK1.15


The compounds in Tables 1–4 were synthesized by con-
densation of indolinones 5 and pyrroles 6 as shown in
Scheme 1 affording exclusively the Z-isomer as shown.12


The reaction with aldehydes was facile; however, the
reaction with ketones required more drastic conditions.
Indolinones 5 and pyrroles 6 are commercially available
or were prepared according to the literature.16


The cyano (3h) and nitro (7) analogs were further elab-
orated as shown in Scheme 2. The cyano analog was
converted to the tetrazole (3f) analog under standard
reaction conditions. The amino analog (8) was reacted
with methanesulfonyl chloride to afford sulfonamide 3j
or with trimethylsilyl isocyanate to afford the urea ana-
logs (3l, 4i–l).


To guide the optimization, a model of 1 bound to PDK1
was built. The model was based on an X-ray structure of

Table 1. PDK1 activity of methyl and hydroxyl analogs on the


indolinone ring


N
H


O


N
H


R


4


7


Compound R cAKT2 IC50
a (nM)


1 H 1800


1a 4-Me 510


1b 5-Me 2700


1c 7-Me >26,000


1d 4-OH 1000


1e 5-OH 340


1f 6-OH 900


1g 7-OH >26,000


a Values are means of multiple experiments (n P 2), standard deviation


is <30% of the mean.


is <30% of the mean.

1 bound to a related Ser/Thr kinase. The model predicts
that the indolinone amide and pyrrole interact with the
hinge region of PDK1 similar to the binding conforma-
tion of other indolinone based inhibitors bound to other
kinases.17 Based on the predicted binding conformation,
substitution on the 7-position of the indolinone or the
5 0-position of the pyrrole should be disfavored for steric
reasons. Substitution on the 5- or 6-position of the ind-
olinone could lead to interaction with Lys 111 and/or
Thr 222. Substitution on the 4-position of the indoli-
none, the alkene, or the 3 0- or 4 0-position of the pyrrole
could lead to interaction with Glu 166.


Initially, methyl and hydroxyl groups were placed on
different positions of 1 to identify sites amenable to sub-
stitution. The results for the indolinone ring are shown
in Table 1. Substitution at the 7-position was not toler-
ated (1c and 1g). Methyl substitution on the 4-position







Table 4. PDK1 activity of alkene analogs


N
H


O


N
HR


Alk


Compound R Alk cAKT2 IC50
a (nM)


3b SO2NH2 H 290


4a SO2NH2 Me 67


4b SO2NH2 Et 14


4c SO2NH2 Ph 29


4d SO2NH2 CO2Et 34


4e SO2NH2 CO2H 4200


4f SO2NH2 CONH2 3900


4g SO2NH2 CONHEt 6100


4h SO2NH2 CONEt2 5400


3l NHCONH2 H 18


4i NHCONH2 Me 5


4j NHCONH2 Et 3


4k NHCONH2 Ph-3–NH2 9


4l NHCONH2 4-Pyridine 10


a Values are means of multiple experiments (n P 2), standard deviation


is <30% of the mean.
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improved potency ca. 4-fold (1a). Hydroxyl substitution
on the 5-position improved potency 5-fold while substi-
tution on the 6-position had little effect (1e and 1f).
These data support the predictions based on the model.


The results for the alkene and pyrrole ring are shown in
Table 2. In this case, the study was conducted on the
more potent 5-hydroxy analog 1e. Methyl substitution
on the alkene improved potency 4-fold (2a vs 1e). Sub-
stitution on the pyrrole 3 0- or 4 0-position was tolerated

N
H


OR1
+ R2


O


N
H


R3


5 6


Scheme 1. Synthesis of indolinones 1–4. Reagents and conditions: (a) pyrro


3f


N
H


O


N
H


3h


NC a


N
H


8


N
H


O


N
H


7


O2N H2N


R2 R2


A


B


b


NN
N


N
H


Scheme 2. Elaboration of cyano and nitro analogs. Reagents and condition: (


85%); (c) MeSO2Cl, satd NaHCO3, THF (7%); (d) TMSN@C@O, THF (89

(2b and 2c). Methyl substitution on the 5 0-position re-
duced potency somewhat; however, ethyl substitution
or 3 0, 5 0-dimethyl substitution reduced potency more
significantly (2d–f).


Based on the model of 1 bound to PDK1 the 5-hydroxyl
group of 2a could interact with Lys 111 and/or Thr 222.
In order to optimize this interaction, a series of inhibi-
tors with varied substitution at the 5-position were pre-
pared. The results are shown in Table 3.


Three analogs were more potent than 1e. The amide (3e)
was 3-fold more potent, the acetamide (3k) 6-fold, and
the urea (3l) 19-fold. The amide, acetamide, and urea
analogs have a carbonyl that can interact with the side-
chains of Lys 111 and Thr 222. Based on the relative po-
tency of these three analogs, it appears that the optimal
position of the carbonyl is on the second atom from the
indolinone core. With the exception of the cyano (3h)
and aminomethyl (3i) analogs, the remaining analogs
were equipotent with 1e. The binding pocket for the sub-
stituents on the 5-position appears to be highly accom-
modating since none of the analogs is more than 3-
fold less potent than 1e. This is not surprising since
the indolinone inhibitors bind into the same channel
as ATP. Substituents on the 5-position of the indolinone
should roughly occupy the same space as the phosphate
tail of ATP.17


Several analogs with either sulfonamide or urea on the
5-position of the indolinone ring were prepared investi-
gating substitution on the alkene. The results are shown
in Table 4. In the sulfonamide series, methyl substitution
improved potency 4-fold (4a vs 3b).

N
H


OR1


N
H


R2 R3


1-4


a or b


lidine, EtOH, 60 �C (11–68%); (b) cat. piperidine, 130 �C (3–45%).


N
H


O


N
H


O


N
H


N
H


O


N
H


9


H
N


R2


R1c or d


a) Bu3SnCl, NaN3, toluene, reflux (25%); (b) Pd/C, MeOH, H2 (40 PSI,


%).







Table 5. Properties of 4i


N
H


O


N
H


H
NH2N


O


Me


4i


Assays IC50 (nM) ADME


cAKT28 5a Sol. PBSc 2 mg/L


PDK19 6a t1/2
d 24 min


P-AKT PC-310 100–1000b Cld 31 mL/min/kg


PKAa 1600 %Fe <1%


a Values are means of multiple experiments (n P 2), standard deviation


is <30% of the mean.
b Determined from 10 experiments.
c Determined from 1 experiment.
d Dosed 2 mg/kg iv in three rats.
e Dosed 10 mg/kg po in three rats.


Figure 3. 4i (green carbon atoms) superimposed on the X-ray structure


of 2a (orange) bound to PDK1, PDB entry 2PE0. The pink lines show


the water mediated H-bonds formed by the 5-OH group on 2a to the


side chains of Lys 111 and Thr 222. The figure also shows the H-bonds


to the hinge residues, Ser 160 and Ala 162.
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Ethyl was 4-fold more potent than methyl (4b vs 4a),
while phenyl (4c) and carboethoxy (4d) showed no
improvement over methyl. The acid (4e) and the amide
(4f–h) analogs were much less potent. Modeling suggests
that the poor potency of the acid analog (4e) may be due
to a negative interaction with Glu 166. For the amide
analogs (4f–h), the poor potency may be due to steric
interactions between the substituents on the amide and
the 4-proton of the indolinone and the 3 0-proton of
the pyrrole. In the urea series, methyl substitution im-
proved potency 4-fold affording single-digit nanomolar
activity (4i vs 3l). Unlike the sulfonamide series, ethyl
(4j) did not improve potency further. Aniline (4k) and
pyridyl (4l) analogs also did not improve potency.


Based on potency and ease of synthesis 4i18 was se-
lected for further evaluation (Table 5). 4i had similar
activity in the PDK1 assay and in the PDK1 mediated
AKT2 activation assay (cAKT2) supporting that these
indolinone inhibitors blocked Akt activity by inhibiting
PDK1. Additionally, 4i blocked AKT2 activation in
cells with submicromolar potency. The PKA selectivity
was 320-fold, exceeding the goal of the project. Because

Figure 2. Divergent stereo view of the X-ray structure of 4i bound to PDK1,


Ala 162 are typical for indolinone based kinase inhibitors. The urea accept


selectivity for PDK1.

of the close homology of PKA with PDK1, we hypothe-
sized that a compound with high selectivity against PKA
would also have high selectivity against other kinases.
This was borne out by further profiling. 4i was 100-fold
selective or better against a panel of seven additional
Ser/Thr and Tyr kinases.19 Not all properties of 4i were
optimal. 4i has poor solubility in aqueous media and has
a poor ADME profile.


An X-ray structure of 4i and PDK1 is shown in Figure
2. The binding conformation of 4i is similar to that pre-
dicted by the model. The indolinone core occupies the
same site as the adenosine of ATP and the inhibitor
makes three critical H-bonds to the backbone of the
hinge region. The nitrogen of the indolinone interacts
with the carbonyl of Ser 160 (2.9 Å), the carbonyl inter-
acts with the amide of Ala 162 (2.8 Å) and the pyrrole
nitrogen interacts with the carbonyl of Ala 162
(2.9 Å). The 5-urea group interacts with Lys 111
(3.2 Å) and Thr 222 (2.8 Å). A superposition of 2a and
4i is shown in Figure 3. The 5-hydroxyl group of 2a
forms a water mediated H-bond with the side chains
of Lys 111 and Thr 222, whereas the urea group of 4i
interacts with these two residues directly explaining the
greater potency of 4i. In addition, the interaction

PDB entry 2PE1. The three H-bonds from the inhibitor to Ser 160 and


s an H-bond from the side chain of Lys 111 and Thr 222 conferring
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between the 5-urea group of 4i and Thr 222 may explain
the selectivity shown by 4i. Other kinases have a differ-
ent amino acid in place of Thr. However, PKA also
has a Thr residue suggesting a different mechanism of
selectivity. Preliminary modeling studies indicate that
the reduced affinity of 4i in PKA may stem from steric
factors. The gatekeeper residue in PKA is Met 120. This
bulky residue points downward from the hinge region
into the adenosine binding site and may preclude bind-
ing of 4i. On the other hand, PDK1 has Leu 159 in
the gatekeeper position. This shorter residue may pro-
vide enough room to accommodate the urea group from
our inhibitors.


In summary, starting from 1, a non-selective kinase
inhibitor with moderate activity against PDK1, we de-
signed and synthesized 4i, a potent and selective inhibi-
tor of PDK1. Key steps of the optimization were the
addition of a urea group to the 5-position of the indoli-
none which improved activity 100-fold, and of a methyl
group to the alkene which improved activity 4-fold fur-
ther. Because of the close homology of PKA and PDK1,
we did not expect to find selectivity for PKA. However,
4i was highly selective against PKA although the reason
for this selectivity is still not clearly understood. Further
optimization based on 4i will be described in the follow-
ing paper.
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Abstract—A number of 5-arylidene-2,4-thiazolidinediones containing a hydroxy or a carboxymethoxy group in their 5-benzylidene
moiety have been synthesised and evaluated as in vitro aldose reductase (ALR2) inhibitors. Most of them exhibited strong inhibitory
activity, with IC50 values in the range between 0.20 and 0.70 lM. Molecular docking simulations into the ALR2 active site high-
lighted that the phenolic or carboxylic substituents of the 5-benzylidene moiety can favourably interact, in alternative poses, either
with amino acid residues lining the lipophilic pocket of the enzyme, such as Leu300, or with the positively charged recognition
region of the ALR2 active site.
� 2007 Elsevier Ltd. All rights reserved.

Diabetes mellitus (DM) is a common chronic metabolic
disease characterized by hyperglycaemia and various
metabolic imbalances; its prevalence is about 6% world-
wide and the number of cases, presently estimated at
more than 150 million, is predicted to double by
2025.1–3


DM is always associated with serious long-term compli-
cations, such as neuropathy, nephropathy, retinopathy,
cataracts, accelerated atherosclerosis and increased risk
of myocardial infarction, stroke and limb amputation,
which negatively affect the quality of life and life expec-
tancy of diabetic patients.4,5 These pathologies are the
consequences of microvascular and macrovascular dam-
age induced, at least in part, by hyperglycaemia.6–10 De-
spite the availability of different insulin preparations and
oral antidiabetic drugs, glycaemic levels cannot be com-
pletely normalized in diabetic patients and, thus, the on-
set of long-term complications is unavoidable.11


Therefore, the prevention and control of these patholo-
gies is still a challenging problem in the therapeutic
treatment of diabetes.
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The increased flux of glucose through the polyol path-
way, which occurs under conditions of hyperglycaemia
in tissues possessing insulin-independent glucose trans-
port (retina, lenses, kidney, nerve), has been recognized
to play a major role in the development of diabetic com-
plications.6,7,9–15


Aldose reductase (EC 1.1.1.21, ALR2) catalyses the
NADPH-dependent reduction of glucose to sorbitol in
the first step of this metabolic pathway. It has received
great attention as a target enzyme in the search for drugs
able to prevent or delay the onset and progression of
diabetic complications, independently of glycaemic
levels.


Over the last three decades, numerous ALR2 inhibitors
(ARIs) have been identified; most of them belong to
either carboxylic acid (such as epalrestat; Fig. 1) or
hydantoin (such as sorbinil, fidarestat; Fig. 1) classes
of compounds.9,11,13,14,16 However, many of the clini-
cally tested ARIs proved to be inadequate as drug can-
didates because of adverse pharmacokinetics, toxic side-
effects or low efficacy. At present, epalrestat is the only
ARI available on the market.9,11,17


In this context, 2,4-thiazolidinediones (2,4-TZDs) have
aroused interest as hydantoin bioisosteres that are
potentially devoid of the hypersensitivity reactions
related to the hydantoin ring, which caused the
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withdrawal of sorbinil from clinical trials. In particular,
several 2,4-TZDs have been reported or patented be-
cause they were recognized as having an antihypergly-
caemic effect and ALR2 inhibitory activity.9,11,13


Over the last few years we have synthesised numerous
2,4-thiazolidinediones (1–6) (Fig. 1) designed and
in vitro assayed as ARIs.18–20 They possess the struc-
tural requisites essential for ALR2 inhibition: (a) an
acidic hydrogen and H-bond acceptor groups, which
can bind the positively charged polar recognition region
of the ALR2 active site formed by Tyr48, His110,
Trp111 residues and by the nicotinamide ring of cofac-
tor NADP+; (b) an aromatic moiety, which can establish
hydrophobic interactions with a lipophilic contact zone
of the catalytic cleft lined by Leu300 and
Trp111.9,11,13,14,16,21–23


Most of the 2,4-TZDs 1–6 were shown to be effective
in vitro ARIs.18–20 In particular, several N-unsubstitut-
ed derivatives 1 and 4 exhibited appreciable activity at
micromolar doses. The insertion of an acetic chain on
N-3 of the thiazolidinedione ring (compounds 3 and 6)
gave a 10–100-fold gain in potency and led to the highest
inhibition levels. In addition, certain methyl esters 2 and
5, although devoid of any acidic functionality, showed
inhibitory properties similar to those of N-unsubstituted
analogues.


The inhibitory potency of 2,4-TZDs 1–6 was also
shown to be significantly influenced by the lipophilic
aryl moiety in the position 5 and by its substitution
pattern. The saturation of the exocyclic C,C-double
bond in 5 generally brought about a moderate de-
crease in activity and we found that most of the tested
5-benzylidene substituted 2,4-TZDs (1–3) were more
effective ARIs than the corresponding 5-benzyl ana-
logues (4–6).20

Moreover, the insertion of an additional aromatic ring
or an H-bond donor group in this moiety enhanced
ALR2 inhibitory effect. In particular, the presence of a
hydroxy group, especially in the para position of the
5-benzylidene ring, proved to be very favourable.19 In
fact, [5-(4-hydroxybenzylidene)-2,4-dioxothyazolidin-3-
yl]acetic acid (3a, Fig. 1) was shown to be more potent
(IC50 = 0.15 lM) than its 3-hydroxybenzylidene substi-
tuted isomer 3b (Fig. 1) (IC50 = 0.66 lM), which, how-
ever, also displayed appreciable inhibitory activity.19


On the basis of these findings, we continued our search
aimed at amplifying the structure–activity relationships
of 2,4-TZDs active as ARIs and at identifying new
active analogues. In particular, starting from the prom-
ising activity of compounds 3a and 3b, we synthesised
and evaluated 5-arylidene analogues 7–14 (Scheme 1),
which retained the pharmacophoric elements previously
identified for 5-arylidene-2,4-thiazolidinediones active as
ARIs.19 Compounds 7–14 bore a hydroxy, a methoxy
and/or a carboxymethoxy group in their 5-benzylidene
moiety. Such substituents are potentially able to en-
hance enzyme/inhibitor complexes stability. This can
be achieved via further hydrogen bonds and/or electro-
static interactions with amino acid residues in the lipo-
philic pocket of the ALR2 active site, analogous to
what has recently been reported for fidarestat.24 In fact,
the carbamoyl group of fidarestat has been shown to be
hydrogen bonded to the main-chain nitrogen atom of
Leu300, which lines part of this lipophilic pocket, and
it was suggested that this interaction was responsible
for the high affinity and selectivity of fidarestat for
ALR2.24 Moreover, the substitution of this carbamoyl
moiety with a carboxylic group enhanced the predicted
binding energy of the enzyme/inhibitor complex.25


Among 2,4-TZDs 7–14, compounds 7 and 8 were
already known in the literature26 and 9, 11 and 13 are
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10 R = OH;               R' = OCH3


11 R = H;                  R' = OCH2COOH
12 R = OCH2COOH; R' = H
13 R = OCH3;            R' = OCH2COOH
14 R = OCH2COOH; R' = OCH3


7  R = OCH3; R' = OH
8  R = OH;     R' = OCH3


7, 8 (60-68%)


9, 14 (35-84%)


Scheme 1. Reagents and conditions: (a) C5H11N, C2H5OH, D; (b) BrCH2COOCH3, K2CO3, acetone; (c) AcOH, HCl, D; (d) 3-hydroxy-4-


methoxybenzaldehyde or 4-hydroxy-3-methoxybenzaldehyde, C5H11N, C2H5OH, D.
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commercially available products. However, to the best
of our knowledge, their ALR2 inhibitory activity has
never been reported.


5-Arylidene-2,4-thiazolidinediones 7 and 8 were synthes-
ised, following a known procedure,18,19 by Knoevenagel
condensation of commercially available 2,4-thiazolidin-
edione with suitable aldehydes (Scheme 1). The treat-
ment of 7 and 8 with methyl bromoacetate, in acetone
in the presence of potassium carbonate as base, pro-
duced N/O-alkylation; after acidic hydrolysis, only acids
13 and 14 were obtained with good yields.27 Acids 11
and 12 were synthesised, following the same procedure,
starting from 5-(4-hydroxybenzylidene)-2,4-thiazolidin-
edione and its 3-hydroxybenzylidene isomer. In order
to prevent O-alkylation, the preparation of acids 9 and

Table 1. In vitro bovine lenses ALR2 inhibitory activity of 2,4-thiazolidined


S


O


R'
R


Compound R R0


3ab H OH


3bb OH H


7 OCH3 OH


8 OH OCH3


9 OCH3 OH


10 OH OCH3


11 H OCH2COO


12 OCH2COOH H


13 OCH3 OCH2COO


14 OCH2COOH OCH3


Sorbinil


a IC50 (lM) (95% C.L.) or % inhibition at the given concentration.
b Ref. 19.

10 started from the synthesis of (2,4-dioxothiazolidin-
3-yl)acetic acid19 followed by Knoevenagel condensa-
tion with the corresponding benzaldehydes (Scheme 1).
Analytical and spectroscopic data (1H and 13C NMR)
confirmed the structures assigned to compounds 7–14.28


The ALR2 inhibitory activities of 2,4-TZDs 7–14 were
evaluated in vitro using partially purified ALR2 from
bovine lenses; sorbinil was used as a reference drug
(Table 1).29–31


5-(4-Hydroxy-3-methoxybenzylidene)-2,4-thiazolidined-
ione (7) displayed moderate ALR2 inhibitory activity, in
the micromolar range (IC50 = 11.8 lM), similar to that
of the 5-(3-methoxybenzylidene) and 5-(4-hydroxyben-
zylidene) monosubstituted analogues previously

iones 7–14


N


O


R''


R00 IC50
a


CH2COOH 0.15 (0.10–0.22)


CH2COOH 0.66 (0.48–0.91)


H 11.8 (9.64–14.4)


H 33% (12.5 lM)


CH2COOH 0.70 (0.68–0.72)


CH2COOH 0.56 (0.46–0.69)


H CH2COOH 0.60 (0.40–0.90)


CH2COOH 0.23 (0.092–0.57)


H CH2COOH 0.26 (0.10–0.70)


CH2COOH 0.20 (0.096–0.43)


1.41 (1.12–1.79)
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reported (IC50 = 13.28 lM and 8.96 lM, respec-
tively).18,19 In contrast, its isomer 8 was less effective,
producing 33% inhibition at 12.5 lM dose (Table 1); it
also displayed lower activity than previously assayed
5-(3-hydroxybenzylidene)-2,4-thiazolidinedione (IC50 =
10.7 lM).19


Acids 9–14 were shown to be potent in vitro ARIs, dis-
playing IC50 values in the range between 0.20 and
0.70 lM (Table 1).


As expected, compounds 9 and 10 were appreciably
more effective ARIs than the corresponding N-unsubsti-
tuted analogues (7 and 8). Once again these data demon-
strate that the presence of a carboxylic anionic head on
N-3 is an important structural requisite to produce high
levels of enzyme inhibition. However, acid 9 proved to
be less active than 5-(4-hydroxybenzylidene) substituted
analogue 3a (Table 1).


The replacement of the hydroxy group in compounds 9
and 10 with a carboxymethoxy one led to derivatives 13
and 14 and gave a 3-fold gain in ALR2 inhibitory po-
tency (Table 1).

Figure 2. Docking pose of compound 14 within the binding site of ALR2 (PD


coding in LigandScout: red, hydrogen bond acceptor; yellow, hydrophobic f

The removal of the methoxy group of 13 and 14 led
to different results. In fact, [5-(3-carboxymethoxyben-
zylidene)-2,4-dioxothiazolidin-3-yl]acetic acid (12) dis-
played an inhibitory effect equal to that of the
parent compound (14); moreover, it was shown to
be 3-fold more active than its 5-(3-hydroxybenzylid-
ene) analogue 3b (Table 1). In contrast, [5-(4-carboxy-
methoxybenzylidene)-2,4-dioxothiazolidin-3-yl]acetic acid
(11), although displaying appreciable ALR2 inhibitory
activity (IC50 = 0.60 lM), proved to be about
twice less potent than the parent compound (13); it
was also shown to be about 3-fold less active than
its isomer 12 and 4-fold less effective than
5-(4-hydroxybenzylidene) substituted analogue 3a
(Table 1).


Indeed, 5-(3-carboxymethoxybenzylidene) substituted
acids 12 and 14 proved to be the most active ARIs out
of the 2,4-TZDs here reported, followed by [5-(4-carb-
oxymethoxy-3-methoxybenzylidene)-2,4-dioxothiazolidin-
3-yl]acetic acid (13) (Table 1). The latter also exhibited
potency twice as high as the 5-(3-methoxybenzylidene)
substituted analogue (IC50 = 0.48 lM), which we had
previously evaluated.18

B entry 1Z3N) showing possible interactions with the protein. Colour


eatures; magenta, ring aromatic feature.







Figure 3. Docking pose of compound 10 within the binding site of ALR2 (PDB entry 1Z3N) showing possible interactions with the protein. Colour


coding see Figure 2.
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A docking study was performed in order to investigate
how 2,4-TZDs 7–14 fit into the active site of ALR2
and to visualise interaction possibilities with the
enzyme.32


PDB (Protein Brookhaven Databank)33 entry 1N3Z,
which shows a resolution of about 1 Å and has recently
been released, was chosen for the docking study.34 Its li-
gand, lidorestat (Fig. 1), shows the typical binding char-
acteristics shared by many ALR2 inhibitors,
thiazolidinediones included. These characteristics com-
prise: chemical functions enabling hydrogen bonds to
Tyr48, His110 and Trp111; an acidic function for charge
interactions; lipophilic areas for contacts with hydro-
phobic parts of the pocket and preferably also a hydro-
gen bonding possibility to Leu300.


Minimised structures35 of compounds 7, 10, 12, 13 and
14 were flexibly docked into the binding site using the
LigandFit module in the Cerius2 software package.36,37


Good poses of the five investigated new ARIs showed
that the ligands either satisfied interactions in the polar
part of the site very well (Tyr48, His110, Trp111), or
interacted predominantly in the lipophilic region
(Leu300), or both.

The most active compound 14 was frequently found in
poses fulfilling the typical interaction pattern also
shown by lidorestat. The software LigandScout,38 a
tool for automatic identification of interaction possi-
bilities and structure-based pharmacophore generation
from protein–ligand complexes, was used to investi-
gate and visualise the docked ligands within the bind-
ing site. Figure 2 shows an example of a good docking
pose of thiazolidinedione 14. The substitution pattern
of the benzene ring is well suited for making the typ-
ical hydrogen bonds with active site residues Tyr48
and Trp111. In addition, the carboxylic acid group
is positioned facing the basic His110, enabling
charge–charge interactions and probably also hydro-
gen bonds (Fig. 2). The latter are not visualised in
LigandScout because of bad angles, but can be
expected in reality, considering that the protein is trea-
ted as rigid during the docking process. As can be
seen from this example, an additional interaction with
Trp20 was sometimes found. Moreover, hydrogen
bonds to Leu300 were also achieved by two acceptor
functions of the ligand (carbonyl oxygen atoms
of the thiazolidinedione ring and the second carbox-
ylic acid moiety) (Fig. 2). Lipophilic parts of the
ligand, especially the benzene ring, are surrounded
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by hydrophobic binding site residues. In the proximity
of the benzene ring (3–5.5 Å) the aromatic rings of
Trp20, Trp219, Phe122, Trp111 and Trp79 can be
found. Furthermore, looking at the overlay of com-
pound 14 with lidorestat demonstrated that their posi-
tions in the site were very similar when spatial
occupation and positioning of the chemical functions
for interaction were considered.


Other docking poses also showed the ligands in 180 de-
gree rotated orientations, that is, the orientations we
originally expected on the basis of our previous results.19


However, especially for the larger structures (13 and 14),
these poses were found less frequently and the resultant
interaction possibilities were usually more limited than
the ones from the reversed poses. For example, only
one out of the 20 docking poses for ligand 14 was orien-
tated in such a way. In general the LigandFit dock_-
score, a measurement of the non-bonded
intermolecular interactions between the ligand and the
protein, was also lower for this alternative pose with a
value of 56.4. In comparison, most of the other retrieved
poses, which showed orientations as in Figure 2, ob-
tained higher dock-scores starting with a value of 71.6.
Good docking results with the thiazolidinedione part
facing the inner polar side of the binding cavity were
found, for example, for 5-(3-hydroxy-4-methoxybenzy-
lidene) substituted compound 10 (Fig. 3), where hydro-
gen bonds to Trp20, Leu 300 and p–p stacking with
Trp111 can be seen.


In conclusion, this work allowed us to identify a number
of other 5-arylidene-2,4-thiazolidinediones active as
in vitro ARIs and to extend the structure–activity rela-
tionships of this class of ALR2 inhibitors.


In particular, the introduction of a hydroxy group in the
para position of the 5-benzylidene ring appeared to be
beneficial. The addition of a methoxy group in position
3 or the displacement of the 4-hydroxy group to position
3 of the benzylidene ring usually led to less active ana-
logues. Moreover, substituting the hydroxy group with
a carboxymethoxy one generally enhanced activity.
These results suggested that the phenolic or carboxylic
substituents of the 5-benzylidene moiety played a bene-
ficial role in the binding to ALR2. In fact, molecular
docking simulations into the active site of the enzyme
highlighted that these groups can favourably interact,
in alternative poses, either with amino acid residues of
the C-terminal loop in the lipophilic pocket of the en-
zyme, such as Leu300, or with the positively charged
recognition region of the ALR2 active site, lined by
Tyr48, His110 and Trp111; in the latter case, hydrogen
bonds to Leu300 can be achieved by the acetic chain
on N-3 and the carbonyl oxygen atoms of the thiazolid-
inedione ring.


Taking into account that the interactions between these
2,4-TZDs and Leu300 could be responsible for a selec-
tive inhibition of ALR2 over other aldo–keto reduc-
tases, the evaluation of their inhibitory effects towards
related enzymes, such as aldehyde reductase, will be
the subject of a future note.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2007.04.109.
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3.84 (s, 3H, OCH3); 6.95 (d, J = 8.1 Hz, 1H, CH arom);
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[5-(3-Hydroxy-4-methoxybenzylidene)-2,4-dioxothiazolidin-
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(DMSO-d6): d 3.84 (s, 3H, OCH3); 4.36 (s, 2H, NCH2);
7.07–7.17 (m, 3H, CH arom); 7.84 (s, 1H, CH); 10.05 (br s
exchangeable with D2O, 1H, OH); 13C NMR (DMSO-d6):
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[5-(4-Carboxymethoxybenzylidene)-2,4-dioxothiazolidin-
3-yl]acetic acid (11). Yield 78%; mp 288 �C. 1H NMR
(DMSO-d6): d 4.36 (s, 2H, NCH2); 4.74 (s, 2H, OCH2);
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170.2 (CO). Anal. (C14H11NO7S). Calcd.: C, 49.85%; H,
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42.8 (NCH2); 65.0 (OCH2); 116.3, 117.8, 123.1, 131.0 (CH
arom); 121.7 (5-C); 134.2 (CH methylidene); 134.6, 158.7
(Cq arom); 165.4, 167.3, 168.4, 170.4 (CO). Anal.
(C14H11NO7S). Calcd.: C, 49.85%; H, 3.26%; N, 4.15%.
Found: C, 49.78%; H, 3.16%; N, 4.27%.

[5-(4-Carboxymethoxy-3-methoxybenzylidene)-2,4-dioxo-
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(NCH2); 56.2 (OCH3); 65.4 (OCH2); 113.8, 114.6, 124.1
(CH arom); 118.5 (5-C); 134.7 (CH methylidene); 126.6,
149.6, 150.1 (Cq arom); 165.6, 167.5, 168.5, 170.2 (CO).
Anal. (C15H13NO8S). Calcd.: C, 49.05%; H, 3.54%; N,
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Abstract—Hypericin monocarboxylic acid was synthesized in an overall yield of 25% in four steps and radiolabelled with iodine-123
in good yield (>75%). The resulting mono-[123I]iodohypericin monocarboxylic acid was evaluated in normal mice and in rats with
ethanol induced liver necrosis. In this model, tracer concentration in necrotic liver tissue was 14 times higher than in the viable liver
tissue as quantified by autoradiography at 24 h post injection. The results indicate the feasibility of visualization of necrotic tissue
with the novel tracer.
� 2007 Elsevier Ltd. All rights reserved.

Cell death occurs by two distinct processes, that is, pro-
grammed cell death (apoptosis) and necrosis.1,2 Apopto-
sis can be initiated by several physiological stimuli that
trigger a preprogrammed cellular set of events involving
the activation and release of caspases which in turn com-
mand a structured cell destruction and removal. Necro-
sis, on the other hand, is caused by mechanical, thermal,
electrical or noxious chemical injury and by profound
hypoxia, ischaemia or even respiratory poisons such as
cyanide. Both forms of cell death have been implicated
in some diseases, for example in acute myocardial
infarction (AMI). 99mTc-pyrophosphate, 111In-antimyo-
sin Fab antibody and 99mTc-glucarate have all been used
in nuclear medicine to locate and quantify infarct size
but none has optimal imaging characteristics.3,4


Percutaneous ethanol injection (PEI) is widely used to
kill small tumuors (especially hepatocellular carcino-
mas) but a radiopharmaceutical to monitor response
to this therapy5,6 has not yet been developed. Upon
PEI, tumuor cells die by necrosis and a radiolabelled
necrosis avid agent may enable quantification of the ne-
crotic tumuor volume after PEI treatment as well as
guide subsequent treatments.
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Our group has been focusing on infarct avid agents for
contrast enhancement in magnetic resonance imaging
(MRI) and single photon emission computer tomogra-
phy (SPECT).7–9 We have shown that mono-
[123I]iodohypericin ([123I]MIH), an iodine-123 labelled
derivative of hypericin (Fig. 1A), is very avid for necro-
tic9 but not apoptotic (results unpublished) tissue in dif-
ferent animal models of necrosis and apoptosis. Because
of the slow plasma clearance of [123I]MIH, early in vivo
visualization (2 h post tracer injection) of necrotic tissue
in experimentally reperfused acute myocardial infarc-
tion (AMI) was not possible using [123I]MIH in combi-
nation with single photon emission computerized
tomography (SPECT).10 We hypothesized that a less
lipophilic derivative of hypericin would have a faster
clearance from circulation and therefore permit earlier

Figure 1. Structures of (A) R = H = hypericin and R = 123I = mono-


[123I]iodohypericin and (B) R = H = hypericin monocarboxylic acid


and R = 123I = mono-[123I]iodohypericin monocarboxylic acid.
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visualization of necrotic tissue. This study reports the
synthesis of mono-[123I]iodohypericin monocarboxylic
acid ([123I]MIHA, Fig. 1B), and its preliminary evalua-
tion in normal mice and in rats with ethanol induced
liver necrosis. Avidity of [123I]MIHA for necrotic liver
was assessed ex vivo by gamma counting, autoradiogra-
phy and triphenyltetrazolium (TTC), haematoxylin and
eosin (H&E) staining techniques.


Protohypericin monocarboxylic acid (4) was obtained
starting from emodin (1) by a modification of a
reported four-step procedure11 in an overall yield of
25% (Scheme 1a). Emodin was first acetylated to yield
mainly tri-acetyl-emodin (2)12 which upon oxidation
yielded triacetyl-emodic acid (3).13 Dimerization of 1
and 3 in the presence of hydroquinone as a free rad-
ical scavenger yielded protohypericin monocarboxylic
acid (4)14 which was readily converted to hypericin
monocarboxylic acid (5) by photocyclization during
irradiation of 4 with a 400-W halogen lamp for
30 min. 1H NMR of 4 was recorded on a Gemini
200 MHz spectrometer and corresponded with previ-
ously reported d-values.11 Hypericin monocarboxylic
acid (5) was used as precursor for the synthesis of
the unlabelled mono-iodo-derivative (6) by a standard
electrophilic substitution reaction employing iodide in
the presence of peracetic acid as an in situ oxidizing
agent.15,16 The resulting compound was purified by
HPLC and its identity was confirmed by mass spec-
trometry. Synthesis of radiolabelled mono-
[123I]iodohypericin monocarboxylic acid ([123I]MIHA)
was carried out by radioiodination of protohyperin
monocarboxylic acid (4) followed by cyclization of
the proto-derivative by irradiation of the reaction
mixture for 30 min with a 400-W halogen lamp
(Scheme 1b).17 The cyclization reaction proceeded
quantitatively as monitored by HPLC analysis. The
overall radiolabelling yield was >75% relative to start-
ing iodine-123 activity. The radiolabelled compound
([123I]MIHA) was purified by reversed phase HPLC
after which the solvents were evaporated by a gentle
flush of nitrogen and the tracer agent was formulated
in water/polyethylene glycol 400 (PEG 400) 80/20 V/V
for animal studies. The unlabelled compound was
used for identity confirmation of the radioiodinated
compound [123I]-6 after co-injection with the radiola-
belled derivative on HPLC (Fig. 2). 1H NMR of unla-
belled MIH showed that the iodination occurs ortho
to the ‘bay’ phenol15 (most acidic phenol, pKa = 1.7).
We therefore suppose that the position of iodine in
[123I]MIHA is as presented in Figure 1B.


The log octanol/buffer (0.025 M phosphate buffer, pH
7.4) partition coefficient (logP) of [123I]MIHA was
found to be 1.47 ± 0.06 (n = 6). The logP of [123I]MIH
is 3.08.15 As expected the substitution of a carboxylic
function for a methyl group has a profound effect on
the lipophilicity of the compound.


Biodistribution of [123I]MIHA was studied in normal
NMRI mice after tail vein injection of 185 KBq. The
mice were sacrificed by decapitation under anaesthesia
at 30 min, 4 h or 24 h post injection (pi, n = 4 mice per

time point). The organs were weighed and radioactivity
was counted in a NaI(Tl) gamma counter and expressed
as percentage of injected dose (ID)/organ and % ID/g of
organ. Table 1 shows the biodistribution of [123I]MIHA.
Blood clearance of [123I]MIHA (0.6% ID/g at 4 h pi) was
much faster than for [123I]MIH (28.2% ID/g at 4 h pi).
Low blood clearance of [123I]MIH has been attributed
to its high affinity for plasma lipoproteins (data unpub-
lished). The present data suggest that less the lipophilic
[123I]MIHA has much less affinity for plasma proteins
resulting in enhanced plasma clearance. The tracer is
mainly cleared via the hepatobiliary pathway resulting
in high percentages excreted to the intestines and faeces.
A significant amount of [123I]MIHA was also cleared via
the kidneys resulting in 21.1% ID of [123I]MIHA in urine
at 24 h pi compared to <6% ID of [123I]MIH.


Preliminary evaluation of affinity of [123I]MIHA for
necrotic tissue has been performed in male adult Wistar
rats (350–450 g) with hepatic necrosis. Hepatic necrosis
was induced under laparotomy in seven rats by gradual
infusion of 0.2 mL of ethanol into the left liver lobe.
After closing the abdominal cavity with a two-layered
suture, animals were allowed to recover for at least
12 h prior to tracer injection, during which the left liver
lobe became necrotic. The rats were injected under
anaesthesia via a tail vein with 22 MBq [123I]MIHA
and then sacrificed under anaesthesia by decapitation
at 4 h (n = 4) or 24 h (n = 3) pi. The necrotic (left) and
viable (right) liver lobes were harvested, rinsed with cold
(4 �C) saline, weighed and counted in a gamma counter.
Radioactivity concentration was expressed in counts per
min (CPM) per gram tissue. The tissues were immedi-
ately stained in TTC (1.5% solution in saline) for
15 min at 37 �C and digitally photographed. They were
then frozen to �80 �C and serial microtome sections
(5–50 lm) were made from these frozen samples that
were mounted on slides. Autoradiograms were made
by exposing the slides to a high performance phosphor
screen for 48 h. The screens were read with a phosphor
imager and analysed using Optiquant� software. After-
wards the same slices were stained with H&E following
the conventional procedure. Figure 3 shows representa-
tive ex vivo images after TTC staining (Fig. 3a) and
autoradiography (Fig. 3b) of a 30-lm slice and the same
slice after H&E staining (Fig. 3c) of the necrotic lobe
(top row) and viable liver lobe (lower row) of a rat
sacrificed at 24 h pi. Necrosis was confirmed by TTC
staining (TTC negative areas) even though the images
did not match with those of autoradiography and
H&E staining due to disruptions that occurred during
freezing and microtome sectioning. As can be seen from
the images, there was a good match between the autora-
diograms (high tracer uptake red spots) and H&E
stained sections, thus confirming that uptake of
[123I]MIHA was concentrated in the necrotic sections
of the liver. On H&E stained slices, pink areas
(eosinophilic) correspond to severely necrotic tissue
while purple areas (haematoxyphilic) correspond to
viable tissue. The ratio of necrotic:viable was 1.8 and
14 at 4 h and 24 h pi, respectively, as quantified by
autoradiography. The ratio of necrotic:viable was 1.2
and 1.9 at 4 h and 24 h, respectively, by gamma count-







Scheme 1. Reagents and conditions: (a) (i) (CH3COO)2, 60 �C, 30 min; H2SO4; (ii) CrO3/CH3COOH + (CH3COO)2, 70 �C 3 h; (iii) 3 + 1 + C6H6O,


0.8 M KOH, 155 �C, 5 days; (iv) irradiation with 400-W halogen lamp for 30 min. (b) (i) [123I+], irradiation.


Figure 2. HPLC chromatogram after co-injection of unlabelled mono-


iodohypericin monocarboxylic acid with mono-[123I]iodohypericin


monocarboxylic acid.


Table 1. Biodistribution of mono-[123I]iodohypericin monocarboxylic acid ([


Organ % injected dose (±SD)


30 min 4 h 24 h


Bladder 0.3 (±0.1) 7.1 (±6.2) 21.1


Kidneys 2.9 (±0.3) 2.6 (±0.2) 1.0


Liver 64.4 (±3.0) 22.4 (±5.8) 4.7


Spleen + pancreas 1.3 (±0.3) 0.5 (±0.2) 0.2


Lungs 1.4 (±0.4) 0.3 (±0.1) 0.1


Heart 0.5 (±0.1) 0.3 (±0.1) 0.1


Intestines + faeces 13.2 (±2.4) 50.5 (±12.5) 69.4


Brain 0.0 (±0.0) 0.0 (±0.0) 0.0


Blood 3.3 (±1.5) 1.6 (±1.3) 0.1


Carcass 13.2 (±3.8) 10.3 (±6.6) 2.8


SD, standard deviation; na, not applicable.
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ing. The ratio was much less on gamma counting but
this is due to the fact that viable cells are intermixed with
necrotic cells, making sampling (separation of necrotic
from viable tissue) very difficult.


In a liver model of reperfused hepatic infarction, the
concentration of [123I]MIH was 3.1 times higher in ne-
crotic liver tissue compared to intact liver tissue as as-
sessed by autoradiography at 24 h pi. [123I]MIH has
been shown to be very useful in delineation and sizing
of infarcts in animal models of acute myocardial infarc-
tion (AMI).10 In reperfused AMI, infarct: remote tissue
ratios were as high as 81:1 and infarcts were well delin-
eated at 9 h pi. Avidity of [123I]MIHA for necrosis was
higher than that of [123I]MIH in a rat model with reper-

123I]MIHA) in normal NMRI mice


% injected dose/g (±SD)


30 min 4 h 24 h


(±9.8) na na na


(±0.2) 4.4 (±0.4) 4.8 (±0.3) 1.9 (±0.4)


(±1.1) 33.7 (±2.5) 13.2 (±3.5) 2.7 (±0.9)


(±0.0) 3.9 (±0.4) 1.6 (±0.6) 0.5 (± 0.1)


(±0.0) 5.0 (±1.7) 1.2 (±0.3) 0.2 (± 0.1)


(±0.0) 3.1 (±0.8) 1.9 (±0.6) 0.7 (±0.5)


(±9.4) na na na


(±0.0) 0.0 (±0.0) 0.0 (±0.0) 0.0 (±0.0)


(±0.0) 1.3 (±0.6) 0.6 (±0.5) 0.0 (±0.0)


(±0.5) na na na







Figure 3. Ex vivo images of rat liver at 24 h post injection. (a) TTC


stained liver lobes of necrotic (1st row) and viable (2nd row) liver


tissue, (b) autoradiograms of 30-lm slice of necrotic (1st row) and


viable (2nd row) tissue and (c) H&E stained slices of necrotic (1st row)


and viable (2nd row) tissue. Arrows indicate regions of severe necrosis.


Note perfect match between autoradiograms and H&E stained


sections. Colour scale corresponds to autoradiograms.
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fused hepatic infarction. Whether this difference was due
to the different models used still has to be evaluated. In
the occlusion–reperfusion model of liver infarction both
apoptosis and necrosis can be induced with the extent of
tracer uptake being influenced by the balance between
both forms of cell death. Ethanol injection, on the other
hand, specifically induces necrosis. Early delineation
(2 h pi) of AMI using [123I]MIH was not possible given
the very high blood pool activity of the tracer agent at
this time point (in mice there was namely 30.0, 28.2
and 0.7% ID/g at 30 min, 4 h and 24 h pi, respectively,
assuming blood accounts to 7% of total body mass).
In contrast, [123I]MIHA showed a rapid blood clearance
with 0.6% ID/g blood at 4 h pi. The rapid blood clear-
ance of [123I]MIHA could be an advantage over
[123I]MIH for imaging AMI as a good contrast could
be obtained early enough to visualize AMI within the
clinically relevant time window for thrombolysis (usu-
ally within 6 h of the acute event). This faster clearance
from plasma and the major organs makes [123I]MIHA
an attractive and more favourable alternative for
[123I]MIH for imaging of AMI.


Several infarct avid imaging agents have been proposed
and used in nuclear medicine, but none of them meets
the optimal imaging characteristics. The most interest-
ing has been 99mTc-glucarate which has been shown in
several studies to be very useful in delineating and
sizing myocardial infarcts in animals and in humans.
99mTc-glucarate imaging nonetheless presents with two
limitations18 which can be overcome by imaging using
[123I]MIH and [123I]MIHA: (1) scan positivity with
99mTc-glucarate is limited to the early hours of the acute
injury (typically < 9 h after AMI) and (2) it is rapidly
washed out from the infarcted myocardium. [123I]MIH
as well as [123I]MIHA have longer half lives in necrotic
tissue, making it potentially feasible to image old as well
as new infarcts.


This preliminary evaluation presents a good indication
for the necrosis avidity of [123I]MIHA. Further experi-

ments will involve in vivo imaging to investigate the time
during which the best target (necrosis) to non-target
(viable tissue) ratios can be obtained. Single photon
emission computer tomography (SPECT) imaging with
[123I]MIHA in this model of necrosis may find applica-
tions in the monitoring of response to PEI therapy.
PEI therapy has been monitored until now by computer
tomography (CT), which measures total tumuor volume
rather than the percentage of cells killed by therapy,
with a possibility of over- or underestimating the resid-
ual viable tumuor mass. Expanding infarct avid scintig-
raphy to PEI imaging would therefore be beneficial to
both patients and clinicians. Imaging of AMI presents
an even more challenging clinical task for which
[123I]MIHA will also be evaluated for its potential
usefulness.
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