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Abstract—We have identified new lead candidates that possess inhibitory activity against Mycobacterium tuberculosis H37Rv choris-
mate mutase by a ligand-based virtual screening optimized for lead evaluation in combination with in vitro enzymatic assay. The
initial virtual screening using a ligand-based pharmacophore model identified 95 compounds from an in-house small molecule data-
base of 15,452 compounds. The obtained hits were further evaluated by molecular docking and 15 compounds were short listed
based on docking scores and the other scoring functions and subjected to biological assay. Chorismate mutase activity assays iden-
tified four compounds as inhibitors of M. tuberculosis chorismate mutase (MtCM) with low Ki values. The structural models for
these ligands in the chorismate mutase binding site will facilitate medicinal chemistry efforts for lead optimization against this
protein.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Claisen rearrangement of chorismate to prephenate.

Tuberculosis (TB) kills more than two million people a
year worldwide (http://www.avert.org/tuberc.htm).1


The emergence of multiple-drug-resistant TB and its
synergism with HIV is a burgeoning threat which com-
pels characterization of new enzyme targets and the
development of new drugs (http://www.avert.org/
tuberc.htm).


Chorismate mutase (EC 5.4.99.5) catalyzes the Claisen
rearrangement of chorismate to prephenate (Fig. 1) in
the shikimate pathway which leads to the synthesis of
the aromatic amino acids phenylalanine and tyrosine.
This is the single known example of an enzyme catalyz-
ing a pericylic reaction.


Shikimate pathway for the biosynthesis of aromatic
compounds is evidently present in bacteria, fungi, and
plants but absent in animals. Therefore, chorismate mu-
tase is a novel target for generation of antibiotics, fungi-
cides, and herbicides.2
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Mycobacterium tuberculosis H37Rv genome contains
two genes (Rv1885c and Rv0948c) responsible for
chorismate mutase activity.3 The protein encoded by
Rv1885c has been characterized as a mono-functional
chorismate mutase (MtCM) having an N-terminal signal
sequence (1–33 residues). While the shikimate pathway
is commonly present in the cytoplasm of bacteria and
higher plants, MtCM is secreted out of the cell to pro-
vide support to M. tuberculosis in aromatic amino acid
deficient medium.4 It has also been proposed recently
that MtCM might interact with the host macrophages
and might be important in virulence.5 On the other
hand, the protein encoded by Rv0948c is a bifunctional
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Figure 3. The GASP model for Chorismate mutase inhibitors


containing four acceptor atoms shown in green spheres. Red spheres


represent the donor sites. The sphere sizes indicate query tolerances.
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chorismate mutase-prephanate dehydratase, that lacks a
signal sequence and is, therefore, restricted to the cyto-
plasm. Moreover, it has been shown that Rv1885c is
the major contributor toward the CM activity of the
cell, while Rv0948c is only a minor contributor.3 For
our study we have used the recently solved crystal struc-
ture of MtCM (Rv1885c) (PDB ID—2F6L).6


We have employed an integrated database screening
strategy involving two popular 3D-database screening
approaches: pharmacophore hypothesis based 3-D data-
base search and protein structure-based docking ap-
proach. Since there are no known inhibitors of
MtCM, we developed the ligand-based pharmacophore
model based on the substrate chorismic acid and three
aza inhibitors (Fig. 2) of chorismate mutase from
Saccharomyces cerevisiae,7 as the active sites of these
two proteins are quite similar.6 The pharmacophore
model was derived by means of a genetic algorithm
similarity program GASP.8 The program employs a
genetic algorithm for determining the correspondence
between functional groups in the superimposed ligands
and the alignment of these groups in a common
geometry for receptor binding. Pharmacophore model
generated by GASP consists of positions and tolerance
for four acceptor sites, AA1–AA4 (Fig. 3). This model
was used to perform a pharmacophore search of 3-D
compound database to identify ‘hits’ that satisfy the
chemical and the geometrical requirements using
UNITY module of Sybyl7.1. The CDRI small molecule
repository9 and database consist of 15,659 molecules out
of which 15,452 conform to the modified Lipinski’s rule
of 5.10 Only the filtered subset of 15,452 molecules was
used for the screening. Virtual screening with UNITY
using ligand-based pharmacophore model yielded 95
hits that met the specified requirements. Finally, protein
structure-based molecular docking was used to dock
each ‘hit’ to the active site of chorismate mutase and

Figure 2. Saccharomyces cerevisiae chorismate mutase inhibitors (a–c) an


generation.

to rank the binding affinities. FlexX 11 based molecular
docking study was carried out to perform scoring and
ranking of the hits obtained from database searching.
FlexX method of molecular docking involves incremen-
tal construction of ligands from smaller fragments in the
cavity of a receptor. All the hits obtained in database
searching were docked into the inhibitor binding site
in the X-ray crystal structure of MtCM (PDB Accession
No. 2F6L). The active site in the MtCM was searched
using SiteID module of Sybyl7.112 and the probable
active site determination was accomplished based on
previously reported structural information.6 For a
comparative analysis of the hits obtained in database

d the substrate chorismic acid (d) used for pharmacophore model







Figure 5. Initial rates of the conversion of chorismic acid to prephenic


acid. Reaction was started by the addition of 10 pmol MtCM to pre-


warmed 100 lM chorismic acid, in the presence or absence of different


inhibitors. The concentration of inhibitor used was 100 nM. Without


inhibitor (h), With compound 1 (s), With compound II (n), with


compound III (e), with compound IV ($).


Figure 6. Initial rates of conversion of chorismic acid to prephenic


acid. Reaction was started by the addition of 10 pmol MtCM to pre-


warmed 100 lM chorismic acid, in the presence or absence of different


concentrations (0–100 lM) of (a) inhibitor I, and (b) inhibitor II.


Without inhibitor (h), with 100 nM inhibitor (s), with 1 lM inhibitor


(n), with 10 lM inhibitor ($), with 50 lM inhibitor (e), and with


100 lM inhibitor (+).


Figure 4. Flow chart indicating the results obtained from the virtual


screening of CDRI small molecule database. The numbers given in the


figure represent the number of molecules selected after each stage.
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searching, FlexX score,13 G_score,14 PMF_score,15


D_score 16, and Chem_score 17 were estimated using
the C-score module of the Sybyl7.1.12 CScore program
accesses the above scoring functions and combines
individual scores into a consensus score. The combined
scoring functions perform in a superior fashion to the
single scoring function and by their nature the combina-
tion of functions will ameliorate the effect of any partic-
ularly unsuitable single function.


At the final stage, 15 molecules having FlexX energy
scores from �25 to �3 kJ/mol and with C-score values
of 5 were selected. The selected molecules displayed a
good binding mode characterized by interactions of
the hydrogen bond acceptors in the ligands with the

hydrogen bond donor sites of the protein, which was
analyzed visually. The values for various scores for these
15 compounds are given in Table 2 (supporting informa-
tion). These compounds were retrieved from CDRI
small molecule repository and subjected to biological
evaluation (Fig. 4).


The 15 selected compounds after virtual screening
were further screened biologically.18 Our results show
that four inhibitors, that is, compound number I, II,
III, and IV, inhibit enzymatic activity by competitive
inhibition. Figure 5 shows differences in initial rates
of the enzyme activity in the absence and presence
of the inhibitors. These inhibitors do not alter Vmax


at the higher concentration of substrate (chorismic
acid) in the range of 1–5 mM. However, they do
increase the Km, which is denoted as apparent Km.
Dissociation constant for inhibitor binding (Ki) values
were determined by plotting the apparent Km values
against the respective inhibitor concentration using
Eq. 1.


Km apparentð Þ ¼ Km 1þ ½I �=K ið Þ: ð1Þ
Data were plotted using Michaelis–Menten kinetics in
Graph Pad Prism. Similarly, mode of inhibition was







Figure 7. Competitive inhibition of MtCM with respect to chorismic


acid by the selected compounds I and II. Data were fitted using


standard linear regression. The double-reciprocal plots clearly indicate


competitive binding between chorismic acid and compounds (a) I and


(b) II. Activity of MtCM was measured in the presence of increasing


concentrations of inhibitor compound in the range of 0–100 lM.


Table 1. List of active inhibitors with molecular weight and calculated Ki va
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determined through standard analysis of Lineweaver–
Burk kinetics.


In Figure 6, the behavior of two of the most potent
inhibitors against MtCM is shown. Double reciprocal
plots and linear regression fit to the data, in the presence
of different concentrations of compounds I and II, for
the determination of apparent Km are shown in Figure
7a and b, respectively. From linear regression fitting to
Eq. 1 , Ki values for compounds I and II were found
to be 5.7 and 17 lM, respectively. The compounds III
and IV also showed Ki values in lM range and are
shown in Table 1. However, rest of the compounds
listed in Table 2 (supporting information) were found
to be inactive.


To understand the mechanism underlying the inhibition
of MtCM by the selected compounds, we analyzed the
docking modes of active inhibitors I and II, in the active
site of MtCM. The inhibitors appear to fit well in the ac-
tive site pocket showing several hydrogen-bonding and
van der Waals interactions with the binding site resi-
dues. The binding conformation of compounds I and
II is shown in Figure 8.


The oxygen atoms of sulfate group of compound I, cor-
responding to acceptor sites AA1 and AA2 of pharma-
cophore model (Fig. 3), act as hydrogen bond acceptor


for the side-chain N–H of Lys60 (distance 2.4 Å
´


) and


side-chain nitrogen of Gln76 (distance 1.956 Å
´


). Side-
chain carbonyl group of Gln76 also makes hydrogen
bond with nitrogen atom of compound I (distance


2.292 Å
´


). Similarly, oxygen atom of nitro group of com-
pound I, which maps to AA3 of the pharmacophore
model, interacts with guanidinium nitrogen of Arg49.
The results indicate that the nitro group substituted at
meta position of phenyl ring plays an important role

lues


Molecular weight Ki (lM)


425.09 5.7 ± 1.2


363.75 17.71 ± 3.35


422.19 21.1 ± 3.6


210.19 28.8 ± 4.1







Figure 8. Docked conformation of (a) I and (b) II in the catalytic site


of MtCM X-ray crystal structure.
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in binding to chorismate mutase. A similar mode of
binding is also observed for the binding of compound
II, where the nitro group interacts extensively with
side-chain nitrogen of Arg49. Furthermore, most of
the hydrophobic interactions between MtCM and inhib-
itors were conserved within the docking mode of com-
pounds I and II. Thus, Val56, Arg72, Ile102, and
Ile137 were found to form hydrophobic contacts with
molecules I and II. However, the oxygen atom of these
two inhibitors which corresponds to the AA4 feature
of the pharmacophore model was not found to be in-
volved in any hydrogen bonding interaction.


In summary, we have successfully performed virtual
screening of in-house small molecule database of
15,452 available chemicals to search for MtCM inhibi-
tors. We utilized ligand-based pharmacophore modeling
and screening of small molecule database. We have suc-
cessfully identified four novel compounds for the inhibi-
tion of MtCM. Particularly, compound I showed the

most potent inhibition with Ki value of 5.7 lM against
MtCM. The docking studies performed in the binding
pocket of X-ray crystal structure of MtCM reveal the
interactions that are important for binding to the en-
zyme. The experimental validation of our pharmaco-
phore model will advance further efforts for lead
optimization by chemical derivatization of active com-
pounds identified in this study.
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Abstract—Benzalacetone synthase (BAS) is a plant-specific chalcone synthase (CHS) superfamily type III polyketide synthase (PKS)
that catalyzes a one-step decarboxylative condensation of 4-coumaroyl-CoA with malonyl-CoA. The diketide forming activity of
Rheum palmatum BAS is attributed to the characteristic substitution of the conserved active-site Phe215 with Leu (numbering in
Medicago sativa CHS). To further understand the structure and function of R. palmatum BAS, four site-directed mutants
(C197T, C197G, G256L, and S338V) were newly constructed. All the mutants did not change the product pattern, however, the
activity was 2-fold increased in S338V, while reduced to half in G256L mutant. On the other hand, the C197 mutants were
functionally almost identical to wild-type BAS, excluding the possibility that the second active-site Cys is involved in the enzyme
reaction. Instead, homology modeling suggested a possibility that, unlike the case of CHS, BAS utilizes an alternative pocket to
lock the coumaroyl moiety for the diketide formation reaction.
� 2007 Elsevier Ltd. All rights reserved.

Benzalacetone synthase (BAS) (EC 2.3.1.-) is a plant-
specific chalcone synthase (CHS) superfamily of type
III polyketide synthases (PKSs)1,2 that catalyzes one-
step decarboxylative condensation of 4-coumaroyl-
CoA with malonyl-CoA to produce a diketide benzalac-
etone, 4-(4-hydroxyphenyl)but-3-en-2-one (Fig. 1a).3,4


BAS is thought to play a crucial role for construction
of the C6–C4 moiety of a variety of medicinally impor-
tant phenylbutanoids such as anti-inflammatory gluco-
side lindleyin in rhubarb, gingerol, and curcumin in
ginger plants, and raspberry ketone, the characteristic
aroma of raspberry fruits.3 On the other hand, CHS
(EC 2.3.1.74), sharing ca. 70% amino acid sequence
identity with BAS, performs sequential condensations
of 4-coumaroyl-CoA with three C2 units from malo-
nyl-CoA to produce a tetraketide naringenin chalcone
(4,2 0,4 0,6 0-tetrahydroxychalcone) (Fig. 1c), which is the
biosynthetic precursor of flavonoids.1,2

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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In the previous work, we reported that the diketide-
forming activity of Rheum palmatum (Polygonaceae)
BAS is derived from the characteristic substitution of
the CHS active-site Phe215; the conserved residues
214LF are uniquely replaced by IL in BAS (numbering
in Medicago sativa CHS).3,4 The conformationally flexi-
ble Phe215, located at the junction between the active-
site cavity and the CoA binding tunnel, is absolutely
conserved in all the known type III PKSs, and thought
to facilitate decarboxylation of malonyl-CoA; help ori-
ent substrates and intermediates during the sequential
condensation reactions.5,6 Our observation that R. pal-
matum BAS I214L/L215F mutant restored chalcone-
forming activity supported a hypothesis that the absence
of Phe215 in BAS accounts for the interruption of the
polyketide chain elongation at the diketide stage.4


On the other hand, another interesting feature of the
diketide-producing R. palmatum BAS is that CHS’s
conserved active-site Thr197, the important residue for
steric modulation of the active-site in a number of diver-
gent type III PKSs, is uniquely replaced with reactive
Cys (Fig. 2).4 Interestingly, Austin and Noel proposed
a hypothesis that BAS utilizes this second active-site
Cys for the decarboxylation reaction of a diketide
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Figure 1. Proposed mechanism for the formation of (a) benzalacetone (BA), (b) bisnoryangonin (BNY), and (c) naringenin chalcone, from


4-coumaroyl-CoA and malonyl-CoA as substrates. Formation of (d) triacetic acid lactone (TAL), (e) 5,7-dihydroxy-2-methylchromone, and (f)


SEK4 and SEK4b, from malonyl-CoA as a substrate.
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intermediate to produce benzalacetone.2 To test the
hypothesis, here we constructed a mutant in which
Cys197 (numbering in CHS) is substituted with Thr
and investigated the mechanistic consequence of the
point mutation. In addition, to further study the struc-
ture and function of R. palmatum BAS, we also con-
structed mutants in which the active-site Cys197,
Gly256, and Ser338 (numbering in CHS) were, respec-
tively, replaced with Gly, Leu, and Val, as in the case
of the recently reported Aloe arborescens octaketide syn-
thase (OKS), a novel CHS-superfamily type III PKS
that produces octaketides SEK4 and SEK4b from eight
molecules of malonyl-CoA (Fig. 1f).7 The large-to-small
C197G and the OKS-like bulky G256L replacements are

thought to be important for steric modulation of the ac-
tive-site architecture, thereby affecting substrate and
product specificity of the enzyme reaction.7–12 Very
interestingly, it has been recently reported that S338V
mutant of Scutellaria baicalensis CHS produced a trace
amount of octaketides SEK4 and SEK4b by the simple
steric modulation of the chemically inert single residue
lining the active-site cavity.9


All the mutants were expressed in Escherichia coli at lev-
els comparable with wild-type enzyme and purified to
homogeneity by a Ni-chelate affinity column.13,14 Inter-
estingly, the replacement of Cys197 with Thr or Gly did
not significantly affect the enzyme activity;15 both







Figure 2. Sequence alignment of Rheum palmatum BAS and other CHS-superfamily type III PKSs: R.p BAS, R. palmatum benzalacetone synthase;


M.s CHS, Medicago sativa CHS; A.h STS, Arachis hypogaea stilbene synthase; R.g ACS, Ruta graveolens acridone synthase; A.a PCS,


Aloe arborescens PCS; A.a OKS, A. arborescens OKS. The catalytic triad (Cys164, His303, and Asn336) and the gatekeeper Phes (Phe215 and


Phe265) are marked withˆ , and the active-site residues 197, 256, and 338 with # (numbering in M. sativa CHS). Residues for the CoA binding are


marked with X. a-Helices (rectangles) and b-strands (arrows) of CHS are diagrammed.
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C197T and C197G mutant were functionally almost
identical to wild-type BAS, and efficiently produced
BA after condensation of 4-coumaroyl-CoA16 with one
molecule of malonyl-CoA (Fig. 1a). This demonstrated
that Cys197 is not essential for the BA-producing activ-
ity, and excluded the possibility that the second active-
site Cys is involved in the decarboxylation reaction of
the diketide intermediate. On the other hand, G256L
mutant showed 2-fold decrease, while S338V mutant
showed 2-fold increase in the BA-forming activity at
pH 8 (Fig. 3). Furthermore, as in the case of wild-type
R. palmatum BAS, all the mutants afforded a triketide
pyrone bisnoryangonin (BNY) after two condensations
with malonyl-CoA (Fig. 1b) under acidic pH: the BA-
forming activity was maximum at pH 8, while BNY
was obtained as a major product at pH 6 (Fig. 3). How-
ever, formation of other products such as a tetraketide
pyrone 4-coumaroyltriacetic acid lactone17 or naringe-
nin chalcone (Fig. 1c) was not detected for all the mu-
tant enzymes, which indicated that the point mutations
do not affect the product chain length (the number of
condensations with malonyl-CoA) and the product spec-
ificity. Steady-state kinetics analysis18 (BA-forming
activity at pH 8.0) revealed that S338V mutant showed
KM = 9.4 lM and kcat = 3.18 min�1 for 4-coumaroyl-
CoA, while wild-type R. palmatum BAS showed
KM = 10.0 lM and kcat = 1.79 min�1 for 4-coumaroyl-
CoA. The replacement of the single residue thus led to
2-fold increase in the kcat/KM value for the BA-forming
activity. It is remarkable that the turnover number (the
kcat value) was doubled while the KM value remained

nearly equal, implicating its potential influence on the
catalytic steps that follow the substrate loading.


On the other hand, when malonyl-CoA was used as the
sole substrate, both wild-type and the mutant (C197T,
C197G, G256, and S338V) R. palmatum BAS initiated
decarboxylative condensation of malonyl-CoA as a
starter, and most of the polyketide chain elongation
reactions were terminated at the triketide stage to pre-
dominantly produce triacetic acid lactone (TAL) (Fig.
1d). This is largely in good agreement with earlier re-
ports on M. sativa CHS11 and S. baicalensis CHS.9


However, interestingly, unlike the previously reported
S. baicalensis CHS S338V mutant, formation of octake-
tides SEK4 and SEK4b9 from eight molecules of malo-
nyl-CoA (Fig. 1f) was not detected by the LC–ESIMS
analysis. Instead, R. palmatum BAS S338V mutant only
afforded a trace amount of a pentaketide 2,7-dihydroxy-
5-methylchromone9 from five molecules of malonyl-
CoA (Fig. 1e). According to the homology models as
discussed below, R. palmatum BAS mutants seem to
have enough space for the octaketide formation reaction
in the active-site cavity (Fig. 4). The observed result
would reflect the subtle structural differences between
the two enzymes.


In the absence of a crystal structure of R. palmatum
BAS, homology models19 were constructed on the basis
of the crystal structure of M. sativa CHS (PDB code:
1BQ6A)5 (Fig. 4). The model predicted that R. palmatum
BAS has the same overall fold as M. sativa CHS, with a
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cavity volume estimated to be 881 Å3, which is smaller
than that of M. sativa CHS (1019 Å3).4 Notably, the
‘coumaroyl-binding pocket’5 (indicated by a black

arrow in Fig. 4) of BAS is apparently smaller than that
of CHS. Further, as mentioned above, the CHS’s gate-
keeper Phe215 is characteristically replaced with non-
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aromatic Leu in R. palmatum BAS. These structural
changes would make it difficult for R. palmatum BAS
to properly lock the coumaroyl starter in the ‘coumaroyl
binding pocket’ during the polyketide chain elongation
reaction. Instead, we propose a hypothesis that R. pal-
matum BAS utilizes an alternative pocket (indicated by
a red arrow in Fig. 4) to lock the coumaroyl moiety
for the diketide formation reaction.


The homology model also suggested that the hydropho-
bic replacement of Ser338 located next to the catalytic
Cys164 further narrows the entrance of the ‘couma-
royl-binding pocket’ (Fig. 4c), and, as a result, provides
steric guidance so that the polyketide intermediate ex-
tends into the downward alternative pocket, thereby
leading to improvement of the BA-forming activity in
S338V mutant. Indeed, as mentioned above, the kinetic
data indicated that the point mutation led to 2-fold in-
crease in the turnover number (the kcat value), while
the KM value remained nearly equal, which would sup-
port the hypothesis. Moreover, the models also sug-
gested that C197T and C197G mutations do not affect
the volume of the alternative pocket, therefore causing
no significant effects on the enzyme activity (Fig. 4d
and f). On the other hand, the small-to-large G256L
substitution greatly reduces the active-site cavity volume
(Fig. 4e). Although it has been reported that CHS
G256L mutants no longer accept the bulky coumaroyl-
CoA as a starter substrate,9,11 the situation seems to be a
little different in R. palmatum BAS, and BAS G256L
mutant still managed to accept the coumaroyl starter
to produce BA, but with half of the catalytic efficiency
(in this case, both the kcat and the KM values should
be reduced). This result again suggested the structural
differences of the active-site between CHS and R. palma-
tum BAS; presumably BAS can still utilize one of the
pockets for the coumaroyl moiety loading and the dike-
tide formation reaction (Fig. 4e).


In summary, S338V mutant exhibited 2-fold increase in
the kcat/KM value for the BA-producing activity, suggest-
ing that the residue is important for providing steric guid-
ance of the diketide formation reaction. On the other
hand, C197T and C197G mutants were functionally al-
most identical with wild-type BAS, which excluded the
possibility that the second active-site Cys is involved in
the enzyme reaction. Instead, homology modeling sug-
gested a possibility that, unlike the case of CHS, BAS uti-
lizes an alternative pocket to lock the coumaroyl moiety
for the diketide formation reaction. These results pro-
vided structural insights into the functional diversity of
type III PKS enzymes and suggest strategies for the engi-
neered biosynthesis of plant polyketides.
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of body weight, especially visceral fat weight, and significantly reduced blood glucose levels


after loading of glucose (1 g/kg, ip) in mice. On the other hand, kaempferol and p-coumaric


acid lacked such effect and kaempferol 3-O-b-DD-glucopyranoside tended to reduce the gain


of body weight and visceral fat weight, but not significantly, at a dose of 10 mg/kg/d. These


results indicate the importance of both kaempferol 3-O-b-DD-glucopyranoside and


p-coumaroyl moieties for anti-obese effects. Furthermore, a single oral administration of


trans-tiliroside at a dose of 10 mg/kg increased the expression of PPAR-a mRNA of liver


tissue in mice.


A novel class of selective anti-Helicobacter pylori agents 2-oxo-2H-chromene-3-
carboxamide derivatives


pp 3065–3071


Franco Chimenti, Bruna Bizzarri,* Adriana Bolasco, Daniela Secci, Paola Chimenti,
Simone Carradori, Arianna Granese, Daniela Rivanera, Daniela Lilli, Alessandra Zicari,
M. Maddalena Scaltrito and Francesca Sisto
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A novel class of selective anti-Helicobacter pylori agents, 2-oxo-2H-chromene-3-carboxamide derivatives, were prepared and


evaluated for their anti-bacterial activity. Some of them exhibited a potent and specific inhibitory effect on the growth of H. pylori.


Imidazole moiety replacements in the 3-(1H-benzo[d]imidazol-2-yl)pyridin-2(1H)-one inhibitors
of insulin-like growth factor receptor-1 (IGF-1R) to improve cytochrome P450 profile


pp 3072–3076


Upender Velaparthi,* Peiying Liu, Balu Balasubramanian, Joan Carboni, Ricardo Attar, Marco Gottardis,
Aixin Li, Ann Greer, Mary Zoeckler, Mark D. Wittman and Dolatrai Vyas
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A series of 3-(1H-benzo[d]imidazol-2-yl)pyridin-2(1H)-one


inhibitors of insulin-like growth factor receptor-1 (IGF-1R)


were examined in which the pendant imidazole moiety was


replaced to improve selectivity for IGF-1R inhibition over


cytochrome P450 (CYP). Synthesis and SAR of these


compounds is presented.
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Dual M3 antagonists-PDE4 inhibitors. Part 2: Synthesis and SAR of 3-substituted azetidinyl
derivatives


pp 3077–3080


Laurent Provins,* Bernard Christophe, Pierre Danhaive, Jacques Dulieu,
Michel Gillard, Luc Quéré and Karin Stebbins
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The SAR around 3-substituted azetidinylpyrimidine derivatives as potent dual M3 antagonists and PDE4 inhibitors is reported.


The discovery of highly selective erbB2 (Her2) inhibitors for the treatment of cancer pp 3081–3086


Blaise Lippa,* Goss S. Kauffman, Joel Arcari, Tricia Kwan, Jinshan Chen, William Hungerford,
Samit Bhattacharya, Xumiao Zhao, Courtney Williams, Jun Xiao, Leslie Pustilnik, Chunyan Su,
James D. Moyer, Ling Ma, Mary Campbell and Stefanus Steyn
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The synthesis and biological evaluation of potent and selective inhibitors of the erbB2 kinase is presented. The vast


majority of these compounds are found to be >100· selective over the closely related EGFR kinase. Two lead compounds


are further shown to have low clearance and moderate bioavailability in rat.


Antiproliferative activity of 4-chloro-5,6-dihydro-2H-pyrans. Part 2: Enhancement of drug cytotoxicity pp 3087–3090


Leticia G. León, Pedro O. Miranda, Vı́ctor S. Martı́n, Juan I. Padrón and José M. Padrón*
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The inexpensive, stable and environmentally friendly FeCl3 promotes the Prins cyclization to synthesize functionalized alkyl


chlorodihydropyrans. The method represents an efficient and regioselective manner to obtain in a single step chlorovinyl–TMS


oxacycles with enhanced cytotoxicity against human solid tumor cells.


Glaziovianin A, a new isoflavone, from the leaves of Ateleia glazioviana and its cytotoxic activity
against human cancer cells


pp 3091–3094


Akihito Yokosuka,* Mitsue Haraguchi, Takeo Usui, Sayaka Kazami, Hiroyuki Osada,
Takao Yamori and Yoshihiro Mimaki*
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Glaziovianin A (1)
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Concise synthesis of dideoxy-epigallocatechin gallate (DO-EGCG) and evaluation of its
anti-influenza virus activity


pp 3095–3098


Takumi Furuta,* Yasuo Hirooka, Ayako Abe, Yusuke Sugata, Mitsuru Ueda,
Kouki Murakami, Takashi Suzuki, Kiyoshi Tanaka and Toshiyuki Kan*


Dideoxy-epigallocatechin gallate (DO-EGCG)


(2), a simplified analog of naturally occurring


EGCG, was efficiently prepared. Compound 2


showed potent anti-influenza virus activity.


Conformationally restricted homotryptamines 3. Indole tetrahydropyridines and cyclohexenylamines
as selective serotonin reuptake inhibitors


pp 3099–3104


Jeffrey A. Deskus,* James R. Epperson, Charles P. Sloan, Joseph A. Cipollina, Pierre Dextraze,
Jingfang Qian-Cutrone, Qi Gao, Baoqing Ma, Brett R. Beno, Gail K. Mattson, Thaddeus F. Molski,
Rudolph G. Krause, Matthew T. Taber, Nicholas J. Lodge and Ronald J. Mattson
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A series of indole tetrahydropyridine and indole cyclohexenylamines was prepared, and their


binding affinities at the human serotonin transporter (SERT) were determined. In particular,


compound 6a gave potent SERT activity. The enantiomers of 6a were energy minimized and


compared to other known conformationally restricted SSRIs. Compound 6a was also found to


give a dose–response similar to the SSRI fluoxetine in microdialysis studies in rats.


Enzymatic synthesis of arbutin undecylenic acid ester and its inhibitory effect on melanin synthesis pp 3105–3108


Yutaka Tokiwa,* Masaru Kitagawa, Takao Raku, Shusaku Yanagitani and Kenji Yoshino
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Transesterification of arbutin and undecylenic acid vinyl ester was catalyzed by protease to get arbutin derivative having undecylenic


acid ester. The arbutin ester significantly suppressed melanin production in murine B16 melanoma cells.


Piperazinyl CCR1 antagonists—optimization of human liver microsome stability pp 3109–3112


Matthew F. Brown,* Kevin B. Bahnck, Laura C. Blumberg, William H. Brissette, Sara A. Burrell,
James P. Driscoll, Flavia Fedeles, Michael B. Fisher, Robert S. Foti, Ronald P. Gladue,
Aikomari Guzman-Martinez, Matthew M. Hayward, Paul D. Lira, Brett M. Lillie, Yi Lu, Greg D. Lundquist,
Eric B. McElroy, Molly A. McGlynn, Timothy J. Paradis, Christopher S. Poss, James H. Roache,
Andrei Shavnya, Richard M. Shepard, Kristen A. Trevena and Laurie A. Tylaska
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The synthesis, biological activity, and pharmacokinetic profile of CCR1 antagonists are described.
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Preparation of novel anthranilic acids as antibacterial agents: Extensive evaluation of structural and
physical properties on antibacterial activity and human serum albumin affinity


pp 3113–3116


Atli Thorarensen,* Jianke Li, Brian D. Wakefield, Donna L. Romero, Keith R. Marotti,
Michael T. Sweeney, Gary E. Zurenko and Ronald W. Sarver
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This paper describes the SAR in the anthranilic acids as antibacterial agents against Gram-positive organisms and how that activity


relates to the compounds, affinity for human serum albumin (HSA).


Novel pyridyl-fused 3-amino chroman derivatives with dual action at serotonin transporter and 5-HT1A


receptor
pp 3117–3121


Dahui Zhou,* Nicole T. Hatzenbuhler, Jonathan L. Gross, Boyd L. Harrison, Deborah A. Evrard,
Michael Chlenov, Jeannette Golembieski, Geoffrey Hornby, Lee E. Schechter, Deborah L. Smith,
Terrance H. Andree and Gary P. Stack
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Structural modifications of the initial lead, 3-aminochroman (4), led to the identification


of a novel series of pyridyl-fused amino chroman derivatives (5–8) and the structural


isomers (9–12). The compounds described were evaluated for dual 5-HT transporter


inhibitory and 5-HT1A receptor activities. The design strategy, synthesis, and in vitro


biological characterization for these novel compounds are described.


Discovery of a novel small molecule binding site of human survivin pp 3122–3129


Michael D. Wendt,* Chaohong Sun, Aaron Kunzer, Daryl Sauer, Kathy Sarris, Ethan Hoff, Liping Yu,
David G. Nettesheim, Jun Chen, Sha Jin, Kenneth M. Comess, Yihong Fan, Steven N. Anderson,
Binumol Isaac, Edward T. Olejniczak, Philip J. Hajduk, Saul H. Rosenberg and Steven W. Elmore


Synthesis and biological evaluation of diamine-based histamine H3 antagonists with serotonin
reuptake inhibitor activity


pp 3130–3135


Emily M. Stocking,* Jennifer M. Miller, Ann J. Barbier, Sandy J. Wilson, Jamin D. Boggs,
Heather M. McAllister, Jiejun Wu, Timothy W. Lovenberg,
Nicholas I. Carruthers and Ronald L. Wolin
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rSERT Ki = 1.0 nM


The synthesis and structure–activity relationships of a series of novel phenoxyphenyl


diamine derivatives with affinity for both the histamine H3 receptor and the serotonin


transporter is described.
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Synthesis and biological evaluation of 5-substituted 1,4-dihydroindeno[1,2-c]pyrazoles as multitargeted
receptor tyrosine kinase inhibitors


pp 3136–3140


Irini Akritopoulou-Zanze,* Daniel H. Albert, Peter F. Bousquet, George A. Cunha,
Christopher M. Harris, Maria Moskey, Jurgen Dinges, Kent D. Stewart and Thomas J. Sowin


We report the synthesis and biological evaluation of 5-substituted 1,4-dihydroindeno[1,2-c]pyrazoles as multitargeted kinase


inhibitors. Initial efforts focused on the development of selective KDR inhibitors, while later strategies involved the improvement of


potency toward multiple kinase targets. Thus, several compounds were identified as potent KDR, Flt1, Flt3, and c-Kit inhibitors.


Small molecule antagonists of the CC chemokine receptor 4 (CCR4) pp 3141–3145


Douglas F. Burdi,* Shannon Chi, Karen Mattia, Celeste Harrington, Zhan Shi, Shaowu Chen,
Swanee Jacutin-Porte, Robert Bennett, Kenneth Carson, Wei Yin, Vikram Kansra, Jose-Angel Gonzalo,
Anthony Coyle, Bruce Jaffee, Timothy Ocain, Marty Hodge, Gregory LaRosa and Geraldine Harriman
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The identification, optimization, and structure–activity relationship (SAR) of


small-molecule CCR4 antagonists is described. An antagonist 33 was identified that


showed good cross-reactivity against the mouse receptor and inhibited CCR4-based cell


recruitment in dose-dependent fashion.


b-Substituted cyclohexanecarboxamide cathepsin K inhibitors: Modification of the 1,2-disubstituted
aromatic core


pp 3146–3151


Joël Robichaud,* Christopher I. Bayly, W. Cameron Black, Sylvie Desmarais, Serge Léger, Frédéric Massé,
Daniel J. McKay, Renata M. Oballa, Julie Pâquet, M. David Percival, Jean-François Truchon,
Gregg Wesolowski and Sheldon N. Crane
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Further SAR around the central 1,2-disubstituted phenyl of the cathepsin K inhibitor 1 demonstrates that this phenyl P2–P3 linker


can be replaced by various 5- or 6-membered heteroaromatic rings.


Methylenebis(sulfonamide) linked nicotinamide adenine dinucleotide analogue as an inosine
monophosphate dehydrogenase inhibitor


pp 3152–3155


Liqiang Chen,* Guangyao Gao, Laurent Bonnac, Daniel J. Wilson, Eric M. Bennett,
Hiremagalur N. Jayaram and Krzysztof W. Pankiewicz*
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Aptazyme-based riboswitches as label-free and detector-free sensors for cofactors pp 3156–3160


Atsushi Ogawa* and Mizuo Maeda


We constructed a label-free and detector-free aptazyme-based riboswitch sensor for detecting the cofactor of the


aptazyme.


Structure function analysis of benzalacetone synthase from Rheum palmatum pp 3161–3166


Tsuyoshi Abe, Hiroyuki Morita, Hisashi Noma, Toshiyuki Kohno, Hiroshi Noguchi and Ikuro Abe*
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Structure function analysis of benzalacetone synthase from Rheum palmatum is reported.


Safrole oxide is a useful tool for investigating the effect of apoptosis in vascular endothelial cells
on neural stem cell survival and differentiation in vitro


pp 3167–3171


Le Su, BaoXiang Zhao,* Xin Lv, Jing Zhao, ShangLi Zhang and JunYing Miao*


Safrole oxide has no effect on the growth of mouse


neural stem cells. But the apoptotic VECs triggered


by safrole oxide induced NSC apoptosis in the co-


culture system.


Novel series of bispyridinium compounds bearing a (Z)-but-2-ene linker—Synthesis and evaluation
of their reactivation activity against tabun and paraoxon-inhibited acetylcholinesterase


pp 3172–3176


Kamil Musilek, Ondrej Holas, Kamil Kuca,* Daniel Jun, Vlastimil Dohnal,
Veronika Opletalova and Martin Dolezal


2 BrN N
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A series of bisquaternary reactivators of acetylcholinesterase (AChE) bearing (Z)-but-2-ene connecting linker was synthesized and


evaluated on tabun and paraoxon-inhibited AChE with promising results.
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4-Substituted indazoles as new inhibitors of neuronal nitric oxide synthase pp 3177–3180


Michel Boulouard, Pascale Schumann-Bard, Sabrina Butt-Gueulle, Elodie Lohou,
Silvia Stiebing, Valérie Collot* and Sylvain Rault
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The synthesis and in vitro and in vivo pharmacological evaluation of a complete series of substituted indazoles as new inhibitors of


nNOS are reported.


Further studies on hepatitis C virus NS5B RNA-dependent RNA polymerase inhibitors
toward improved replicon cell activities: Benzimidazole and structurally related
compounds bearing the 2-morpholinophenyl moiety


pp 3181–3186


Shintaro Hirashima,* Takahiro Oka, Kazutaka Ikegashira, Satoru Noji,
Hiroshi Yamanaka, Yoshinori Hara, Hiroyuki Goto, Ryo Mizojiri, Yasushi Niwa,
Toru Noguchi, Izuru Ando, Satoru Ikeda and Hiromasa Hashimoto*
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Formation of an enolate intermediate is required for the reaction catalyzed by 3-hydroxyacyl-CoA
dehydrogenase


pp 3187–3190


Xiaojun Liu, Guisheng Deng, Xiusheng Chu, Nan Li, Long Wu and Ding Li*
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Fluorinated substrate analogs were synthesized and incubated


with rat liver 3-hydroxyacyl-CoA dehydrogenase, which reveals


that the formation of an enolate intermediate is required for the


enzymatic reaction.


Synthesis, biological evaluations, and tubulin binding poses of C-2a sulfur linked taxol analogues pp 3191–3194


Lei Wang, Ana A. Alcaraz, Ruth Matesanz, Chun-Gang Yang, Isabel Barasoain,
J. Fernando Dı́az, Ye-Zhi Li, James P. Snyder and Wei-Shuo Fang*
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Biotransformation of gentiopicroside by asexual mycelia of Cordyceps sinensis pp 3195–3197


Dong Wang, Min Xu, Hong-Tao Zhu, Ke-Ke Chen, Ying-Jun Zhang*


and Chong-Ren Yang*
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The biotransformation of gentiopicroside by asexual mycelia of Cordyceps sinensis yielded two


products, one of which was proved to be a new pyridine monoterpene alkaloid. The possible


mechanisms were discussed.


Design of potent PPARa agonists pp 3198–3202


Per Sauerberg,* John P. Mogensen, Lone Jeppesen, Paul S. Bury, Jan Fleckner,
Grith S. Olsen, Claus B. Jeppesen, Erik M. Wulff, Pavel Pihera, Miroslav Havranek,
Zdenek Polivka and Ingrid Pettersson
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Structural effects on the phosphorylation of 3-substituted 1-b-DD-ribofuranosyl-1,2,4-triazoles by
human adenosine kinase


pp 3203–3207


Sidath C. Kumarapperuma, Yanjie Sun, Marjan Jeselnik, Kiwon Chung, William B. Parker,
Colleen B. Jonsson and Jeffrey B. Arterburn*
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Variation of the 3-substituents in a series of bioisosteric and homologated 1-b-DD-ribofuranosyl-1,2,4-triazoles has marked effects on


activity with the human adenosine kinase, and analysis of computational descriptors and binding models offers insight for the design


of novel substrates.


2-Hydroxy-N-arylbenzenesulfonamides as ATP-citrate lyase inhibitors pp 3208–3211


James J. Li,* Haixia Wang, Joseph A. Tino, Jeffrey A. Robl, Timothy F. Herpin, R. Michael Lawrence,
Scott Biller, Haris Jamil, Randy Ponticiello, Luping Chen, Ching-hsuen Chu, Neil Flynn, Dong Cheng,
Rulin Zhao, Bangchi Chen, Dora Schnur, Mary T. Obermeier, Vito Sasseville, Ramesh Padmanabha,
Kristen Pike and Thomas Harrity
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A novel series of 2-hydroxy-N-arylbenzenesulfonamides were identified to be ATP-citrate lyase (ACL)


inhibitors with compound 9 displaying potent in vitro activity (IC50 = 0.13 lM). Chronic oral dosing of


compound 9 in high-fat fed mice lowered plasma cholesterol, triglyceride, and glucose, as well as inhibited


weight gain.
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Synthesis, characterization, and estrogen receptor binding affinity of flavone-, indole-, and
furan-estradiol conjugates


pp 3212–3216


Naseem Ahmed, Celena Dubuc, Jacques Rousseau, Francois Bénard and Johan E. van Lier*
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Flavone-, indole-, and furan-17b-estradiol conjugates with 2–8 carbon linker chains extending from the 17a-position of the estradiol


were synthesized by Pd-catalyzed cross-coupling reactions. In vitro competitive binding assays for the estrogen receptor revealed


that a two-carbon alkynyl linker combined with a flavone conjugate provided the highest binding affinity.


Evaluation of nitrate-substituted pseudocholine esters of aspirin as potential nitro-aspirins pp 3217–3220


John F. Gilmer,* Louise M. Moriarty and John M. Clancy
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6-Hydroxy to 6000-amino tethered ring-to-ring macrocyclic aminoglycosides as probes for
APH(30)-IIIa kinase


pp 3221–3225


Stephen Hanessian,* Janek Szychowski, Natalhie B. Campos-Reales Pineda,
Alexandra Furtos and Jeffrey W. Keillor*
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Based on molecular modeling and available X-ray structure data on aminoglycosides complexed


with a bacterial ribosomal surrogate or with a kinase, two analogues of paromomycin were


prepared by tethering the 6-OH and the 6000-NH2 group with a five-carbon bridge. Only one of


two possible hydroxyl groups was phosphorylated by the kinase. The application of ring closure


metathesis is presented for the first time to construct bridged macrocyclic analogues in the


aminoglycoside series.


Syntheses and antibacterial activity of phendioxy substituted cyclic enediynes pp 3226–3230


Mukesh Chandra Joshi, Gopal Singh Bisht and Diwan S. Rawat*
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Synthesis of new plant growth regulator: N-(Fatty acid) O-aryloxyacetyl ethanolamine pp 3231–3234


Liang Han, Jian-Rong Gao, Zheng-Ming Li,* Yun Zhang and Wei-Ming Guo
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The synthesis of the new plant growth regulator 1 is reported.
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Abstract—Survivin is one of the most tumor-specific genes in the human genome and is an attractive target for cancer therapy. How-
ever, small-molecule ligands for survivin have not yet been described. Thus, an interrogation of survivin which could potentially
both validate a small-molecule therapy approach, and determine the biochemical nature of any of survivin’s functions has not been
possible. Here we describe the discovery and characterization of a small molecule binding site on the survivin surface distinct from
the Smac peptide-binding site. The new site is located at the dimer interface and exhibits many of the features of highly druggable,
biologically relevant protein binding sites. A variety of small hydrophobic compounds were found that bind with moderate affinity
to this binding site, from which one lead was developed into a group of compounds with nanomolar affinity. Additionally, a subset
of these compounds are adequately water-soluble and cell-permeable. Thus, the structural studies and small molecules described
here provide tools that can be used to probe the biochemical role(s) of survivin, and may ultimately serve as a basis for the devel-
opment of small molecule therapeutics acting via direct or allosteric disruption of binding events related to this poorly understood
target.
� 2007 Elsevier Ltd. All rights reserved.

Survivin, a unique member of the inhibitors of apoptosis
(IAP) family of proteins,1 is highly overexpressed in
many common human cancers, but undetectable in most
terminally differentiated adult tissues.1–3 Clinically, the
level of expression of survivin in tumor cells is often
associated with poor prognosis and shorter patient sur-
vival rates.4,5 As with other IAP family members, survi-
vin has been implicated in protection from apoptosis. In
cell culture systems, survivin overexpression has been
strongly associated with inhibition of both the intrinsic
and extrinsic cell death pathways.3,6 Consistent with this
role, a number of binding partners have been proposed
for survivin to exert its anti-apoptotic activities, includ-
ing caspases-36 and -7,7 Smac/Diablo,8 hepatitis B
X-interacting protein (HBXIP),9 and XIAP.10 However,
interactions with caspases6,11,12 and Smac-derived pro-
teins and peptides13 either cannot be confirmed or are
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so weak that their relevance in a cellular context can
be questioned.


Survivin also appears to play an important role in cell
division.4 Survivin displays highly cell-cycle-dependent
expression, with a pronounced accumulation at mitosis,3


and has also been shown to be a member of the group of
chromosomal passenger proteins, including INCENP,
Aurora B kinase, and Borealin.14,15 The chromosomal
passenger proteins associate with centromeres at meta-
phase, central spindle microtubules at anaphase, and
remain located at cytokinesis remnants at end of
telophase. In particular, survivin has been shown to be
important for localization of Aurora B kinase to the mi-
totic machinery,16 and this complex is important in com-
municating lack of tension to microtubules.17,18 In vitro
knock-down of survivin gene expression results in cas-
pase-dependent cell death as well as defects in mitotic
progression such as multinucleation and polyploidy.19–21


In vivo, mouse survivin knock-out studies show severe
defects in cytokinesis, such as disrupted microtubule
formation and polyploidy, leading to embryonic death.
Interestingly, the survivin knock-out phenotype is
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similar to that observed for INCENP, suggesting func-
tionally related roles between these two proteins.22 Sur-
vivin also has been shown to physically associate with
the cyclin-dependent kinase cdc2 on the mitotic appara-
tus, and is phosphorylated at Thr34 by cdc2/cyclin B1.23


This latter event is crucial to its activity as a cytokinesis
regulator, as overexpression of non-phosphorylatable
mutant survivin results in marked increases in apoptosis
and polyploidy.


Survivin thus is an attractive therapeutic target in cancer
due to both its expression in tumors compared to nor-
mal tissues and its ability to promote tumor growth
and survival by multiple pathways involving multiple
mechanisms. Various strategies have been used to target
survivin, including antisense oligonucleotides and
siRNA,24 that have further validated survivin as a tar-
get, but small molecule inhibitors of survivin function
have yet to be described. A difficulty attendant to this
approach is the lack of understanding of the molecular
mechanisms responsible for affecting apoptosis and
mitosis. The nature of mitosis-related interactions of
survivin with other chromosomal passenger proteins

Table 1. Ligands for survivin identified through NMR and affinity-based sc
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has yet to be elucidated, while several reports bearing
on possible mechanisms of the apoptotic function of
survivin have been put forward. The nature of addi-
tional regulatory interactions such as those with Hsp90
or nuclear exporters is only now becoming
understood.25,26


Structurally, survivin has been thoroughly characterized
by both X-ray crystallography 11,27,28 and solution
NMR,13 where it forms a bow-tie shaped symmetrical
homodimer in solution. Each monomer contains a
zinc-binding fold similar to that found in other members
of the IAP family, but lacks the ring finger motif found
in XIAP.29,30 Instead, it contains a long amphipathic
a-helix C-terminal to its sole BIR domain. The dimer
interface is composed of a number of hydrophobic resi-
dues from its N-terminus as well as residues connecting
its BIR domain to the C-terminal helix. The BIR
domain contains a binding site analogous to those
possessed by other IAP family members, which are
known to bind to caspases and the Smac peptide. De-
tailed characteristics of this binding site and its interac-
tions with substrates have been described elsewhere.31,32

reening
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Here we demonstrate the existence of a newly discovered
small molecule binding site on survivin distinct from the
BIR site, and present details of an extension of this bind-
ing site through development of high-affinity ligands,
including NMR structural studies of the ligand–protein
interaction.


Since no biochemical mechanism of survivin is known,
no robust in vitro functional assays have been estab-
lished to enable a conventional high-throughput screen
for lead identification. Thus, two types of affinity-based
screening methods, HTS-NMR33 and AS/MS,34,35 were
employed to identify leads for this unique target. A
number of different classes of ligands for survivin were
identified from the NMR screen (Table 1, 1–5, 7). Affin-
ity selection/mass spectrometry (AS/MS) screening

Figure 1. [13C, 1H]-HSQC spectra of selectively 13CH3-labeled (Leu, Val,
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Figure 2. Details of survivin binding sites. (a) ribbon diagram of human survi
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yielded 254 potential hits, from which two structurally
interesting compounds (Table 1, 1, 6) were confirmed
as ligands for human survivin by NMR. From an
inspection of 1H/13C-HSQC spectra, two distinct chem-
ical shift perturbation patterns were observed for the
leads (Fig. 1). Compound 7 shifted residue L64, similar
to what is observed for Hid/Smac peptide binding, sug-
gesting that this compound binds at or near the Hid/
Smac binding site on the protein.9 However, for the
remaining hits, no shifts were observed for L64. Instead,
for 1–6, most of whom share a roughly similar L-shaped
aromatic structural motif, a new set of residues includ-
ing L98, L6, and L14, was shifted, suggesting a different
binding site, with the affected residues being located near
the interface of the two survivin monomers (Fig. 2a).
Competition experiments between 7 and 1 indicated that
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these two compounds can bind simultaneously to the
protein.


Compounds 1–6 are relatively insoluble and were not
suitable for structural studies. However, a soluble, des-
bromo analog of 1, compound 8 (Fig. 2b), exhibiting a
KD of 75 lM for survivin, was amenable for NMR
study. Structural study of the survivin/8 complex
revealed details of a binding site that is located at the
interface of the two survivin monomers (Fig. 2a
and c). A total of 24 intermolecular NOEs were ob-
served between 8 and survivin, which defined extensive
hydrophobic contacts. In particular, the bottom or A-
ring of 8 packs deeply into a pocket formed by the side
chain of residues F101 and L6 from one monomer and
residue L102* and L98* from the adjacent monomer.
The top phenol or C-ring packs against the side chains
of residues L96, F93, V89, L104, and F86. Compared
to the apo-protein, a large side-chain rearrangement of
F93 occurs, and results in exposure of a hydrophobic
pocket on the protein which is blocked by F93 in the
apo-protein. There is no rearrangement of the protein
backbone in this region as a result of small-molecule
binding. In addition, the N-terminus of the protein,
which is disordered in the apo form, becomes more or-
dered in the complex and exhibits NOEs to ring A of
the ligand. A hydrogen bonding network of the B- and
C-ring functional groups probably serves to lock the
two rings into a coplanar arrangement. Also of note is
that the stoichiometry of binding is one ligand per survi-
vin monomer, thus the complex exists as a doubly occu-
pied dimer. Subsequent compound complexes showed
similar features.


The functional role of this dimer interface site is cur-
rently unknown. However, several pieces of evidence
suggest that the dimer interface site is probably involved
in binding to other proteins that regulate survivin func-
tion in vivo. First, the number and variety of chemical
structures that bind to this pocket are indicative of a
biologically relevant protein binding site that can be tar-
geted with small molecule drugs. The NMR hit rate for
this binding site was 0.35%, which is comparable to
other druggable protein targets, and much higher than
the rate of 0.01% observed for the BIR site.36 Also,
the hit rate for the XIAP BIR3 site was 0.09%, again
much higher than for the corresponding survivin do-
main. Finally, the large conformational rearrangements
that are observed upon ligand binding are similar to
those observed for other protein–protein interaction
sites37 including Bcl-xL,38 IL-2,39 MDM-2,40 and IgG
domains.41


As there is, again, no clearly defined biochemical func-
tion, for survivin, and no known endogenous ligand
for the dimer site, a variety of biophysical techniques
were investigated in order to quantitatively measure
ligand binding. NMR can monitor ligand binding over
a wide affinity range, but cannot quantitate KD values
of less than �10 lM. Initially a variety of fluorophores
were attached to analogs of 8 to serve as probes in
fluorescence polarization competition assays, but high
non-specific binding precluded their routine use.

Alternatively, the intrinsic tryptophan fluorescence of
survivin was monitored, but compound interference
was a significant problem. Fortunately, most of the
pyridinone analogs exhibit relatively high fluorescence
(with excitation and emission wavelengths of 450 and
530 nm, respectively) increasing in intensity upon com-
plex formation. Compound concentrations as low as
100 nM could be utilized on standard instrumentation,
allowing for the quantitation of binding affinities down
to the 20 nM range (see Supplementary Material). This
assay was utilized for the lead optimization described
below.42 As this assay is non-competitive, we also veri-
fied the site of binding by NMR for all compounds.


Initial work focused on separate studies of modifications
to each of the three rings of 1. Synthesis was normally
carried out by a one-pot procedure.43 We found that
the central pyridone ring did not tolerate modification
of any kind, and the top, C-ring phenol likewise was re-
quired for good binding. Our hypothesis, later verified
by NMR structure, was that the two groups form a
hydrogen bonding network, via the 2-hydroxypyridine
central ring tautomer, which serves to lock the two rings
into a near-coplanar arrangement. Surprisingly, we also
found the cyano group to be necessary for binding, in
spite of NMR structures providing no indication of a
specific interaction with the protein. Thus, replacement
with carboxamide, methyl, halogen, or hydrogen all
greatly diminished binding (data not shown). Substitu-
tion elsewhere on the C-ring tolerated substitution at
positions ortho and para to the hydroxy group, in keep-
ing with structure-based prediction. Para substituents
are completely buried by protein; we found various alkyl
groups and halogens to be roughly equal in affinity to
that of the bromo group of 1. NMR structures suggested
that larger substituents such as phenyl resulted in com-
pounds being pushed out toward solvent to some de-
gree, with still larger groups resulting in a loss of
affinity (9–12).


Likewise, A-ring substitution found only hydrophobic
groups to be preferred. Both 2,4- and particularly 2,5-
disubstitution were favored, with Cl and Me preferred
at the 2 position, and Cl, Me, and CF3 at the 4 and 5
positions, resulting in a roughly tenfold improvement
in affinity. Larger groups at the bottom of the pocket
were not tolerated, in keeping with the complexed
NMR structure with 8. The cumulative result of these
investigations resulted in a number of compounds in
the 300–550 nM binding range (Table 2).


We next sought to access the well-defined, though rela-
tively shallow cleft adjacent to the C-ring, formed lar-
gely by residues E40, I74, F86, L87, and K91. The
substituents of 17 were chosen for their unreactivity to-
ward the reaction conditions necessary for further elab-
oration. Experimentation with various substituents
ortho to the C-ring phenol led to use of an aminomethyl
group as a substrate for high-throughput organic syn-
thesis (HTOS). Fully elaborated compounds 22–26 were
synthesized from 17 as in Scheme 1. Iodination and car-
bonylation gave 20,44 which could easily be condensed
with a variety of amines or primary amides.45 Subse-
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quent coupling of 21 gave a series of amides 23; the Boc-
protected amide from this group was deprotected and
amides 25 and amines 26 were again made largely via
parallel synthesis. All compounds 22–26 were character-
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Scheme 1. Reagents and conditions: (a) NIS, CH3CN, D; (b) Pd(OAc)2, dp


(CH2Cl)2; (d) RCO2H, polymer-supported-DCC, HOBtÆH2O, DIPEA, DMA


RCHO, NaBH(OAc)3 (CH2Cl)2.

ized by 1H NMR and MS. Both 21 itself and tertiary
amines derived from it exhibited reduced affinity, but
many N-methyl amides bound at least as well as the core
structure 9 (Table 3). In addition, some analogous sec-
ondary amides (22a,b) were also synthesized; these were
roughly equal in affinity and more water-soluble than
their N-methyl counterparts, but were highly crystalline,
and insoluble in organic solvents. Placement of an amine
(23c,d) two or three carbon atoms away from the amide
carbonyl improved affinity by another order of magni-
tude. Other compounds such as 23e, which situate het-
eroatoms in a similar location, were somewhat less
potent. The secondary amine 24 bound no better than
9, or the cyclohexyl amide 23a. However, we employed
24 in a second round of HTOS, and many resulting ter-
tiary amines such as 26a were an order of magnitude
more potent. Also, a number of amides, such as 25a,b,
exhibited similar affinity gains. Small alkyl or hetero-
alkyl groups were tolerated in both of these series, and
small alkyl branching or cycloalkyl groups, such as in
25c, were only slightly less potent, but much larger, or
longer alkyl groups such as in 26b had a deleterious
effect on binding.


We obtained an NMR-derived structure for 23b
bound to the extended cleft (Fig. 2d). NOE data
indicate that the pyridinone core of 23b binds in a
similar location to compound 8 with minor changes
to accommodate the amide linker. The hydrogen
bonding network of the B- and C-rings is again
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Table 3. Survivin affinities for analogs of 22–26
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apparent. NOEs were observed between the amide
N-methyl and residues Q92, V89, K90, F93, and L96,
and between the piperidine acetyl methyl and residues
A41, I74, and L87, positioning this group in the
extended cleft adjacent to the C-ring. Also of note is
that the HSQC spectrum for 23b shows perturbation
of L64, which is part of the BIR binding site. This
result was reproduced by other compounds in Table
3. It is possible that compounds with sufficient bulk
may be able to allosterically disrupt the BIR site, most
likely through an effect on the intervening zinc finger
motif.


A few other structural features are of note. The exo-
cyclic amide bond of 23b potentially forms a hydro-
gen bond to the terminal guanidine of R18, with an
approximate distance of 3.0 Å. The amide N-methyl
group fits snugly into a small pocket formed by the
residues linking the BIR-domain C-terminus to the
long terminal a-helix. We did find that larger amide
N-alkyl groups depressed binding (data not shown).
It is also apparent that larger terminal N-alkyl groups
such as those of 26b will extend beyond the end of
the cleft and into solvent, accounting for the reduced
affinity of long-chain compounds in the binding
assay.


In order to evaluate the potential of these compounds as
probes of intracellular processes, several of their physi-
cal properties were evaluated. Amines were determined
to have very low aqueous solubilities. However, both
23b and other amides among the group containing 25
possessed solubilities of >32 lM by nephelometry, and
23b and 25a were soluble to 300 and 138 lM, respec-
tively, at pH 7.4 by the shake-flask method. In addition,
several representative compounds in Tables 2 and 3 were
shown to readily pass through cell membranes, and were
highly associated with the cytosol in a red blood cell up-
take assay. Compound 23b had a [Cell]free/[Extracellu-
lar] ratio of 1.80, while the ratio for 23c was 2.61.
Thus, compounds such as 23b, 25a, and 25b should be
amenable to use as probes in experiments designed to
uncover the various mechanisms whereby survivin exerts
its biological effects.


Though survivin has been implicated in both apoptosis
and cell cycle regulation, neither function has been associ-
ated with a specific binding event; while the BIR binding
site was initially assumed to play some role, that remains
to be confirmed. A related but separate question concerns
whether small molecules are likely to be found that can
bind with biologically meaningful affinity. We have iden-
tified a second potential binding site on the survivin sur-
face that appears to possess a far greater propensity for
small-molecule binding than the BIR site. In preliminary
experiments, these ligands do not exert the broad pheno-
typic consequences associated with survivin knock-down
through antisense or siRNA approaches (e.g., apoptosis,
polyploidy), though global ablation of survivin should be
expected to exert a greater effect than inhibition of
selected pathways. Nonetheless, further study of this
binding site using these or other ligands should lead to
better understanding of the biochemical roles of survivin.
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In addition, the structural studies of these protein–ligand
complexes provide a framework for interpreting bio-
chemical studies with putative binding partners. We hope
that the work presented here stimulates renewed interest
in determining the biochemical behavior of this difficult
but important target.
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Abstract—Amino acid residues with aromatic side chains, such as Tyr and Phe, are known to play essential roles in forming and
stabilizing the amyloid fibrils of pathogenic polypeptides by affecting their amyloid forming propensity. We have studied the amy-
loid-type aggregation of peptides containing non-natural amino acid derived from a core part of human pathogenic protein, tau.
The hydrophobic nature of the biphenyl group and its intermolecular aromatic interactions strongly alter their amyloid formation
properties.
� 2007 Elsevier Ltd. All rights reserved.

Proteins that form the amyloidal aggregates, such as
microtubule-associated protein tau and islet amyloid
polypeptide (IAPP), contain short peptide segments that
play critical roles in the fibril formation. It has been
shown that certain defined sequences nucleate amyloid
formation of proteins. Aromatic amino acid residues
tyrosine (Tyr) and phenylalanine (Phe) in the short pep-
tide segments have been shown to stabilize the amyloid
fibrils of pathogenic polypeptides,1 as has been demon-
strated for tau,2 IAPP,3 and beta-peptide.4 A short pep-
tide segment VQIVYK (PHF6) corresponding to the
core part of tau fibril formation is one of such sequences
capable of forming paired-helical filaments.5 The N-ter-
minal hydrophobic and the C-terminal charged residues
of the PHF6 peptide are important to the fibril forma-
tion. PHF6 derivative peptides substituted at the Tyr
position by natural amino acid residues with aromatic
or large hydrophobic side chains showed high amyloido-
genic propensities. Mutants of the PHF6 peptide formed
twisted filaments, flat and rolled sheets, or spherical or
annular particles.6 In order to get further insights into
the role of aromatic side chains on the amyloid fibrils
by short peptides, PHF6 derivative peptides, in which
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the Tyr position of PHF6 was substituted with hydro-
phobic non-natural amino acids, were synthesized and
were tested for their fibril-forming property. The hydro-
phobic non-natural amino acids influence the fibril-
forming property of a peptide derived from core part
of tau fibril formation.


PHF6 derivatives substituted at the Tyr-310 residue of
PHF6 were synthesized to represent a variety of aromatic
side chains. Non-natural amino acids, 4-phenylphenyl-
alanine (PHF6FPh), 4-fluorophenylalanine (PHF6FF),
and 4-methylphenylalanine (PHF6FMe), were incorpo-
rated at the Tyr-310 position of PHF6 (Fig. 1).


In a highly aggregating solution condition (0.5 mM
peptide, 20 mM MOPS, 0.3 M NaCl, pH 7.5), PHF6

Figure 1. Structures of PHF6 peptide derivatives used in this study.


Tyr at the position X corresponds to the Tyr-310 residue of native tau.
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Figure 2. TEM images of amyloid-type fibers formed from (A) PHF6


and (B) 4-phenyl derivative PHF6FPh, (C) 4-fluoro derivative


PHF6FF, (D) 4-methyl derivative PHF6FMe. Samples were negatively


stained with 2% uranyl acetate. Scale bar: 100 nm.


Figure 3. Bands characteristic of b-sheet secondary structure are


shown at the amide I region of the IR spectra. The sample containing


the peptide aggregates was prepared from 0.5 mM peptide solution of


20 mM MOPS, 0.3 M NaCl, pH 7.5, then centrifuged at 15,000 rpm


for 10 min. After removal of the supernatant, the precipitated


aggregates were washed with water two times. The water-rinsed


aggregates were spread on a calcium fluoride plate and dried up. The


measurement was performed with 2 cm�1 resolution and accumulation


of 128 scans.
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formed amyloid-type paired-helical fibers (Fig. 2A) as
reported previously.7 PHF6FPh formed tightly segre-
gated mass of fibers (Fig. 2B). Fluorine substitution at
the 4-position of phenyl ring (PHF6FF) caused forma-
tion of helical filaments with wider radius than that of
PHF6 (Fig. 2C). Abundant straight filaments were ob-
served when the 4-position of phenyl group was substi-
tuted with a methyl group in PHF6FMe (Fig. 2D).
Thus even sharing the same aromatic phenyl group at
the position Tyr-310, substitution at the phenyl ring
with different groups caused formation of fibrils with
different morphologies.


The amide I region of the IR spectra are shown for
PHF6, PHF6FPh, PHF6FF, and PHF6FMe (Fig. 3).
The aggregate of PHF6 exhibited strong maximum of
absorbance around 1625 cm�1, indicating a very high
content of the b-sheet secondary structure as previously
reported.2 Each aggregate of PHF6FPh, PHF6FF, and
PHF6FMe also exhibited the strong maximum of absor-
bance around 1630 cm�1, indicating that the amyloid
type fibers of PHF6FPh, PHF6FF, and PHF6FMe
contained the b-sheet secondary structure as assessed
by FT-IR.


Conformation of the PHF6 derivative peptides in solu-
tion was monitored by the CD spectra in 20 mM MOPS
buffer (pH 7.5). Negative peaks at around 218 nm in the
CD spectrum of PHF6 (Fig. 4A) indicated the tendency
to form b-sheet secondary structures, as has been well
documented for PHF6. The 4-methyl substituted deriv-
ative PHF6FMe also showed CD signals characteristic
of the b-sheet secondary structure (Fig. 4B). PHF6FF
showed the similar signal corresponding to the b-sheet
formation (Fig. 4C). PHF6FPh showed quite high

aggregation propensity. Because PHF6FPh was insolu-
ble in the buffer, it was difficult to obtain reliable CD
spectra of PHF6FPh in the solution. These data indicate
that PHF6, PHF6FF, and PHF6FMe exist in the b-
sheet secondary structure not only in the amyloid-type
fibers, but also in the solution.


We next performed time-course analyses of the aggre-
gates formation by the Tyr-310 mutants of PHF6 in
20 mM MOPS (pH 7.5) containing HFIP to assess the
effect of substitution at the 4-position of phenyl group
on the fibril formation. Peptide stock solutions were pre-
pared by HFIP to avoid formation of oligomeric species
of peptides in the initial stage of aggregation experi-
ments (see Supporting information). Fibril formation
of these peptides was monitored by thioflavin T (ThT)
fluorescence8 in the presence of 0.1 M NaCl. The time-
course analyses of the aggregates formation revealed
no induction time for PHF6FF, PHF6FMe, and
PHF6FPh as shown in Figure 5. PHF6FPh revealed
constant ThT fluorescence intensities immediately after
the beginning of the aggregates formation experiment,
indicating rapid formation of amyloid-type fibers by
PHF6FPh. It is likely that the formation of fibrils by
PHF6FPh reached a plateau right after the beginning
of the aggregates-forming experiment. Because the max-
imum intensity of ThT fluorescence induced upon bind-
ing to peptide fibrils varies with the chemical nature of
peptide, the observed smaller intensity of ThT fluores-
cence induced by PHF6FPh does not necessarily mean
less efficient formation of PHF6FPh fibrils. Aggregates







Figure 4. CD spectra of (A) PHF6, (B) PHF6FMe, and (C) PHF6FF


in 20 mM MOPS buffer (pH 7.5).


Figure 5. Time-course changes of the ThT fluorescence intensity of


each peptide (0.2 mM) in 20 mM MOPS buffer (pH 7.5) in the presence


of 0.1 M NaCl and 0.47 M HFIP (1,1,1,3,3,3-hexafluoro-2-propanol).


PHF6 (open circles), PHF6FF (open triangles), PHF6FMe (filled


squares), and PHF6FPh (filled triangles) dissolved in HFIP were


polymerized by the addition of an excess amount of 20 mM MOPS


buffer (pH 7.5) containing 10 lM ThT and 0.1 M NaCl.


Figure 6. (A) Fractions of precipitated peptide indicated solubility of


each peptide in the 20 mM MOPS buffer containing 0.1 M NaCl and


1.0 M urea (pH 7.5). (B) Relative ThT fluorescence intensity changes


by increasing the urea concentrations (0–2 M) for the aggregates


formed by PHF6FMe (circles in red), PHF6FF (triangles in blue) and


PHF6 (squares in green) in 20 mM MOPS buffer (pH 7.5).
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formation kinetics for PHF6FMe and PHF6FF fol-
lowed a single exponential approach to equilibrium.
On the other hand, PHF6 aggregation kinetics showed
an initial retardation of the fluorescence evolution fol-
lowed by the faster change in the later phase, indicating
that the fibril formation of PHF6 is a nucleation-depen-
dent process, as is widely known for amyloid-type aggre-
gations. PHF6FPh had the fastest aggregation kinetics,
and PHF6FMe and PHF6FF had faster aggregation

rates than PHF6. The hydrophobic group substituted
at the 4-position generally accelerated the aggregation
rate of PHF6 derivatives. Although the fluorescence
intensities of ThT induced by PHF6F, PHF6FF, and
PHF6FMe at equilibrium were higher than that of
PHF6FPh, it was difficult to compare quantitatively
the amount of fibril formation by different peptides from
the fluorescence intensity of ThT.


The amount of aggregates formed by PHF6, PHF6FPh,
PHF6FF, and PHF6FMe was compared in 20 mM
MOPS containing 0.1 M NaCl and 1.0 M urea (pH
7.5). After centrifuging at 15,000 rpm for 10 min, con-
centration of each peptide in the supernatant was quan-
titated to estimate the fractions of peptide precipitated
(Fig. 6A). Aggregates were formed in a buffered solution
containing urea, which is a well-known agent that dena-
tures the assembly of proteins and peptides. PHF6FPh
showed remarkably low solubility even in the presence
of urea. More than 90% of PHF6FPh existed in the pre-
cipitates. As indicated by the tightly segregated mass fi-
brils observed by TEM image (Fig. 2B) and rapid
formation of amyloid type aggregates revealed by the
ThT assay (Fig. 5), PHF6FPh possessed high amyloid
aggregation propensity. PHF6FMe and PHF6FF pre-
cipitated more efficiently than PHF6. These results
showed similar aggregation propensities observed in
the kinetic behaviors for aggregates formation by the
PHF6 derivative peptides (Fig. 5), namely, PHF6FPh
was the most amyloidogenic peptide.
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Stability of the aggregates of PHF6, PHF6FMe, and
PHF6FF was quantitatively compared by monitoring
the ThT fluorescence intensities in the presence of vari-
ous concentrations of urea (Fig. 6B). The ThT fluores-
cence intensity with PHF6 was suppressed to 30% in
the presence of 2 M urea, while the fluorescence intensi-
ties with PHF6FMe and PHF6FF were completely sup-
pressed in the same condition. The results showed that
the fibrils of PHF6 were more tolerant to the urea-in-
duced denaturing condition than those of PHF6FMe
or PHF6FF. It is likely that interactions between the
e-amino group of Lys residue and the phenolic hydroxyl
group of Tyr residue stabilize the fibril of PHF6. The
experiments above indicated that chemical nature of
the aromatic residue in the fibril-forming core peptide
of human tau strongly affected its amyloid-forming
propensity. Order of the amyloidogenicity was:
PHF6 < PHF6FMe = PHF6FF < PHF6FPh. The fibrils
of PHF6 were more stable to the urea denaturation than
those of PHF6Me or PHF6FF. Especially, we found
that the phenyl group substituted at the 4-position of
Tyr-310 position was a strong enhancer of the fibril
assembly and promoted segregation of the amyloid fi-
bers to form a tight mass of the aggregates from
PHF6FPh (Fig. 2B).


All the findings above demonstrated that the aromatic
and hydrophobic non-natural amino acids substituted
at the Tyr residue of the fibril-forming core peptide
of human tau play important roles in enhancing the
amyloid-forming propensity of the peptide. PHF6FPh,
PHF6FMe, and PHF6FF showed faster amyloid-form-
ing kinetics than PHF6. It is likely that PHF6FPh
accelerates association of peptides by interaction be-
tween the hydrophobic and aromatic side chains. Be-
cause the modification at the 4-position of phenyl
group was accommodated in the fibrils of PHF6 deriv-
atives, it would be possible to control the amyloid-
forming propensity of short peptides by using non-nat-
ural amino acids.
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Abstract—A new isoflavone, named glaziovianin A (1), was isolated from the leaves of Ateleia glazioviana (Legminosae) by means of
a cytotoxicity-guided fractionation procedure against HL-60 leukemia cells. The chemical structure of 1 was determined by analysis
of its extensive spectroscopic data. Glaziovianin A (1) displayed differential cytotoxicities in the Japanese Foundation for Cancer
Research 39 cell line panel assay. The pattern of the differential cytotoxicities of 1 was found to correlate to that shown by
TZT-1027, suggesting that 1 inhibited tubulin polymerization as an action mechanism. Although 1 had little influence on microtu-
bule networks in interphase cells, 1-treated cells showed abnormal structures with unaligned chromosomes.
� 2007 Elsevier Ltd. All rights reserved.

Ateleia glazioviana Baillon (Legminosae) is a native
Brazilian tree whose leaves have been suggested to
cause abortion, cardiac lesions, and central nervous
system lesions in bovines.1 Previously, we have iso-
lated two novel triterpene saponins, enterolosaponins
A and B, from the pericarps of the Brazilian medicinal
plant Enterolobium contrtisiliquum, and enterolosapo-
nin A exhibited a selective cytotoxicity against
BAC1.2F5 mouse macrophages.2 In our continuing
studies of bioactive components from Brazilian plants,
an EtOH extract of the leaves of A. glazioviana was
found to show considerable cytotoxic activity against
HL-60 human leukemia cells. Through a cytotoxic-
ity-guided fractionation procedure, a new isoflavone,
named glaziovianin A (1), and three known isoflav-
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ones (2–4) were isolated from the CH2Cl2-soluble por-
tion responsible for the cytotoxic activity of the EtOH
extract. This communication deals with the isolation
and structural determination of 1 and with its cyto-
toxic activities against 39 tumor cell lines in the Japa-
nese Foundation for Cancer Research human cancer
cell line panel assay. An expected mode of action of
1 is also reported.


The leaves of A. glazioviana (1.3 kg)3 were extracted
with EtOH by Soxhlet apparatus. The EtOH extract
was evaporated under reduced pressure to give a pre-
cipitate (2.75%) and crude EtOH extract. The precipi-
tate, which showed cytotoxic activity against HL-60
cells with an IC50 value of 4.3 lg/mL, was suspended
with hexane to remove fatty substances. The defatted
precipitate was extracted with EtOH to yield an ethan-
olic residue (19.0 g). This residue was dissolved in
CH2Cl2 to give a CH2Cl2-soluble portion (3.1 g), which
showed cytotoxic activity against HL-60 cells with an
IC50 value of 1.2 lg/mL. The CH2Cl2-soluble portion
was applied on column chromatography using silica
gel 60 H (Merck, Darmstadt, Germany) and eluted
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Table 1. GI50 values of glaziovianin A (1) against 39 human cancer cell


lines


Type of cancer Cell line GI50
a,b(lM)


Breast HBC-4 1.95


BSY-1 0.05


HBC-5 0.47


MCF-7 0.39


MDA-MB-231 1.10


Central nervous system U251 0.79


SF-268 0.83


SF-295 0.34


SF-539 0.32


SNB-75 0.63


SNB-78 10.72


Colon HCC2998 3.02


KM-12 0.32


HT-29 0.46


HCT-15 0.29


HCT-116 0.56


Lung NCI-H23 5.13


HCI-H226 0.58


NCI-H522 0.23


NCI-H460 0.41


A549 0.83


DMS273 0.13


DMS114 0.20


Melanoma LOX-IMVI 0.87


Ovary OVCAR-3 0.13


OVCAR-4 10.47


OVCAR-5 2.19


OVCAR-8 1.51


SK-OV-3 0.28


Kidney RXF-631L 0.51


ACHN 0.62


Stomach St-4 15.14


MKN1 0.69


MKN7 1.51


MKN28 0.45


MKN45 0.68


MKN74 0.39


Prostate DU-145 0.59


PC-3 0.10


MG-MIDc 0.66


Deltad 1.17


Rangee 2.52


a Concentrations for inhibition of cell growth at 50% relative to


control.
b The cell growth was determined according to the sulforhodamine B


assay.
c Mean GI50 value in all cell lines tested.
d Difference in the log GI50 value between the most sensitive cells and


the MG-MID value.
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with hexane–CH2Cl2–iso–PrOH (15:9:1), giving five
fractions (I–V). Fractions II and III were further puri-
fied by semi-preparative reversed-phase (C18) HPLC
eluted with CH3CN–H2O (1:1) to give glaziovianin A
(1; 162 mg), along with three known isoflavones 2
(92 mg), 3 (4 mg), and 4 (16 mg).


Glaziovianin A (1) was isolated as an amorphous
powder.4 The molecular formula of 1 was determined
to be C20H18O8 by the HRESITOFMS data (m/z
387.1060). In the 1H NMR spectrum of 1, a character-
istic resonance for H-2 of the isoflavone skeleton was
observed at d 7.90 (1H, s), which was associated with
the one-bond coupled carbon signal at d 153.5 by the
HMQC spectrum. This assignment was supported by
long-range correlations from the H-2 proton to the
carbon resonances at d 175.4 (C-4), 152.3 (C-9),
121.7 (C-3), and 118.1 (C-1 0) in the HMBC spectrum.
The 1H and 13C NMR spectra also included signals
for three aromatic protons/carbons at dH 7.62/dc


104.9, dH 6.89/dc 99.6, and dH 6.53/dc 110.1, four
methoxy protons/carbons at dH 4.00/dc 56.5, dH 3.99/
dc 56.4, dH 3.87/dc 56.9, and dH 3.85/dc 60.2, and
one methylenedioxy group at dH 6.02 (2H, s)/dc


101.8. In the HMBC spectrum of 1, the aromatic pro-
ton at d 7.62 showed long-range correlations with the
carbons at dC 175.4 (C-4), 154.3 (C-7), 152.3 (C-9),
147.6 (C-6), and 117.9 (C-10), whereas that at d 6.89
correlated with the carbons dC 154.3 (C-7), 152.3 (C-
9), 147.6 (C-6), and 117.9 (C-10) (Fig. 1), allowing
the d 7.62 and 6.89 resonances to be assigned as H-
5 and H-8, respectively. The remaining aromatic pro-
ton at d 6.53, which exhibited HMBC correlations
with the carbons at d 121.7 (C-3 of the C-ring),
139.1 (C 0-5), 139.0 (C-3 0), 137.1 (C-4 0), and 136.8 (C-
2 0), was assigned to H-6 0 of the B-ring, and the other
positions of the B-ring were revealed to be substituted.
The positions of the one methylenedioxy group and
the four methoxy groups were determined by analysis
of the HMBC and NOE data. Long-range correlations
between the methylenedioxy protons at d 6.02 and the
carbons at dc 139.0 (C-3 0) and 137.1 (C-4 0) allowed the
methylenedioxy group to be deposited at C-3 0 and C-
4 0 of the B-ring. NOE correlations between H-5 and
the d 3.99 (3H, s) signal, H-8 and the d 4.00 (3H, s)
signal, and between H-6 0 and the d 3.87 (3H, s) signal
gave evidence of the presence of methoxy groups at C-
6, C-7, and C-5 0. Furthermore, an NOE correlation

e Difference in the log GI50 value between the most and least sensitive


cells.


Figure 1. Important HMBC and NOE correlations of glaziovianin A


(1).

was observed between the H-2 proton of the C-ring
part and the d 3.85 (3H, s) signal, which showed the
locus of the remaining methoxy group at C-2 0. Thus,
the structure of glaziovianin A (1) was established to
be 6,7,2 0,5 0-tetramethoxy-3 0,4 0-methylenedioxyisoflav-
one. Compounds 2, 3, and 4 were identified
as 6,7,2 0-trimethoxy-4 0,5 0-methylenedioxyisoflavone,
6,7,3 0,4 0-tetramethoxyisoflavone, and 6,7,2 0,4 0,5 0-penta-
methoxyisoflavone, respectively.5–8
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Figure 2. Effects of colchicine and glaziovianin A (1) on tubulin and cell cycl


cytoskeletons. 3Y1 cells were treated with 1 lM of colchicine (B, E) and 3 lM


chromosomes (red) are shown. (D–F) Tubulin cytoskeletons stained with an


progression in 3Y1 cells. 3Y1 cells were treated with 1 lM of colchicine (H)

Glaziovianin A (1), 2, 3, and 4 showed cytotoxic activity
against HL-60 cells with IC values of 0.29 lM, 16 lM,

50


23 lM, and 8.5 lM, respectively.9 Glaziovianin A (1)
has two methoxy groups and a methylenedioxy group
at the ring B part and was the most cytotoxic to HL-
60 cells, whose IC50 value was almost equal to that of
etoposide (IC50 0.37 lM) used as a positive control.
Consequently, 1 was evaluated in the Japanese Founda-
tion for Cancer Research 39 cell line assay (Table 1).10


As a result, 1 showed that the mean concentration re-
quired to achieve a GI50 level against the panel cells
tested was 0.66 lM, and exhibited differential cytotoxic-
ities, with breast cancer BSY-1 (GI50 0.045 lM), pros-
tate cancer PC-3 (GI50 0.095 lM), lung cancer
DMS273 (GI50 0.13 lM), and ovarian cancer OV-
CAR-3 (GI50 0.13 lM) being especially sensitive to it.
Furthermore, by analysis of the differential cellular sen-
sitivity using the COMPARE program, the pattern of
the differential cytotoxicities of 1 was found to correlate
to that shown by TZT-1027,11 one of the potent micro-
tubule inhibitors, suggesting that 1 inhibited tubulin
polymerization as a mechanism of action. To clarify
the mechanism of 1, we investigated the effects of 1 on

e progression in 3Y1 cells. (A–F) Effects of colchicine and 1 on tubulin


of 1 (C, F) for 18 h. (A–C) Merged images with tubulin (green) and


ti-a-tubulin antibodies. (G–I) Effects of colchicine and 1 on cell cycle


and 3 lM of 1 (I) for 18 h.







3094 A. Yokosuka et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3091–3094

cell cycle progression and microtubule assembly in rat
normal fibroblast 3Y1 cells (Fig. 2).12 As predicted by
the results of the panel screening, 1 arrested cell cycle
progression at the M phase at the concentration of
3 lM after 18 h of treatment (Fig. 2I). Next, we ob-
served the cytoplasmic microtubule network in situ by
immunofluorescence microscopy.13 When the cells were
treated with colchicine, a potent inhibitor of microtu-
bule assembly, at a concentration of 1 lM for 18 h,
the microtubule network was completely disrupted. On
the contrary, 1 had little influence on microtubule net-
works in interphase cells (data not shown). These results
were unexpected, because it is known that antitumor
drugs listed with high scores in panel screenings directly
inhibit tubulin dynamics. Therefore, we then observed
the M phase cells arrested by 1 in detail. Untreated con-
trol cells showed a typical bipolar mitotic spindle
(Fig. 2A and D). In contrast, 1-treated cells showed
abnormal spindle structures with unaligned chromo-
somes (Fig. 2C and F). These results strongly suggest
that 1 arrests cell cycle progression at the M phase by
activating the spindle checkpoint through the inhibition
of normal spindle formation. Further investigation into
the detailed mechanisms on the activity of 1 is currently
under way.
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Abstract—We constructed a label-free and detector-free aptazyme-based riboswitch sensor for detecting the cofactor of the apta-
zyme. This riboswitch, which usually suppresses the gene expression with its anti-RBS sequence bound to the RBS of its own mRNA
(OFF), activates the translation only when a cofactor is added to release the anti-RBS sequence from itself as a result of cofactor-
induced self-cleavage by the aptazyme (ON). The rationally optimized one with b-galactosidase as a reporter gene enabled us to
detect the cofactor of the aptazyme visibly with high ON/OFF efficiency.
� 2007 Elsevier Ltd. All rights reserved.

Recently, in vitro-selected RNA or DNA aptamers1


have been attracting a great deal of attention as sensors
for various molecules.2 Aptamers specifically recognize
their targeted small organic molecules, ions, proteins,
or cells. Complex formation between aptamers and their
targeted molecules results in an increase in mass, which
can be directly detected by mass detectors if the target is
large.3 Also, some aptamers cause large structural
changes by the binding of target. Such structure-switch-
ing aptamers allow us to detect even small molecular
targets in combination with fluorescent or electrochem-
ical methods.4


‘Aptazymes’,5 which are ribozymes that can be activated
by particular molecules (cofactors) allosterically, are
also able to act as sensors.6 They contain both an apt-
amer domain and a ribozyme domain and readily con-
vert the signals of complex formation with their
cofactors to more distinct signals of enzyme activities,
such as self-cleavage. To date, however, detection of
these signals has required that the aptazymes be labeled
with radioisotopes6a or fluorophores,6b or that a special
detector such as a quartz crystal microbalance (QCM)
be used.6c In this study, in order to realize label-free
and detector-free detection of the activities exhibited
by aptazymes, and thereby to detect their cofactors,
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we designed an aptazyme-based riboswitch with a repor-
ter gene, which converts the ribozyme activity (self-
cleavage) as the complex-forming signal to a more easily
detectable signal, that is, expression of a downstream re-
porter protein in a cell-free prokaryotic translation
system.


Our aptazyme-based riboswitch sensor is illustrated in
Figure 1.7 Template DNA was prepared by PCR, where-
in an aptazyme sequence was positioned at the 5 0-side of
the ribosome binding site (RBS) for a reporter gene
(luciferase or b-galactosidase) and a short anti-RBS se-
quence was inserted upstream of the aptazyme sequence.
The anti-RBS hybridizes to the RBS to prevent the ribo-
some from binding to it in mRNA form (OFF state:
Fig. 1, bottom left). A stem-loop in the 5 0-terminus is re-
quired in order to ensure the stability of the transcripts.
When transcribing this template in the presence of the
cofactor for the aptazyme, the cofactor induces confor-
mational change (I) and the subsequent self-cleavage (II)
of the aptazyme. The melting temperature (Tm) of inter-
strand duplex is generally lower than that of the intra-
strand duplex, so that the cleaved anti-RBS domain
will dissociate from the template if the sequence or
length of anti-RBS is appropriately chosen (III). Open-
ing the RBS permits the ribosome binding to activate
the expression of the reporter gene (IV) (ON state:
Fig. 1, bottom right).


As a first attempt, we chose the well-studied theophyl-
line-induced aptazyme, because theophylline hardly
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Figure 1. Illustration of an aptazyme-based riboswitch sensor. Template DNA (above) encoding a reporter gene (open bar; luciferase or


b-galactosidase) includes a stem-loop (gray), an anti-RBS sequence (blue), an aptazyme (pink), and an RBS sequence (red bar) in this order in the 5 0-


untranslated region under the T7 promoter (green). When transcribing this template in a cell-free prokaryotic translation system including T7 RNA


polymerase, anti-RBS hybridizes to the RBS to prevent the ribosome from binding to it (bottom left; OFF state). In the presence of the cofactor for


the aptazyme, the cofactor induces self-cleavage of the aptazyme to activate expression of the reporter gene (bottom right; ON state).
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affects in vitro transcription/translation8 and the corre-
sponding aptazyme has much higher ribozyme activity
in the presence of the cofactor (theophylline) than in
its absence (1300- to 4700-fold).5b This theophylline-
dependent aptazyme, which was in vitro-selected by
Breaker et al., is composed of three domains: an apt-
amer, a communication module, and a hammerhead
ribozyme domain (Fig. 2a).5b We tried to insert a further
communication module consisting of an RBS/anti-RBS
duplex into helix A or B, since it is known that these he-
lixes have no relation to the activity of this aptazyme.9


In the case of helix A, the length between the cleavage
site and the RBS would be very short, and thus the
translation efficiency would likely be low (Fig. 2, in-
set).11 On the other hand, in the case of helix B, the
above-described length is sufficient (Fig. 2b). In addi-
tion, the 5 0-terminus of cleaved mRNA retains its
stem-loop structure (helix A) so that the mRNA will
be stable after the cleavage.12 Hence, we decided to
add the RBS/anti-RBS duplex to the helix B (Fig. 2b).


The sequence and length of the RBS/anti-RBS duplex
for high ON/OFF efficiency of translation switching
were optimized using luciferase as a reporter gene (lucif-
erase activity was detected by standard luciferase assay;
see Supporting Information for details). ON/OFF effi-
ciency is defined here as the ratio of the activity of lucif-
erase translated in the presence (ON) to the absence
(OFF) of the cofactor molecule, theophylline. The re-
sults are summarized in Table 1. The RBS/anti-RBS du-
plex 1, which does not have any bases at the 5 0-side of
the RBS sequence, was attached just next to GUA trip-
let (underlined in Fig. 2a) adjacent to the cleavage site.10


The ON/OFF efficiency of the riboswitch with 1 was 2.2
with luciferase activity of 5708 and 2682 cps in the ON
(1 mM theophylline) and OFF state, respectively. This
luciferase activity in the ON state was relatively low in

comparison with that from a template having a normal
5 0-untranslated region (T7 phage g10 leader sequence)14


instead of the riboswitch under the same conditions
(over 100,000 cps). We then inserted the same three pur-
ines AAG at the 5 0-side of the RBS sequence as present
in the T7 phage g10 leader sequence (2).15 The addition
of the AAG sequence enhanced the overall translation
efficiency by approximately 6-fold in the ON state. On
the other hand, the ON/OFF efficiency was improved
only �1.7-fold (ON/OFF = 3.8) due to concomitant
expression enhancement in the OFF state. In order to
suppress the expression in the OFF state, we then
lengthened the anti-RBS to cover the RBS sequence
completely with the anti-RBS (3 or 4). Indeed, the long-
er anti-RBS sequence led to the lower translation effi-
ciency in the OFF state. However, the translation
efficiency in the ON state was also suppressed, with
the result that ON/OFF efficiencies were 4.5 and 4.9
for the riboswitches with 3 and 4, respectively, which
were a little bit higher than that of the riboswitch with
2. We then introduced a mismatch into the RBS/anti-
RBS duplex so that the anti-RBS would cover the
RBS with moderate duplex hybridization (5). This mis-
match resulted in a very high ON/OFF efficiency of
7.2 at (+/�) 1 mM theophylline.16,17


Figures 3a and b show ON/OFF efficiencies using the
riboswitch with an optimized RBS/anti-RBS duplex 5
at various concentrations of theophylline or caffeine
and chemical luminescence images of these translation
samples (assay solutions including luciferin), respec-
tively. Although caffeine has a similar structure to the-
ophylline except for the methyl group at the N7
position, the ON/OFF efficiency at (+/�) 1 mM caffeine
was nearly equal to 1. These results indicate the high
theophylline-dependency and -orthogonality of this
riboswitch. Similar experiments using mRNA templates







Figure 2. (a) The theophylline-dependent aptazyme in vitro-selected by Breaker et al.5b This is composed of three domains, a theophylline aptamer, a


communication module, and a hammerhead ribozyme domain. The theophylline cofactor induces a self-cleavage at the cleavage site (arrow) between


helix A and B. The GUA triplet adjacent to the cleavage site is underlined. (b) Predicted structure of the designed riboswitches, wherein the RBS/anti-


RBS duplex is attached to helix B or A (inset).


Table 1. Luciferase activities and ON/OFF efficiencies in the luciferase assay using various RBS/anti-RBS duplexes


RBS/anti-RBS duplex Luciferase activity (cps) ON/OFF efficiency


X X X . . . X X X — 1 mM theophylline


X X X . . . X X X [OFF] [ON]


1 AAGGAGAUA 2682 ± 152 5708 ± 472 2.2 ± 0.1


UUUCUCUA


2 AAGAAGGAGAUA 9087 ± 695 34678 ± 3058 3.8 ± 0.1


UUUUUCCU


3 AAGAAGGAGAUA 1736 ± 165 7827 ± 295 4.5 ± 0.4


UUUUUCCUUU


4 AAGAAGGAGAUA 690 ± 57 3355 ± 323 4.9 ± 0.3


UUUUUCCUUUAUA


5 AAGAAGGAGAUA 4771 ± 275 33675 ± 2905 7.2 ± 0.9


UUUUUCCACUAU


The RBS sequence (AAGGAG) is bold.
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instead of DNA templates also showed theophylline-
dependency, indicating that this riboswitch is regulated
at the translational level but not the transcriptional level
(Figure S1).


With the optimized RBS/anti-RBS duplex 5 in hand, we
engineered another riboswitch that is controlled by mol-
ecules other than theophylline. The aptazyme for cGMP
selected by Breaker et al. has high efficiency in ON/OFF
switching similar to the theophylline-dependent apta-
zyme.5c Unfortunately, this cGMP-dependent aptazyme
includes a sequence complementary to the optimized
anti-RBS sequence. We therefore introduced mutations
into this complementary sequence so as to retain the
ribozyme activity; the mutations were chosen by refer-
ence to the literature.18 However, these mutations were
not sufficient to realize precise hybridization of the
RBS/anti-RBS duplex, so we used the RBS/anti-RBS

duplex 4, which hybridizes more efficiently than 5 (Fig-
ure S2a). The obtained riboswitch has cGMP-depen-
dency with a high ON/OFF efficiency of about 10 at
(+/�) 10 mM cGMP (Figure S2b and c). These results
showed that it is easy to rationally design other apta-
zyme-based riboswitch sensors for each cofactor.


Finally, to sense cofactors without the use of a lumino-
meter or other detector, b-galactosidase instead of the
luciferase gene was used as a reporter.7 Figure 3c shows
the ON/OFF efficiency at various concentrations of
theophylline in a standard b-galactosidase assay. In this
assay, translated b-galactosidase hydrolyzes the color-
less substrate ortho-nitrophenyl-b-DD-galactopyranoside
(ONPG) to yellow ortho-nitrophenol, which has suffi-
cient visibility to serve as a marker of this enzyme activ-
ity. In fact, just adding ONPG to the solution after
coupled transcription/translation (incubated at 37 �C







Figure 3. (a) ON/OFF efficiencies in the luciferase assay using a riboswitch with an optimized RBS/anti-RBS duplex 5 at various concentrations of


theophylline (blue diamond) or caffeine (pink square). (b) Chemical luminescence images of the luciferase assay solutions in the absence of cofactors


(right) or presence of 1 mM theophylline (middle) or caffeine (left). (c) ON/OFF efficiencies in the b-galactosidase assay using an optimized


riboswitch with b-galactosidase as a reporter gene at various concentrations of theophylline. (d) Photographic images of the b-galactosidase assay


solutions in the absence (left) or presence of 2 mM theophylline (right).
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for 1 h) and another incubation at 37 �C for a few hours
enables visualization of theophylline without special
detectors (Fig. 3d). The ON/OFF efficiencies at (+/�)
1 and 2 mM theophylline, about 20 and 30, respectively,
are higher compared to those using the luciferase gene
(about 7 and 9).19


In conclusion, we constructed aptazyme-based ribos-
witches with an optimized RBS/anti-RBS duplex and
showed their application as sensors for the cofactors
of aptazymes without labels or detectors. In this sensor
system, stable DNA rather than unstable transcribed
RNA can be used as a sensor template in a solution
without immobilization or modification. The optimized
regulation part (the RBS/anti-RBS duplex) is now avail-
able for the design of other aptazyme-based riboswitch
sensors with a simple device. The aptazymes used in this
study were selected at 23 �C, not at 37 �C, which is the
temperature of translation.5 If aptazymes were selected
under proper translational conditions (temperature, se-
quence of helix B, magnesium concentrations), the
ON/OFF efficiency would be higher and sequential
problems such as the formation of cGMP-aptazyme
would not occur. Further studies along these lines are
now underway.
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Abstract—In a search for novel DPP-IV inhibitors, 2-aminobenzo[a]quinolizines were identified as submicromolar HTS hits. Due to
the difficult synthetic access to this compound class, 1,3-disubstituted 4-aminopiperidines were used as model compounds for opti-
mization. The developed synthetic methodology and the SAR could be transferred to the 2-aminobenzo[a]quinolizine series, leading
to highly active DPP-IV inhibitors.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Selected clinically studied DPP-IV inhibitors.

The incretin hormone glucagon-like peptide-1 (GLP-1)
is released from the gastrointestinal tract in response
to nutrient ingestion, and stimulates insulin secretion
from the pancreas in a glucose-dependent manner.
GLP-1 is degraded by dipeptidyl peptidase IV (DPP-
IV), a multifunctional type II transmembrane serine
protease which cleaves a dipeptide from the N-terminus
of peptide substrates with either proline or alanine at the
penultimate position. Once in circulation, GLP-1 has a
half-life of only few minutes. Thus, inhibitors of DPP-
IV increase levels of GLP-1 and subsequently insulin,
and are therefore promising therapeutic agents for the
treatment of type 2 diabetes.1


There are both covalent and non-covalent inhibitors of
DPP-IV in late clinical development (Fig. 1). The cyano-
pyrrolidines vildagliptin 1 (Novartis, FDA approval
filed)2 and saxagliptin 2 (Bristol-Myers Squibb, phase
3)3 bind covalently to the active serine in the S1 pocket
of DPP-IV, whereas the non-covalent inhibitors sitaglip-
tin 3 (Merck, launched 2006)4 and alogliptin 4 (Takeda,
phase 3)5 rely entirely on non-covalent protein–ligand
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interactions and have substituted phenyl groups as
ligands for the S1 pocket of DPP-IV.


Clinical trials have proven that DPP-IV inhibitors
reduce blood glucose and HbA1c levels in diabetic
patients and an excellent safety profile with minimal side
effects can be achieved.6


In a high throughput screening the 2-aminobenzo[a]-
quinolizine 5 and the aminopyrimidine derivative 6 were
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Figure 3. X-ray structure of the binding pocket of the complex of


2-aminobenzo[a]quinolizine 7 with human DPP-IV.
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Figure 4. Simplification of the 2-aminobenzo[a]quinolizine structure.
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T. Lübbers et al. / Bioorg. Med. Chem. Lett. 17 (2007) 2966–2970 2967

identified as inhibitors of DPP-IV (Fig. 2). It turned out
that the HTS hits 5 and 6 share a similar structural rec-
ognition motif for DPP-IV with sitagliptin 3, whose
structure was not known to us when we performed the
research reported in this paper.


The diastereomer 7 of the screening hit 5 had an interest-
ing drug-like profile and was significantly active in an
oral glucose tolerance test (OGTT) in fa/fa rats
(Table 1).


Particularly, interesting was the 3-butyl substituent in
compound 7, which according to its X-ray complex
structure with DPP-IV pointed into the S1 specificity
pocket (Fig. 3).7 The butyl group did not fill the hydro-
phobic S1 pocket optimally. Synthesis of derivatives
with different substituents in 3-position was often
cumbersome. Therefore, we looked for a simplified
open-chain analogue. The fact that in the 2-amin-
obenzo[a]quinolizine 8 annulation of a cyclohexyl ring
is tolerated suggested 1-substituted 4-amino-3-butylpi-
peridines 9 as potential DPP-IV inhibitors (Fig. 4).


The 4-aminopiperidines 9 were easily accessible in six
steps starting from the commercially available b-ketoest-
er 10 using literature known procedures (Scheme 1).8


The residue R was introduced through double Hofmann
elimination and Michael addition of the amine to the
ammonium salt 11. Oxime-formation and reduction
yielded the 4-aminopiperidines 9 as mixtures of
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Figure 2. DPP-IV inhibitory activity of selected HTS screening hits.


Table 1. Profile of the 2-aminobenzo[a]quinolizine 7


N


NH2


MeO


MeO
Me


H 2 3


DPP-IV IC50 (nM) 520


Solubility (mg/L) >414


logD (pH 7.4) 0.8


Permeation coefficient Pe (10�6 cm s�1) (PAMPA) 2.5


CLmicr (mL/min/mg protein) rat/human 4.7/0.0


IC50 CYPs (lM) (2C9, 2D6, 3A4) >50


OGTT (Dglucose, 40 min) (%) �16


PAMPA, parallel artificial membrane permeation assay; CLmicr,


intrinsic clearance in liver microsome preparations; CYPs, cytochrom


P450 enzyme; OGTT, oral glucose tolerance test in fa/fa rats (reduc-


tion of glucose levels 40 min after glucose challenge (2 g/kg) compared


to non-treated animals; 0.3 mg/kg of 7 given 2 h before glucose


challenge).
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Scheme 1. Reagents and conditions: (a) 1.9 equiv BuI, 4.5 equiv


K2CO3, 1 equiv i-Pr2NEt, acetone, reflux, 12 h; (b) 20% aq HCl, reflux,


24 h, 67% over two steps; (c) 1.2 equiv MeI, acetone, rt, 3 h, 78%; (d)


0.8 equiv RNH2, 0.13 equiv K2CO3, EtOH, reflux, 3 h, 57–100%; (e)


1.1 equiv NH2OH*HCl, 1.1 equiv NaOAc, EtOH, rt, 2 h; (f) Ra–Ni


alloy, EtOH, H2O, NaOH, rt, 2 h, 23–71% over two steps.

cis/trans-diastereomers, which could be often separated
by silica gel chromatography.9


A phenyl substituent (9c) was more active than a cyclo-
hexyl (9a) or a benzylic substituent (9b) (Table 2).10


Generally, the cis-diastereomer was more potent than
the trans-diastereomer. Various substitutions with elec-
tron-rich (9j) as well as electron-poor (9i) residues on
the aryl moiety were allowed. The most active derivative







Table 2. DPP-IV inhibitory activity of 4-aminopiperidine derivatives 9


N


NH2


Me


R


Compound Ra IC50 (lM)


cis trans cis/trans


9a c-Hex 45.2


9b Ph2CH 18.6


9c Ph 3.5 35.7


9d 4-PhOPh 6.3 15.0


9e 4-Tol 5.2 94.7


9f 3,5-(CF3)2–Ph 13.4


9g 3-MeO-5-CF3–Ph 2.1 8.4


9h 3-Ph-4-MeO–Ph 5.8 142


9i 4-Cl-3-CF3–Ph 2.8 2.6


9j 3,4-(MeO)2–Ph 4.9 26


9k 3,4,5-(MeO)3–Ph 2.3 18.4


9l 3,4-Cl2–Ph 3.3


9m 2-Naphthyl 1.5 9.4


9n 5,6,7,8-Tetrahydro-


naphthalen-1-yl


13.6


9o 1-Naphthyl 5.3


a The numbering refers to the position of the substituent on the cor-


responding aromatic ring.


Figure 6. Modeled overlay of 2-aminobenzo[a]quinolizine 13 with the


co-crystal structure of DPP-IV with inhibitor 14 illustrating the


asymmetric shape of the S1 pocket.
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was the 2-naphthyl-compound cis-9m. Because of the
relatively flat SAR we decided to keep the more polar
3,4-dimethoxyphenyl group constant and vary the sub-
stituent in 3-position.


The phenyl substituted 2-aminobenzo[a]quinolizine 13
exhibited a nice inhibitory activity of 200 nM (Fig. 5).
The modeled overlay with the co-crystal structure of
DPP-IV with inhibitor 14,11 an optimized compound
from a previous lead series identified from the HTS hit
6, clearly showed that a substantial improvement in
affinity could be expected by the introduction of the cor-
rect substitution pattern on the 3-aryl substituent of the
4-aminopiperidines, respectively, the 2-aminobenzo-
[a]quinolizines (Fig. 6).


The employed synthetic route to 13 was not generally
applicable for the variation of the 3-aryl substituent.
Therefore, we decided to study the direct introduction
of an aryl substituent into the ketone-precursor. As a
model system we choose the 4-aminopiperidines.
Several methods such as the direct arylation of the
copper-enolate, generated from 15 with LDA and
CuCN, with a mixed bis aryl iodonium salt,12 gave
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Figure 5. DPP-IV inhibitors.

only low yields (5%). The Pd-catalyzed arylation13 of
15 was successful, however furnished 16 in low yield
(Scheme 2) because of the formation of the dehydro
by-products 17 and 18.


The SAR revealed that a small lipophilic group such as
methyl or possibly a halogen substituent in the meta-po-
sition of the aromatic residue was favored (Table 3). The
toluene derivative 19c had a IC50 value of 600 nM com-
bined with a low molecular weight. It was still a diaste-
reomeric mixture.


We were able to solve the X-ray complex structure of
19c with DPP-IV to a resolution of 2.8 Å (Fig. 7).14


The binding mode revealed clear electron density for
the (3R,4S)-enantiomer of the cis-isomer. The proton-
ated primary amine is engaged in the three characteristic
hydrogen bonds with Glu 205, Glu 206, and Tyr 662, as
seen with other primary amines, such as sitagliptin 3.
The favorable 3-methyl phenyl substituent points into
the S1 pocket and perfectly occupies the small hydro-
phobic niche in the back. Some residual electron density
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Scheme 2. Reagents and conditions: (a) 1 equiv ArBr, 3 equiv NaOt-


Bu, 10 mol% Pd(OAc)2, 10 mol% Pdt-Bu3, THF, rt, overnight, 10–27%


(b) 1.1 equiv NH2OH*HCl, 1.1 equiv NaOAc, EtOH, rt, 2 h;


(c) Ra–Ni alloy, EtOH, H2O, NaOH, rt, 2 h, 28–96% over two steps.
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Scheme 3. Reagents and conditions: (a) 1 equiv ArBr/Cl, 3 equiv


NaOtBu, 10 mol% Pd(OAc)2, 10 mol% Pdt-Bu3, THF, rt, overnight,


11–41%; (b) 1.1 equiv NH2OH*HCl, 1.1 equiv NaOAc, EtOH, rt, 2 h;


(c) Ra–Ni alloy, EtOH, H2O, NaOH, rt, 2 h, 52–73% over two steps.


Table 4. DPP-IV inhibitory activity of 2-aminobenzo[a]quinolizines 22


NH2


N
O


O


Ar
H


Compound Ara IC50 (nM)


cis trans cis/trans


22a Ph 270 200 220


22b 2-Pyridyl 990 1520


22c 4-Me–Ph 10590 370


22d 3,4-Me2–Ph 9380 3730


22e 3-MeO–Ph 5130 650


22f 3-Me–Ph 32 4 13


22g 3-Cl–Ph 50 4


a The numbering refers to the position of the substituent on the cor-


responding aromatic ring.


Table 5. Profile of the 2-aminobenzo[a]quinolizine trans-22f


N


NH2


MeO


MeO
H


DPP-IV IC50 (nM) 4.6


Solubility (mg/L) >469


logD (pH 7.4) 1.3


Permeation constant Pe (10�6 cm s�1) (PAMPA) 3.4


Clmicr (mL/min/mg protein) (rat/human) 1.0/3.0


IC50 CYPs (lM) (2C9, 2D6, 3A4) 15, 11, >50


OGTT (Dglucose, 40 min) (%) �41


PAMPA, parallel artificial membrane permeation assay; CLmicr,


intrinsic clearance in liver microsome preparations; CYPs, cytochrom


P450 enzyme; OGTT, oral glucose tolerance test in fa/fa rats (reduc-


tion of glucose levels 40 min after glucose challenge (2 g/kg) compared


to non-treated animals; 0.3 mg/kg of 22f given 2 h before glucose


challenge).


Figure 7. X-ray complex crystal structure of human DPP-IV with


compound 19c (cis, (3R,4S)-enantiomer). Protein residues engaged in


hydrogen bonds (dashed red lines) with the ligand are shown.


Table 3. DPP-IV inhibitory activity of 4-aminopiperidine derivatives


19


N


NH2


Ar


O


O


Compound Ara IC50 (lM) cis/trans


19a 4-Me–Ph 14.8


19b 3,4-Me2–Ph 31.3


19c 3-Me–Ph 0.6


19d 3-MeO–Ph 25.6


19e 2-Pyridyl 8.9


a The numbering refers to the position of the substituent on the cor-


responding aromatic ring.
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is, however, seen for a second ligand conformation in
which the 3-methyl phenyl substituent is rotated by
180� around the bond connecting the P1 substituent
with the piperidine ring.


The developed methodology could be nicely transferred
to the 2-aminobenzo[a]quinolizines (Scheme 3). Phenyl
iodides in general and electron-poor aromatic bromides
were not successful in the arylation of the ketone 20.
Aryl chlorides sometimes produced the products 22 in
low yields, when the corresponding aryl bromides and
iodides failed.


Small lipophilic groups in meta-position, such as methyl
or chlorine, were the best substituents, providing com-
pounds with an IC50 value of 4 nM (trans-22f and
trans-22g, Table 4). Trans-22f reduced glucose levels in
the oral glucose tolerance test (OGTT) in fa/fa rats by
41% (Table 5) 40 min after the glucose challenge at a
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dose of 0.3 mg/kg (applied 120 min before glucose
challenge).


In summary, we describe a novel series of 4-aminopi-
peridine DPP-IV inhibitors. A methodology for the
introduction of 3-aryl substituents could be developed.
An aromatic residue with a small lipophilic group in
meta-position yielded the most active inhibitors. The
developed SAR and the synthetic procedures could be
applied to the 2-aminobenzo[a]quinazoline series, lead-
ing to highly active DPP-IV inhibitors, with trans-22f
and g as the best compounds (Table 4).
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Abstract—A series of indole tetrahydropyridine and indole cyclohexenylamines was prepared, and their binding affinities at the
human serotonin transporter (SERT) were determined. In particular, a nitrile substituent at the C5 position of the indole ring gave
potent SERT activity. The stereochemistry of the N,N-dimethylamine substituent was determined for the most potent indole cyclo-
hexenylamine, 6a. The enantiomers of 6a were energy minimized and compared to other conformationally restricted SSRIs. Com-
pound 6a was found to give a dose–response similar to the SSRI fluoxetine in microdialysis studies in rats.
� 2007 Elsevier Ltd. All rights reserved.

N
H


R


-CH2CH2CH2NMe2
CH2NMe2


-H C


1


2


4


5


R
X


X=F


X=H,CN


N H RU 24969
X=OMe

5-Hydroxytryptamine (5-HT, serotonin) is a neurotrans-
mitter that plays an important role in a variety of
physiological functions in the central nervous system
and peripheral tissues. Consequently, the modulation
of serotonin function via therapeutic agents continues
to be an active and promising area of drug discovery
research.


The selective serotonin reuptake inhibitors (SSRIs) are
effective antidepressants, and are relatively safe despite
some recognized issues.1 Recent SSRI research has
focused on compounds with added properties that may
result in a more rapid onset of antidepressant action
such as serotonin transporter (SERT) inhibition com-
bined with 5-HT1A, 5-HT1B, or NK1 antagonism.2


The conformational restriction of serotonergic ligands is
a precedented way to improve the binding and selectiv-
ity of these agents. One of the earliest conformationally
restricted homo-serotonin analogs was the selective
5-HT1B agonist RU 24969, in which the amino ethylene

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


doi:10.1016/j.bmcl.2007.03.040


Keywords: SSRI; Serotonin transporter; Homotryptamine.
* Corresponding author. Tel.: +1 203 677 6560; fax: +1 203 677


7702; e-mail: jeffrey.deskus@bms.com

side chain of 5-methoxy serotonin was replaced with a
tetrahydropyridin-4-yl moiety.3 Similar analogs have
been examined at various 5-HT receptor subtypes.4


We have previously reported SERT binding results with
homotryptamines 1,5 and conformationally restricted
analogs 2,5a 3,6 and 46 (Fig. 1). Based on SAR studies,
we have hypothesized that modifying the RU 24969 side
chain to an N-methyl tetrahydropyrid-4-yl moiety (5)
might yield analogs with high affinity for SERT. Also
of interest was the impact of extending the nitrogen
one more carbon away from the indole as in dimethyl-
amino cyclohexen-4-yl analogs (6). We now report the

CH2NMe2
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3 NMe2


N Me


6
X=CN


X=H,CN


Figure 1.
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Table 2. SERT binding affinities11 of N,N-dimethylamino cyclohexen-


4-yl indoles, and of the enantiomers of 6a


N
H


N


R


Compound R SERT IC50 (nM)11


6a CN 1.6 ± 0.3


S-6a CN 1.1 ± 0.2


R-6a CN 0.72 ± 0.11


6b NO2 1 ± 0.3


6c F 14 ± 6


6d Br 5.3 ± 0.9


6e Cl 19 ± 5


able 1. SERT binding affinities11 of tetrahydropyrid-4-yl indoles


N
H


N


R


Compound R SERT IC50 (nM)11


5a CN 19 ± 3


5b NO2 40 ± 6


5c F 160 ± 50


5d Br 210 ± 50


5e Cl 240 ± 50


5f H 690 ± 270


5g OMe 730 ± 270


5h Me 910 ± 90
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SERT activity of N-methyl tetrahydropyrid-4-yl indoles,
5a–h, and N,N-dimethylamino cyclohexen-4-yl indoles,
6a–h (Fig. 1).


N-Methyl tetrahydropyrid-4-yl indoles 5a–h were pre-
pared by the reaction of commercially available 5-substi-
tuted indoles with N-methyl piperidone, as is shown in
Scheme 1.


N,N-Dimethylamino cyclohexen-4-yl indoles 6a–h were
prepared by reductive amination of commercially avail-
able 1,4-cyclohexanedione mono-ethylene ketal with
dimethylamine, then ketal hydrolysis, and coupling with
the analogous indoles,7 as shown in Scheme 2.


Since our previous work on indole SSRIs demonstrated
high eudesmic ratios for the enantiomers of compounds
3 and 46 (similar to the case of (S)- and (R)-citalopram8),
6a was resolved by chiral supercritical fluid chromato-
graphy (SFC).9 One enantiomer, R-6a, was then con-
verted to its N-tosyl derivative (p-TsCl, NaHMDS,
DMF, 0 �C, 30 min.) to determine its absolute stereo-
chemistry by X-ray crystallography (Fig. 2).10


The SERT binding affinities11 of compounds 5a–h are
shown in Table 1. Results for compounds 6a–h and
the enantiomers of 6a are shown in Table 2.


N-Methyl tetrahydropyrid-4-yl compound 5f is less po-
tent than 1 (X = H, SERT IC50 58 ± 6 nM),5a with the
same carbon linker length on the side chain. This loss
of binding affinity may be in part due to the lack of flex-
ibility present in the tetrahydropyrid-4-yl ring system.
By moving the nitrogen outside of the ring system and
incorporating the N,N-dimethylamine moiety, cyclohex-
en-4-yl compound 6f was found to have much improved
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Scheme 1. Reagents and condition: (a) pyrrolidine in ethanol/reflux.
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Scheme 2. Reagents and conditions: (a) Me2NH, NaBH(OAc)3; (b) aq


HCl; (c) pyrrolidine/reflux.

T


6f H 3.1 ± 0.5


6g OMe 150 ± 30


6h Me 770 ± 230

SERT potency. Compound 6f is greater than 200-fold
more potent than 5f. The difference in the two bridging
ring systems is consistent throughout the series, as the
N,N-dimethylamino cyclohexen-4-yl analogs are gener-
ally 10- to 40-fold more active than their N-methyl tetr-
ahydropyrid-4-yl counterparts. The combination of
carbon chain length extension and the preferred amino
functionality contributes to the SERT binding differ-
ences between these two groups of compounds.


In terms of SAR trends for the indole substituent, the
potency in both series is markedly influenced by the
5-substituent on the indole. The nitro (5b and 6b) and
cyano (5a and 6a) analog, were the most potent com-
pounds, suggesting that electron withdrawing substitu-
ents on the indole ring might be favored for SERT
binding. The same was true for the previously reported
5-cyano compounds 1 (X = CN, SERT IC50 2.0 ±
0.4 nM)5a and 2 (X = CN, SERT IC50 2.0 ± 0.3 nM),5a


as they were also the most potent analogs in that series.


As for the effect of chirality, the R-enantiomer12 of 6a
was found to be nearly equipotent to the corresponding







Table 4. SERT, DAT, and NET binding affinities13 of 6a and its


enantiomers


Compound SERT


IC50 (nM)13
DAT


IC50 (nM)13
NET


IC50 (nM)13


6a 0.34 97 57


S-6a 0.56 80 37


R-6a 0.40 290 390


Figure 2. ORTEP drawing of N-1-tosyl derivative of R-6a with


ellipsoids drawn at 30% probability level for non H-atoms and


arbitrary scaled open circles for H-atoms. Carbon and hydrogen atoms


are not labeled.
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S-enantiomer. 6a and its enantiomers are not as potent
as 3 (SERT Ki 0.18 ± 0.02 nM),6 which might suggest
that the constraint of the cyclohexen-4-yl ring system
gives a somewhat less favorable interaction with the
serotonin transporter as compared to the trans cyclopro-
pane moiety of 3.


To examine selectivity, the most active compounds at
SERT from this study were evaluated for binding affin-
ity at the human dopamine (DAT) and norepinephrine
(NET) transporters. The results are shown in Table 3,
where percent inhibition was determined at a single con-
centration of 1 lM.


Many of the compounds were weak to moderate inhib-
itors at either DAT, NET or both of these transporters.
Compound 6d was the only strong inhibitor of both
DAT and NET transporters while having single digit
nanomolar affinity at SERT. Compound 6a showed
moderate affinity at DAT and a higher percent inhibi-
tion at NET. This compound and its enantiomers,

Table 3. Inhibition of dopamine and norepinephrine transporters


Compound SERT IC50


(nM)a


DAT,


% inhibitionb


NET,


% inhibitionb


5a 19 ± 3 56 15


5b 40 ± 6 73 27


6a 1.6 ± 0.3 71 90


6b 1 ± 0.3 74 81


6c 14 ± 6 23 35


6d 5.3 ± 0.9 95 99


6e 19 ± 5 16 34


6f 3.1 ± 0.5 67 70


a From Tables 1 and 2.
b Test concentration 1 lM.

S-6a and R-6a, were then compared directly in a single,
20-point concentration experiment to determine their
binding affinities at SERT, DAT, and NET.13 The re-
sults of this selectivity study are shown in Table 4.


Both the racemate 6a and S-enantiomer S-6a showed
similar levels of selectivity for SERT over DAT (>140-
fold) and NET (>60-fold). Interestingly, the R-enantio-
mer R-6a gave much higher selectivity ratios for SERT,
>700-fold over DAT, and >900-fold over NET. For
comparison, the SSRI fluoxetine (SERT Ki 0.72 nM,
DAT Ki 1900 nM, and NET Ki 440 nM)6 has SERT
selectivity over DAT (>2600-fold) and NET (>600-
fold). Our previously reported SSRI compound 3 dem-
onstrated very high selectivity for the serotonin trans-
porter over DAT and NET (SERT Ki 0.18 nM, DAT
Ki 2100 nM, and NET Ki 4600 nM).6


In vivo studies with the racemate 6a were performed due
to the limited availability of the single enantiomers. In
microdialysis studies,14 6a robustly increased extracellu-
lar serotonin concentrations in the frontal cortex of
awake, freely moving rats. The maximal response was
achieved at 1 mg/kg (ip) as shown in Figure 3. In oral
studies, 6a increased serotonin levels to 150–200 percent
above baseline. This effect was similar to that produced
by fluoxetine, both given at 10 mg/kg po (Fig. 4).


In order to relate the potency of 6a to other potent
SSRIs, low-energy conformations of the individual
enantiomers were examined.15 Figure 5 shows the pre-
dicted lowest-energy conformation of R-6a and second
lowest-energy conformation of S-6a superimposed with
low-energy conformations of the SSRIs (1S,4S)-sertra-
line and (S)-citalopram (av SERT IC50 0.73 nM (n = 2)
and 1.45 nM (n = 2), respectively,16 Fig. 6). The pre-
dicted energy of the conformation of S-6a shown in
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Figure 3. Dose–response curves for compound 6a given ip.
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Figure 4. Compound 6a versus fluoxetine and vehicle given po.
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the figure is 0.1 kcal/mol above that of the putative glo-
bal minimum. The conformations of sertraline and (S)-
citalopram shown in Figure 5 have energies within
1.5 kcal/mol of their respective predicted global minima.
The overlay shows good correspondence between two
key elements of the SSRI pharmacophore in each mole-
cule, namely a substituted aromatic ring and a basic
amine moiety.


This overlay also suggests that each enantiomer of com-
pound 6a may share common SERT binding interac-
tions with sertraline and (S)-citalopram. Of particular
note is the overall three-dimensional shape similarity
of the low-energy conformers of both enantiomers of
compound 6a, as shown in Figure 5. This suggests that
they can bind to the serotonin transporter in an analo-
gous manner, forming similar intermolecular interac-
tions with the protein. The high degree of similarity is
consistent with the nearly equal IC50 values determined
for the enantiomers.


In Figure 7, the same predicted low-energy conformers
of both enantiomers of compound 6a described above
are shown overlaid with putative global energy mini-
mum conformers of the potent SSRIs 3 (SERT Ki


0.18 ± 0.02 nM) and 4 (SERT Ki 14 ± 1.9 nM).6 In this
case as well, the correspondence between the aromatic
rings is quite good, and the close grouping of the puta-
tive hydrogen bond acceptor site points suggests that the

Figure 5. Superimposition of R-6a (gray carbon atoms, ball and stick


representation) and S-6a (gray carbon atoms, stick representation)


with the SSRIs sertraline ((1S,4S)-stereochemistry, orange carbon


atoms, stick representation) and (S)-citalopram (yellow carbon atoms,


stick representation). Magenta spheres are putative hydrogen bond


acceptor site points utilized in the RMS fitting procedure. The image


was created with DS Viewer ProTM 6.0 (Accelrys, Inc., San Diego, CA,


2005).

compounds should be able to interact with the same
H-bond acceptor in the serotonin transporter.


Overall, the results of the molecular modeling analysis
suggest that the enantiomers of compound 6a are capa-
ble of adopting similarly shaped low-energy conforma-
tions which match key elements of the SSRI
pharmacophore. Even with such a good fit in terms of
energy minimized conformations, it is the differences in
the conformations of the respective enantiomer pairs
that are reflected in their eudesmic ratios. The SERT
affinity ratio of the enantiomers of 6a is only 1.5, while
that of 3 and its enantiomer is nearly 50-fold.6


Compound 4 and its enantiomer also show a significant
difference, here about 7-fold.6


In conclusion, extending the basic nitrogen out of the
ring system and increasing the carbon side-chain length,
as with cyclohexen-4-yl compound 6a, gave a 10-fold in-
crease in affinity for the serotonin transporter over that
of tetrahydropyridine 5a. Compound 6a and especially
its R-enantiomer R-6a demonstrate selectivity for the
serotonin transporter over dopamine and norepineph-
rine transporters, but not to the same extent as the ratios
reported for 3. In vivo, 6a demonstrated a robust dose–
response in the microdialysis experiment, increasing
serotonin levels to a similar extent as fluoxetine
(10 mg/kg for both compounds given po). R-6a and
S-6a demonstrated nearly equal affinity for SERT.
Modeling studies suggest that both enantiomers can
adopt similar conformations which overlap well with
our potent and highly selective compounds, 3 and 4. This

Figure 7. Superimposition of R-6a (gray carbon atoms, ball and stick


representation) and S-6a (gray carbon atoms, stick representation)


with compounds 3 (orange carbon atoms, stick representation) and 4


(yellow carbon atoms, stick representation). Magenta spheres are


putative hydrogen bond acceptor site points utilized in the RMS fitting


procedure. The image was created with DS Viewer ProTM 6.0 (Accelrys,


Inc., San Diego, CA, 2005).
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work helps to further define the SAR and stereochemical
requirements of the indole alkyl amine SSRI series.
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from each basic nitrogen atom along the N-H vectors.g


The RMS fitting of (S)-citalopram to sertraline included a
fourth pair of points corresponding to the centroids of the
fluorophenyl ring in (S)-citalopram, and the non-chlori-
nated phenyl ring in sertraline. The superposition shown
in Figure 7 was generated by RMS fitting the low-energy
conformers of R-6a, S-6a, 3, and 4 to the sertraline
reference conformer as described above for R-6a and S-6a.

In both figures, all other compounds were fit to sertraline,
even though it is not shown explicitly in Figure 7; (a)
Mohamadi, F.; Richards, N. G. J.; Guida, W. C.;
Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.;
Hendrickson, T.; Still, W. C. J. Comput. Chem. 1990, 11,
440; (b) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J.
J. Am. Chem. Soc. 1996, 118, 11225; (c) Still, W. C.;
Tempczyk, A.; Hawley, R. C.; Hendrickson, T. A.
J. Am. Chem. Soc. 1990, 112, 6127; (d) Polak, E.; Ribiere,
G. Rev. Fr. Inf. Rech. Oper. 1969, 16, 35; (e) See: Jaguar
6.5 Operating Manual; Schrodinger, LLC: New York, NY,
2005, and references therein; (f) Hehre, W. J.; Radom, L.;
Schleyer, P. v. R.; Pople, J. A. Ab Initio Molecular Orbital
Theory; John Wiley: New York, 1986, Chapter 4; (g)
Gundertofte, K.; Bøgesø, K. P.; Liljefors, T. A Stereose-
lective Pharmacophoric Model of the Serotonin Re-
Uptake Site. In Computer-Assisted Lead Finding and
Optimization: Current Tools for Medicinal Chemistry;
van de Waterbeemd, H., Testa, B., Folkers, G., Eds.;
Verlag Helvetica Chimica Acta: Basel, Switzerland, 1997;
pp 443–459.


16. In–house results.





		Conformationally restricted homotryptamines 3. Indole tetrahydropyridines and cyclohexenylamines as selective serotonin reuptake inhibitors

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3221–3225

6-Hydroxy to 6000-amino tethered ring-to-ring macrocyclic
aminoglycosides as probes for APH(3 0)-IIIa kinase


Stephen Hanessian,* Janek Szychowski, Natalhie B. Campos-Reales Pineda,
Alexandra Furtos and Jeffrey W. Keillor*
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Abstract—Based on molecular modeling and available X-ray structure data on aminoglycosides complexed with a bacterial ribo-
somal surrogate or with a kinase, two analogues of paromomycin were prepared by tethering the 6-OH and the 6000-NH2 group with
a five-carbon bridge. Only one of two possible hydroxyl groups was phosphorylated by the kinase. The application of ring closure
metathesis is presented for the first time to construct bridged macrocyclic analogues in the aminoglycoside series.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Susceptibility to enzymatic deactivation in the neomycin–


paromomycin group of aminoglycosides.

Antibiotics have been used as effective drugs to combat
infection for nearly 75 years.1 Among these, the amino-
glycoside family holds a historically and clinically prom-
inent position as potent therapeutic drugs against Gram
positive and Gram negative infections.2 Aminoglyco-
sides are administered parenterally under a hospital
regimen. However, their promiscuous use as broad spec-
trum antibiotics has caused the emergence of bacterial
resistance. Resistance can develop by enzymatic deacti-
vation of the drugs, by target modification, or by de-
creased intracellular concentration of the active entity
by efflux.3 Oto- and nephrotoxicity are also associated
with dose-related practices of aminoglycoside therapy
in the clinic.4


The cellular target for bactericidal aminoglycosides is
the A-site of the 16S ribosomal RNA.5 In recent years,
elegant X-ray crystallographic6 and NMR7 studies of
A-site—aminoglycoside complexes have shown highly
conserved interactions, especially in the spatially com-
mon rings I and II of the pseudosaccharide portion of
4,5- and 4,6-disubstituted aminoglycosides (Fig. 1). In
general, aminoglycosides such as paromomycin6b (1)
and neomycin (2) bind to the A-site in their lowest
energy conformation. Other conformations may also pre-
vail for different inactivating enzymes.8 Coincidentally,
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aminoglycoside-modifying enzymes such as the kinase
APH(3 0)-IIIa, that catalyzes the phosphorylation of
the 3 0OH and 500OH groups of ring I in paromomycin
and related congeners, also recognize these lowest
energy conformers of their substrates.3,9 In fact, X-ray
crystallographic studies have shown a virtual superposi-
tion of the conformations observed in the ternary com-
plex APH(3 0)-IIIa with neomycin B, and that observed
in the crystal structure of the 30S ribosomal subunit with
paromomycin (Fig. 2).6b,9 Apart from specific van
der Waals interactions, several functional groups utilized
in binding to the bacterial ribosome are also identical
to those required to act as a substrate of APH(3 0)-IIIa.
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Figure 2. Superposition of X-ray structures of neomycin in the


APH(3 0)-IIIa ternary complex (magenta) and paromomycin in the


A-site (blue). APH(30)-IIIa can phosphorylate the 3 0-OH of ring I or


the 500-OH of ring III.
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In spite of the promiscuity of this enzyme in detoxifying
several aminoglycosides containing a 3 0-OH group,
there is a fundamental topological feature that distin-
guishes it from its ribosomal RNA-based counterpart
vis-à-vis the substrate. Thus, the face of the aminoglyco-
side that is exposed to APH(3 0)-IIIa is opposite to that
which interacts with the prokaryotic ribosomal site.9,10


This is also observed in all available X-ray structures
for aminoglycoside-deactivating enzyme complexes
such as AAC(2 0)-Ic,11 AAC(6 0)-Iy,12 ANT(4 0),13 and
APH(3 0)-IIa.14


This fundamental difference based on van der Waals
interactive forces constitutes an important observation
that can be exploited in the design and synthesis of
chemically modified aminoglycosides.15 Considering
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Figure 3. (a) Proposed ligation of selected functional groups within


APH(3 0)-IIIa-mediated phosphorylation; (b) structures of macrocycles 9 and

the L-shaped topology of paromomycin and its bioac-
tive conformation within the 16S ribosomal A-site,6b,7


we considered the spatial proximity of 6-OH and
6000-NH2 to connect them within energetically favorable
macrocyclic motifs (Fig. 3). Access to functionally dis-
tinct alkene appendages would provide the opportunity
to explore ring closing metathesis reactions16 in the ami-
noglycoside series for the first time. We were particularly
interested to see if the macrocyclic variants of paromo-
mycin would protect the ring I and/or ring III
landscapes normally exposed to the kinase for phos-
phorylation. Recently, Tor,17 Hermann,18 Asencio,19


and their respective coworkers have independently pre-
pared conformationally constrained derivatives of neo-
mycin B, and consisting of bridging the C2 0 amino
group with extended 500-methano and ethano tethers,
respectively. The specificity of these analogues toward
different RNA targets was studied by NMR spectros-
copy and molecular dynamics simulations.


The readily available 4 0,6 0-O-benzylidene penta-N-Cbz
paromomycin 320 was selectively O-benzoylated, then
O-allylated at 6-OH which remained free to give 4
(Scheme 1). Treatment with NaOH in aqueous dioxane
cleaved both the ester groups and the 6000N-Cbz group,
presumably via cyclic carbamate 5, to give the corre-
sponding 6000 amine 6. Amide formation with 3-butenoic
acid followed by O-acetylation gave the diene 7. Ring
closing metathesis in the presence of Grubbs’ second
generation catalyst21 followed by deacetylation gave
macrocyclic amide 8 as a mixture of cis/trans isomers.
Cleavage of the benzylidene group under acidic condi-
tions and hydrogenation gave macrocyclic amide 9 in
excellent yield (Scheme 1).


Treatment of penta-N-Cbz paromomycin 1020 with
aqueous base effected a selective cleavage of the 6000-
N-Cbz group to give 11 (Scheme 2). N-3-Butenylation
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followed by restoration of the N-Cbz group gave 12
which was selectively acetylated, then O-allylated at
the remaining 6-OH group to give diene 13. Ring closing
metathesis as described above gave the macrocyclic ole-
fin 14 as a mixture of cis/trans isomers. Deacetylation
followed by hydrogenolysis gave the macrocyclic amine
15.22


The main objective of this study was to explore the abil-
ity of the kinase APH(3 0)-IIIa to phosphorylate 3 0-OH
and 500-OH in the macrocyclic analogues 9 and 15 com-
pared to the parent paromomycin.23 Both compounds
were found to be substrates for phosphorylation,
albeit poorer than paromomycin, as shown in Figure
4a for compound 9 (kcat = 0.073 s�1, Km = 21.8 lM,
kcat/Km = 3.35 · 103 M�1 s�1).22 By way of comparison,
we also measured the kinetic parameters for phosphory-
lation of paromomycin at 4 �C. As can be seen from
Figure 4b, the initial rates of paromomycin phosphory-
lation showed biphasic hyperbolic dependence on
substrate concentration. The consumption of one
equivalent of ATP over the duration of this phosphory-
lation reaction demonstrates that these results

correspond to two different modes of monophosphory-
lation of paromomycin. This behavior has been
observed previously24 and has been attributed to the
phosphorylation of either the 3 0-OH or the 500-OH
groups from two different Michaelis complexes formed
from the same substrate that is bound in two different
ways, with different affinities. Separate fitting of the
low- and high-concentration data provided the kinetic
parameters for the high-affinity phosphorylation of
paromomycin (kcat(1) = 0.190 s�1, Km(1) = 16.9 lM,
kcat(1)/Km(1) = 1.12 · 104 M�1 s�1) and the low-affinity
phosphorylation, respectively (kcat(2) = 0.304 s�1, Km(2) =
51.1 lM, kcat(2)/Km(2) = 5.95 · 103 M�1 s�1). Our high-
affinity kinetic parameters compare favorably to those


measured at 37 �C and published previously (i.e., k37
cat ¼


3:62 s�1, K37
m ¼ 19:5 lM, k37


cat=K37
m ¼ 1:86 � 105 M�1 s�1).23


Unlike paromomycin, analogues 9 and 15 were phos-
phorylated only at 500-OH which was determined by
LC–MS with in-source fragmentation.22 Mono- and
bis-phosphorylated paromomycins were used as test
samples to validate our experimental approach to these
product studies.24,25 The single phosphorylation at
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Figure 4. APH(3 0)-IIIa-mediated phosphorylation of paromomycin and 9. (a) Phosphorylation of 9 at 500-OH; (b) phosphorylation of paromomycin


at 3 0-OH or 500-OH.
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500-OH may be due to a shielding of the 3 0-OH of ring I
in 9 and 15 by the bridged tether. Ideally, one would
wish to have an analogue that is modified in such a
way that it is no longer recognized as a substrate by
the kinase, while maintaining its ability to bind to the

ribosomal A-site. Such an analogue would have the
attributes for a potentially important antibacterial.
Alternatively, one could design an analogue that is
strongly bound by the kinase but not phosphorylated.
Such an analogue would act as an inhibitor of the kinase
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that could be co-administered with an aminoglycoside in
a clinical setting, a strategy currently employed with
beta-lactam antibiotics.26


Unfortunately, neither 9 nor 15 was found to inhibit
growth of Staphylococcus aureus or Escherichia coli at
concentrations lower than 40 lg/mL (MIC > 40 lg/mL
in all cases). The incorporation of the five-carbon tether
between the 6-OH and 6000-NH2 groups may alter the
fidelity of binding of the crucial rings I and II in the A-
site, possibly due to the exclusion of bound water mole-
cules by the hydrophobic aliphatic motif. The reasons for
the monophosphorylation at the 500-OH, but not at the
3 0-OH, are less evident, and may also involve subtle con-
formational changes. Nevertheless, this selectivity
augurs well for a continued exploration of specific mod-
ifications toward effective aminoglycoside congeners.
The macrocyclic analogues 9 and 15 represent the first at-
tempts to chemically and topologically discriminate be-
tween A-site accommodation and kinase recognition9.
Further studies in this area are in progress in our labora-
tories and will be reported in due course.
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Abstract—Based on a highly potent allophenylnorstatine-containing inhibitor, KNI-10006, against the plasmepsins of Plasmodium
falciparum, we synthesized a series of tripeptide-type compounds with various N-terminal moieties and evaluated their inhibitory
activities against plasmepsin II. Certain phenylacetyl derivatives exhibited extremely high affinity with Ki values of less than
0.1 nM suggesting successful hydrophobic interactions.
� 2007 Elsevier Ltd. All rights reserved.

The most lethal malaria parasite, Plasmodium falcipa-
rum, increasingly develops resistance to available drugs
such as chloroquine or sulfadoxine-pyrimethamine.1


Drug resistance is one of the reasons for mortality due
to malaria, reaching up to 3 million people every year.
Malaria parasites invade the human host, who had been
bitten by the Anopheles mosquito carrier, through hema-
tocyte multiplication and proliferate during the erythro-
cyte cycle. In the cycle, hemoglobin is transported to
acidic food vacuoles and then cleaved by proteases into
small peptides to obtain amino acids as nutrients. This
hemoglobin degradation is essential for the parasites’
propagation.2 In the case of P. falciparum, four aspartic
proteases, named plasmepsins (Plms), participate in the
digestion.3 Recent studies suggested the importance of
inhibiting all four Plms to suppress parasite multiplica-
tion.4 Plm II has become a promising focus for new
anti-malarial drug design since the time its crystallo-
graphic data first became available.5 Thus far, several
groups have reported Plm inhibitors with potent inhibi-
tory activities.6 Our design of Plm inhibitors is based on
the hydroxymethylcarbonyl (HMC) isostere as an ideal
transition-state mimic established in renin and HIV
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protease inhibitor studies.7 We have reported small
peptidic compounds incorporating an allophenylnorsta-
tine [Apns; (2S, 3S)-3-amino-2-hydroxy-4-phenylbutyric
acid]-containing scaffold, that exhibited potent Plm II
inhibitory and anti-malarial activity.8 Among these ana-
logues, dipeptidomimetic KNI-10006 exhibited highly
potent inhibitory activity against Plm II (Fig. 1). KNI-
10006 also exhibited high potency against Plm I, IV,
and histo-aspartic protease.9


Structure–activity relationship (SAR) studies at the po-
sition of KNI-10006 revealed a significant P2


0 contribu-
tion of the (1S, 2R)-aminoindanol moiety to the tight
binding.10 The inhibitory activity of KNI-10006, how-
ever, was attenuated in P. falciparum-infected erythro-
cyte cultures. Our attention was directed to modifying
other positions in KNI-10006. Modifications of the
dipeptidic structure failed to obtain compounds with
more potent inhibitory activity against Plm II (data
not shown). In an attempt to diversify the development
of Apns-containing Plm inhibitors, we herein report
SAR on the N-terminal moiety of tripeptide-type com-
pounds containing Apns.


KNI-2727c,d was the first compound tested as a tripepti-
dic Plm II inhibitor containing Apns.8 Previous studies
on dipeptidic Plm II inhibitors stimulated us to examine
KNI-227,7c possessing dimethyl groups in the P1


0 resi-
due, specifically, Dmt [(R)-5,5-dimethyl-1,3-thiazoli-
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Figure 1. Structures and Plm II inhibition constants of KNI-compounds.
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dine-4-carboxylic acid] (Fig. 1). KNI-227 exhibited Plm
II inhibitory activity more potently than KNI-272 and
had improved Plm II selectivity (�50-fold) over
human cathepsin D. Replacements of the P2 (R)-methyl-
thioalanine (Mta) with hydrophobic or hydrophilic res-
idues were not effective in maintaining inhibitory
activity (data not shown). Introduction of (1S, 2R)-1-
amino-2-indanol at the P2


0 position of KNI-227 gave
compound 1 (KNI-10033) exhibiting potent inhibitory
activity with a Ki value of 3 nM (Fig. 1). Although the
activity in P. falciparum-infected erythrocyte cultures
was slightly more desirable (EC50 = 3.1 lM) than that
of KNI-10006 (EC50 = 6.8 lM), the enzyme inhibitory
activity of 1 was less potent than that of KNI-10006.
Therefore, our attention was shifted to modify the
N-acyl group of Mta.


Synthetic routes of the N-terminal modified tripeptidic
compounds are shown in Scheme 1. Intermediate 4
was synthesized from Boc-Dmt-OH (2) as previously re-
ported10 with subsequent peptide couplings with ben-
zotriazol-1-yloxy-tris(dimethylamino)phosphonium
hexafluorophosphate (BOP) or N-ethyl-N 0-[3-(dimeth-
ylamino)propyl]carbodiimide (EDC) plus 1-hydroxy-
benzotriazole (HOBt) method and deprotections of
Boc group using HCl-dioxane. In most cases, com-
pounds 5 were synthesized by coupling with correspond-
ing acids using the BOP reagent. In the case of
compound 5d, cyclohexyl succinimidylcarbonate was
reacted at rt. For amino-substituted phenylacetyl deriv-
atives (5h–j), Boc-amino-substituted phenylacetic acids
were used and finally deprotected. The pure products
were obtained after purification by preparative HPLC
and identified by MALDI-TOF MS. Enzyme inhibitory
activities against Plm II and HIV-1 protease were evalu-
ated as previously described.8,10


We introduced N-terminal moieties that were known to
be effective in HIV-1 protease inhibition in previous
studies.7e In spite of their potent HIV-1 PR inhibitions,
similar to 1, compounds 5a and 5b exhibited less potent

inhibitory activity against Plm II (Table 1). We assumed
that an intramolecular hydrogen bond between the oxy-
gen of the ether moiety and NH group of Mta was
formed. This conformational constraint would be
preferred for binding with HIV-1 protease but would
interrupt the bindings within the pockets of Plm II.
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5c (KNI-10232) CH3 H H 0.2 83


5e (KNI-10332) H CH3 H 18 87


5f (KNI-10313) H H CH3 5 88


5g (KNI-10372) NH2 H H 4 86


5h (KNI-10368) H NH2 H 12 76


5i (KNI-10333) H H NH2 60.1 68


5j (KNI-10341) OH H H 16 86


5k (KNI-10342) H OH H 4 84


5l (KNI-10343) H H OH 60.1 88


5m (KNI-10314) OCH3 H H 9 81


5n (KNI-10316) H OCH3 H 17 88


5o (KNI-10315) H H OCH3 4 91


5p (KNI-10395) H H H 60.1 85
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Therefore, we introduced two other moieties in com-
pounds 5c and 5d that would not form the intramolecu-
lar hydrogen bond interaction present in compounds 1,
5a, and 5b. We identified compound 5c (KNI-10232)
that possessed more potent Plm inhibitory activity
(Ki = 0.2 nM) than KNI-10006.


We focused on the phenylacetyl structure of 5c and
changed its o-methyl substituent. We introduced methyl,
amino, hydroxyl, and methoxy substituents at each
position on the phenyl ring (Table 2). These compounds
possessed moderate HIV-1 protease inhibition due to a
lack of the intramolecular hydrogen bond interaction
at the N-terminal moieties. As a result, highly potent
activities were shown only in the cases of o-methyl
(5c), p-amino (5i), and p-hydroxyl (5l) substitutions.
The latter two compounds exhibited extremely potent
activities (Ki 6 0.1 nM) suggesting possible hydrogen
bond interactions at the p-position to direct the orienta-
tion of the phenyl ring. Plm II favored none of the
m-substitutions, thereby implying steric hindrance at
the m-position. Interestingly, the removal of all substitu-
tions maintained highly potent activity (5p). Although
differences in their affinities are not clear, we believe that
successful hydrophobic interactions near the phenyl ring
play a key role.


The speculative interaction of 5i (KNI-10333) with Plm
II was confirmed by computational simulation (Fig. 2).
The inhibitor was manually docked into Plm II (PDB
ID, 1SME) by using a modeling package (MOE

2006.08, Chemical Computing Group Inc., Montreal,
Canada). Several energy minimization processes with
an MMFF94x force field were additionally performed
including a water soak around the inhibitor. In the min-
imization steps, hydrogen bond interactions of HMC
with the two catalytic Asps were kept similar to that ob-
served in HIV protease complexes (PDB ID, 1HPX, and
1KZK), that is, the hydroxyl group of HMC interacted
with the carboxylate anion of one of the Asp, and the
carbonyl interacted with the carboxylic acid proton of
the other Asp.11 An energetically favored conformation
of 5i was obtained in Plm II, with Asp34 being proton-
ated (Fig. 2A). Most of the hydrogen bond interactions
were kept similar to a previous report10 with differences
near the phenylacetyl-Mta moiety. The N-terminal phe-
nyl moiety was surrounded by Phe 11, Gln12, Ile13, and
Met15, and the CH2 moiety had hydrophobic contact
with the side-chain of Met15 and was a little distant
from the side chain of Thr 114. We observed hydrogen
bond interactions of the p-amino group with two Gln
residues. In a recent report by Åqvist’s group,12 other
possible conformations in the opposite direction were
suggested using X-ray crystallographic data (PDB,
2ANL) of an Apns-containing compound KNI-764
and Plm IV from Plasmodium malariae (PmPM IV).13


Sequence identity between Plm II and PmPM IV is
72% including differences around binding pockets such
as Val78/Gly and Tyr192/Phe. One of the possible con-
formations of 5i in Plm II with a protonated Asp214 is
illustrated in Figure 2B. Dramatic movement of Val78
in the flap region of Plm II accommodated for the ben-
zyl group of Apns and N-terminal group, and disrupted
closing of the flap. On the other hand, some hydrogen
bond interactions were consistent with those suggested
by Åqvist et al. The latter aminoindanol moiety could
form hydrogen bond interactions with Ser218, and not
with Tyr192 in Figure 2A. The interaction energy, which







Figure 2. Two speculative binding models of compound 5i [green in (A) or orange in (B)] and Plm II (blue ribbon). One of the catalytic two


aspartates was intentionally protonated [Asp34 in (A), Asp214 in (B)].
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is the sum of the electrostatic and van der Waals ener-
gies calculated by MOE,14 between inhibitor and
enzyme of the latter conformation (Figure 2B,
�152 kcal/mol) was less favorable than that of the for-
mer (Figure 2A, �184 kcal/mol) because the N-terminal
group of the latter was surrounded mostly by water
molecules, and partially by flap and pocket residues
(Val78, Phe294, and Pro295).


We evaluated the inhibitory activity of compound 5c
against P. falciparum. The EC50 value in erythrocyte cul-
tures was 4.7 lM. This significant difference from the Ki


value (0.2 nM) suggests a need to modify its chemical
properties such as decreasing the number of amide
bonds, or improving hydrophobic–hydrophilic balance
for membrane permeability to deliver inhibitor to the
target Plms.


In conclusion, we synthesized a series of Apns-contain-
ing Plm inhibitors at tripeptidic size. Starting from
KNI-272, replacements with P1


0 dimethyl groups, P2
0


aminoindanol and modifications of the N-terminal
group led to compounds exhibiting more potent activity
than KNI-10006, that are more than 10 thousand times
more potent than KNI-272. Evaluations of their anti-
malarial activity and further modifications using hydro-
phobic N-terminal moieties to develop anti-malarial
agents are under investigation.
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Abstract—Further SAR study around the central 1,2-disubstituted phenyl of the previously disclosed Cat K inhibitor (�)-1 has
demonstrated that the solvent exposed P2–P3 linker can be replaced by various 5- or 6-membered heteroaromatic rings. While some
potency loss was observed in the 6-membered heteroaromatic series (IC50 = 1 nM for pyridine-linked 4 vs 0.5 nM for phenyl-linked
(±)-1), several inhibitors showed a significantly decreased shift in the bone resorption functional assay (10-fold for pyridine 4 vs 53-
fold for (�)-1). Though this shift was not reduced in the 5-membered heteroaromatic series, potency against Cat K was significantly
improved for thiazole 9 (IC50 = 0.2 nM) as was the pharmacokinetic profile of N-methyl pyrazole 10 over our lead compound (�)-1.
� 2007 Elsevier Ltd. All rights reserved.

Bone tissue remodeling is a dynamic process involving
multiple biological pathways wherein bone resorption
is mediated by highly specialized cells called osteoclasts.
After tightly binding to the bone surface, these osteo-
clasts create an acidic lacuna into which the lysosomal
cysteine protease cathepsin K (Cat K) is secreted and ef-
fects cleavage of type I collagen (i.e., the main protein
constituent of bone).1 The elucidation of this biological
mechanism has rendered it an attractive target for the
development of new anti-resorptive therapies for bone
diseases such as osteoporosis.2

Figure 2. The average structure resulting from 100 ps MD studies of


(�)-1in Cat K is shown. The P2–P3 phenyl linker is solvent exposed,


while P2 goes deeply in the S2 pocket and P3 forms lipophilic


interactions. Dashed line shows a steric contact between ligand and


active site.


0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Exploring the SAR around the 1,2-disubstituted P2–P3


linker.

Our ongoing research in this field has already led to the
disclosure of SAR for several series of Cat K inhibitors
bearing a P2 leucine side chain.3 We recently reported a
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new, structurally distinct series wherein this P2 leucine
side chain was replaced with a b-substituted cyclohexyl
moiety (see Fig. 1).4 These efforts led to the identifica-
tion of the potent and selective inhibitor (�)-1 possess-
ing a 1,2-disubstituted phenyl linking the P2–P3
portion of the molecule. The P3 SAR was found to be
different from other nitrile warhead based inhibitors in
that a basic group in P3 was not required for sub-nano-
molar potency, but rather a thiomethyl ether in P3 was
preferred. In addition, the gem-difluoro substitution of
the cyclohexyl in P2 was found to be critical to achieve
a good pharmacokinetic profile.


We now report further SAR based on inhibitor (�)-1
where the 1,2-disubstituted phenyl ring is replaced with
5- and 6-membered heteroaromatic rings. Part of our
strategy was to reduce the >50-fold loss of potency of
(�)-1 in the functional bone resorption assay as com-
pared to the enzyme assay.4 We reasoned that our inhib-
itors’ high lipophilic nature might be partly responsible
for this shift. Since modeling studies demonstrated that

Table 1. Inhibition of Cat K with 6-membered heteroaromatic compounds


F F


MeS


X
Y


Z


Ar Compounda hrab Cat


K IC50
b (nM)


rab Cat K


IC50
b (nM)


Cat Lc/


(�)-1 0.3 0.3 780


(±)-1 0.5 0.5 880


N
2f 2 2 260


N


3 1 1 520


N
4 1 1 540


N
O


5 5 5 460


N
H


O
6 8 6 430


N
H


O
7 4 5 410


a All compounds in the 5- and 6-membered heteroaromatic series were synth
b IC50 values represent an average of at least n = 2 and variation was withi


conditions.
c Human enzyme was used for these assays, see Ref. 6 for conditions.
d See Ref. 6 for assay conditions.
e Shift is calculated by dividing the potency obtained in the bone resorption
f Pyridine 2 contains a CFH2 group in P3 instead of a CH3 on the sulfur ato

the P2–P3 aromatic linker is solvent-exposed (see
Fig. 2), we surmised that the introduction of polarity
in this region would be tolerated and that modifications
around this core might succeed in reducing the observed
shift.


We began our SAR in the 6-membered heteroaromatic
rings (see Table 1) by synthesizing the three isomeric
pyridines 2, 3, and 4. The 3- and 4-pyridyl substituted
compounds 3 and 4 showed slight erosion in potency
against Cat K (IC50 = 1 nM) while maintaining an excel-
lent selectivity profile against other cathepsins. More
important, however, is the fact that pyridines 3 and 4
showed a significant decrease in the observed shift
(18- and 10-fold, respectively) in the bone resorption
functional assay. The 3-pyridyl N-oxide 5 afforded a sig-
nificant loss in potency (IC50 = 5 nM) without maintain-
ing the improved shift in the functional assay (15-fold).
The two isomeric pyridones 6 and 7 displayed profiles
similar to that of the pyridine N-oxide 5 (IC50 = 8 and
4 nM, respectively) where the shift in the bone resorption

O


H
N


N


CatK CatBc/CatK Cat Sc/CatK Bone res


IC50
d (nM)


Shift


(fold)e


>36,000 940 16 53


>120,000 1100 38 76


>5000 450 58 29


>10,000 720 18 18


>10,000 850 10 10


>2000 480 75 15


>1250 310 84 14


1200 540 20 4


esized and evaluated as racemic mixtures.


n 2-fold. Humanized rabbit (hrab) Cat K was utilized, see Ref. 5 for


assay over the potency observed in the enzyme assay using rab Cat K.


m.
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assay (14- and 4-fold, respectively) was likewise reduced
in comparison with biaryl (�)-1. These results support
our hypothesis that the high lipophilic character of
inhibitors such as (�)-1 has a negative impact on the
shift observed in the functional assay.

Table 2. Inhibition of Cat K with 5-membered heteroaromatic compounds


F F


MeS


X Y
Z


Ar Compounda hrab Cat K


IC50
b (nM)


hrab Cat K


IC50
b (nM)


Cat Lc/CatK


(�)-1 0.3 0.3 780


(±)-1 0.5 0.5 880


BnN N
N 8 2 9 350


N
S 9 0.2 0.1 270


N
N 10 0.4 0.4 730


a All compounds 5- and 6-membered heteroaromatic series were synthesized
b IC50 values represent an average of at least n = 2 and variation was withi


conditions.
c Human enzyme was used for these assays, see Ref. 6 for assay conditions.
d See Ref. 6 for assay conditions.
e Shift is calculated by dividing the potency obtained in the bone resorption


Figure 3. Superposition of average structures from 100 ps MD


trajectories of compound (�)-1 with compound 9 in the Cat K active


site. The dashed line shows steric contact between compound 9 and the


active site. Overall 9 sits just over 0.3 Å deeper into the active site.

The pharmacokinetic profile in rats (PO: 5 mg/kg, IV:
1 mg/kg) of the 3-pyridyl analog 3 was assessed
(F = 65%, T1/2 = 1.0 h, AUC = 8.6 lM h) but was found
to be somewhat inferior to that of the biaryl analog (�)-1
(F = 39%, T1/2 = 3.5 h, AUC = 18.5 lM h).


While all of the compounds generated in the 6-mem-
bered heteroaromatic linked series succeeded in decreas-
ing the observed shift in the functional bone resorption
assay, none of them were as potent as (±)-1. Molecular
dynamics calculations suggested that the replacement of
the 6-membered heteroaromatic linker with a 5-mem-
bered ring would reduce steric contact of the inhibitor
with the side of the S2 pocket (dashed line in Figs. 2
and 3), while increasing the angle of the bond vector
reaching towards S3, thereby also reducing the steric
interaction between the SMe group and the S3 pocket.
In addition, the dihedral angle between the 5-membered
heteroaromatic ring and the phenyl ring in P3 is smaller
than the corresponding dihedral angle in (�)-1. The net
effect of these changes would be to allow the inhibitors
to sit closer to the surface of the enzyme and thereby en-
hance their potency.


In line with this rationale, the central 1,2-disubstituted
phenyl ring of (±)-1 (see Table 2) was replaced with a
5-membered benzyl-substituted triazole to afford com-
pound 8. And while inhibitor 8 again showed very little
shift in the functional assay (4-fold), there was a 10-fold
loss in potency in the enzymatic assay (IC50 = 2 nM).
Hypothesizing that the bulky benzyl group was

O


H
N


N


Cat Bc/CatK Cat Sc/CatK Bone Res


IC50
d (nM)


Shift (fold)e


>36,000 940 16 53


>120,000 1100 38 76


1 400 180 33 4


14 990 380 17 170


9 500 490 41 103


and evaluated as racemic mixtures.


n 2-fold. Humanized rabbit (hrab) Cat K was utilized, see Ref. 5 for


assay over the potency observed in the enzyme assay using rab Cat K.
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detrimental to the potency of 8, debenzylation was at-
tempted under standard conditions but failed to provide
us with the debenzylated triazole.


The 2-methyl thiazole 9 was prepared and succeeded
in achieving sub-nanomolar potency against Cat K
(IC50 = 0.2 nM), being even more potent than our
lead compound (±)-1 (IC50 = 0.5 nM). This result lent
support to our modeling hypothesis. On the other
hand, the observed shift in the functional assay for
inhibitor 9 worsened (170-fold) and so did the selec-
tivity profile of 9 against other cathepsins. While the
N-methyl-substituted pyrazole 10 again displayed sub-
nanomolar potency against Cat K (IC50 = 0.4 nM)
along with an improved selectivity profile against
Cat L and S, the shift in the functional assay re-
mained high (103-fold).


We surmise that the lack of improvement in the func-
tional assay shift with these 5-membered heteroaromatic
inhibitors is due to their high lipophilicity in comparison
with the pyridine/pyridone compounds. In contrast,
however, with the 6-membered heteroaromatic series,
the pharmacokinetic profile in rats (PO: 10 mg/kg, IV:
5 mg/kg) of the N-methyl pyrazole analog 10
(F = 100%, T1/2 = 4.6 h, AUC = 28.9 lM h) was found
to be superior to that of our lead compound (�)-1
(F = 39%, T1/2 = 3.5 h, AUC = 18.5 lM h).


Given that the SAR modifications all centered on the
core of the inhibitors, each new heterocyclic compound
had to be synthesized in a separate fashion. Two general
strategies were employed to synthesize these inhibitors.
The first utilized a Diels–Alder approach (for the syn-
thesis of thiazole 9 and pyrazole 10). The second em-
ployed a base-catalyzed addition of methyl vinyl
ketone onto a properly functionalized pyruvic acid
derivative which underwent concomitant intramolecular
cyclization to afford the cyclohexane-substituted het-
eroaromatic core (this approach was utilized for the
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Scheme 1. Synthesis of the pyridine analog 3. Reagents and conditions: (


Ph3P@C(OEt)CO2Et, CHCl3, 18 h, 90%; (c) NaOH, MeOH, rt, 18 h; (d) HC


MeOH, NaOH, 0 �C! rt, 2 h, 56%; (f) H2SO4, H2O, 60 �C, 18 h, 96%; (g)


DAST, TsOH, CH2Cl2, rt! 40 �C, 18 h, 58% (traces of alkenes); (j) 4-(me


DMF, 90 �C, 18 h, 56%; (k) NaH, MeOH, 75 �C; (l) aq 2M LiOH, MeOH,


DMF, 3 h, 82%.

synthesis of triazole 8, pyridines 2, 3, and 4, pyridine
N-oxide 5, and pyridones 6 and 7).


The synthesis of the 3-pyridyl analog 3 began with com-
mercially available 3-bromopyridine 11 which was
deprotonated with LDA and quenched with DMF to af-
ford aldehyde 12 (see Scheme 1). Wittig reaction with
Et3N as base afforded the key pyruvate ester 13 which
was hydrolyzed to the corresponding pyruvate acid 15
in two steps. Treatment of 15 with methyl vinyl ketone
under basic conditions yielded 16 via a Robinson annu-
lation type reaction. Alcohol elimination under acidic
conditions provided the a,b-unsaturated enone which
was then reduced with activated zinc dust to ketone 17
(predominantly as the cis isomer). Difluorination of
the ketone 17 with DAST yielded the desired difluoro
analog 18,7 which was cross-coupled with 4-(methyl-
thio)benzeneboronic acid and equilibrated to the more
thermodynamically stable trans isomer 19 under basic
conditions. Hydrolysis of the ester 19 followed by cou-
pling with aminoacetonitrile provided the final com-
pound 3.


The sequence leading to the pyridine N-oxide 5 and the
corresponding pyridones 6 and 7 began with the equili-
bration of 18 under basic conditions followed by N-oxi-
dation with m-CPBA to afford compound 21 (see
Scheme 2). The usual sequence involving Suzuki cross-
coupling, hydrolysis, and amide coupling then afforded
N-oxide 5. Treatment of 22 with trifluoroacetic anhy-
dride afforded a mixture of two isomeric pyridones
(23) which were hydrolyzed and coupled as above to af-
ford the two isomeric pyridones 6 and 7 after separation
by flash chromatography.


The synthesis of pyrazole 10 (see Scheme 3) began with
the commercially available aldehyde 24 which was con-
verted to the a,b-conjugated carboxylic acid 25 via a
Knoevenagel condensation. The Diels–Alder reaction
of 25 with butadiene in a stainless steel bomb at
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Scheme 3. Synthesis of the pyrazole analog 10. Reagents and conditions: (a) malonic acid, pyrrolidine, pyridine, 100 �C, 2 h, 97%; (b) Butadiene,
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200 �C afforded the desired cycloadduct 26 in good
yield (90%). Iodolactonization yielded 27 which was
de-iodinated under radical conditions to afford the bicy-
clic lactone 28. Cleavage of the lactone 28 with NaOMe
provided 29 which was oxidized with Jone’s reagent and
difluorinated using DAST to afford compound 30. Suzuki
cross-coupling of heteroaryl bromide 30 with 4-methyl-
thiobenzeneboronic acid yielded compound 31 which
was hydrolyzed to the corresponding carboxylic acid
32 and coupled with aminoacetonitrile to afford the final
compound 10.


All other reported compounds were prepared analo-
gously, using either of the two routes shown above, with
minor modifications.


In this report, we have disclosed further SAR demon-
strating that the P2–P3 1,2-disubstituted phenyl linker
of 1 can be replaced with various 5- and 6-membered

heteroaromatic rings. This approach was first based on
the rationale that the P2–P3 phenyl linker is solvent-ex-
posed in the inhibitor–enzyme complex and that the
incorporation of polarity in this region of our lipophilic
inhibitors would be tolerated and could potentially de-
crease the magnitude of the shift observed in the bone
resorption functional assay. While inhibitors in the pyr-
idine/pyridone series succeeded in decreasing this shift,
none of these achieved the sub-nanomolar potency of
our lead compound (±)-1.


Second, it was hypothesized that replacing the 6-mem-
bered ring with a 5-membered ring would allow for tigh-
ter binding of the inhibitor with the active site and
potentially improve potency. This strategy enabled us
to identify the thiazole analog 9 (IC50 = 0.2 nM) that
showed superior potency over our lead inhibitor (±)-1
(IC50 = 0.5 nM). While the 5-membered heteroaromatic
inhibitors were still highly shifted in the functional
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assay, the potent and selective pyrazole analog 10 dis-
played an improved pharmacokinetic profile over our
lead compound (�)-1. Based on our findings we are cur-
rently exploring strategies to incorporate additional
polarity into the 5-membered heteroaromatic-linked ser-
ies, and identify a cyclohexanecarboxamide based Cat K
inhibitor that exhibits an acceptable shift (610-fold) in
our functional assay. The results of these investigations
will be reported in due course.
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Abstract—The conversion of ribavirin to the monophosphate by adenosine kinase is the rate-limiting step in activation of this broad
spectrum antiviral drug. Variation of the 3-substituents in a series of bioisosteric and homologated 1-b-DD-ribofuranosyl-1,2,4-triaz-
oles has marked effects on activity with the human adenosine kinase, and analysis of computational descriptors and binding models
offers insight for the design of novel substrates.
� 2007 Elsevier Ltd. All rights reserved.

RNA viruses are significant pathogens that cause ill-
nesses ranging from the common cold to epidemic scale
diseases such as AIDS, hepatitis C, influenza, and
emerging diseases caused by the agents Yellow fever
virus, West Nile virus, Dengue virus, SARS CoV, and
hantaviruses. Few antiviral drugs are available, and clin-
ical treatment must confront the diversity and rapid evo-
lution of resistant strains. The antiviral drug ribavirin
(1-b-DD-ribofuranosyl-1,2,4-triazole-3-carboxamide) 1 was
first synthesized in 1972 and has shown broad spectrum
antiviral activity against both RNA and DNA viruses.1


Ribavirin has been used clinically in combination with
interferon-a for treatment of hepatitis C virus (HCV)
infection, respiratory syncytial virus (RSV), several viral
hemorrhagic fever causing viruses, and recently
for SARS CoV infections.2–5 Side effects, including
hemolytic anemia,6,7 and viral resistance8,9 are major
limitations.


The phosphorylation of ribavirin to the 5 0-monophos-
phate by human adenosine kinase (hADK) is the rate-
limiting step for activation to the physiologically relevant
triphosphate.10–14 Several mechanisms for ribavirin’s
antiviral activity have been identified. It inhibits inosine
5 0-monophosphate dehydrogenase and decreases intra-
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cellular guanosine triphosphate (GTP) concentrations.15


This is the predominant mechanism for the antiviral
activity of ribavirin against yellow fever, parainfluenza
3, and respiratory syncytial viruses.16–18 Other mecha-
nisms of ribavirin’s antiviral activity include: (1) inhibi-
tion of influenza virus RNA polymerase in vitro with
ribavirin triphosphate (RTP),19,20 (2) inhibition of viral
genome capping through interference with guanyltrans-
ferase or methyltransferase activity in Sindbis virus,21–23


and (3) modulation of host immune response in HCV
infected patients.24,25 Recent interest has been focused
on increased mutation rates in the viral genome that af-
fect replication, transcription, and virion viability. This
has been shown in the case of Hantaan virus, an Old
World hantavirus that can produce a life-threatening
hemorrhagic fever with renal syndrome.26


There is great interest in the development of synthetic
nucleoside analogs with modified hydrogen bonding,
p-stacking, hydrophobic and steric features to exploit
the decreased fidelity of viral replication and transcrip-
tion.27,28 Considering the importance of hADK for met-
abolic activation of 1, we were interested in evaluating
structural effects within a closely related series of
3-substituted-1-b-DD-ribofuranosyl-1,2,4-triazoles as part
of our ongoing efforts to develop new antiviral drugs
for RNA viruses.


We identified a series of triazole derivatives (2–8) with 3-
substituents providing modified steric volume, lipophilicity,
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hydrogen-bonding capacity, and ionic charge. Com-
pounds 2–4 possess isosteric substitutions for the 3-car-
boxamide of 1 including nitro, ketone, and carboxylate
groups, respectively. Derivatives 5, 7, and 8 are homo-
logs and constitutional isomers of 1 that incorporate
an additional methylene group. The carbonyl oxygen
of 1 was replaced with N-methyl in amidine derivative 6.


The nitro derivative 2 was prepared by direct fusion of
3-nitro-1,2,4-triazole with 1-O-acetyl-2,3,5-tri-O-ben-
zoyl-b-DD-ribofuranose.29 The carboxylate 4 and N-meth-
ylcarboxamide 5 were obtained after deprotecting the
commercially available methyl ester (I) followed by
saponification or methylamine substitution, respec-
tively.30 The methyl ketone 3 and the acetamide 8 were
synthesized as shown in Scheme 1.39,40 Introduction of
tert-butyldimethylsilyl protecting groups followed by
selective reduction of the methyl ester with diisobutyl-
aluminum hydride provided the aldehyde, then addition
of methylmagnesium bromide, oxidation with pyridini-
um chlorochromate, and deprotection gave the methyl
ketone 3. The acetamide 8 was synthesized from 2 by
reduction of the nitro with hydrazine, followed by acet-
ylation and ester hydrolysis. The N-methylamidine 6
and methyl imidate 7 were prepared from 1 following
the literature route.30 No hydrolysis of 6 or 7 was evi-
dent by 1H NMR after two weeks in D2O at 25 �C.


The hADK clone 20-1 was generously provided by Dr.
Jozef Spychala (UNC Chapel Hill, Chapel Hill, NC)
and hADK was prepared as described.31 Nucleosides
were assayed as substrates for hADK, and reaction
products were detected by HPLC. Assay conditions con-
sisted of 50 mM Hepes (pH 6.0), 40 mM KCl, 1 mM
MgCl2, 1 mM ATP, 0.1% BSA, 10 lM deoxycoformy-
cin, 100 lM of the test compound, and enzyme. Reac-
tions were started by the addition of enzyme and
incubated in a 37 �C water bath. Aliquots of 50 ll were
taken at 0-, 1-, 2-, and 4-h intervals, and reactions were
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Scheme 1. Synthesis of 3 and 8. Reagents and conditions: (a)


NaOCH3, CH3OH, rt, 2 h, 82%; (b) TBSCl, imidazole, DMAP,


DMF, rt, 12 h, 84%; (c) DIBAL-H, CH2Cl2, �78 �C, 4 h, 78%; (d)


CH3MgCl, THF, 0 �C, 2 h, 87%; (e) PCC, CH2Cl2, mol sieves, rt, 4 h,


62%; (f) TBAF, THF, 0 �C, 2 h, 76%; (g) H2NNH2, H2O, rt, 0.5 h,


89%; (h) Ac2O, NEt3, DMAP, CH3CN, rt, 16 h, 55%; (i) CH3COCl,


NEt3, CH3CN, rt, 2 h, 59%; (j) NaOCH3, CH3OH, rt, 2 h, 64%.

stopped by the addition of 50 ll of 1 M perchloric acid.
Samples were neutralized to pH 7, and precipitated salts
were removed by centrifugation. Reactants and prod-
ucts were separated by HPLC using Bio Basic anion ex-
change column (Thermo Electron Corp., Bellefonte,
PA) with a 40-min linear salt and pH gradient from
5 mM ammonium phosphate (pH 2.8) to 750 mM
ammonium phosphate (pH 6). Peaks were detected as
they eluted from the column by absorbance at their
kmax, typically 215 nm. All enzyme reactions were linear
during the incubation period and substrate conversions
were maintained at less than 10%.12 The potential for
inhibition of hADK activity was evaluated by monitor-
ing the formation of ribavirin monophosphate in the
presence of compounds 2–8. The initial ribavirin con-
centration was 0.1 lM, with individual compounds at
400 lM.


The specific and relative activities for phosphorylation
of 1–8 by hADK are shown in Table 1. Enzyme activity
was only detected with four of the ribavirin analogs (2,
3, 5, and 6). However, these analogs were less effective
substrates than 1. In addition, none of the ribavirin ana-
logs (2–8) inhibited the phosphorylation of ribavirin by
hADK (data not shown). Since a 4000-fold excess of
compound did not inhibit the phosphorylation of ribavi-
rin, these results indicated that the Km of the analogs
was much higher than the Km for ribavirin. Because
compound 2 had 18% of the activity of ribavirin but
did not inhibit the phosphorylation of ribavirin, these
results would suggest that 2 has a higher Vmax than
ribavirin.


Computational methods were used to characterize possi-
ble structural contributions to hADK activity within
this series. Geometries were fully optimized in the gas
phase at the B3LYP/6-31G** level of theory. In each
case, computation identified the syn glycoside confor-
mation of compounds 1–8 as the minimum energy con-
formers, in which N2 of the triazole base is oriented into
the ribofuranose ring. These results are consistent with
the reported conformational preference of 1 in solution
as determined by NMR and circular dichroism.32,33 The
validity of the calculated glycoside conformation of 2
was confirmed experimentally by observation of strong
NOE correlation between H5-H1 0 in the NOESY
spectrum.

able 1. hADK activity of 3-substituted 1-b-DD-ribofuranosyl-1,2,4-


riazoles


Compound Specific activity (nmol/mg h)a % activity 1


1 (ribavirin) 203 (±32) 100


2 36 (±9) 18


3 20 (±7) 10


4 <4 <2


5 19 (±2) 9


6 11 (±1) 5


7 <4 <2


8 <4 <2


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


parentheses.

T


t


a
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Computationally derived molecular descriptors have
been shown to be useful for comparative evaluation of
bioisosteres.34 The electrostatic potential densities of
1–8 were mapped on the van der Waals surfaces in the
space filling models using SPARTAN’06. The molecular
electrostatic potential (MEP) mapped on the isodensity
surface of the molecule provides a visual indicator for
qualitative comparison of hydrogen bonding capacities,
with a spectrum ranging from red representing high elec-
tron density to blue (Table 2).


Additional selected computational descriptors for 1–8
are listed in Table 3. Hydrophobic interactions can
be approximated using complementary lipophilic
profiles, the water accessible hydrophobic surface area
of the molecule (CPK Area), and logP octanol/water
partition coefficients (log Pow). Comparison of long-
range electrostatic interactions of neutral molecules
can be approximated using the dipole moment/volume
(l/V). The descriptor for chemical hardness g = (LU-
MO � HOMO/2) provides an estimation of the
aromaticity that relates to the propensity for p-stack-
ing. The calculated g values for all of the compounds
are similar (0.077–0.113 eV) and represent comparable
p-stacking capacities across the series of substituted
triazole bases.

Table 2. Calculated molecular potential density mapsa


Compound 1 2


Isosteric series


Compound 5 6


Homologated series


a Molecular electrostatic potentials were calculated at the B3LYP/6-31G** l


identical chromatic scales (red is more negative, greater electron density; blu


Irvine, CA.

The compounds evaluated fall within two general clas-
ses, isosteres possessing overall steric volume similar to
1 but altered functionality that affects H-bonding (2–
4), and homologated analogs possessing increased steric
profiles and altered hydrophobicity (5–8). The 3-nitro
derivative 2 was the most active synthetic analog. This
compound possesses a molecular electrostatic potential
map that is similar to 1 (ribavirin), the smallest volume,
highest lipophilicity and dipole moment/volume. The ni-
tro group is isostructural to the carboxamide but typi-
cally exhibits weaker intermolecular H-bond accepting
capabilities.35 Nitrated base analogs have been exten-
sively evaluated as potential universal bases where ni-
tro-arenes typically form strong p–p stacking
interactions through polarization of the (hetero) aryl
ring.36 The derivative b-ribofuranosyl-3-nitropyrrole
was reported to undergo phosphorylation equivalent
to ribavirin using hamster ADK.14 The ketone 3 is a
structural mimic of 1 where replacement of the amine
with methyl eliminates two H-bond donors. The activity
of N-methyl derivative 5 was comparable with that of 3,
N-methylribamidine 6 was 20-fold less active than 1,
while 4, 7, and 8 were ineffective substrates.


Manual docking of the calculated minimum energy con-
formation of ribavirin into the hADK substrate binding

3 4


7 8


evel and mapped on 0.002 au isodensity surface and are shown with


e is more positive, less electron density). Spartan’06, Wavefunction, Inc.







Table 3. Calculated molecular properties


Compound l, D CPK area A2 CPK volume A3 logP l/V, D/A3 g, eV


1 4.5 238.11 210.7 �2.17 0.021 0.109


2 6 232.13 201.7 �0.58 0.026 0.087


3 5 245.53 219 �1.01 0.023 0.099


4 11.9 222.68 204.2 na 0.058 0.089


5 4.2 260.12 231.1 �1.935 0.018 0.108


6 (�)8.6 267.02 236.5 �2.07 0.036 0.077


7 1.9 259.86 230.9 �1.04 0.008 0.108


8 6.1 260.66 231.2 �1.68 0.026 0.113
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site revealed the possibility of deeper penetration into
the lipophilic pocket to enable p-stacking of the triazole
with phenylalanine residue F170.37 In this position, the
carboxamide amine group of 1 mimics the critical N6-
amine of adenosine that undergoes H-bonding to bound
waters W416, and W415 associated with residues T173
and I39. The increased penetration of 1 into the sub-
strate binding pocket would position the 5 0-hydroxy
group further from the bound ATP that is responsible
for phosphorylation, resulting in reduced rates of phos-
phorylation relative to adenosine.


All of the 3-substituted 1,2,4-triazoles 2–8 were less effi-
cient hADK substrates than 1. Comparable p-stacking
capacities are expected across the series based on the
computed g-values. The nitro and methyl groups of 2
and 3 cannot interact as H-bond donors with W415
and W416, and the methyl of carboxamide 5 would ef-
fect these interactions, altering substrate orientation
and enzyme structure compared with adenosine, result-
ing in decreased activity.37,38


It is instructive to compare these results with other
structurally modified nucleoside derivatives that are sub-
strates for hADK (Fig. 1). The 7-deaza-purine, tuberci-
din, and related 7-carboxamido-purine derivative,
sangivamycin, exhibit favorable electrostatic and
p-stacking interactions and are excellent substrates for
ADK.11 In contrast, the 7-carbonitrile and 7-iodo ana-
logs, toyocomycin, and tubercidin, are potent ADK

N


NN


NH2


O


OHOH


HO
N


NN


NH2


O


OHOH


HO


H2N
O


N


NN


NH2


O


OHOH


HO


C
N


N


NN


NH2


O


OHOH


HO


I


Tubercidin Sangivamycin


Toyocomycin 7-iodotubercidin


Figure 1. High affinity hADK substrates and inhibitors.

inhibitors due to displacement of W415 resulting in
stronger hydrophobic interactions with I39.


This study demonstrates that structural modifications
significantly affect the hADK activity of 3-substituted
1-.b-DD-ribofuranosyl-1,2,4-triazoles. The ribavirin deriv-
atives 4, 7, and 8 were ineffective substrates for hADK,
and these results may correlate with the reported lack of
antiviral activity against distinct viruses, although
metabolism by other enzymatic pathways is not ex-
cluded.30 The isosteric derivatives 2, 3 and N-methyl
homolog 5 were phosphorylated by hADK, and the
antiviral activity of these compounds is currently under
investigation. Consideration of computational descrip-
tors and structural interactions provides insight sub-
strate binding and activity into and provides direction
for additional structural optimization for the develop-
ment of antiviral nucleoside analogs with improved
selectivity and reduced side effects.
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Abstract—The 80% aqueous acetone extracts from the fruit (50 mg/kg/d) and seeds (12.5 and 25 mg/kg/d) of Rosa canina L., but not
from the pericarps, were found to show substantial inhibitory effect on the gain of body weight and/or weight of visceral fat without
affecting food intake in mice for 2 weeks after administration of the extracts. With regard to the active constituents, the principal
constituent, trans-tiliroside (0.1–10 mg/kg/d), potently inhibited the gain of body weight, especially visceral fat weight, and signif-
icantly reduced blood glucose levels after glucose loading (1 g/kg, ip) in mice. On the other hand, kaempferol and p-coumaric acid
lacked such effect and kaempferol 3-O-b-DD-glucopyranoside tended to reduce the gain of body weight and visceral fat weight, but
not significantly, at a dose of 10 mg/kg/d. These results indicate the importance of both kaempferol 3-O-b-DD-glucopyranoside and
p-coumaroyl moieties for anti-obese effects. Furthermore, a single oral administration of trans-tiliroside at a dose of 10 mg/kg
increased the expression of PPAR-a mRNA of liver tissue in mice.
� 2007 Elsevier Ltd. All rights reserved.

Obesity has increased at an alarming rate in recent years
and is now a worldwide health problem. It is widely ac-
cepted that obesity results from disequilibrium between
energy intake and expenditure, and it is known to be a
strong risk factor for type 2 diabetes associated with
insulin resistance.1 Furthermore, excessive obese condi-
tions are suggested to cause other metabolic disorders,
such as hyperlipidemia, hypertension, arteriosclerosis,
and so on.2 A variety of common disorders, such as
hyperglycemia, hyperlipidemia, and hypertension, are
seen in individuals, and cardiovascular disease is very
prevalent, and this syndrome has been called to be met-
abolic syndrome.3 This syndrome is caused by the exces-
sive accumulation of visceral fat especially. In this state,
insulin resistance or hyperinsulinemic condition is ob-
served frequently; therefore, the reduction of visceral
fat weight is important to control the development of
metabolic disorder in patients.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Rosa canina L. (Rosaceae), known as ‘Dog Rose’, is a
prickly shrub (1–3 m high) with fragrant pink or white
flowers followed by bright red hips, distributed in Scot-
land and other parts of Europe. The fruit of this plant is
called ‘rose hip’ and has been used as a diuretic, laxative,
anti-gout, anti-rheumatism, etc., in European tradi-
tional medicine.


In the course of our studies on the search for anti-dia-
betic and anti-obese compounds from natural medi-
cines,4 the 80% aqueous acetone extracts from the fruit
(50 mg/kg/d) and seeds (12.5 and 25 mg/kg/d) of
R. canina significantly suppressed the gain of body
weight on the 5–14th day after administration of the
extracts (Fig. 2); however, the extract from pericarps
(100 and 200 mg/kg/d) did not show such an effect (data
not shown). The extracts from the fruit and seeds mark-
edly suppressed visceral fat weight (total weight of
epididymal, mesenteric, and paranephric fats) without
affecting food intake (Table 1) and with no obvious toxic
effect (data not shown). In addition, plasma triglyceride
(TG) and free fatty acid (FFA) levels were significantly
reduced on the 14th day (Table 2).
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Table 1. Effects of the extracts from the fruit and seeds of R. canina and trans-tiliroside (1) on food intake, visceral fat, liver weight, and liver


triglyceride content in mice


Treatments Dose (mg/


kg/d, p.o.)


N Food intake


(g/mouse/d)


Epididymal


fat (mg)


Mesenteric


fat (mg)


Paranephric


fat (mg)


Visceral


fat (mg)


Liver weight


(mg)


Liver triglyceride


(mg/liver)


Control — 7 5.6 ± 0.2 1093 ± 61 917 ± 54 442 ± 27 2451 ± 128 1626 ± 56 72.5 ± 4.5


Fruit Ext. 25 5 5.4 ± 0.2 918 ± 94 738 ± 48 394 ± 60 2049 ± 184 1588 ± 30 63.7 ± 4.0


50 5 5.0 ± 0.2 811 ± 60 812 ± 44 330 ± 39 1953 ± 136 1557 ± 79 63.9 ± 4.0


Seeds Ext. 12.5 5 5.7 ± 0.1 1142 ± 175 745 ± 80 350 ± 63 2237 ± 306 1592 ± 79 60.4 ± 3.3


25 5 5.0 ± 0.2 558 ± 127** 508 ± 62** 194 ± 56** 1261 ± 236** 1683 ± 185 47.4 ± 13.9*


Control — 7 5.2 ± 0.2 1205 ± 136 846 ± 62 372 ± 48 2424 ± 235 1503 ± 20 57.3 ± 5.4


trans-Tiliroside (1) 0.1 7 4.7 ± 0.2 716 ± 98** 662 ± 50* 284 ± 41 1663 ± 181* 1489 ± 61 46.7 ± 9.7


1 7 5.0 ± 0.2 407 ± 89** 509 ± 43** 141 ± 37** 1057 ± 159** 1388 ± 32 30.8 ± 5.5**


10 5 5.3 ± 0.3 350 ± 24** 516 ± 16** 132 ± 18** 998 ± 52** 1495 ± 13 29.2 ± 4.7**


Experimental protocol is described in references and notes.14 Each value represents the mean ± S.E.M. Significantly different from the control,
*P < 0.05, **P < 0.01.15


Table 2. Effects of the extracts from the fruit and seeds of R. canina and trans-tiliroside (1) on plasma parameters in mice


Treatments Dose (mg/kg/d, p.o.) N Triglyceride (mg/dL) Total cholesterol (mg/dL) Free fatty acid (mEq/L)


Control — 7 157 ± 18 143 ± 6 1.37 ± 0.09


Fruit Ext. 25 5 162 ± 8 141 ± 19 1.49 ± 0.10


50 5 161 ± 9 144 ± 8 1.44 ± 0.07


Seeds Ext. 12.5 5 169 ± 15 156 ± 9 1.50 ± 0.09


25 5 91 ± 11* 145 ± 19 0.88 ± 0.11**


Control — 7 96 ± 6 95 ± 6 1.11 ± 0.06


trans-Tiliroside (1) 0.1 7 119 ± 8 108 ± 6 1.17 ± 0.06


1 7 95 ± 18 102 ± 6 1.01 ± 0.16


10 5 87 ± 5 101 ± 6 0.87 ± 0.06


Experimental protocol is described in references and notes.14 Each value represents the mean ± S.E.M. Significantly different from the control,
*P < 0.05, **P < 0.01.15
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Next, to clarify the active constituents of the extract from
the seeds, the n-butanol (n-BuOH)-soluble fraction
(2.1%) of the extract was subjected to ODS and SiO2


column chromatographies and finally HPLC to give
trans-tiliroside (1,5,6 0.013% from the dried seeds)
(Fig. 1), cis-tiliroside6 (0.00089%), buddlenoids A7
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Figure 1. Chemical structures of trans-tiliroside (1) and related compounds

(0.00034%) and B7 (0.00038%), dihydrodehydrodiconife-
ryl alcohol8 (0.014%), and urolignoside9 (0.0077%).10


Recently, many bioactivities of the principal constituent,
trans-tiliroside (1), were reported, such as hepatoprotec-
tive,11 inhibition of the production of nitric oxide and
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tumor necrosis factor-a in macrophages,11,12 antiinflam-
matory and anticomplement activities,13 etc.; however,
an anti-obese effect of 1 has not been reported so far.
We therefore examined the anti-obese effect of 1 in the
first step. As shown in Figure 2 and Table 1, compound
1 (0.1–10 mg/kg/d) markedly suppressed the gain of
body weight, visceral fat weight, and liver TG levels.
Plasma FFA levels tended to be reduced, but not signif-
icantly (Table 2). No suitable positive control (reference
compound) was found in this experiment, but a well-
known lipase inhibitor, orlistat, was examined; however,
orlistat at 1 and 10 mg/kg/d could not show such an
effect in mice fed standard laboratory chow (data not
shown).
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To the best of our knowledge, trans-tiliroside (1) is the
first example of potent anti-obese effects at low doses
without toxic effects from natural products. In addition,
after administration of 1 (0.1–10 mg/kg/d) for 15 d,
DD-glucose (1 g/kg, ip) was administered to the mice. As
shown in Figure 3, compound 1 significantly inhibited
the increase in plasma glucose levels especially 1 h after
the loading of DD-glucose. These results suggested that
compound 1 could be effective for the improvement of
abnormal glucose tolerance.


With regard to the structural requirements of trans-til-
iroside (1) for the anti-obese effect, the effects of keampf-
erol 3-O-b-DD-glucopyranoside (2), kaempferol (3), and
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Figure 3. Effects of trans-tiliroside (1) on glucose tolerance test in mice.


Test sample was administered to ddY mice for 15 d. After fasting for


20 h, 10% (w/v) glucose solution was intraperitoneally (ip) administered


to mice at 10 mL/kg. Blood samples (ca. 0.2 mL) were collected from the


infraorbital venous plexus before (0 h) and 0.5, 1, and 2 h after loading of


glucose. Each point represents the mean with S.E.M. of 5–7 animals.


Significantly different from the control, *P < 0.05, **P < 0.01.15


Table 3. Effects of trans-tiliroside (1) and related compounds 2–4 on food in


Treatments Dose


(mg/kg/d, p.o.)


N Food intake


(g/mouse/d)


Epididyma


fat (mg)


Control — 6 4.28 ± 0.16 940 ± 115


trans-Tiliroside (1) 10 6 4.22 ± 0.14 626 ± 51*


Kaempferol


3-O-glucopyranoside (2) 10 6 4.34 ± 0.16 797 ± 59


Kaempferol (3) 10 6 4.20 ± 0.14 896 ± 78


p-Coumaric acid (4) 10 6 4.30 ± 0.10 847 ± 87


Experimental protocol is described in references and notes.14 Each value r
*P < 0.05, **P < 0.01.15
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p-coumaric acid (4) were compared to that of 1 at a dose
of 10 mg/kg/d. As a result, compounds 3 and 4 did not
show such an effect, and compound 2 tended to reduce
the gain of body weight and visceral fat weight, although
its effect was not significant. Only compound 1 showed a
significant anti-obese effect (Fig. 4 and Tables 3 and 4).
In the previous study, we reported that trans-tiliroside
(1) isolated from linden, the flower of Tilia argentea,
inhibited liver damage induced by DD-galactosamine/lipo-
polysaccharide in mice, and keampferol 3-O-b-DD-gluco-
pyranoside moiety is essential and p-coumaroyl moiety
enhanced the activity.11 Similarly, our results in the
present study indicated that both kaempferol 3-O-b-DD-
glucopyranoside and p-coumaroyl moieties are neces-
sary for the anti-obese effect of 1.


Finally, the effect of 1 on the expression of peroxi-
some proliferator-activated receptor a (PPAR-a)
mRNA levels in liver tissue 24 h after a single oral
administration of 1 in mice was examined using a
RT-PCR method. As shown in Figure 5, the expres-
sion of the PPAR-a mRNA level was apparently in-
creased by 1 in liver tissue. These findings suggested
that lipid metabolism was promoted by the oral
administration of 1 in mice.

ys
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take, visceral fat, liver weight, and liver triglyceride content in mice
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fat (mg)


Paranephric


fat (mg)


Visceral


fat (mg)


Liver


weight


(mg)


Liver


triglyceride


(mg/liver)


773 ± 32 378 ± 35 2091 ± 169 1525 ± 7 71.7 ± 5.5


561 ± 43* 266 ± 32 1453 ± 123* 1497 ± 66 51.9 ± 5.7


680 ± 32 293 ± 33 1770 ± 108 1638 ± 51 64.8 ± 7.3


804 ± 65 418 ± 48 2119 ± 183 1522 ± 68 60.3 ± 6.5


761 ± 88 307 ± 77 1916 ± 236 1637 ± 43 58.2 ± 5.0


epresents the mean ± S.E.M. Significantly different from the control,







Table 4. Effects of trans-tiliroside (1) and related compounds 2–4 on plasma parameters in mice


Treatments Dose (mg/kg/d, p.o.) N Triglyceride (mg/dL) Total cholesterol


(mg/dL)


Free fatty acid


(mEq/L)


Glucose


(mg/dL)


Control — 6 122 ± 20 126 ± 9 1.88 ± 0.09 117 ± 4


trans-Tiliroside (1) 10 6 128 ± 6 125 ± 11 1.84 ± 0.08 93 ± 4**


Kaempferol


3-O-glucopyranoside (2) 10 6 113 ± 5 119 ± 11 1.70 ± 0.11 99 ± 4


Kaempferol (3) 10 6 139 ± 15 149 ± 10 1.72 ± 0.10 110 ± 6


p - Coumaric acid (4) 10 6 162 ± 18 143 ± 9 1.67 ± 0.16 106 ± 3


Experimental protocol is described in references and notes.14 Each value represents the mean ± S.E.M. Significantly different from the control,
**P < 0.01.15


trans-tiliroside (1)
10 mg/kg, p.o.control


PPAR-α


β-actin


Figure 5. Effects of trans-tiliroside (1) on expression of PPAR-a
mRNA levels of liver tissue in mice. Liver tissues of mice (11 weeks


old) were removed 24 h after administration of 1, and mRNA levels


were analyzed by RT-PCR method.16
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In conclusion, the 80% aqueous acetone extracts from
the seeds of R. canina (12.5 and 25 mg/kg/d) were
found to show an inhibitory effect on the gain of
body weight and visceral fat weight without affecting
food intake in mice for 2 weeks. With regard to ac-
tive constituents, the principal constituent, trans-tiliro-
side (1), potently inhibited the gain of body weight,
especially visceral fat weight, and increase in plasma
glucose levels after glucose loading in mice. With re-
gard to the structural requirements of 1, both
kaempferol 3-O-b-DD-glucopyranoside and p-coumaroyl
moieties are important for the anti-obese effects. The
anti-obese effect of 1 was apparently stronger than
that of orlistat, and compound 1 could be useful
for the development of a new class of anti-obese
agents. The mechanism of action of compound 1
should be studied further.
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Abstract—We report the synthesis and biological evaluation of 5-substituted 1,4-dihydroindeno[1,2-c]pyrazoles as multitargeted
kinase inhibitors. Initial efforts focused on the development of selective KDR inhibitors, while later strategies involved the improve-
ment of potency toward multiple kinase targets. Thus, several compounds were identified as potent KDR, Flt1, Flt3, and c-Kit
inhibitors.
� 2007 Elsevier Ltd. All rights reserved.
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Receptor tyrosine kinases (RTKs) are important regula-
tors of cell survival, migration, and proliferation as well
as angiogenesis and their over-expression or deregula-
tion leads to uncontrollable cellular signaling and can-
cer. Platelet-derived growth factor receptors PDGFR
(PDGFR-a, PDGFR-b, Flt3, CSF1R, and cKit) and
vascular endothelial growth factor receptors VEGFR
(KDR, Flt1, and Flt4) are RTK subfamilies that play
key roles in tumor angiogenesis and therefore have been
targeted for the development of anti-cancer therapies.


Initial strategies involved single target therapies and
resulted in the FDA approval of Avastin (a humanized
monoclonal antibody targeting VEGF, the growth fac-
tor that stimulates VEGFRs) for the treatment of meta-
static colorectal cancer.1 Gleevec (a Bcr-Abl inhibitor
approved for the treatment of chronic myelogenous leu-
kemia) is also a PDGFR and c-Kit inhibitor, and has
been approved for the treatment of gastrointestinal stro-
mal tumors (GIST).2 Subsequent approaches involved
the use of multitargeted inhibitors such as Sutent3 (an
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inhibitor of KDR, Flt1, PDGFR-a, PDGFR-b, Flt3,
CSF1R, cKit, and RET), which was approved by the
FDA for the treatment of GIST and advanced renal-cell
carcinoma (RCC), and Nexavar4 (an inhibitor of KDR,
Flt1, PDGFR-b, c-Kit, RET, and Raf isoforms) for

S O


4 KDR IC50 = 63 nM


N


N


Figure 1. Structures and KDR inhibitory activity of various 1,4-


dihydroindeno[1,2-c]pyrazoles.
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RCC. Whether the multitargeted inhibitors have the
advantage of blocking more than one of the signaling
pathways essential to tumor survival and growth,5 the
exact combination of activities against the various
kinases, and which kinase target combination is required

KDR:Val 916
KIT:Thr670


KDR:Val 898
KIT:Ile653


KDR:Phe918
KIT:Tyr672


KDR:Lys920
KIT:Cys674


KDR:Phe921
KIT:Tyr675


KDR:Asn923
KIT:Asp 677


KDR:Thr926
KIT:Asn680


5


Figure 2. Overlay of KDR (green) and KIT (orange) protein crystal


structures (PDB entries 1VR2 and 1T45, respectively) with a model of


Compound 1 bound in ATP-site. Hydrogen bonds between the


inhibitor and the hinge region are shown with black dotted lines.


Select positions of residue difference between KIT and KDR kinases


are indicated. The residue difference at KDR 923/KIT 677 was targeted


with the compounds of this study utilizing substituents at position 5.
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Scheme 1. Reagents and conditions: (a) AlCl3, NaCl, 160 �C, 2 h, 44%;


(b) R3R4NH, PS-DCC, HOBT, DMF; (c) 1—NaH, benzene, reflux,


overnight; 2—NH2NH2ÆH2O, EtOH, reflux, 1 h, 10–37% in three steps


from compound 6; (d) 1:1 TFA/CH2Cl2 for Boc protected acids or


2:2:1 1 M LiOH/MeOH/THF for esters, 11–55%; (e) LAH, THF,


reflux, 33–50%.

for efficacious therapeutics is still a fruitful area of
investigation.


We have previously described the discovery of 1,4-
dihydroindeno[1,1-c]pyrazoles as a novel class of VEG-
FR and PDGFR inhibitors. Starting from the high
throughput screening hit 1 (Fig. 1), compound 2 was
identified as a lead compound with acceptable binding
and whole cell activity.6 Attachment of a urea side chain
to access the hydrophobic specificity pocket in KDR led
to a series of potent multitargeted (KDR, Flt1, cKit,
Tie2) inhibitors such as 3.7 Introduction of an acetylenic
side chain led to the discovery of 4, which was effica-
cious in animal tumor models.8


In this report, we describe our efforts to explore the 5
position of compound 1. Since in the early stages of
the project one of the goals was to develop KDR selec-
tive inhibitors, we have attempted to improve the KDR
over c-Kit selectivity by structure based drug design. A
careful examination of the ATP binding sites of KDR
and c-Kit revealed a prominent difference in the aspara-
gine 923 residue in KDR versus aspartic acid 677 in
c-Kit (Fig. 2). We reasoned that placement of acidic
functionalities in close vicinity to these residues would

Table 1. Kinase inhibitory activity of 5-amide analogs


NHN


S
R1


Compound R1 KDR


IC50
a


(lM)


Flt1


IC50
a


(lM)


c-Kit


IC50
a


(lM)


9a
ON


O


HO
7.04 3.47 >50


9b ONHO


O


4.84 3.08 >50


10a N


HO


27.89 17.57 7.18


9c
ON


H
HO


O


0.58 0.37 5.61


9d ON
H


HO


O


0.41 0.24 5.15


10d
N
H


HO 0.44 0.27 1.67


a IC50 values are based on seven-point curves, performed in duplicate.







Table 2. Kinase inhibitory activity of 5-reverse amide analogs


NHN


S
NH


R


Compound R KDR


IC50
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(lM)


Flt1


IC50
a


(lM)


c-Kit


IC50
a


(lM)
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result in KDR selective molecules. Modeling of com-
pound 1 in the active sites of KDR and c-Kit suggested
that 5-substituted analogs were best in accessing these
residues. Thus, we embarked in the development of
new synthetic routes to access such molecules as shown
in Scheme 1. Initial formation of indanone 6 was estab-
lished with a Friedel-Crafts reaction of the neat
reagents. Since direct formation of the pyrazole ring
from compound 6 failed, we resorted in forming amides
7 first, using select amines containing a Boc or ester pro-
tected acid. Amides 7 readily reacted with phenyl thio-
phene-3-carboxylate 8 to provide, upon deprotection,
the free carboxylic acid compounds 9. Further LAH
reduction yielded compounds 10.


The compounds were tested against KDR, Flt1, and
c-Kit in an HTRF assay format at 1 mM ATP.9 We
have selected a variety of cyclic and acyclic carboxylic
acids in order to probe the KDR/c-Kit site. Table 1
summarizes some of our findings. The compounds were
equipotent in Flt1 but were typically 10-fold less potent
in c-Kit with the exception of compound 10a. The pres-
ence of the carboxylic acid moiety seams to somewhat
affect the selectivity, as shown in examples 9d and its
reduced version 10d. However, the overall activity of
these inhibitors was moderate at best and their challeng-
ing preparation prompted us to explore the 5-substi-
tuted reverse amides. These compounds were prepared
from nitro indane 11 following Scheme 2. Oxidation of
11 yielded indanone 12, which was protected, the nitro

O
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17 R2 = H
18 R2 = PhOCH2C C
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14 15


19 R2 = H
20 R2 = PhOCH2C C


  8 R2 = H
16 R2 = PhOCH2C C


Scheme 2. Reagents and conditions: (a) Cr2O3, AcOH, rt, 5 h, 51%; (b)


ethylene Glycol, cat p-TsOH, Benzene, Dean Stark, overnight, 96%; (c)


H2 60 psi, Raney Ni, 1:1 MeOH/EtOAc, 20 min, 96%; (d) 1—AcCl,


pyridine, 30 min; 2—p-TsOH, acetone, H2O, reflux, 1 h, 76% in two


steps; (e) 1—NaH, Benzene, reflux, overnight; 2—NH2NH2ÆH2O,


EtOH, reflux, 1 h, 23% in two steps; (f) concd HCl, MeOH, reflux, 3 h,


82%; (g) R5COCl, pyridine, 10 min, 2–58%.

group was reduced, and the resulting amino group was
protected with an acetyl group. Formation of pyrazoles
with plain phenyl thiophene-3-carboxylate 8, deprotec-
tion of the amine group, and amidation reactions pro-
vided the final products 19.


Overall, reverse amides 19 were more potent and re-
tained the same selectivity profile previously observed
with compounds 9 (Table 2). Substituents carrying
hydrogen bond acceptor groups such as the oxygen
in 19b were more potent than simple aliphatic chains
such as in 19a. However, the positioning of the oxy-
gen group was crucial as observed in compounds
19b and 19c, and also in heterocycles 19f and 19g.
Sulfonamides (19d) were also well tolerated as well
as aromatic groups (19h), although in this case we
observe an increase in c-Kit binding. The improved
potency and selectivity of analogs bearing a hydrogen

19a
O


0.56 0.29 9.54


19b
O


O
0.07 0.03 1.58


19c
O


O
0.65 0.45 2.55


19d S
O O


0.31 0.29 4.39


19e


O


O


O 0.05 0.08 1.12


19f


O


O 0.11 0.09 1.10


19g


O


O
N


0.06 0.07 0.9


19h


O


0.10 0.05 0.18


19i
O


N


N
0.92 0.71 4.33


a IC50 values are based on seven-point curves, performed in duplicate.







Table 3. Kinase inhibitory activity of position 5-analogs containing acetylenic thiophene substituents


N NH
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Compound R KDR
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IC50
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IC50
a


(lM)


20a O
O


0.053 0.113 0.016 0.153 0.175 40.595 16.038 13.681 30.27 20.806 43.311


20b O
O


O
0.270 1.271 0.136 0.624 1.003 13.025 >50 >50 >50 >50 >50


20c O


O


O


0.036 0.190 0.020 0.065 0.127 24.747 21.382 22.986 >50 30.587 >50


20d
O


O O
0.263 2.975 0.153 1.108 0.619 >50 26.529 >50 >50 >50 >50


20e
N


N O
0.010 0.045 0.006 0.022 0.049 4.877 30.963 >50 >50 >50 >50


a IC50 values are based on seven-point curves, performed in duplicate.
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bond accepting group may be rationalized by the
aminoacid difference cited above, that is, KDR has
a nearby hydrogen bond donor (Asn 923) whereas
c-Kit (Asp 677) cannot make an analogous hydrogen
bond.


Encouraged by these results we selected several 5-
reverse amide compounds to build more elaborate
analogs incorporating the acetylenic moiety found
in compound 4. It was expected based on modeling
analysis that the two substituents would have addi-
tive effect on activity as the 5-substituents were
extending into the ribose pocket and the acetylenic
moiety probed the hydrophobic pocket. Compounds
20 were synthesized according to Scheme 2 using
the acetylenic thiophene benzoyl ester 16,10 instead
of 8. In direct comparisons of unsubstituted and
acetylenic analogs such as 19b versus 20a, 19e versus
20c, and 19i versus 20e, the acetylenic analogs were
more potent inhibitors across the same panel of
kinases. However, the gains in potency resulting from
interactions with the hydrophobic site also led to
erosion of the c-Kit selectivity. One explanation for
the lack of selectivity is possible shifting of the
5-substituent position in analogs bearing the acetyl-
enic extension (Table 3).


All compounds 20 were also profiled against a larger pa-
nel of tyrosine kinases and proven to be selective for the
PDGFR/VEGFR subfamilies. In addition, compounds
20a and 20e were also tested in KDR cellular assays
and exhibited significant potency (cell KDR IC50 = 19
and 62 nM, respectively).9

In conclusion, we have discovered a series of 5-substi-
tuted 1,4-dihydroindeno[1,2-c]pyrazoles as potent mult-
itargeted kinase inhibitors.
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Abstract—In combination with chemical modifications, bioassays, and computational simulation techniques, C-2 benzoylthio, and
benzylthio taxoids were synthesized, biologically evaluated, and their binding conformations rationalized, in order to probe the
interaction of taxane molecule with b-tubulin.
� 2007 Elsevier Ltd. All rights reserved.

Chemical and biological evaluation of the antitumor
agent paclitaxel (PTX, Taxol�, 1) has been a main-
stream focus for natural product research since the
mid 1990s. The subject remains an active field in the at-
tempt to overcome problems of resistance1a,b and toxic-
ity.1c Both PTX2 and its analogue docetaxel 2 (DTX)3a,b


are currently used clinically for the treatment of ovarian,
breast, and non-small lung cancers, especially at the
recurrent or metastatic stages.
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Many other antitubulin agents possessing a similar
mechanism of action are also found, including the most
widely studied classes such as epothilones, sarcodictyins,
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eleutherobin, discodermolide, and laulimalide.4 Com-
pounds that prevent the formation of microtubules but
likewise perturb the tubulin-microtubule equilibrium
(e.g., colchicine congeners, vinca alkaloids,5a hemiaster-
lins5b, and noscapine analogues5c) have also contributed
to the rather large family of tubulin-based antineoplastic
agents in recent years.


With respect to PTX, extensive structure-activity rela-
tionship (SAR) studies over the past two decades have
led to several generalizations. Perhaps the most crucial
one concerns three key side chains on the southern hemi-
sphere of the molecule: the C-13 N-benzoyl phenylisos-
erne, the C-2 benzoate, and the C-4 acetate moieties.
Both in terms of atomic constitution and molecular con-
formation, all are critical to taxane tubulin binding and
cytotoxicity.6a,b At the conformational level, although
there are upwards of a dozen different forms of PTX
conformers in solution,7 three extremes have at times
been proposed as that bound to b-tubulin: the polar,
nonpolar, and T-Taxol conformations.8 Only the latter
has led to the design and synthesis of tethered taxanes
that show potency superior to PTX in a combination
of microtubule stabilization and cytotoxicity assays.9


SAR studies at the C-2 position have shown that both
the nature and stereochemistry of the 2-benzoyl group
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in PTX derivatives are determinants of activity.10,11


On the other hand, many paclitaxel analogues with
aroyl12 or alkyl13 ester groups at the C-2 position
have been reported with modest to highly potent
cytotoxicity.


We also undertook the preparation of a series of C2 het-
eroatom-substituted taxoids to probe the PTX C-2
structural requirements. Based on the methodology re-
ported in our first communication,14a we were able to
develop a cytotoxicity SAR for the 2-amido ana-
logues,14b its C-10 modified analogues,14c and 2-deben-
zoyloxy-2a-phenylthio 10-acetyl docetaxel14d whose
inactivity can be attributed to its shorter chain length
at C-2 compared with benzoate.


Although a photoaffinity labeling experiment indicated
that C-2 substituents are close to residues 217–231 of
b-tubulin15 and X-ray crystallographic data gave the
location of b-tubulin and its taxane ligand,18 the binding
conformation as well as the residues in b-tubulin and
functional groups in taxane involved in binding process
cannot be determined with precision.


Here we report preparation of the first PTX analogues
bearing 2a-benzoylthio and benzylthio moieties de-
signed on the basis of isostere replacement principle,
and their initial SARs as well. Their conformations cor-
related with their binding affinity to b-tubulin are also
explored.
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Following a known procedure,14a 10-DAB 3 was con-
verted into the key epoxide intermediate 4b. All reac-
tions proceeded in satisfactory yields from 88–97%.
Epoxide 4b exists as an inseparable mixture containing
2-mesylate 4a (ca. 2:1). Treatment of the 4a and 4b mix-
ture with NaN3 afforded the double SN2 product 2-azido
baccatin 5 in ca. 85% yield, implying that 4a was con-
verted to 4b during the course of the reaction.


Following the same strategy, the mixture of 4a and 4b
was treated with sodium thiobenzoate to furnish 6a in
56% yield. The 1H shifts for H-2 in 6a are almost iden-
tical to the 2-benzoate counterpart, while H-3 is shifted
slightly downfield by 0.2 ppm. The latter reflects a mod-
ified environment around H-3 arising from changes in
the C-2 thioester geometry (bond lengths and angles)
by comparison with the corresponding ester. Subsequent
reduction of 6a–7a (80%) and incorporation of the C-13
side chains with enantiopureb-lactams 8a–b afforded
products 9aa and 9ab, which were then deprotected at
C-2 0 to the desired 2-PhCOS analogues 10aa (PTX side
chain) and 10ab (DTX side chain) in 42–44% yields over
two steps (Scheme 1). It is interesting to note that the

H-13 chemical shifts in 10aa and 10ab appear at d4.9,
an upfield shift of 1.2 ppm by comparison with the
C-2 benzoates in 1 and 2. In addition, the quaternary
carbons at 198 ppm in the 13C NMR of 10aa and 10ab
were attributed to C-1 0 after careful assignment with
1D and 2D NMR techniques. These observations fall
outside expectations since taxoid H-13 and C-1 0 reso-
nances (C-13 esters or amides16) to date have been
observed at 5.5–6.2 ppm and 165–175 ppm, respectively.
This should be due to conformational distortion after
the introduction of C-2 thioester.


C-2 sulfide baccatin 6b can also be obtained by
treatment of the mixture of 4a and 4b with sodium
benzylsulfide at room temperature in 83% yield. The
most significant changes in the 1H NMR for 6b are
found at H-2 and H-3. That the protons are shifted
upfield by 0.3 and 1.5 ppm, respectively, can be attrib-
uted to the loss of the C-2 carbonyl group. Following
reduction, coupling of side chains, and deprotection
reactions, the final products 10ba and10bb were afforded
(Scheme 1).


Next, we determined the free energy changes of binding
for all four S-linked taxoids 10aa–10bb at 35 �C as �28
to �30 KJ/mol. This 28–35% reduction in DG for bind-
ing corresponds to 2000–10000 times loss of binding
affinity. The same compounds were subjected to MTT-
determined cytotoxicities and found to be much less ac-
tive in both sensitive and MDR tumor cell lines. In
agreement with the potency difference between PTX
(1) and DTX (2), the taxoids 10aa and 10ba with a
PTX side chain are 3–5 fold less active than 10ab and
10bb with the DTX side chain. But there appeared to
be no obvious difference in the activity between
2-PhCOS and 2-PhCH2S series (Table 1).


In order to explain the low activity of those taxanes, the
ligand-tubulin interaction was analyzed with molecular
dynamics based on T-conformation.


The diminutive binding affinities and cytotoxicities of 10
can be attributed to the alteration of local geometry
around the sulfur atoms by comparison with the classic
C-2 benzoyl ester. In the latter case, the C-2 phenyl ring
of PTX encapsulated by tubulin in the electron crystal-
lographic structure17 is bounded on three sides in a
rather narrow pocket. The opposite faces of the ring
are within van der Waals contact of His227 and
Leu215, while the para-position is in equally short con-
tact with the protein backbone at Asp224. Extension of
the C-2 substituent either perpendicular to the faces of
the ring or further from the baccatin core can be pre-
dicted to create one or more steric clashes. To test the
idea that the latter distance increment could cause a ste-
ric problem for series 10, thioester 10aa was constructed
by an O to S modification of T-Taxol, optimized with
the MMFF/GBSA force field18, and docked into b-tubu-
lin by superposing the taxane on the location of the ori-
ginal PTX ligand. To relax the protein-ligand complex,
20 �K molecular dynamics was performed for the thio-
PTX ligand and nearby side chains in a 10 Å sphere
around the binding site. Once unfavorable steric
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Scheme 1. Synthesis of C2 S-linked taxoids 10aa–bb. Reagents and conditions: (a) RNa, DMF, r.t; (b) NaBH4, MeOH–THF, �15 �C; (c) LHMDS,


THF, �50!�40 �C; (d) HF–Py, 0 �C! r.t.


Table 1. Cytotoxicity and binding data for taxoids 10


Compound R R0 IC50 (lM)a,b DG (KJ/mol)c


A2780 A2780/AD


10ab PhCOS Boc 2.4 ± 1.0 6.96 ± 0.67 (2.9) �30.1 ± 0.6


10aa PhCOS Bz 11.7 ± 0.7 27 ± 7 (2.3) �28.4 ± 1.1


10bb PhCH2S Boc 3.5 ± 1.4 8.3 ± 2.7 (2.3) �29.9 ± 0.7


10ba PhCH2S Bz 9.9 ± 1.0 9.4 ± 1.7 (0.94) �28.6 ± 0.1


PTX(1) PhCOO Bz 0.0016 ± 0.0002 0.92 ± 0.13 (575) �42.1 ± 0.2


a IC50 values in lM were determined after two days exposure to drugs using the MTT cell proliferation assay. Data are means ± SE of four


independent experiments.
b The numbers in parentheses are the calculated relative resistance obtained by dividing the IC50 value of the resistant line by the IC50 value of the


parental line.
c Free energy changes derived from equilibrium binding constants of the ligands to microtubules at 35 �C (�DG0app = RTlnK(binding)).


Figure 1. A superposition of PTX (blue) and thioether 10ba (light gold)


in the b-tubulin taxane binding site. For PTX, the C-2 phenyl is sandwi-


ched between His227 and Leu215 (red arrow). Compound 10ba’s C-2


SCH2Ph group is predicted to adopt a staggered conformation that


relocates the terminal phenyl upward (red arrow) while causing His227


to shift to the left (See text and supplement for computational details).
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contacts were removed, the temperature was slowly
increased to 300 �K and the system allowed to reach a
stable state. At this point, the entire taxane molecule
had risen out of the binding site by 1–2 Å, and the
terminal C-2 phenyl ring had slipped from the tight
His/Leu/Asp sub-pocket to be repositioned in the first
water shell around the protein.


A similar set of calculations for thioether 10ba causes a
comparable extrusion of the molecule from the binding
pocket. In this case, however, the saturated C-2 side
chain deviates from planarity and causes a significant
rearrangement of the surrounding residues. Of particu-
lar note, the terminal phenyl ring is now perpendicular
to His227 and located in a pocket opened by the move-
ment of the Leu217 and Leu215 residues. Figure 1 de-
picts the final conformation of the C2–S–CH2–Ph
moiety and the displacement of the baccatin core by
comparison with PTX.


In conclusion, C2 S-linked paclitaxel analogues are
found to be much less active in both tubulin binding
ability and cytotoxicity, although for different reasons
as revealed by molecular simulations. It is noteworthy
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that T-Taxol conformation has been proven9,19,20 to be
a good predictor for the tubulin binding/bioactivity of
taxanes, and here it gives another example for its
powerfulness.
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Abstract—Computational analysis of the ligand binding pocket of the three PPAR receptor subtypes was utilized in the design of
potent PPARa agonists. Optimum PPARa potency and selectivity were obtained with substituents having van der Waals volume
around 260. Compound 6 had a PPARa potency of 0.002 lM and a selectivity ratio to PPARc and PPARd of 410 and 2000,
respectively.
� 2007 Elsevier Ltd. All rights reserved.

The peroxisome proliferator-activated receptors (PPA
Rs) are transcription factors belonging to the nuclear
receptor super family. The marketed insulin sensitizers
(rosiglitazone and pioglitazone) and the lipid lowering
fibrates (e.g., fenofibrate and clofibrate) are PPARc
and PPARa agonists, respectively. There is no drug
available targeting the third PPARd receptor, but sev-
eral reports suggest PPARd to be involved in lipid
metabolism as well as in glucose homeostasis.1,2


The currently available fibrates were identified as lipid
lowering agents two decades ago using animal models.
The mechanism of the fibrates was not known at time.
The present knowledge shows us that the marketed
fibrates are PPARa agonists with rather low potency,
which might limit the clinical efficacy.


The present investigation was aimed at identifying
potent and selective PPARa agonists to be used as
research tools and potential lipid lowering drugs.


The aim was further to investigate if it was possible to
utilize the difference in a single amino acid in the lipo-
philic pocket of the ligand binding domain (LBD) of
the three PPAR receptors to design selective PPARa
agonists.
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doi:10.1016/j.bmcl.2007.03.015


Keywords: PPARa; Agonist; Docking.
* Corresponding author. Tel.: +45 44434858; fax: +45 44434547;


e-mail: psa@novonordisk.com

Alignment of the amino acids of the LBDs of the
PPAR receptors combined with docking studies into
the X-ray structures of the three receptors identified
five amino acids in the lipophilic pocket: 264, 266,
281, 284, and 348, Figure 1. Of these five amino acids,
position 264 had the largest difference in size, with
PPARa being the smallest. The idea was to keep the
core-structure of our compounds constant and only
change the substituents predicted to interact with posi-
tion 264.


Our structural starting point was the PPARpan-agonist
NNC 61-3058, Figure 2, recently described in Sauerberg
et al.3 In vitro transactivation assays using the LBDs of
hPPARa, c, and d were used to evaluate the designed
and synthesized ligands.4 NNC 61-3058 had a PPARa
potency of 0.4 lM (EC50) compared to the EC50 of fen-
ofibric acid and clofibric acid of 32 and 3 lM, respec-
tively, Table 1.


The designed compounds were synthesized as outlined
in Scheme 1, starting from commercialy available substi-
tuted benzaldehydes, or substituted benzaldehydes
synthesized according to Scheme 2. Using Horner–Em-
mons reaction conditions the aldehydes were converted
to the corresponding allylic esters, which were reduced
to the alcohols using DIBAL. Mitsunobu coupling to
the (S)-2-ethoxy-3-(4-hydroxy-phenyl)-propionic acid
ethyl ester5 followed by hydrolysis gave the desired
compounds 1–14.12
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PPARγ Phe264 
PPARα Ala 
PPARδ Trp 


PPARγ His266 
PPARα Leu 
PPARδ Gln 
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PPARα Ile 
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PPARγ Gly284 
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NNC 61-4424


Figure 1. The crystal structure of the ligand binding domain of the


PPARc receptor crystallized with NNC 61-4424 (yellow) and with


NNC 61-3058 (magenta) docked into the active site. The amino acids


within 5 Å from the biphenyl ring in NNC 61-3058 are listed together


with the corresponding amino acids in the PPARa and PPARd
receptors. His323, His449, and Tyr473 are also displayed.
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NNC 61-3058 was docked into the binding domain of
PPARc crystallized with NNC 61-4424 (pdb code
1KNU).4 In order to design PPARa selective agonists,
amino acids with difference in size or charge were iden-
tified. Nearly all of the amino acids identified were neu-
tral, Figure 1, so focus was therefore placed on the size
of the amino acids. The amino acid in position 264
showed a difference in size with PPARa being the small-
est (Ala), then PPARc (Phe) and PPARd the largest
(Trp). Docking studies with NNC 61-30586 suggested
that selective PPARa ligands could be obtained by
removing the p-phenyl in NNC 61-3058 and introducing
substituents (R) in meta-positions of compound 1 lead-
ing to a series of analogues, Figure 2 and Table 1.7 Com-
pound 1 was 2–4 times less potent on the PPAR
receptors than the lead compound NNC 61-3058, but
the PPARa selectivity was retained (see potency ratios
Table 1).

O R
1


O


1NNC 61-3058


Figure 2. Graphic illustration of the design of selective PPARa agonists.

At the PPARd receptor only smaller substituents (3–8)
increased the potency compared to the un-substituted
analogue (1), Table 1. The most potent compound (3)
with CF3 as substituents was approximately 10 times
more potent than 1. Larger side chains led, as expected,
to PPARd inactive compounds (10–14), probably due to
repulsive steric interactions with the tryptophan.


The meta-substituents also improved the PPARc po-
tency significantly. A potency optimum was observed
with isopropoxy (7), which was 100-fold more potent
than the un-substituted starting point (1). Again, larger
substituents gave less potent PPARc agonists, although
even phenylethyl (13) was more potent than 1.


PPARa with the smallest amino acid (Ala) in position
264 tolerated substituents the best. The most potent
compound was obtained with OCH2CF3 substituents
(6), which was 800 times more potent than 1. Smaller
(5) and larger (7) substituents were approximately
2–10 times less potent than 6, suggesting favorable inter-
actions. Compound 6 also displayed the highest PPARa
selectivity with a potency ratio to PPARc and PPARd of
410 and 2000, respectively.


To further understand the SAR, various physical–chem-
ical properties (MW, van der Waals area, van der Waals
volume, and logP) of the substituents were mapped
against the PPARa potency. The van der Waals volumes
turned out to explain the relationship the best, Figure 3.
This reflects the difference in size of the amino acid in
the part of the binding pocket in which the substituted
phenyl ring is predicted to bind. The physical–chemical
properties for the di-meta substituted phenyl ring were
calculated with MOE.8 The PPARa potency was im-
proved when the volume of the substituted benzene
was increased up to 266 (6) which corresponded to
two OCH2CF3 substituents. As the volume of the sub-
stituents increased, the potency decreased.


In conclusion, computational analysis of the ligand
binding pocket of the three PPAR receptor subtypes
was utilized in the design of potent PPARa agonists.
Analogues with substituents of different van der Waals
volume gave PPARa agonists with varying potency
and selectivity. Optimum PPARa potency and selectivity
were obtained with substituents having van der Waals
volume around 260.


Compound 6 had a PPARa potency of 0.002 lM and a
selectivity ratio to PPARc and PPARd of 410 and 2000,
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Table 1. In vitro transactivation data for compounds 1–14 and standard compounds


R


R
O


O


COOH


Compound Substituent R hPPARa hPPARc hPPARd Potency ratio


EC50, lMa % maxb EC50, lM % maxc EC50, lM % maxd hPPARc
hPPARa


hPPARd
hPPARa


NNC 61-3058 0.5 158 2.0 118 9.6 235 4 19


1 H 1.6 169 8.0 96 18 177 5 11


2 Br 0.3 121 4.1 58 20 139 14 67


3 CF3 0.02 195 0.4 70 1.4 74 21 70


4 OMe 0.06 186 1.2 100 13 171 2 217


5 OEt 0.02 197 0.2 79 7.9 124 9 395


6 OCH2CF3 0.002 149 0.8 81 4.0 171 410 2000


7 OiPr 0.004 207 0.08 90 6.0 116 20 1500


8 Ph 0.02 30 0.2 80 4.0 117 12e 200


9 OcPen 0.02 135 0.3 107 15 71 14 750


10 OBz 0.05 121 0.19 104 3 30 4 60


11 C„CPh 0.5 108 3.1 84 — 18 6 —


12 CH=CHPh 0.09 66 3.0 91 — 19 33 —


13 CH2CH2Ph 0.03 118 5.1 90 — 14 182 —


14 Ph-4-tBu 14 110 1.0 44 — 0 0.07e —


WY14.643 13 100 29 22 — 6 2e —


Rosiglitazone 4.1 43 0.2 100 — 7 0.05 —


aCompounds were tested in five concentrations ranging from 0.01 to 30 lM in at least two independent experiments. Data represent mean, with SEM


±15%. EC50’s were not calculated for compounds producing transactivation lower than 25% at 30 lM. bFold activation relative to maximum


activation obtained with WY14643 (approx. 20-fold corresponded to 100%), with crosiglitazone (approx. 120-fold corresponded to 100%), and with
dcarbacyclin (approx. 250-fold corresponded to 100%). eThese potency ratios may not be comparable to the rest as partial efficacy was obtained on


either PPARa or PPARc.
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Scheme 1. Synthesis of target compounds from commercially available benzaldehydes.
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Figure 3. The relationship between in vitro PPARa potency and the


van der Waals volume of the di-meta substituted phenyl ring.
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respectively. The selective PPARa agonist 6 could be a
useful tool to dissect the pharmacology of PPARa med-
iated effects.9
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(180 mg, 0.75 mmol) in dry THF (20 mL) at 0 �C. The
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reaction mixture was stirred for 30 min and then poured
into water. The mixture was extracted with ethyl acetate
(50 mL), dried, and evaporated in vacuo. The product was
purified by column chromatography, eluting with heptane/
ethyl acetate (3:1), to give 300 mg (73%) of (E)-(S)-3-(4-{3-
[3,5-bis-(2,2,2-trifluoro-ethoxy)-phenyl]-allyloxy}-phenyl)-
2-ethoxy-propionic acid ethyl ester.1H NMR (CDCl3,
300 MHz) d: 1.15 (t, 3H), 1.22 (t, 3H), 2.95 (d, 2H), 3.30–
3.40 (m,1H), 3.55–3.67 (m, 1H), 3.97 (t, 1H), 4.15 (q, 2H),
4.33 (q, 4H), 4.65 (d, 2H), 6.32–6.48 (m, 2H), 6.55–6.70
(m, 3H), 6.85 (d, 2H), 7.15 (d, 2H). (e) (E)-(S)-3-(4-{3-[3,5-
bis-(2,2,2-trifluoro-ethoxy)-phenyl]-allyloxy}-phenyl)-2-
ethoxy-propionic acid ethyl ester (300 mg, 0.54 mmol) was

dissolved in ethanol (10 mL) and 1 N sodium hydroxide
(1.5 mL, 4.4 mmol) was added. The mixture was heated
slightly to obtain a clear solution and then stirred at room
temperature for 1.5 h. The ethanol was evaporated in
vacuo and the mixture was acidified to pH 1 with 1 N
hydrochloric acid. The product was isolated by extraction
with ethyl acetate (2· 40 mL). The combined organic
phases were dried (MgSO4), filtered, and evaporated to
give 130 mg (91%) of the title compound as an oil. 1H
NMR (CDCl3, 300 MHz) d: 1.20 (t, 3H), 2.97 (dd, 1H),
3.10 (dd, 1H), 3.41–3.53 (m, 1H), 3.55–3.68 (m, 1H), 4.05
(dd, 1H), 4.35 (q, 4H), 4.67 (d, 2H), 6.35–6.48 (m, 2H),
6.60–6.70 (m, 3H), 6.87 (d, 2H), 7.15 (d, 2H).
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Abstract—Investigation of a series of heterobicyclic compounds with essential pharmacophoric features of the metabotropic gluta-
mate receptor 5 (mGluR5) antagonists MPEP and MTEP provided novel structural templates with sub-micromolar affinities at the
mGluR5.
Published by Elsevier Ltd.
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Figure 1. Non-competitive antagonists of mGluR5, MPEP 1 and


MTEP 2.

The metabotropic glutamate receptor 5 (mGluR5)
belongs to family C of the G-protein coupled receptors
(GPCR) and it mediates the actions of the excitatory
neurotransmitter, LL-glutamate.1–3 Recently, preclinical
investigation into the role of mGluR5 in anxiety, depres-
sion, pain, mental retardation, and drug dependence has
suggested that the mGluR5 may be a novel target for
therapeutic intervention.4 In particular, studies using
either an mGluR5 antagonist or mGluR5 knockout
mice showed reduced locomotor stimulant effects
induced by cocaine.5 Moreover, mGluR5 appears to be
involved in the rewarding effects of morphine, nicotine,
and ethanol.6 Thus, development of selective mGluR5
antagonists may provide a novel strategy toward the
discovery of medications for various CNS disorders.


The alkyne based non-competitive mGluR5 antagonists
MPEP (1) and MTEP (2) have been used to investigate
the role of mGluR5 in CNS disorders.7 A series of com-
pounds with different structural templates incorporating
tetrazoles, phenyl ureas, thiopyrimidines, and arylmeth-
oxy pyridines have been reported recently as mGluR5
antagonists8 (Fig. 1).


To further explore the SAR at mGluR5 and to seek
compounds with novel structural templates, we have
designed a series of compounds based on the SAR devel-
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oped from our diaryl- and heterobiaryl amides.9 Herein,
we describe the discovery of novel heterobicyclic leads
and preliminary SAR studies on these compounds.


The allosteric ligand binding site of MPEP-like antago-
nists at mGluR5 has been predicted to be in the trans-
membrane region of the receptor.10 The binding site
consists of two hydrophobic regions, wherein the aro-
matic rings (a and b) of the compounds interact, with
a linker in between, to position these groups in proper
orientation. The pyridyl ‘N’ is essential for activity,
and there is a limited tolerance of substitutions on both
the aromatic rings. Bearing this in mind, we introduced
the pyridyl ring in a bicyclic ring system (heterobicyclic
compounds, Fig. 2), whereby the important pharmaco-
phoric groups were kept intact. Thus, a series of quino-
line, benzothiazole, and pyridothiazole analogues were
synthesized, as depicted in Schemes 1–4, and evaluated
for binding at mGluR5.


The 7-substituted quinolines were obtained as shown
in Scheme 1. The 7-chloro-2-methyl quinoline 4 was
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Scheme 4. Synthesis of compounds 22–24. Reagents and conditions:


(a) Concd HNO3, Concd H2SO4; (b) i—benzoyl chloride, toluene,


dioxane, reflux, 24 h, 35%; ii—10% Pd/C, methanol, H2, 60 psi, rt,


�98%; (c) NaOAc, gl. HOAc, 90%; (d) NaH, aryl/alkyl halides, DMF,


�40%; (e) i—benzaldehyde, 4A molecular sieves, methanol;


ii—NaBH3CN, rt, 1 h; iii—NaOAc, gl. HOAc, overall 86%.
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100 �C, overnight, 40%.
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treated with various substituted aryl boronic acids
under Suzuki–Miyaura conditions using the biphenyl
phosphine ligands 5a–b to give a set of substituted
quinolines 6.11 In further exploration of the SAR,
boronic ester 7 was synthesized using the biphenyl
phosphine catalyst and coupled with either heteroaryl
bromides or chlorides.


Similarly, benzothiazole compounds (10–12) were syn-
thesized (Scheme 2) by Suzuki coupling on compound
9. Additionally the boronic ester (11) was synthesized
under standard Miyaura borylation conditions and then
subjected to Suzuki coupling with various heteroaryl
bromides or chlorides.12


In addition, the pyridothiazole and imidazopyridine
compounds were synthesized as shown in Schemes 3
and 4. wherein, 6-methyl 2-amino pyridine 13 was
brominated with excess N-bromo succinimide (NBS).
The benzamide (15) was then prepared with relative
ease, which underwent cyclization in the presence
of Lawesson’s reagent to afford bromopyridothiazole
16.13 The compound 16 was then treated with vari-
ous reagents to give a small set of substituted pyrido-
thiazoles (17).


The imidazopyridines were obtained by nitrating the 6-
methyl-2-amino pyridine 13 to obtain a mixture of reg-
ioisomeric nitropyridines (18–20), which were purified
with extreme care by steam distillation.14 The 3-nitro
compound 19 was treated with benzoyl chloride to
obtain the benzamide, which was cyclized into imidazo-
pyridine 22, after reduction of the nitro group.15 The
substituted imidazopyridines were synthesized by
treating compound 22 with various alkyl or arylalkyl
bromides in the presence of NaH. Compound 24 was
obtained by treating the benzamide 21 with benzalde-
hyde under reductive amination conditions, followed
by cyclization.16







Table 2. Representative structures and mGluR5 binding affinities of


substituted benzothiazoles


S


N
H3C


R2


Compound R2 mGluR5 binding


affinity Ki ± SEM (lM)


10a NAa


10b
F


NAa
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The compounds were evaluated for biological activity in
a rat brain membrane preparation using [3H]MPEP as
the radioligand to measure binding affinity at mGluR5.
Data for all novel compounds described herein were
obtained through the NIMH PDSP program using
methods cited17 in Tables 1–3 and compared with
reference compound 1 and a diarylamide analogue 3a.9a


Substitution of a phenyl ring at the 7 position of quino-
line (compound 6a) showed 50% radioligand displace-
ment at a concentration of 10 lM at mGluR5; a
substantial decrease in affinity as compared to MPEP.
Moreover, substitution with the bioisosteric thiophene

Table 1. Structures and mGluR5 binding affinities of substituted


quinolines


NH3C R1


Compound R1 mGluR5 binding


affinity Ki ± SEM (lM)


6a 50%


6b
S


<1%a


6c
CN


0.11 ± 0.02


8a
N


28%a


8b


N


N
>60


8c
N


N
>20


8d


N


CH 3


9%a


8e
N


N OCH3
1.55 ± 0.17


8f N


N


OC H3


OCH3


5.43 ± 0.83


8g N


N


CH 3


CH 3


2.09 ± 0.40


8h
N


N


F


>1%a


1 MPEP 0.02 ± 0.001


3ac — 0.33 ± 0.02b


a Percent inhibition at 10 lM.
b IC50 (lM) using methods described in Ref. 9a.
c 3-cyano-N-(6-methylpyridin-2-yl)benzamide from Ref. 9a.


10c
Cl


43.39 ± 3.29b


10d
OCH3


43.05 ± 2.47b


10e
CN


2.10 ± 0.58


12a
N CH3


17%c


12b
N


N
29%c


12c
N


N OCH3
39%c


a Not active at 100 lM.
b IC50 (lM) using methods described in Ref. 9a.
c Percent inhibition at 10 lM.

(6b) completely eliminated activity. Substitution on the
7-phenyl ring however improved activity for some ana-
logues, for example, 6c with a 3-CN group showed a
Ki = 110 nM in the mGluR5 binding assay. A similar
improvement in affinity was observed in the diarylamide
series, wherein the 3-CN compound (3a) showed
improved activity over the unsubstituted lead
compound.9a In a related series of compounds, substitu-
tion with pyridine and pyrimidine rings as a part of aryl
ring ‘b’ improved the mGluR5 affinity.9b Thus, a small
set of substituted pyridines/pyrimidines (8a–h) at the
7-position of the quinoline ring were prepared. Neverthe-
less, none of these compounds showed any improvement
in mGluR5 activity, thereby illustrating a limited
tolerance of substitution with inconsistent SAR across
different templates.


Substitution on the appended phenyl ring (compounds
10b–e) provided benzothiazoles with moderate affinity
(Table 2). The 3-CN compound 10e showed the highest
affinity for mGluR5 in this set. Substitution with either
pyridyl or pyrimidinyl rings (12a–c) did not improve
mGluR5 binding affinity, as observed previously in the
quinoline series.


Further investigation into other related heterocyclic ring
systems that could be modified was undertaken. In this







Table 3. Representative structures and mGluR5 binding affinities of pyridothiazole or imidazopyridine compounds


NH3C


R3


Y


X


Compound R3 X Y mGluR5 binding affinity Ki ± SEM (lM)


16 Br S N 1%a


17a H S N 16%a


17b OCH3 S N <1%a


17c Ph S N 33.48 ± 2.24b


17d 40F–Ph S N 3%a


17e 30Cl–Ph S N 1%a


17f 30CN–Ph S N 13%a


17g 2-Thioph- S N >10


22 H N NH >10


23a H N NCH2Ph >10


23b H N NCH2-c-C3H5 <1%a


23c H N NCH3 <1%a


24 H NCH2Ph N >10


a Percent inhibition at 10 lM.
b IC50 (lM) using methods described in Ref. 9a.


Figure 3. Superimposition of MPEP 1, compounds 3, 6a (green), 10a


(blue), and 17a (red).
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pursuit, compounds with a pyridothiazole or imidazo-
pyridine scaffold were synthesized. However, none of
this series (16–24) gave improved mGluR5 activity. In
the pyridothiazole series, substitution with additional
aromatic rings (17c–g) to potentially improve the activ-
ity by gaining additional hydrophobic interactions did
not yield any tractable SAR. Similarly exploration of
binding sites in the linker region (23a–c and 24) on the
imidazopyridine template showed no improvement in
activity.


Thus, modifications to seek novel structural templates
yielded some substituted quinolines and benzothiaz-
oles with moderate mGluR5 binding affinities. How-
ever, there was a limited tolerance of substitution
with little discernable SAR in these series of com-
pounds. Similarly, no SAR could be obtained from
a large set of compounds recently reported by Zhao
et al. as positive allosteric modulators at mGluR5.18


The discovery of only a few active compounds from
exhaustive efforts in structural modifications depicts
the inherent difficulty in optimizing the activity at this
receptor. In the present study, as observed previously,
substitution with a cyano group at the 3 0 position of
the appended phenyl ring provided some improve-
ments in mGluR5 activity. A superimposition of these
templates on the MPEP 1 and compound 3a ana-
logues shows good overlap of the pharmacophoric
features (see Fig. 3). Although there are few minor
differences in the overlap, it is difficult to account
for the dramatic changes in activity across different
templates.


In summary, we identified two structural templates with
moderate mGluR5 antagonist activity. Most structural
modification did not yield compounds with any
improvement in mGluR5 affinity. In the functional
assay measuring the hydrolysis of phosphoinositide at
mGluR5 in CHO cells, compound 6c showed antagonist
activity (IC50 = 0.26 ± 0.05 lM)19 hence this template
may provide a new lead for further SAR investigation.
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Abstract—A series of 4-[2-(aminomethyl)phenyl]-1-[bis(2-chlorophenyl)methyl]-4-hydroxypiperidine analogs has been identified as
nociceptin receptor ligands. These compounds display high affinity and functional activity at the nociceptin receptor. The synthesis
and structure–activity relationships at the C-4 phenyl and N-1 positions are described and the antitussive activity of a selected
compound is reported.
� 2007 Elsevier Ltd. All rights reserved.

In the previous communication, we have disclosed the
preparation and biological evaluation of a series of
N-benzhydryl substituted 4-hydroxy-4-phenylpiperi-
dines as nociceptin receptor ligands.1 The nociceptin
receptor, NOP (previously termed ORL-1 (opioid
receptor-like-1) or OP4), is a G protein-coupled recep-
tor that was cloned in 1994.2 It bears high homology to
the classic opioid l, j, and d receptors (MOP, KOP,
and DOP), but has little cross-reactivity with their na-
tive ligands. Nociceptin (or orphanin FQ), the endoge-
neous ligand to NOP, was discovered in 1995 and
shown to be a peptide ligand that activates the NOP
receptor, but not the classic opioid receptors.3 There-
fore, the nociceptin receptor is pharmacologically dis-
tinct from the classic opioid receptors. Since the
nociceptin receptor is widely distributed throughout
the nervous system, it may participate in a broad spec-
trum of pharmacological processes. In vivo studies
with nociceptin and its peptide and non-peptide ligands
have demonstrated that the nociceptin/NOP system
may have important roles in the regulation of cough,
urinary incontinence, pain, stress and anxiety, feeding,
learning and memory, locomotor activity, substance

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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abuse, cardiovascular function, sleep disturbance, and
Parkinson’s disease.4 Since the nociceptin receptor is
pharmacologically distinct from the classic opioid
receptors, development of drugs targeting the nocicep-
tin receptor should be devoid of traditional opioid lia-
bilities. Accordingly, we have initiated a program to
identify nociceptin receptor agonists for the manage-
ment of cough. In this communication, we will report
the results of an expanded SAR study to identify noci-
ceptin receptor ligands that exhibit enhanced affinity
and improved selectivity relative to the lead compound
1. In addition, we will report the antitussive activity of
a selected compound 70. Our lead compound 1 dis-
plays high affinity for NOP with a binding affinity of
13 nM and moderate to excellent selectivity over
MOP, KOP, and DOP.


N


Ph OH


1


NOP Ki= 13 nM
DOP Ki= 1666 nM
KOP Ki= 364 nM
MOP Ki= 233 nM


4


1


Schemes 1 and 2 outline the preparation of 4-phenyl
modification compounds of types 4 and 7. Alkylation
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Scheme 4. Reagents and condition: (a) n-BuLi, THF; (b) (2-


ClPh)2CHBr, K2CO3, MeCN, 80 �C; (c) i—14, THF; ii—NH4Cl


(aq); (d) R4SO2Cl, Et3N, CH2Cl2 (R2 = SO2R4, R3 = H), or R4NCO


(R2 = CONHR4, R3 = H).
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Ar= aryl  or
heteroaryl
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Scheme 2. Reagents: (a) n-BuLi/hexanes or t-BuLi/pentane (5a, 5c) or


i-PrMgCl/Et2O (5b), THF or ether; (b) 3, THF or Et2O.
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Scheme 1. Reagents: (a) 4-piperidone monohydrate hydrochloride,


K2CO3, MeCN; (b) RLi or RMgBr, THF or Et2O.
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of 4-piperidone hydrochloride with bromodiphenyl-
methane (2) produces the 4-piperidone intermediate 3.
Treatment of 3 with an appropriate lithium or Grignard
reagent affords the 4-alkyl analogs of type 4. The 4-aryl
analogs of type 7 are prepared by reaction of 6a or 6b
with 3. The lithium reagents 6a are either purchased or
prepared from lithium–halogen exchange of aryl
bromides or iodides or deprotonation of the appropriate
heteroaryls with n-butyllithium or tert-butyllithium. The
Grignard reagents 6b are either purchased or prepared
by Grignard exchange of the aryl or heteroaryl iodides
with isopropylmagnesium chloride.


The synthesis of 4-(2-aminomethyl)phenyl analogs of
type 13 is diagrammed in Scheme 3. 2-Bromobenzyl-
amine (8) is protected as its tert-butyldiphenylsilyl ether

N


OH


Ph


NH2


b


NH2


Br


NHTBDPS
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NHBoc
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R1 R2


11 12 13


Scheme 3. Reagents: (a) Ph2Si(t-Bu)Cl, Et3N or imidazole, CH3CN;


(b) i—n-BuLi, 1-benzyl-4-piperidone, THF; ii—NH4Cl (aq); (c) di-tert-


butyl dicarbonate, CH2Cl2; (d) Pd(OH)2/C, HCO2NH4, MeOH;


(e) i—R1R2CHX (X@Cl or Br), K2CO3, NaI (X@Cl), CH3CN or


R1CHO, NaBH(OAc)3, THF; ii—4 M HCl/dioxane, CH2Cl2.

9. The lithium anion is generated and reacted with
1-benzyl-4-piperidone to produce 10 after aqueous work-
up and chromatographic purification on silica gel. Com-
pound 10 is protected as its tert-butyl carbamate 11
followed by debenzylation to give 12 as an advantaged
intermediate for parallel synthesis. Alkylation of 12 with
an appropriate alkyl halide or reductive amination with
an aldehyde followed by deprotection provides 13.

17


Scheme 5. Reagents and condition: (a) RN(CH2CH2Cl)2.HCl


(R = CH3, CH2Ph), DMF, 135 �C.
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Table 1. SAR of 4-phenyl modification analogs


N


R OH4


Compound R Ki (nM)a


NOP DOP KOP MOP


24 2-F–Ph 34 6990 1738 589


25 3-F–Ph 23 5610 1994 705


26 4-F–Ph 14 3325 759 771


27 4-Cl–Ph 24 6364 1702 936


28 4-Br–Ph 51 15,240 2612 1057


29 2-Me–Ph 11 1668 818 74


30 3-Me–Ph 27 7796 1151 273


31 4-Me–Ph 55 12,115 4054 940


32 4-Et–Ph 1281 24,900 11,355 3433


33 4- n-Pr–Ph 1745 33,345 19,695 11,430


34 4-n-Bu–Ph 9155 nd nd nd


35 2-MeO–Ph 85 4392 4160 983


36 3-MeO–Ph 180 9585 3668 2988


37 4-MeO–Ph 588 19,220 10,928 11,050


38 4-Me2N–Ph 4544 nd nd nd


39 4-CN–Ph 1449 28,380 61,045 8382


40 2-HOCH2–Ph 16 4363 2769 186


41 2-H2NCH2–Ph 1.6 13,905 1658 125


42 c-Pr 376 130,550 26,405 18,365


43 i-Pr 433 52,825 7390 13,230


44 n-Bu 23 18,800 4563 272


45 t-Bu 62 56,600 1073 3599


46 n-Hex 1147 17,865 9221 8899


47 c-Hex 17 8105 387 407


48 PhCH2 2176 15,010 1438 10,390


49 Ph(CH2)3 1667 13,750 1801 3364


50 2-Furanyl 136 14,455 9644 4554


51 2-Thienyl 48 8446 3412 1734


52 3-Me–2-thienyl 15 8885 2574 756


53 2-Thiazolyl 1273 nd nd nd


54 2-Pyridinyl 313 45,590 13,180 11,540


a Values are means of two and three experiments (nd, not determined).
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The benzylamine modification analogs of type 18 are
prepared as shown in Schemes 4–6. Scheme 4 illustrates
the preparation of the sulfonamide and urea analogs.
The construction of piperazine analogs is outlined in
Schemes 5 and 6. The N-methyl and N-benzylpiperizine
analogs are prepared by reaction of 17 with an appropri-
ate bis(2-chloroethyl)amine (Scheme 5). The sulfon-
amide and tert-butyl carbamate analogs are achieved
by the procedures summarized in Scheme 6.


Target compounds have been tested for affinity at the
cloned human nociceptin receptor expressed in CHO cell
membranes by measuring their ability to compete with
[125I][Tyr14]nociceptin FQ. The opioid receptor binding
assays are performed with CHO cell membranes
expressing the human opioid receptors using [3H]-dipre-
norphine as the radioligand. The Ki values are deter-
mined from dose–response curves. The functional
activities of selected compounds are evaluated by their
ability to enhance the binding of [35S]GTPcS in the

presence of GDP, using membranes isolated from cells
transfected with the nociceptin receptor.5


The SAR of 4-phenyl modifications is delineated in
Table 1. The methyl, methoxy, trifluoromethyl, fluorine,
chlorine, and bromine substitutions are tolerated at the
ortho, meta, or para position of the C-4 phenyl ring.
Moving the methyl or methoxy from the ortho to the
meta or para position reduces affinity at the NOP
receptor (29, 30, 31, and 35, 36, 37). In contrast, moving
the fluorine from the ortho to the meta or para enhances
the potency (24, 25, 26). Increasing the size of the substi-
tuent at the para position of the C-4 phenyl leads to
decreases in affinity at the NOP receptor (26, 27, 28,
and 31, 32, 33, 34). Introduction of an N,N-dimethyl
or cyano substituent at the para position of the C-4 phe-
nyl results in a substantial loss of potency (38 and 39).
The 2-hydroxymethylphenyl analog 40 displays compa-
rable NOP affinity to compound 1 with �11-fold selec-
tivity over MOP and greater than 100-fold selectivity







Table 2. Functional activity of selected 4-phenyl modification analogs


Compound GTPcS % Stim


at [lM]


Compound GTPcS % Stim


at [lM]


1 107 at 10 40 87 at 10


25 61 at 100 41 94 at 10


26 104 at 10 44 69 at 10


27 103 at 10 47 121 at 100


29 69 at 100 52 96 at 10


Table 4. Functional activity of selected N-benzhydryl modification


analogs


Compound GTPcS % Stim


at [lM]


Compound GTPcS % Stim


at [lM]


55 97 at 10 17 102 at 1


56 92 at 10 63 119 at 10


57 119 at 0.1 64 86 at 10


58 116 at 0.1 65 104 at 1


59 115 at 1 66 67% inh. at 1


60 94 at 1 67 43% inh. at 10
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over DOP and KOP. Introduction of an aminomethyl at
the ortho position of the C-4 phenyl enhances affinity at
NOP and shows a dramatic improvement in selectivity
over DOP, KOP, and MOP (41). Lower alkyl and cyclo-
alkyl moieties are tolerated at the C-4 of the piperidine
(42–47). The 4-n-butyl and 4-cyclohexyl analogs 44
and 47 have comparable NOP affinity to compound 1
and exhibit excellent selectivity over DOP and KOP,
and moderate selectivity over MOP. Replacement of
the C-4 phenyl with a benzyl or phenethyl decreases po-
tency at the NOP receptor (48 and 49). The oxygen and
nitrogen containing heteroaryl at the C-4 of piperidine
reduces affinity at NOP (50, 53, 54). The 4-thienyl ana-
logs (51 and 52) have improved potency compared to the
oxygen and nitrogen containing heteroaryl analogs.
Table 2 tabulates the functional activity of the 4-phenyl
modification analogs when the nociceptin receptor
binding is less than 25 nM.

Table 3. SAR of N-benzhydryl modification analogs


N


O


R1


Compound R1 R2


10 Ph H


55 Ph n-Bu


56 Ph n-Pent


41 Ph Ph


57 Ph 2-Me–Ph


58 Ph 2-Cl–Ph


59 Ph 2-Br–Ph


60 2-Me–Ph 2-Me–Ph


61 4-Me–Ph 4-Me–Ph


17 2-Cl–Ph 2-Cl–Ph


62 4-Cl–Ph 4-Cl–Ph


63 2-F–Ph 2-F–Ph


64 3-F–Ph 3-F–Ph


65 2-Br–Ph 2-Br–Ph


66 H


67
R1 R2 =


a Values are means of two-three experiments (nd, not determined).

Encouraged by the potency and selectivity of compound
41, we have further examined variations of the piperidine
nitrogen substitution in 41. Table 3 catalogs the SAR of
the analogs modified at the N-benzhydryl group.
Removal of one of the phenyl groups leads to a �28-fold
loss of potency at the NOP receptor and produces a par-
tial agonist response (compound 10). The N-benzyl ana-
logs generally are less potent and possess antagonist or
weak agonist response. Replacement of one of phenyls
on 41 with n-butyl or n-pentyl produces high affinity for
NOP, KOP, and MOP, but weaker affinity for DOP (55
and 56). The methyl, chlorine, bromine, and fluorine are
well tolerated at the ortho position(s) of one or both of
the phenyls (57–65 and17). The 2,2 0-dichloro, 2,2 0-di-
methyl, and 2,2 0-dibromo analogs display a dramatic
improvement in the selectivity over the MOP receptor
compared with the corresponding 2-chloro, 2-methyl,

H


NH2


R2


Ki(nM)a


NOP DOP KOP MOP


455 nd nd nd


0.4 1212 15 2


0.5 606 30 2


1.6 13,905 1658 125


0.7 2867 725 28


0.5 3702 425 72


1.1 3291 279 83


0.5 8435 450 190


110 8900 1056 502


0.5 2998 747 249


674 3990 2092 3085


0.5 3702 116 37


9.6 9383 771 530


1.8 3204 278 614


4.6 99,505 664 452


5.5 23,400 1354 181







Table 5. SAR of benzylic nitrogen modification analogs


aValues are means of two-three experiments (nd, not determined).


Table 6. Functional activity of selected benzylic nitrogen modification


analogs


Compound GTPcS % Stim


at [lM]


Compound GTPcS % Stim


at [lM]


68 95 at 10 23 122 at 10


69 114 at 10 74 123 at 10


70 146 at 10 75 126 at 10


71 120 at 10 76 124 at 10


72 118 at 10
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and 2-bromo analogs (57 and 60, 58 and 17, 59, and 65).
Moving the fluorine from the ortho to the meta (63 and 64)
or moving the methyl or chlorine from the ortho to the
para (60 and 61, 17 and 62) reduces affinity at NOP.
The cyclooctylmethyl analog 66 and the tetralinyl analog
67 provide high affinity at NOP and good to excellent
selectivity over MOP, KOP, and DOP, and also produce
an antagonist response. Table 4 shows the functional
activity of the benzhydryl modification analogs when
the nociceptin receptor binding is less than 10 nM. With
the exception of 66 and 67, these compounds in Table 3
display a potent agonist response.


Additional SAR work on the potent and selective NOP
agonist 17 centers on the benzylic nitrogen modification
of the C-4 phenyl. Table 5 includes the binding affinity

of representative compounds. In general, this modifica-
tion yields high affinity NOP agonists. The 1�-, 2�-,
and 3�-amines, sulfonamides, and ureas are well toler-
ated. A number of these compounds also display good
selectivity over the MOP, KOP, and DOP receptors.
Table 6 shows the functional activity of the benzylic
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nitrogen modification analogs. All of these compounds
exhibit a good nociceptin receptor agonist activity.


To investigate the in vivo pharmacology of nociceptin
receptor agonists, selected compounds have been evalu-
ated for their antitussive activity in a capsaicin-induced
guinea pig model.4a,b The most potent antitussive com-
pound in the 4-hydroxy-4-phenyl series is compound
70. Compound 70 exhibits oral antitussive activity with
an ED50 of 0.06 mg/kg at 2 h and 0.15 mg/kg at 6 h.


In summary, the SAR development of N-benzhydryl
substituted 4-hydroxy-4-phenylpiperidines has identified
a series of 4-[2-(aminomethyl)phenyl]-1-[bis(2-chlor-
ophenyl)methyl]-4-hydroxypiperidine analogs that exhi-
bit enhanced affinity and functional activity and
improved selectivity relative to the lead compound 1.
Compound 70 exhibits an good excellent in vivo efficacy
in the guinea pig model of capsaicin-induced cough.
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Abstract—A methylenebis(sulfonamide) linked NAD analogue has been designed to circumvent the metabolically unstable, ionic
nature of the natural pyrophosphate linkage. This NAD analogue is assembled through two Mitsunobu reactions of a methylene-
bis(sulfonamide) linker with two protected nucleosides. A 2,4-dimethoxybenzyl group is used as a sulfonamide protective group,
which allows facile removal under mildly acidic conditions. This NAD analogue inhibits IMPDH at low micromolar concentration.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. TAD and analogues.

Nicotinamide adenine dinucleotide (NAD) contains a
pyrophosphate linkage which is present in numerous
biologically important molecules. In addition to NAD’s
key role in redox reactions in cells, it has recently been
found to be involved in various biological processes
including post-translational protein modification and
signal transductions.1 The pyrophosphate linkage is also
a crucial component in the activated form of glycosyl
donors used by numerous glycosyl transferases that par-
ticipate in oligosaccharide and glycoprotein syntheses.
Furthermore, exogenous nucleosides, such as tiazofurin
and benzamide riboside, can be metabolically activated
and converted into the corresponding NAD analogues
such as TAD (1, Fig. 1) through the formation of a
pyrophosphate linkage.2,3 These NAD analogues are
potent inhibitors of IMP-dehydrogenase (IMPDH),
which catalyzes the rate-limiting step in the de novo syn-
thesis of guanine nucleotides. However, such pyrophos-
phate linked molecules are readily cleaved by cellular
enzymes such as phosphodiesterases and their ionic nat-
ure prevents them from penetrating the cell membrane.
Therefore, there is a growing interest in design and syn-
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thesis of metabolically stable and preferably neutral
mimics of the pyrophosphate moiety of NAD and other
biologically important pyrophosphates.4–7


Our laboratory has been actively pursuing NAD ana-
logues as potent inhibitors of IMPDH, which in recent
years has emerged as a major therapeutic target for
the design of immunosuppressant, anticancer and antivi-
ral agents.8
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We and others have developed pyrophosphate mimics
such as methylenebis(phosphonate) analogues of TAD
(2),9,10 other bis(phosphonate)s,10–12 and phosphono-
phosphates13 Herein we report our design and synthesis
of NAD analogue 3 in which two nucleoside moieties
are connected via a methylenebis(sulfonamide) linker
(Fig. 1). We expect that the weakly acidic bis(sulfon-
amide) functionality will not ionize under physiological
conditions. At the same time, the partial negative charge
delocalized onto the oxygen atoms would sufficiently mi-
mic the negative charges present in the naturally occur-
ring pyrophosphate linkage. Furthermore, with
tetrahedral sulfur atoms, the proposed methylenebis(sul-
fonamide) linker is expected to closely resemble the
geometry of the methylenebis(phosphonate) linker
which mimics the pyrophosphate moiety well.


NAD analogue 3 was assembled by two sequential Mits-
unobu reactions (Scheme 2) between properly protected
nucleosides 4 and 5,14 and the sulfonamide moiety, fol-
lowed by removal of the protective groups (Fig. 2).
The key bis(sulfonamide) intermediate 7 (Scheme 1)
was readily prepared by reaction of bis(sulfonyl) chlo-
ride 615 with benzylamine in high yield. The first Mitsun-
obu reaction incorporated an isopropylidene protected
adenosine 4, while the second introduced an isopropy-
lidene protected tiazofurin 5 to give protected bis(sul-
fonamide) 11 albeit in low yields (Scheme 2). With two
nucleosides in place, hydrogenolysis was attempted to
remove the benzyl protective groups present in 11.
Unfortunately no cleavage of benzyl groups was ob-
served according to 1H NMR. This finding was not
unexpected considering the fact that cleavage of sulfon-
amide benzyl groups has been previously demonstrated
to be difficult.16,17
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To circumvent this problem, we designed a new bis(sul-
fonamide) intermediate 8 (Scheme 1) which contains 2,4-
dimethoxybenzyl protective groups. The 2,4-dialkoxy-
benzyl moiety, which can be cleaved under mild acidic
conditions, has found broad applications in solid-phase
organic synthesis. For instance, acid sensitive methoxy
benzaldehyde linker (AMEBA) has been used for the so-
lid-phase syntheses of secondary amide, sulfonamide,
and carbamate derivatives.18 Recently fluorous-tagged19


and ionic liquid20 version of AMEBA have been devel-
oped. We expected that substitution of benzyl with
2,4-dimethoxybenzyl would allow facile cleavage under
mild acidic conditions after the assembly of a protected
dinucleotide analogue.17,21


Thus new bis(sulfonamide) intermediate 8 was prepared
in excellent yield under conditions similar to those de-
scribed above for 7. It was subjected to a sequence of
two Mitsunobu reactions to give 12 (Scheme 2). At least
three equivalents of acidic components involved in the
Mitsunobu reactions, for example, 8 and 10, should be
used. Slow addition of these acidic components was also
found to be crucial. A smooth removal of 2,4-dimeth-
oxybenzyl groups from 12 was accomplished as expected
under mild conditions. Subsequent one-pot acidic
hydrolysis of isopropylidene protective groups afforded
the desired NAD analogue 3.22


The desired methylenebis(sulfonamide) NAD analogue
3 was evaluated against isoforms of human IMPDH.13


It showed IC50 values of 23.6 and 18.8 lM against the
type I and type II enzymes, respectively. However, this
NAD analogue did not show anti-proliferation activity
against the K562 cell line (IC50 > 100 lM).


Analysis of the crystal structures of type II IMPDH with
two known inhibitors C2-MAD (13, Fig. 3),11 SAD (14),
and NAD (PDB entries 1NF7, 1B3O, and 1NFB)23 sug-
gests that in each case, one of the phosphate oxygen
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atoms must be protonated, although the specific interac-
tions are different in each case. For example, in C2-
MAD,11 the mycophenolic phosphate has one oxygen
3.0 Å away from water 73. Because water 73 is donating
one of its hydrogens to Gln 441 and its other hydrogen
is shared between the carboxylate oxygens of Asp 470,
the phosphate oxygen is likely protonated. In the
NAD cocrystal structure, the hydroxyl of Ser 275 is
within hydrogen bonding distance of the Gln 277 back-
bone carbonyl and an oxygen of the adenosine phos-
phate. Finally, in the structure of SAD (Fig. 4), a
close analogue of TAD (1), the 3 0-hydroxyl of the sele-
nazofurin sugar is within hydrogen bonding distance
of both the Asp 274 backbone carbonyl and one of
the selenazofurin phosphate oxygens.


The requisite protonation of one phosphate oxygen, as
indicated by our structural analysis, might explain the
lower potency of compound 3, in which the methylene-
bis(sulfonamide) linkage cannot allow protonation on
oxygen atoms. This lack of protonation would prevent
the methylenebis(sulfonamide) linker form engaging in
hydrogen bonding interactions, which are crucial for
inhibitory activities. The lower activity of the bis(sulfon-
amide) analogue present here also suggests that activity

Figure 4. Linker interactions of 14 with IMPDH (PDB entry 1B3O).


The surface of residues 274–276 is shown in orange, with the remainder


of the protein surface in green.

may depend on the linker being adaptable to different
hydrogen bonding situations as the protein structure
changes during the catalytic cycle,24 although the inter-
actions are not consistent among the X-ray structures.
Currently we are exploring alternative linkers which
have an enhanced ionic character and contain structural
features that can interact with the amino acid residues
surrounding the linker region.


In summary, we have designed a methylenebis(sulfon-
amide) linked NAD analogue that shows inhibitory
activity against human type I and type II IMPDH. We
have devised a convergent synthesis that involves a se-
quence of two Mitsunobu reactions and facile removal
of 2,4-methoxybenzyl protective groups. Given the mild
conditions utilized in our synthesis, it is expected that
our approach will find broad application in the synthesis
of methylenebis(sulfonamide) as a mimic of pyrophos-
phate linkages which are present in various biologically
important molecules.
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Abstract—The synthesis of a series of aminoethylbiphenyls as novel 5-HT7 receptor ligands is described. The novel derivatives exhi-
bit high affinity for the 5-HT7 receptor with selectivity toward 5-HT1A receptor.
� 2007 Elsevier Ltd. All rights reserved.

The 5-HT7 receptor (5-HT7R) is the most recent subtype
identified of the serotonin (5-HT) receptor family.1


Application of molecular cloning has led to the identifi-
cation and the characterization of the 5-HT7 receptor
subtype from rat,2–5 mouse,6 human,7 guinea-pig8, and
pig.9 The 5-HT7 receptors have been located in the cen-
tral nervous system (thalamus, hypothalamus, hippo-
campus, cortex) and in peripheral tissues (pancreas,
spleen, coronary artery, ileum).3,5,7 Although biological
functions of these receptors are poorly understood, re-
cent reports suggest that 5-HT7 receptors are involved
in the pathophysiology of several disorders such as anx-
iety,10 depression,10,11 schizophrenia,12 control of circa-
dian rhythm,13 migraine,14 nociception,15 epilepsy,16


and relaxation of blood vessels.17 The 5-HT7 receptors
are also involved in different endocrine functions.18,19


Several 5-HT7R ligands have been reported,20 including
aporphine analogues 120e and aminotetralins 2a–b20g


(Fig. 1).


We also recently described a novel series of phenylpyr-
roles as 5-HT7R ligands (Fig. 2).21 However, these com-
pounds were also potent ligands of the 5-HT1A receptor.
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We postulated that the 5-HT1AR affinity was due to the
presence of the 2-methoxyphenylpiperazine moiety,
which is a key fragment in many 5-HT1A receptor
ligands.22–25


We now wish to report our efforts in identifying a new
series of 5-HT7R ligands with good selectivity toward
the 5-HT1A receptor.


We analyzed the structural homology of the phenylpyr-
roles 6 with the fused polycyclic analogues 5 (left) and
aminotetralin (right) (Fig. 3).26,27 This led to a hypothe-
sis that simple phenylpyrroles 6 would be interesting
structures to investigate.


From these observations, we decided to synthesize a
series of phenylpyrroles bearing an ethylamine chain in
position 3 of the pyrrole (Scheme 1, compounds 9a–c
and 10a–b).


These compounds were prepared from 7a–c21 as
outlined in Scheme 1. Nitrovinyl compounds 8a–c were
obtained by the reaction of nitromethane with aldehydes
7a–c, in the presence of ammonium acetate. Primary
amines 9a–c were prepared by reduction of nitrovinyl
8a–c with LiAlH4.28 Compounds 9a–b were then
subjected to Eschweiler–Clarke conditions, with formal-
dehyde and sodium cyanoborohydride in acetic acid, to
give the N,N-dimethyl derivatives 10a–b.29–31


The results of binding assays on 5-HT7
4,5 and 5-HT1A


32


receptors are given in Table 1. Contrary to our
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Figure 1. 5-HT7 antagonist 1, 2a and agonist 2b of the aporphine and 2-aminotetralin series.
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3c R = 2-Me, 6-CO2Me;  5-HT7  Ki = 18nM;  5-HT1A  Ki = 18.5 nM


Figure 2. Phenylpyrroles 3a–c as novel 5-HT7 receptor ligands.
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Figure 3. Alignment between phenylpyrrole 6 and phenylaporphine 5 (left) o
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Scheme 1. Reagents and conditions: (i) 2.5 equiv ammonium acetate, CH3N


(iii) 2.7 equiv NaBH3CN, 4 equiv HCHO, AcOH, MeOH, rt, 8 h, 42%.
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hypothesis, the 5-HT7R affinity was not improved by
shifting the ethylamine chain from position 2 to position
3 of the pyrrole and alkylation of the amino group did
not result in an increase in affinity (compounds 10a–b).
However, these compounds showed no affinity for the
5-HT1A receptor. These results support the hypothesis
that the 2-methoxyphenylpiperazine moiety could be
responsible for the lack of selectivity.


In order to better align with both phenylaporphine and
aminotetraline compounds, we chose to replace the pyr-
role by a second phenyl group.

N


Me


Sybil


5


 
r aminotetralin (right).


N


NH2


R


N


N
Me


Me


R


10a-ba-c


(iii)


O2, reflux, 5 h, 80–99%; (ii) 4 equiv LiAlH4, THF, reflux, 4 h, 81–94%;







Table 1. Human 5-HT7 receptor and rat 5-HT1A affinities of compounds 9a–c and 10a–ba


Compound R 5-HT7 % Inhib. 5-HT1A % Inhib.


10�6 M 10�8 M 10�6 M 10�8 M


9a 2-CH3 62 5 16 0


9b 2,4,6-CH3 0 0 0 0


9c 2,3-CH3 48 25 17 0


10a 2-CH3 87 16 41 14


10b 2,4,6-CH3 56 3 20 0


a 5-HT7 receptors and radioligand used in binding assays: human cloned receptors in sf9 cells, [3H]LSD, according to Refs. 4 and 5. Binding


experiments on 5-HT1A receptors were realized according to Hall et al.’s procedure.32
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The series of aminoethylbiphenyls were synthesized
from the commercially available 3-bromophenethyla-
mine 11. N,N-dimethylation of the primary amine 11,
followed by Suzuki cross-coupling reactions, afforded
the target compounds 12a–i (Scheme 2). Boc-protection
of 11, followed by Suzuki cross-coupling reactions and
acidic hydrolysis, led to compound 13.


Compound 15 was obtained from the commercially
available 3-bromophenylacetonitrile 14 after hydroly-
sis,33 reduction34, and amination by morpholine via
the mesylate.35 The Suzuki cross-coupling reaction
between 2,6-dimethoxyphenylboronic acid and 15 led
to 16 (Scheme 2).


These novel biaryls were evaluated for their affinity for
the 5-HT7 and 5-HT1A receptors, according to methods
previously described4,5,32 and the results are summarized
in Table 2.


In this series, the 5-HT7 affinity and selectivity depend
on the substitution of the phenyl ring A. Introduction

Br
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N


Me


Me


NH2


Ar


Br


CN
N
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MeO OMeBr
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11
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(i),(ii)
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(vi)-(ix) (x)


14 15 16
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Scheme 2. Reagents and conditions: (i) 2.7 equiv NaBH3CN, 4 equiv


HCHO, AcOH, MeOH, rt, 8 h, 77%; (ii) 1.8 equiv ArB(OH)2, 5%


(PPh3)4Pd, Tol/EtOH 9:1, 2.5 equiv Na2CO3, reflux, 24 h, 49–89%; (iii)


1.1 equiv (Boc)2O, 2.5 equiv TEA, THF, N2, rt, 12 h, 77%; (iv) 1.8


equiv ArB(OH)2, 5% (PPh3)4Pd, Tol/EtOH 9:1, 2.5 equiv Na2CO3,


reflux, 24 h, 84%; (v) HCl, Et2O, rt, 12 h, 61%; (vi) 3 equiv LiOH,


MeOH/H2O 3:1, 50�C, 72 h, 78%; (vii) 2 equiv BH3.THF 1M, THF,


0�C, 4 h, 93%; (viii) 1.2 equiv CH3SO2Cl, Pyridine, rt, 12 h, 65%; (ix) 4


equiv morpholine, DMF, reflux, 24 h, 72%; (x) 2 equiv ArB(OH)2, 5%


(PPh3)4Pd, Tol/EtOH 9:1, 4.5 equiv Na2CO3, reflux, 24 h, 36%.

of ortho substituents (Me or OMe) into the phenyl ring
A increased the 5-HT7R affinity (12b and 12c) as de-
scribed for other 5-HT7 ligands.20e,g,h Moreover, these
ortho substituted compounds showed a good selectivity
toward 5-HT1A receptor. The presence of a substituent
in ortho position was essential for the 5-HT7R affinity.
We can hypothesize that the aryl groups A and B should
not be placed in the same plane. The distributions of the
dihedral angle between the two phenyl rings, not substi-
tuted and ortho substituted, were analyzed from CSD
data.36 The results showed clearly a different distribu-
tion between the two fragments (values of 0� highly
probable without substitution and around 45� for ortho
substituted). So, these results (compounds 12e–i) sup-
port this hypothesis.


Introduction of a second substituent in ortho position
does not modify the 5-HT7R affinity (12a, 12d) but im-
proves the selectivity toward the 5-HT1A receptor. In-
deed, the 5-HT1A/5-HT7 affinity ratio is around 60 for
compounds 12b and 12c, and increased respectively to
400 and 600 when we introduced a second substituent
in ortho position of the phenyl group (12a and 12d).


In addition, we observed that an increase of the steric
hindrance on the basic nitrogen atom led to inactive
compound (compare 16 and 12a), whereas the free ami-
no group was tolerated (compare 13 and 12b). Other
compounds will be synthesized to confirm this
observation.


Compounds 12a and 12b were then evaluated for their
pharmacological profile by using a specific test of aldo-
sterone secretion from perifused rat adrenal cortex
stimulated by serotonin through 5-HT7R.37,38 Com-
pound 12b behaved as 5-HT7 antagonist with calcu-
lated pKb value of 7.03. In contrast, compound 12a
was found to be a partial agonist with no antagonistic
profile.


From our initial series of phenylpyrroles, with a moder-
ate 5-HT7 affinity, we obtained a new series of com-
pounds with high 5-HT7 affinity by replacement of the
pyrrole cycle by a second phenyl cycle. Furthermore, a
good selectivity toward 5-HT1A receptor was observed
for most of these compounds, in particular for the dior-
tho substituted compounds.


These results show that aminoethylbiphenyles could be
considered as interesting simplified structures of the phe-
nylaporphine 5, with an easier synthetic access.







Table 2. Binding affinities of compounds 12a–i, 13, and 16 to human 5-HT7 and rat 5-HT1A receptorsa


Compound Ar (A) 5-HT7 % Inhib. Ki 5-HT1A % Inhib. Ki


10�6 M/10�8 M (nM)c 10�6 M/10�8 M (nM)c


12a 2,6-DiMeOPh 100/50 8.6 18/3 4826


12b 2-MePh 81/72 7.6 85/1 443


12c 2-MeOPh 69/23 8.4 48/12 531


12d 2,6-DiMePh 93/73 6.2 33/6 2250


12e Ph 70/18 NDb 18/2 ND


12f 4-MeOPh 52/9 ND 37/0 ND


12g 3,4-DiMeOPh 38/0 ND 52/12 ND


12h 2-Thienyl 75/12 ND 63/6 ND


12i 3-Thienyl 87/12 ND 64/20 ND


13 2-MePh 92/71 7.5 37/0 1470


16 2,6-DiMeOPh 9/0 ND 14/7 ND


a 5-HT7 receptors and radioligand used in binding assays: human cloned receptors in sf9 cells, [3H]LSD, according to Refs. 4 and 5. Binding


experiments on 5-HT1A receptors were realized according to Hall et al.’s procedure.32


b Not determined.
c The Ki-values are means of three experiments.
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In conclusion, we have identified new leads in the search
of 5-HT7R ligands with antagonist or partial agonist
profile. The best compounds 12a and 12b will be submit-
ted to further pharmacological studies.
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Abstract—Six novel AChE reactivators with a (Z)-but-2-ene linker were synthesized using the known synthetic pathways. Their abil-
ity to reactivate AChE, which had been previously inhibited by nerve agent tabun or pesticide paraoxon, was tested in vitro and
compared to pralidoxime, HI-6, obidoxime, and K075. The novel synthesized compounds were found to be ineffective against
GA-inhibited AChE but the ability of (Z)-1,4-bis(4-hydroxyiminomethylpyridinium)-but-2-ene dibromide to reactivate paraoxon-
inhibited AChE was comparable with that of oxime K075. Notably, the oxime group in position four substantially increased the
ability of the novel compounds to reactivate paraoxon-inhibited AChE.
� 2007 Elsevier Ltd. All rights reserved.

C2H5O ONC O

Acetylcholinesterase (AChE, EC 3.1.1.7) is a well-
known enzyme studied for various reasons, for example,
Alzheimer’s disease, Parkinson disease, an eco-toxico-
logy marker.1–3 The enzyme occurs throughout inverte-
brates and vertebrates species.4,5 Many inhibitors of
AChE exist both in natural and artificial compounds.5,6


The organophosphorus inhibitors of AChE (OPI) are
some of the oldest artificial inhibitors synthesized
(Fig. 1), for example the first members of this group
were synthesized as military nerve agents (NA; e.g., sar-
in, soman, tabun).5 Afterwards many similar com-
pounds with decreased toxicity were prepared. These
are currently used in agricultural production as pesti-
cides (e.g., parathion, chlorpyrifos, diazinon) or for
industrial purposes as softening agents and flame retar-
dants.7 Therapeutically, metrifonate was also proved for
treatment of Alzheimer’s disease.8
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All OPI irreversibly inhibit AChE through binding to a
serine hydroxyl within the active site of the enzyme.
Subsequently, the AChE is not able to fulfill its physio-
logical role in cholinergic transmission and so leads to
over-stimulation by acetylcholine with the resultant pos-
sibility of respiratory failure and death.5


The AChE reactivators (e.g., pralidoxime, obidoxime,
HI-6; Fig. 2) in combination with atropine have been used
to counteract the poisonous effects of OPI. The reactiva-
tor is able to cleave the covalent bond between the OPI
and AChE, restoring the activity of the enzyme. This reac-
tivation process consists of an attack of the nucleophilic
oxime group (in the form of oximate anion) on the cova-
lent bond. However, there is no reactivator able to coun-

tabun paraoxon


P
OC2H5O NO2


P
N(CH3)2C2H5O


Figure 1. Examples of organophosphorus inhibitors of acetyl-


cholinesterase.
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Figure 2. Examples of AChE reactivators used and tested.
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teract the full spectrum of OPI.9 Moreover, the covalent
bond present between OPI and the enzyme is very stable
and is subjected to intramolecular modifications
called ‘aging’.10 For example, the nerve agent tabun
(GA; O-ethyl-N,N-dimethylphosphoramidocyanidate)
undergoes one of the fastest aging processes that makes
GA-inhibited AChE almost impossible for reactivation.11


Ekström et al. described this modification by changes
within the cavity of GA-inhibited AChE, especially at

2 Br
N N


HON=HC CH=NOH


Compound Oxime position 
5 2,2´-CH=NOH
6 3,3´-CH=NOH
7 4,4´-CH=NOH
8 2,3´-CH=NOH
9 2,4´-CH=NOH
10 3,4´-CH=NOH


Figure 3. Six oxime reactivators tested against tabun and paraoxon-


inhibited AChE.
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BrHO OH
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acetone; 50°C HON=HC


(Ph)3PBr2


Scheme 1. Preparation of bisquaternary substances with (Z)-but-2-ene linke

the hydrogen bonds of His447.12,13 Additionally, the con-
formational change of Pro338 partially closes the narrow
AChE cleft. Consequently the phosphoramidoyl group of
GA is replaced by a molecule of water and the rest of GA
molecule is coordinated in the enzyme’s cavity.


The reactivators of AChE bearing a (E)-but-2-ene linker
have been published previously.14,15 Some of these reac-
tivators (e.g., K075; Fig. 2) showed very promising
activity in the reactivation of GA in vitro and so were
subjected to further in vivo testing.16 Owing to the
in vitro results, the idea to modify the (E)-formation
of the double bond for related (Z)-but-2-ene linker
was used. Consequently, six novel reactivators (5–10)
were prepared in an appropriate yield and purity
(Fig. 3). At first, a novel synthetic approach for prepara-
tion of (Z)-1,4-dibromobut-2-ene (13) from a corre-
sponding diol was used.17 Second, monoquaternary
substances (11–12) were synthesized in the presence of
excess alkylating agent. Finally, the bisquaternary com-
pounds were produced (5–10) (Scheme 1).18 Their reac-
tivation activity was measured using a model of GA and
paraoxon-inhibited rat brain AChE.


In vitro testing of synthesized oximes involved standard
experimental procedures and is described in full by the
work of Kuca and Cabal.19 Briefly, a 10% rat brain
homogenate (the source of AChE) in water was inhib-
ited by GA or paraoxon. After 30 min of incubation
with the OPI moiety, this achieved 95% inhibition of
AChE. Next the reactivator was added to the solution
for a further 10 min. Activities of intact AChE (a0),
inhibited AChE (ai), and reactivated AChE (ar) were de-
duced from the rate of consumption of a NaOH solution
(0.01 M). The percentage of reactivation (%) was
calculated from the measured data according to the
formula:


x ¼ 1� a0 � ar


a0 � ai


� �
� 100½%�


Pralidoxime, HI-6, obidoxime, and K075 (1–4) of HPLC
purity were synthesized in our laboratory and used as
references. Collected data are summarized in Table 1.

2 Br
N N


C CH=NOH


Br


13


5-10


Br
N Br


11-12


DMF (MeCN)
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N
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Table 1. Reactivation potencies of tested oximes (%, mean value of


three independent determinations)—time of inhibition—30 min; time


of reactivation by AChE reactivators—10 min; pH 7.6; temperature


25 �C


Inhibitor Reactivation (%)


tabun paraoxon


Reactivator/concentration 10�3 M 10�5 M 10�3 M 10�5 M


Pralidoxime (1) 4 ± 1 0 42 ± 1 0


HI-6 (2) 2 ± 1 4 ± 1 35 ± 2 0


Obidoxime (3) 11 ± 0 0 76 ± 2 37 ± 2


K075 (4) 16 ± 1 23 ± 1 60 ± 1 46 ± 2


5 2 ± 0 0 26 ± 1 13 ± 0


6 0 0 5 ± 1 8 ± 1


7 0 0 40 ± 3 46 ± 1


8 0 0 0 14 ± 0


9 0 1 ± 0 19 ± 1 29 ± 0


10 0 5 ± 0 3 ± 0 18 ± 1
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The required reactivation potency able to counteract the
effect of OPI in vivo should exceed 10% of reactivated
AChE in vitro.5 In the case of NA, there are only a few
reactivators able to fulfill this criterion.11 Our results for
GA-inhibited AChE confirmed this. Only two known
substances (3, 4) were able to exceed 10% capability. How-
ever, a concentration of 10�3 M is not suitable for human
use due to the noxious effects of the reactivator itself.20


For this reason, only K075 (4) at a concentration of
10�5 M was chosen for further testing. Surprisingly, six
of the novel substances showed no reactivation ability,
not even compound 7 which differed from K075 only in
the shape of the double bond in the connecting linker.


The reactivation ability of oximes for the paraoxon-
inhibited AChE was different. First, the reactivators
developed for NA are not suitable for treatment of OP
pesticides (1–2) at concentrations applicable for human
use with exception of obidoxime (3).21 However, the
higher toxicity of obidoxime in comparison to HI-6 is
well known.22 All of our novel reactivators showed some
reactivation ability at a concentration of 10�5 M which
is more appropriate for human use. Although the con-
centration is lower, some of them (6–10) had higher
reactivation ability in contrast with concentration
10�3 M. This phenomenon can be explained as inhibi-
tion of AChE by the reactivator itself, as was previously
published.23 One novel compound (7) showed the most
promising result and was able to extend the reactivation
potency of K075 at the concentration 10�5 M.

Figure 4. Different spatial orientation of (E)- and (Z)-1,4-bis(4-hydroxyimin


CambridgeSoft Corp.).

Additionally, the structural factors necessary for reacti-
vation of GA and paraoxon-inhibited AChE were deter-
mined. The main structural features which influence the
reactivation potency are the oxime functional group (its
position and amount), the quaternary heteroaromatic
ring, and the connecting linker for bisquaternary reacti-
vators.24 As previously mentioned, the GA-inhibited
AChE is subject to intramolecular changes which par-
tially close the cavity of AChE. For this reason, only
compounds with compatible shapes and relatively small
sizes can effectively counteract the exposure of GA.25 By
these means, compounds with an oxime moiety at posi-
tion four of the heteroaromatic ring are preferred (3–4).
Nevertheless, our results confirmed that other features
are also necessary for the reactivation process. While
oxime K075 with (E)-but-2-ene linker was promising
in in vitro tests, the novel reactivator 7 with (Z)-but-2-
ene linker was ineffective. This observation could be
plausibly explained by the distinct molecular shapes
arising from differences in the connecting chain
(Fig. 4). The interaction with the GA-inhibited AChE
is unknown and will be further investigated.


In contrast, the reactivation efficacy of paraoxon-inhib-
ited AChE for K075 and the novel compound 7 was
comparable. Generally, the OP pesticides were weaker
inhibitors of AChE and moreover, the structural
changes in the enzyme’s cavity do not occur.26 The
novel compounds showed increasing efficacy for parao-
xon-inhibited AChE at a concentration of 10�5 M, influ-
enced by the position of the oxime moiety: position
3,3 0 < position 2,2 0 < position 2,3 0 < position 3,4 0 < po-
sition 2,4 0 < position 4,4 0. Remarkably, the oxime group
in position four on heteroaromatic ring increases the
ability of compound to reactivate paraoxon-inhibited
AChE.27,28 In addition, the novel reactivators contain
two quaternary nitrogens, which are considered to have
better affinity for the cavity of AChE.29–32 The influence
of (E)- or (Z)-but-2-ene linker will also be further
investigated.


In conclusion, six novel reactivators of AChE with (Z)-
but-2-ene linker were prepared in satisfactory yield and
purity. The ability of these six compounds together with
pralidoxime, HI-6, obidoxime, and K075 to reactivate
GA and paraoxon-inhibited AChE was measured
in vitro. Only K075 exceeded the potency of obidoxime
against GA. Compounds bearing an oxime group at
position four were found to be promising against

omethylpyridinium)-but-2-ene dibromide (from Chem 3D, version 9.0;
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paraoxon-inhibited AChE at a concentration applicable
for use in vivo. Although the novel compounds were not
effective against GA-inhibited AChE, they showed
promising results in reactivation of paraoxon- inhibited
AChE.
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(0.39 g, 1.8 mmol) in DMF (10 ml) was stirred at 50–
100 �C. The reaction mixture was cooled to the room
temperature and portioned with acetone (50 ml). The
crystalline crude product was collected by filtration,
washed with acetone (3· 20 ml), and recrystallized from

MeCN (5–7). (B) Preparation of non-symmetrical salts—
A solution of the hydroxyiminomethylpyridine (1.5 g,
12.3 mmol) and (Z)-1,4-dibromobut-2-ene (7.88 g,
36.8 mmol) in acetone (30 ml) was stirred at 50 �C. The
reaction mixture was cooled to the room temperature. The
crystalline crude product was collected by filtration,
washed with acetone (3· 20 ml), and recrystallized from
MeCN (11–12). A solution of the monoquaternary salt
(0.50 g, 1.5 mmol) and corresponding hydroxyiminometh-
ylpyridine (0.27 g, 2.2 mmol) in DMF (10 ml) or MeCN
(50 ml) was stirred at 50–100 �C. The reaction mixture was
cooled to the room temperature and portioned with
acetone (50 ml); the crystalline crude product was col-
lected by filtration, washed with acetone (3· 20 ml), and
recrystallized from MeCN (8–10).
(Z)-1,4-bis(2-hydroxyiminomethylpyridinium)-but-2-ene
dibromide (5). Prepared by method A. The reaction
mixture was stirred at 50 �C and stopped after 8 h. Yield
0.24 g (29%), mp 219–221 �C. 1H NMR spectrum
(300 MHz, D2O): d (ppm) 8.95 (d, 2H, J = 6.0 Hz, PyrH),
8.72 (s, 2H, –CH@NOH), 8.68–8.55 (m, 2H, PyrH), 8.45
(d, 2H, J = 7.8 Hz, PyrH), 8.22–8.04 (m, 2H, PyrH), 6.22–
6.03 (m, 2H, –CH@), 5.71 (d, 4H, J = 4.1 Hz, –CH2–). 13C
NMR spectrum (75 MHz, D2O): d (ppm) 146.40, 145.76,
145.21, 141.68, 127.77, 126.99, 55.58. EA: calcd 41.95% C,
3.96% H, 12.23% N; found 41.37% C, 4.14% H, 11.78% N.
ESI-MS: m/z 149.1 [M]2+ (calcd for [C8H9N2O]2+ 149.17).
(Z)-1,4-bis(3-hydroxyiminomethylpyridinium)-but-2-ene
dibromide (6). Prepared by method A. The reaction
mixture was stirred at 100 �C and stopped after 2 h. Yield
0.75 g (89%), mp 230–232 �C. 1H NMR spectrum
(300 MHz, D2O): d (ppm) 9.18 (s, 2H, PyrH), 8.96 (d,
2H, J = 6.0 Hz, PyrH), 8.80 (d, 2H, J = 8.0 Hz, PyrH),
8.41 (s, 2H, –CH@NOH), 8.23–8.13 (m, 2H, PyrH), 6.34–
6.23 (m, 2H, –CH@), 5.65 (d, 4H, J = 4.1 Hz, –CH2–). 13C
NMR spectrum (75 MHz, D2O): d (ppm) 144.23, 143.89,
142.51, 141.98, 133.37, 128.08, 127.91,57.74. EA: calcd
41.95% C, 3.96% H, 12.23% N; found 41.58% C, 4.12% H,
12.00% N. ESI-MS: m/z 149.1 [M]2+ (calcd for
[C8H9N2O]2+ 149.17).
(Z)-1,4-bis(4-hydroxyiminomethylpyridinium)-but-2-ene
dibromide (7). Prepared by method A. The reaction
mixture was stirred at 100 �C and stopped after 2 h. Yield
0.69 g (82%), mp 230–232 �C. 1H NMR spectrum
(300 MHz, D2O): d (ppm) 8.90 (d, 4H, J = 6.0 Hz, PyrH),
8.41 (s, 2H, –CH@NOH), 8.26 (d, 4H, J = 6.0 Hz, PyrH),
6.34–6.20 (m, 2H, –CH@), 5.56 (d, 4H, J = 4.1 Hz, –CH2–).
13C NMR spectrum (75 MHz, D2O): d (ppm) 148.77,
145.74, 144.12, 127.96, 124.56, 57.00. EA: calcd 41.95% C,
3.96% H, 12.23% N; found 39.66% C, 4.55% H, 11.41% N.
ESI-MS: m/z 149.1 [M]2+ (calcd for [C8H9N2O]2+ 149.17).
(Z)-1-(2-Hydroxyiminomethylpyridinium)-4-(3-hydroxyi-
minomethylpyridinium)-but-2-ene dibromide (8). Pre-
pared by method B via (11). The reaction mixture was
stirred at 50 �C and stopped after 6 h. Yield 0.44 g (65%),
mp 194–195 �C. 1H NMR spectrum (300 MHz, D2O): d
(ppm) 9.14 (s, 1 H, PyrH), 9.00–8.89 (m, 2H, PyrH), 8.79
(d, 1H, J = 8.2 Hz, PyrH), 8.70 (s, 1H, –CH@NOH), 8.65–
8.56 (m, 1H, PyrH), 8.47–8.37 (m, 2H, PyrH+
–CH@NOH), 8.20-8-06 (m, 2H, PyrH), 6.27–6.08 (m,
2H, –CH@), 5.73 (d, 2H, J = 4.5 Hz, –CH2–), 5.60 (d, 2H,
J = 5.1 Hz, –CH2–). 13C NMR spectrum (75 MHz, D2O):
d (ppm) 146.27, 145.68, 145.26, 144.12, 142.39, 141.59,
133.29, 128.24, 128.00, 127.67, 127.16, 126.43, 57.65,
55.56. EA: calcd 41.95% C, 3.96% H, 12.23% N; found
40.77% C, 4.21% H, 11.61% N. ESI-MS: m/z 149.1 [M]2+


(calcd for [C8H9N2O]2+ 149.17).
(Z)-1-(2-Hydroxyiminomethylpyridinium)-4-(4-hydrox-
yiminomethylpyridinium)-but-2-ene dibromide (9). Pre-
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pared by method B via (11). The reaction mixture was
stirred at 50 �C and stopped after 5 h. Yield 0.43 g (63%),
mp 181–183 �C. 1H NMR spectrum (300 MHz, D2O): d
(ppm) 8.95 (d, 1H, J = 6.0 Hz, PyrH), 8.88 (d, 2H,
J = 6.0 Hz, PyrH), 8.69 (s, 1H, –CH@NOH), 8.64–8.54
(m, 1H, PyrH), 8.47–8.37 (m, 2H, PyrH+ –CH@NOH),
8.26 (d, 2H, J = 6.0 Hz, PyrH), 8.15–8.05 (m, 1H, PyrH),
6.25–6.07 (m, 2H, –CH@), 5.71 (d,2H, J = 4.5 Hz, –CH2–),
5.54 (d, 2H, J = 5.1 Hz, –CH2–). 13C NMR spectrum
(75 MHz, D2O): d (ppm) 148.66, 146.28, 145.67, 145.63,
145.24, 144.00, 141.59, 128.02, 127.67, 127.16, 126.69,
124.48, 56.96, 55.54. EA: calcd 41.95% C, 3.96% H,
12.23% N; found 41.51% C, 4.13% H, 11.89% N. ESI-MS:
m/z 149.1 [M]2+ (calcd for [C8H9N2O]2+ 149.17).
(Z)-1-(3-Hydroxyiminomethylpyridinium)-4-(4-hydroxy-
iminomethylpyridinium)-but-2-ene dibromide (10). Pre-
pared by method B via (12). The reaction mixture was
stirred at 100 �C and stopped after 1.5 h. Yield 0.44 g
(65%), mp 197–199 �C. 1H NMR spectrum (300 MHz,
D2O): d (ppm) 9.17 (s, 1H, PyrH), 8.98–8.88 (m, 3H,
PyrH+ –CH@NOH), 8.79 (d, 1H, J = 8.1 Hz), 8.48–8.37
(m, 2H, PyrH+ –CH@NOH), 8.27 (d, 2H, J = 6.0 Hz,
PyrH), 8.21-8.13 (m, 1H, PyrH), 6.37–6.22 (m, 2H,
–CH@), 5.63 (d, 2H, J = 4.1 Hz, –CH2–), 5.58 (d, 2H,
J = 4.1 Hz, –CH2–). 13C NMR spectrum (75 MHz, D2O):
d (ppm) 148.75, 145.74, 144.25, 144.12, 142.52, 133.36,
128.12, 128.07, 127.71, 124.56, 57.71. EA: calcd 41.95% C,
3.96% H, 12.23% N; found 38.85% C, 4.26% H, 9.98% N.
ESI-MS: m/z 149.1 [M]2+ (calcd for [C8H9N2O]2+ 149.17).
(Z)-1-(4-Bromobut-2-enyl)-2-hydroxyiminomethylpyrid-
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Abstract—Some DP1 receptor antagonists from an indole-containing series were shown to cause in vitro covalent binding to protein
in rat and human liver microsomes. Glutathione trapping experiments along with in vitro labeling assays confirmed that the
presence of a strong electron withdrawing group was necessary to abrogate in vitro covalent binding, leading to the discovery of
MK-0524. Hepatocyte incubations and in vivo studies showed that acyl-glucuronide formation did not translate into covalent
binding.
� 2007 Elsevier Ltd. All rights reserved.

The potential for idiosyncratic toxicity of a drug is an
important issue for the pharmaceutical industry due to
its lack of predictability, the potential side-effects for pa-
tients affected, and the financial impacts. Drugs showing
idiosyncratic reactions were withdrawn from the market
during the past decades due to adverse-events such as
hepatotoxicity, allergic responses, and skin rashes ob-
served in subsets of patients.1 It is well accepted that
bioactivation of molecules via phase I and II hepatic
metabolism can lead to formation of reactive intermedi-
ates, which can bind to biomolecules such as protein or
DNA, giving rise to side-effects and various toxicities.2,3


Reactive intermediates containing moieties such as qui-
none methide, quinone imine, epoxide, imine methide,
aldehyde or acyl-glucuronide were reported as potential
precursors leading to drug-protein adduct formation.4


Considering the important impact of metabolic bioacti-
vation on the development of a drug candidate, the pro-
pensity for molecules to cause covalent binding is
assessed early in the discovery stage at Merck Research
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Laboratories (MRL) and efforts are made to abrogate
protein labeling.5,6


In summary, the potential of drug candidates to cause
covalent binding is first evaluated in vitro by incubation
of a radiolabeled analog in the presence of rat and hu-
man liver microsomes under oxidative conditions, and
then in vivo in rats. In both cases, formation of covalent
adducts with protein is determined by successive wash-
ing of protein pellets using either Brandel harvester
technique or centrifugation-based methods.7–9 A target
value of 50 pmol-eq/(mg at 1 h) for the in vitro assay
and of 50 pmol-eq/mg protein in vivo in rat (plasma
and liver) was proposed by Evans et al., considering
these values are approximately 10-fold over the back-
ground of the assays and represent 1/20th of binding ob-
tained for known hepatotoxins.5


The paper herein describes an in vitro covalent binding
issue that was observed during the course of developing
a prostaglandin D2 receptor 1 (DP1 receptor) antagonist
for the treatment of seasonal allergic rhinitis and niacin
induced flushing.10–12 Work was first performed to iden-
tify what reactive species was responsible for protein
labeling, using reduced glutathione (GSH) as trapping
agent. Then, GSH trapping experiments were used
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as a surrogate marker assay to help in the structure
metabolism relationship (SMR) studies aimed at mini-
mizing the in vitro protein labeling. Radiolabeled ana-
logs of key compounds were prepared to confirm
reduction of microsomal covalent binding. As a second
step, hepatocyte incubations were used as an additional
assay to evaluate the in vivo relevance of oxidative reac-
tive intermediate formation and the potential impact of
acyl-glucuronide and acyl-migration products on cova-
lent binding. Ultimately, in vivo experiments were done
to assess the propensity of lead DP1 antagonists to cause
protein labeling. This work clearly highlights the direct
impact of covalent binding on the course of a drug dis-
covery program and the solutions found to abrogate
labeling issues in an indole-containing series.


After initial efforts to identify a lead compound from the
Merck sample collection and to improve potency and
selectivity over other prostanoid receptors,11,12 com-
pounds 1, 2, and 3 were selected and further investiga-
tions were initiated to assess their potential to cause

Table 1. In vitro liver microsomal covalent binding (pmol-eq/(mg at


1 h))


N


Cl


OH


OR1


R2


R3


Compound R1 R2 R3 Rat Human


1 SO2Me CH(OH)Me H 13 ± 5 9 ± 0.4


2 SO2Me COMe H 23 ± 2 18 ± 1


3 F COMe H 290 ± 50 46 ± 3


A
U


0.000


0.001


0.002


0.003


0.004


0.005


0.006


0.007


0.008


0.009


0.010


0.011


0.012


0.013


0.014


Min
4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.0


A
U


0.000


0.002


0.004


0.006


0.008


0.010


0.012


0.014


0.016


0.018


0.020


Min
4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.0


M5 


M3, M5: +16 u (mono-oxidation) 
M4: +14 u (oxidation)


M4


M3


M5


M4


M3


a


b


Figure 1. Metabolic profiles of 3 (10 lM) in rat (a) and human (b) liver micro


YMC-ODS-A 4.6 · 150 mM 3lm, 1 mL/min; mobile phase composed of 20 m


in 17 min, to 90% D at 18 min, then isocratic at 90% D for 4 min; k 260 nm

in vitro protein covalent binding.13 Radiolabeled ana-
logs of 1 and 2, tritiated at the methylsulfone moiety,14


and of 3 with 14C at the carboxylic acid moiety,15 were
synthesized and in vitro liver microsomal covalent bind-
ing experiments were performed, as described else-
where.7 In summary, 10 lM of compound (1 lCi/mL)
was added to a phosphate-buffered solution (125 mM;
pH 7.4) containing 1 mg/mL of rat or human liver
microsomes. Following a 15 min pre-incubation at
37 �C, NADPH (1 mM) or phosphate buffer was added
(final incubation volume of 200 lL) and a 60-min incu-
bation was carried out at 37 �C. Then, samples were
quenched with acetone, the precipitated proteins were
collected and washed using a Brandel cell harvester,
and the presence of radiolabeled material bound to
microsomal proteins was measured by scintillation
counting after protein solubilization.


As shown in Table 1, minimal in vitro covalent binding
was observed for 1 and 2, whereas substitution of the
methylsulfone functionality at R1 with a fluorine atom
(3) led to a significant increase in protein labeling in
both rat and human liver microsomes in an NADPH
dependent manner. Additional in vitro covalent binding
experiments were performed on 3 using phenotyped
human liver microsomes (n = 6) and a correlation
(R2 = 0.8633) was obtained between testosterone 6b-
hydroxylase activity and protein labeling, suggesting
the implication of CYP3A in the reactive intermediate
formation.


In vitro incubations of 3 were repeated using unlabeled
material and analyzed by high performance liquid chro-
matography coupled to photodiode array and mass
spectrometric detectors (HPLC-PDA-MS). Typical met-
abolic profiles are shown in Figure 1. Interestingly, the

utes
0 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00


utes
0 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00


3


3


somal incubations under oxidative conditions. HPLC-PDA conditions:


M NH4OAc + 5% MeOH (c) and acetonitrile (d); Gradient: 10–60% D


.







Figure 3. Metabolic profiles of 3 in rat liver microsomal incubations


under oxidative conditions with/without GSH (HPLC-PDA; k
260 nm).
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compound was metabolized to greater extents in rat
than in human incubates, which correlates with the
higher levels of protein labeling observed in rat. M3
and M5 were the main oxidative metabolites detected
in both species by HPLC-PDA-MS/MS. In negative
ion mode, both metabolites showed a +16 u mass shift
versus 3, as compared to a �2 u difference in positive
ion mode, most likely due to water loss. A minor oxida-
tive metabolite, M4, with a +14 u mass shift relative to 3
was also detected.


A mixture of metabolites produced by large scale incu-
bation of 3 in rat liver microsomes under oxidative con-
ditions and subsequent solid phase extraction was
subjected to HPLC-UV-NMR analysis.16 Two separate
injections were performed and the pump stopped when
the peak for either M3 or M5 was eluted into the
60 lL active volume NMR flow cell of a conventional
room temperature flow probe. In each case, 1-D proton
spectra and 2-D 32 scans gradient COSY spectra were
acquired at 600 MHz.


In the case of the major metabolite M5, changes in the
number and chemical shifts of the cyclopentyl protons
were observed. In particular, the methylene protons at
position 1 could no longer be found and a new multiplet
consistent with a hydroxyl-methine was observed. All of
the other protons of the parent 3 could be found in M5.
Analysis of the gradient COSY spectrum demonstrated
the presence of a CH2CHCH2CH spin system. Thus,
the oxidation must be at the 1 position as shown in Figure
2. Unfortunately, the relative stereochemistry of the
hydroxylation could not be determined from the coupling
constants nor was there sufficient material to perform an
NOE experiment. Spectra from the less abundant metab-
olite M3 were very similar to those obtained from M5.
This metabolite was also found to have the same
CH2CHCH2CH spin system with slightly altered chemi-
cal shifts. Thus, this metabolite must be the other possible
diastereomer formed by oxidation at C-1 of 3.17


Chemical trapping agents such as GSH, cyanide, semi-
carbazide or methoxylamine have been used in the past
to identify reactive metabolites.5,8 The potential of
GSH, a soft nucleophile, to trap the reactive metabolite
of 3 was assessed by repeating the rat in vitro liver
microsomal covalent binding assay in the presence or
absence of physiologically relevant concentrations of
GSH (5 mM), and analyzing in parallel incubates done
with unlabeled material by HPLC-PDA-QTof.

N
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1 1


Figure 2. Chemical structures of M3 and M5.

A 4-fold decrease in protein labeling was observed in the
presence of GSH (from 318 to 77 pmol-eq/(mg at 1 h))
and a concomitant formation of two new metabolites,
both showing a +305 u mass shift relative to 3,
characteristic for glutathione adducts. In addition, a de-
crease of 31–51% in the M3 and M5 peak areas was ob-
served in the presence of GSH, suggesting that M3 and
M5 formation was diverted toward GSH adduct forma-
tion (Ma and Mb) under these conditions (Fig. 3).


The GSH adducts were analyzed by HPLC-UV-NMR
following large scale incubation and solid phase extrac-
tion analogous to that used to produce M3 and M5.
Two separate injections were performed and the pump
stopped when the peak for either Ma or Mb was eluted
into the 60 lL active volume NMR flow cell of a cryo-
genically cooled flow probe. In each case, 1-D proton
spectra and 2-D gradient COSY spectra were acquired
at 600 MHz.


As was the case with M3 and M5, it was clear from
the gradient COSY data that Ma and Mb contained
the same CH2CHCH2CH spin system identifying posi-
tion 1 as the site for glutathione addition (Fig. 4). In
addition to observing all of the remaining signals pres-
ent in the parent, a complete set of resonances from
glutathione could also be identified in each of the ad-
ducts, positively identifying Ma and Mb as the diaste-
reotopic GSH adducts of 3. Once again, the relative
stereochemistry of the GSH addition could not be
determined by NOE due to poor S/N in the 1-D
NOE experiments.18
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Figure 4. Chemical structures of GSH adducts of 3, Ma and Mb.
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Figure 5. Proposed mechanism leading to M3/M5 and Ma/Mb formation.


Table 2. Extents of GSH adduct formation in rat and human liver


microsomal incubations under oxidative conditions for 1–7


Compound R1 R2 R3 Rat Human


1 SO2Me CH(OH)Me H <0.5% <0.5%


2 SO2Me COMe H <0.5% <0.5%


3 F COMe H 41% 15%


4 F Br H 22% 5%


5 F CH(OMe)Me H 44% 30%


6 F SO2Me H <0.5% <0.5%


7 F SO2Me Me <0.5% <0.5%
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Interestingly, 3 contains a 3-alkyl-indole sub-structure.
3-Methyl-indole (3MI) is a pneumotoxic metabolite of
tryptophan fermentation known to cause lung injury
and covalent binding in vivo in goats as well as
in vitro covalent binding in lung and liver microsomes
from various species.19–21 As observed for 3, addition
of millimolar quantities of GSH led to decreases in the
extents of in vitro lung and liver covalent binding for
3MI in parallel with formation of GSH adducts, includ-
ing a 3-[(glutathion-S-yl)-methyl]indole.21–23 A mecha-
nism implicating CYP-catalyzed dehydrogenation,
most likely via hydrogen atom abstraction and subse-
quent one-electron oxidation, leading to formation of
the electrophilic imine methide species, 3-methylenein-
dolenine, was postulated.23,24 Considering the structural
similarities of 3 with 3MI and of Ma/Mb with the
3-[(glutathion-S-yl)-methyl]indole of 3MI, it is highly
probable that a similar mechanism would be involved
in the bioactivation of 3 (Fig. 5). Analogous observa-
tions and conclusions were drawn for Zafirlukast, which
also contains a 3-alkyl-indole moiety.25


GSH trapping experiments with unlabeled DP1 antago-
nists were then used as a surrogate assay to evaluate
their propensity to generate reactive intermediates in
rat and human liver microsomes. Following 60 min
incubation of compounds 1–7 in the presence of rat or
human liver microsomes, +/�NADPH, and +/�GSH,
HPLC-PDA analysis of quenched samples was per-
formed and presence of GSH adducts was determined
by comparing chromatographic profiles of incubates
+/�GSH.


As shown in Table 2, GSH adducts were observed only
for compounds 3, 4, and 5, and higher levels of GSH
adducts were detected in rat compared to human
microsomal incubations for all three compounds, in
agreement with in vitro covalent binding results previ-
ously reported for 3. However, such a high amount of
GSH adduct formation should in theory translate into

high in vitro covalent binding values (e.g., 4800 and
1755 pmol-eq/(mg at 1 h) for 3 in rat and human,
respectively), if all reactive intermediates trapped by
GSH would react with liver microsomal proteins in
GSH deficient incubates. Similar observations were
made for 3MI in lung and liver microsomal incuba-
tions. It was postulated that GSH may act directly
on bioactivation enzymes to stimulate production of
a reactive intermediate or it may serve to protect acti-
vating enzymes (CYPs) from destruction by trapping
any electrophilic metabolites produced.22 Minimal
CYP3A4 time-dependent inhibition was observed for
3 in human liver microsomes (results not shown).
Another possibility could be that reactive intermediates
of 3, 4, and 5 may have a higher propensity to bind
covalently to GSH than to liver microsomal proteins
in vitro, because of the presence of a soft nucleophilic
moiety (thiol) and the smaller chemical structure of
GSH.


Radiolabeled analogs of 4–7, tritiated at the methylsulf-
one moiety (6 and 7) or with 14C at the carboxylic acid
group (4 and 5), were prepared and tested in the in vitro
liver microsomal covalent binding assay.13,14 As
expected, based on GSH trapping experiments, higher
extents of labeling were obtained for 4 and 5, whereas
6 and 7 showed low levels of covalent binding
(<50 pmol-eq/(mg at 1 h); Table 3). When these results







Table 3. In vitro liver microsomal covalent binding (pmol-eq/(mg at


1 h))


Compound R1 R2 R3 Rat Human


4 F Br H 460 ± 8 33 ± 1


5 F CH(OMe)Me H 301 ± 7 156 ± 11


6 F SO2Me H 33 ± 1 16 ± 1


7 F SO2Me Me 27 ± 3 27.8 ± 0.4
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were put into perspective with the electron withdrawing
potential (r)26 of substituents at C-5 or C-7 on the in-
dole core, compounds such as 1, 2, 6, and 7 having a
strong electron withdrawing group (methylsulfone;
r = 0.73) gave lower protein labeling than their analogs
differing by the presence of moieties with lower r (fluo-
rine or bromine; r = 0.15 and 0.26, respectively). The
current SMR would relate the electron density of the in-
dole ring to the propensity of DP1 antagonists to cause
liver microsomal protein labeling. An electron deficient
system would disfavor the formation of cationic reactive
intermediates (see Fig. 5), leading to lower levels of pro-
tein labeling or GSH trapping.


Certain acyl-glucuronides are known to be implicated in
the formation of covalent adducts with proteins via
either a trans-acylation mechanism, or a Shiff base.27,28


Assays have been implemented to monitor the potential
reactivity issues for discovery of compounds suspected
to form acyl-glucuronide metabolites, and it was shown
that non-steroidal anti-inflammatory drugs (NSAIDS)
containing an acetic acid group were more prone to
acyl-glucuronide migration and therefore, more reac-
tive.29,30 Considering the presence of acetic acid moiety
in molecules from this DP1 antagonist series, further
studies were initiated to evaluate the reactivity of their
acyl-glucuronide metabolites in hepatocytes, a glucuron-
idation-competent in vitro model.


First, compounds 1–6 were incubated at 10 lM (1 lCi/
mL) in presence of fresh rat and human hepatocytes
(0.25 · 106 cells in 0.25 mL of Krebs–Henseleit buffer)
at 37 �C under 95/5 O2:CO2 for 2 or 120 min. Then,
covalent adduct formation was determined using the
Brandel cell harvester technique. Interestingly, lower
levels of protein labeling were detected for compounds
with the methylsulfone moiety (1, 2, and 6) than those
with more electron-rich indole rings (3, 4, and 5; Table
4).


Moreover, the extent of covalent labeling was generally
lower in hepatocytes than that reported in liver micro-
somes under oxidative conditions. In vitro incubates

Table 4. In vitro covalent binding in hepatocytes (pmol-eq/(mg per h))


Compound R1 R2 Rat Human


1 SO2Me CH(OH)Me 9 ± 4 <5 ± 0.4


2 SO2Me COMe 8 ± 0.4 5 ± 0.5


3 F COMe 45 ± 19 16 ± 4


4 F Br 74 ± 49 33 ± 7


5 F CH(OMe)Me 109 ± 5 43 ± 2


6 F SO2Me 38 ± 0.4 15 ± 1

were analyzed by HPLC-PDA-MS and major metabo-
lites were glucuronidation and mono-oxidation products
and minor levels of glucuroconjugated mono-oxidative
metabolites were detected, as reported previously for 6
(MK-0524).12,31,32 No glutathione adducts were
detected. When incubates were left at room temperature,
the glucuronide conjugates led to formation of three
other conjugates, as determined by HPLC-PDA-MS,
suggesting potential acyl-migration. The structure of
the glucuronide conjugate of 6 was later confirmed as
being the acyl-glucuronide.31 The hepatocyte covalent
binding assay was repeated for 6 in presence of dog
hepatocytes, where high levels of glucuronidation were
obtained (77% of total area), but this did not translate
into increased levels of covalent protein labeling
(24 pmol-eq/(mg per h); n = 2). Since only minor levels
of oxidative metabolites of 6 were formed and it is
known, based on microsomal experiments, that minimal
covalent binding is associated with their formation,
these results clearly highlight the low propensity of these
acyl-glucuronides to react with proteins. The presence of
glucuronidation as an alternative metabolic pathway to
oxidative metabolism as well as millimolar levels of nat-
ural trapping agents inside the cells could in part explain
the lower in vitro protein labeling observed in hepato-
cytes as compared to liver microsomal incubations un-
der oxidative conditions for compounds such as 3, 4,
and 5.


The in vivo covalent binding of 3 and 6 was assessed in
rats upon per os dosing of 10 mg/kg (100 lCi/kg).
Following plasma and liver tissue collection 24 h post-
dose, liver homogenates and plasma proteins were pre-
cipitated with acetone, washed repeatedly with metha-
nol/diethyl ether mixture (3:1) until minimal residual
radioactivity was extracted.9 The protein pellet was sol-
ubilized and protein binding determined by scintillation
counting. Minimal levels of covalent binding were
observed in vivo for both compounds (<10 pmol-eq/
mg).31 An excretion study was also performed in bile
duct cannulated rats (5 mg/kg (100 lCi/kg) of 3 or 6
iv) and multiple glucuroconjugates, most likely acyl-
migration products, were the main products excreted
in bile, along with low levels of parent, oxidative, and
glucuroconjugated oxidative metabolites. This further
demonstrates that acyl-glucuronide formation for 3
and 6 did not translate into labeling issues and that
glucuronidation, as an alternative metabolic pathway,
may diminish formation of reactive oxidative metabo-
lites in vivo.


In summary, some DP1 antagonists containing a
3-alkyl-indole substructure were shown to cause protein
labeling in presence of rat and human liver microsomes
under oxidative conditions. Presence of GSH as a trap-
ping agent led to reduction of in vitro covalent binding
and to concomitant formation of two glutathione ad-
ducts at the C-1 of the cyclopentenyl ring, suggesting
the potential implication of an iminium methide reactive
species. GSH trapping experiments and in vitro labeling
assays confirmed that the presence of a strong electron
withdrawing group was necessary to abrogate in vitro
covalent binding. Further in vitro (fresh hepatocytes)







J.-F. Lévesque et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3038–3043 3043

and in vivo (rat) studies clearly showed that acyl-glucu-
ronide formation did not translate into covalent bind-
ing. Protective mechanisms, such as reactive metabolite
scavengers, or the presence of non-oxidative alternative
metabolic pathways, such as phase II biotransforma-
tion, may prevent or minimize protein covalent adduct
formation both in hepatocytes and in vivo for DP1
antagonists from this indole series.
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Abstract—In order to develop a new gene delivery vector, a novel cationic poly(organophosphazene) was synthesized by stepwise
nucleophilic substitutions of poly(dichlorophosphazene) with a hydrophilic methoxy-poly(ethylene glycol) (MPEG) as a shielding
group and a branched tetra(LL-lysine), LysLys(LysEt)2, as a cationic moiety. The cationic polymer has shown to form a polyplex
by DNA condensation and very low in vitro cytotoxicity probably due to the shielding effect of MPEG, which provides a basis
for improving the low gene transfection yield of cationic polyphosphazenes.
� 2007 Elsevier Ltd. All rights reserved.

Recently, gene delivery systems based on non-viral vec-
tors have attracted much attention in the field of medi-
cine, pharmaceutical sciences, and biotechnology
because of their potential utility for medical treatment
of genetic disorders, infections, and cancers.1,2 Viral vec-
tors show more efficient transfer both in vitro and
in vivo than non-viral vectors.2,3 However, some severe
disadvantages are associated with the use of viral vec-
tors, such as recombination with wild-type viruses, an
immune response against the viral vector, and size limi-
tation of DNA.4,5 For such reasons, various non-viral
vectors over 400 were studied during past two decades,6


but no suitable cationic polymer useful for efficient and
safe gene delivery has been found yet.


The non-viral vectors bearing LL-lysine have been exten-
sively studied since the formation of polyplexes between
PLL and DNA was identified.7 The cationic sites of the
protonated primary e-amine groups of LL-lysine grafted
to polymers interact electrostatically with negatively
charged DNA to form polyplexes, polyelectrolyte com-
plexes. In the case of PLL, it is known that the number
of primary amine groups on the PLL backbone is
important for the polyplex formation.8 The high
molecular weight of PLL has some advantages as a gene
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carrier, but its utility is limited due to its high cytotoxic-
ity and tendency to aggregate and precipitate.9 It is also
known that the cationic surface of polyplexes is the main
cause for cell cytotoxicity,4,9 and rapid clearance of the
polyplexes from the blood stream.10 Therefore, intro-
duction of hydrophilic poly(ethylene glycol) to a
cationic polymer is a well-known approach to prevent
the protein adsorption of polyplexes by hydrophilic
surface shielding effect of cationic charges.9,11 Cationic
polyphosphazenes grafted with tertiary amines12 and
their applications as non-viral gene delivery vectors2,13


were reported in recent years, but all these polyphosp-
hazenes contain only tertiary amines as a side group.


In this context, we have synthesized a novel cationic
polyphosphazene bearing a hydrophilic methoxy-
poly(ethylene glycol) with molecular weight of 350
(MPEG350) as a shielding group and a branched
tetra(LL-lysine), LysLys(LysEt)2, as a cationic side
group. Various useful properties are expected for this
polymer: good shielding effect, good water-solubility,
biodegradability,14 biocompatibility, and effective
DNA condensation. In this paper, we describe its
synthesis, characterization, and properties as a new gene
delivery vector.


The polyphosphazene bearing MPEG350 and the tetral-
ysine was synthesized according to the procedure de-
picted in Scheme 1. Poly(dichlorophosphazene) was
prepared according to our procedure.15 The sodium salt
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Scheme 1. Synthetic route to the cationic polyphosphazene bearing MPEG350 and a branched tetra(LL-lysine) as side groups. Reagents and


conditions: (i) �65 �C, 8 h, MPEG–Na; (ii) tetra(LL-lysine)[Lys Æ Lys Æ (LysBoc2)2], NEt3, 50 �C, 2 days; (iii) TFA, 8 h.


Figure 1. 31P NMR spectra of poly(dichlorophosphazene) (a),


the PEGylated intermediate (b), and the final product,


[NP(MPEG350)LysLys(LysEt)2]3(c).
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of MPEG350 prepared by reaction of MPEG350
(5.25 g, 15 mmol) with a slight excess of sodium hydride
in THF at reflux was dropped slowly to the solution of I
(1.0 g, 8.62 mmol) dissolved in THF. The reaction mix-
ture was stirred for 4 h at �65 �C to afford PEGylated
polyphosphazene II. Meanwhile, the Boc-blocked tetral-
ysine ethyl ester (6.61 g, 7 mmol) prepared by the litera-
ture procedure16 was dissolved in dry chloroform
containing excess amount of dry triethylamine. This tet-
ralysine solution was slowly added to the polymer solu-
tion of II, and then the mixed solution was stirred at
50 �C for 2 days. The reaction mixture was filtered to re-
move byproduct salts, and the filtrate was concentrated
and reprecipitated twice by a solvent pair of ethanol and
diethyl ether. For further purification, the product dis-
solved in methanol was dialyzed in methanol for 1 day
and in water for 1 day using regenerated cellulose mem-
branes (MWCO: 3.5 · 103). The dialyzed solution was
freeze-dried to obtain the product (III) with the lysine
amine groups blocked by Boc. The Boc protecting group
in the polymer was removed by reaction with excess of
trifluoroacetic acid (TFA) in methylene chloride. The
resulting polymer was dialyzed in water for 1 day and
then freeze-dried to obtain the final cationic polyphos-
phazene, {NP[MPEG350]1.55[LysLys(Lys(TFA)2)2]0.45}n


(IV) (Yield: 74%, 6.5 g).


The present polymer is very soluble in water as well as in
most of polar organic solvents and fully characterized
by means of multinuclear (1H, 31P) NMR spectrosco-
pies, GPC, DLS, f potential, and elemental analyses.
All the synthetic reactions were monitored using 31P
NMR spectroscopy. The 31P NMR spectra of the PEG-
elated intermediate II and the final polymer IV are de-
picted in Figure 1. The stepwise substitution reactions
were continued until only two major peaks of –N–P–
O– and –O–P–O– were observed at 2.87 and

�2.87 ppm, respectively. The molar ratio of PEG and
tetrapeptide was determined by 1H and 31P NMR inte-
gration, which was well in accord with the elemental
analysis data.17 The number average molecular weight
(Mn) and weight average molecular weight (Mw) of the
polymer were measured in a water/acetonitrile mixture
(80:20) by GPC using polyethylene oxide standard
(Mn = 1.4 · 104, Mw = 3.8 · 104, and PDI = 2.79).


We have performed the particle size analysis and f po-
tential measurements for the present polymer to deter-
mine its shielding capability and gene adduct
formation. Polyplex formation of plasmid DNA with
our cationic polymer was studied by DLS and zeta







Figure 3. Schematic representation of the polyplex formed by the


cationic polymer with negatively charged DNA.
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potential measurements at various N/P ratios (0, 0.5, 1,
2, 3, 4, and 8) in FBS-free media at room temperature.
The size condensation of polyplexes was observed and
the average diameter was about 120 nm at N/P ratios
of 3, 4, and 8, and remained stable for 8 h. The sizes
of gene and neutral polyplexes (N/P = 1) could not be
detected by DLS because of their low scattering yield
at N/P = 0 and the formation of unstable aggregates at
N/P = 1. The surface charge of the polyplex was studied
by f potential measurements at various N/P ratios (0,
0.5, 1, 2, 3, 4, and 8). The f potential of the polyplex in-
creased with increasing N/P ratio from �63 mV at
N/P = 0 ratio to +27 mV at N/P = 4 and 8. Such a f
potential value of +27 mV at N/P = 4 and 8 is unexpect-
edly high, but a similar value of +25 mV at N/P = 4 was
recently observed for dendritic PLL PEGylated18 to the
same degree (60%) as our present polymer bearing 59%
PEG of the polymer. Consequently, successful DNA
condensation and shielding effect of PEG group for
the present polymer were characterized and the results
are shown in Figure 2. The conceptual diagram for the
formation of polyplex by this cationic polymer is
schematically shown in Figure 3.


In vitro cell transfection activity of the present polyplex
tested at various N/P ratios was examined at different
transfection time. Polyplexes were formed by plasmid
DNA and the polymer at various N/P (0, 1, 4, 8, 12,
24, 36, and 48) ratios in FBS-free media for 30 min at
room temperature. The amount of plasmid DNA used
for the polyplex formation was fixed at 1 lg at each
N/P ratio. Following the treatment of cells with poly-
plexes for 2, 4, and 6 h, the media were replaced by
500 lL of media containing 10% FBS, and the cells were
incubated for 2 days. Figure 4 shows the luciferase activ-
ity of the cells. The present polyplex shows a bell-type
curve at the transfection activity, which has been similar
to recently reported other non-viral gene delivery sys-
tems such as PEI22 polyplexes and p(DMAEA)-pzz
polyplexes.2,13 The transfection activity increased with
increasing transfection time up to 6 h in the range of
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Figure 2. The mean diameter (d) and f potential (j) of the polyplex


prepared at various N/P ratios. In case of N/P = 0 and N/P = 1, the size


of polyplex could not be detected because of their low scattering yield


and low aggregation stability of neutral particles.

N/P ratios from 4 to 48. For 4- and 6-h incubations,
the maximum transfection efficiency was observed at
N/P ratio of 24. The maximum transfection yield of this
polymer is remarkably lower compared with the previ-
ous report,13 probably due to the insufficient number
of available cationic amine sites of the tetralysine groups
grafted to the phosphazene backbone. Therefore, in
order to improve transfection yield of this polymer, it
seems necessary to increase the tetralysine content of
the polymer.


In vitro cell cytotoxicity test was performed using SRB
staining assay according to the previous report.19 As is
seen from Figure 5, the present cationic polymer shows
almost no in vitro cytotoxicity against the SK-OV3 cell
line up to the concentration of 10 mg/ml. Approximately
20% reduction in cell viability was observed at N/P ratio
of 48 (8 mg/ml polymer) after 4- and 6-h incubations. In
the case of 2-h incubation, relatively lower reduction in
cell viability with increasing amount of polymer was
observed than 4- and 6-h incubations.


In conclusion, a new cationic polyphosphazene bearing
MPEG350 and a tetralysine, LysLys(LysEt)2, as side
groups has been prepared for a gene delivery vector,
which was found to form a polyplex with DNA. The size
condensation of the polyplex was observed at 120 nm
and the surface charge was characterized to be approx-
imately 27 mV. The cationic polymer exhibited almost
no in vitro cytotoxicity against the SK-OV3 cell line
probably due to the shielding effect of the PEG groups.
However, the present polyplex exhibited relatively low
transfection yield probably because of the insufficient
number of cationic amine sites of the tetralysine groups
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Figure 5. Cytotoxic effect of the present cationic polymer against the


SK-OV3 cell line after 2-, 4-, and 6-h incubations at 37 �C. Cell


viability was determined by SRB staining assay. Each data point
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grafted to the polymer backbone, and further study is
underway to improve transfection yield by increasing
the cationic sites of the polymer.
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Abstract—Previously, we found safrole oxide could promote VEC apoptosis, however, it is not known whether it can induce NSC
apoptosis. It is reported that neural stem cells (NSCs) are localized in a vascular niche. But the effects of apoptosis in vascular endo-
thelial cells (VEC) on NSC growth and differentiation are not clear. To answer these questions, in this study, we co-cultured NSCs
with VECs in order to imitate the situation in vivo, in which NSCs are associated with the endothelium, and treated the single-cul-
tured NSCs and the co-cultured NSCs with safrole oxide. The results showed that safrole oxide (10–100 lg/mL) had no effects on
NSC growth. Based on these results, we treated the co-culture system with this small molecule. The results showed that the NSCs
differentiation, into neurons and gliacytes was induced by VECs untreated with safrole oxide. But in the co-culture system treated
with safrole oxide, the NSCs underwent apoptosis. The data suggested that when VEC apoptosis occurred in the co-culture system,
the NSC survival and differentiation could not be maintained, and NSCs died by apoptosis. Our finding provided a useful tool for
investigating the effect of apoptosis in vascular endothelial cells on neural stem cell survival and differentiation in vitro.
� 2007 Elsevier Ltd. All rights reserved.

Recently, it is well established that NSCs are not ran-
domly distributed throughout the brain. The expansion
and differentiation of the stem cells are tightly regulated
by the cells and proteins that constitute the extracellular
environment that NSCs inhabit.1 Usually we name the
microenvironment ‘niche’. In the adult, neural stem cells
(NSCs) are concentrated around blood vessels in the
hippocampus, the subventricular zone (SVZ), and the
song bird higher vocal center.2–4 Thus, NSCs are in close
proximity to the vascular endothelial cells (VECs),
which facilitates the coordinated interactions between
these two cell types.2 In the developing central nervous
system (CNS), the communication between VECs and
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NSCs is observed. It is reported that endothelial cells
could synthesize numerous basal lamina elements and
growth factors involved in neurogenesis, such as brain-
derived neurotrophic factor (BDNF) and vascular endo-
thelial growth factor (VEGF).5,6 In the adult song bird,
the stimulation of neurogenesis involves BDNF synthe-
sis by endothelial cells.4 Endothelial cells play an essen-
tial role in the proliferation of NSCs and their
differentiation into neurons.7 These findings identify
that VECs are very important for NSC growth and dif-
ferentiation, and form a niche for NSCs. But so far,
there is no report about the effect of apoptosis in vascu-
lar endothelial cells on NSC growth and differentiation.


Safrole oxide, a newly synthesized compound, has been
studied for many years.8–10 Recently, we found that saf-
role oxide induced apoptosis in various cell types,
including VECs, human lung cancer cells, and primary
cultures of mouse neurons.11–15 However, whether or
not safrole oxide can induce NSC apoptosis is not
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Figure 2. Effects of safrole oxide on the cell viability and morphology


of NSCs. (A) The NSCs were treated with or without safrole oxide at


various concentrations indicated for different periods. The viability of


NSCs was determined by MTT assay as described in Materials and


methods. There is no difference between the control group and the


safrole oxide treatment group (p > 0.05). Mean values were derived


from three independent experiments. (B) NSCs cultured in the


supplemented medium. (C) NSCs treated with 70 lg/mL safrole oxide


for 72 h. The morphological changes were observed under a phase


contrast microscope (400·). The data presented are representatives of


three independent experiments.
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known. These findings trigger us to apply this small mol-
ecule to the co-culture system of NSCs and VECs to
investigate the interactions between these two kinds of
cells.7


NSCs that we isolated from the mouse embryo fore-
brains at the 14th day could form neurospheres by
self-renewal. We examined the expressions of nestin, a
useful marker of NSCs. Moreover, the cells derived
from the NSCs exhibited intensive positive neuron-spe-
cific enolase (NSE), neurofilament-L (NF-L), and syn-
apsin, which are specific markers for neurons, and
glial fibrillary acidic protein (GFAP) that is a specific
marker for astrocytes (Fig. 1). The positive results
ensured that the cells obtained were multi-potential
NSCs consistent with previous report.16 Neurospheres
were used before the third passage to avoid transforma-
tion observed after multiple passages.17


NSCs are the progenitors of neurons. However, the ef-
fect of safrole oxide on NSCs remains not to be defined.
To address this question, mouse NSCs were exposed to
10–100 lg/mL safrole oxide (these concentrations are
similar to that used to induce apoptosis in other cells
in the presence of basic fibroblast growth factor
(bFGF)).11,15 We found that the safrole oxide had no
effect on the growth of NSCs and the cell viability had
no difference between the control group and the treat-
ment group (p > 0.05) (Fig. 2A). The data suggested that
10–100 lg/mL safrole oxide could not affect the survival
and proliferation of NSCs. The morphological changes
of NSCs treated with safrole oxide were observed under
a phase contrast microscope (Fig. 2B and C).


To elucidate the dynamic interactions between NSCs
and vascular endothelial cells in the neurovascular

Figure 1. Identification of NSCs. (A) The NSCs formed neurosphere by self


(Nikon, Japan) (400·). Positive immunocytochemical stainings for nestin in th


NF-L (E), and synapsin (F) in the neurons derived from NSCs were observe


independent experiments.

niche, we used the co-culture system to imitate the situ-
ation in vivo. When co-cultured in the direct contact

-renewal, which could be observed under a phase contrast microscope


e NSCs (B), GFAP in the astrocytes derived from NSCs (C), NSE (D),


d, respectively. The photographs presented are representatives of three







Figure 3. Neurospheres co-cultured with VEC monolayer. (A) NSCs cultured alone in the supplemented medium. Neurospheres co-cultured with


VEC monolayer for 0 h (B), 10 h (C), 24 h (D), 48 h (E), and 72 h (F), respectively. The photographs presented are representatives of three


independent experiments (400·).


L. Su et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3167–3171 3169

with VEC monolayer, the NSCs underwent differentia-
tion. Neurite outgrowth of NSCs was observed after
10 h (Fig. 3C). The neurites became more and longer
after 24 h (Fig. 3D). After 3 days, the adjacent neuro-
spheres formed network by neurites (Fig. 3F). Mean-
while, NSCs still suspended as neurospheres in the
control group (Fig. 3A). To further determine whether
the NSCs differentiated into neurons or gliacytes after
co-cultured with VECs, we examined the expressions
of NSE, NF-L, synapsin, and GFAP by immunofluores-
cence assay after 3 days (Fig. 4). The positive results
ensured that the NSCs differentiated into neurons and
gliacytes after co-cultured with VECs.


In our previous studies, we found that 70 lg/mL safrole
oxide could induce VEC apoptosis after 10 h.18 Then we
exposed the co-culture system to 70 lg/mL safrole oxide
to know the effect of VEC apoptosis on NSC survival
and differentiation. As shown in Figure 5, the NSCs pre-
sented neurite outgrowth after co-cultured with VECs
for 5 and 10 h. Meanwhile, some NSCs also presented
neurite outgrowth in the safrole oxide treatment group

Figure 4. Identification of differentiated NSCs in the co-cultured system. NS


and the expressions of NSE (A), NF-L (B), synapsin (C), and GFAP (D) we


and methods. The photographs presented are representatives of three indepe

after co-cultured for 5 h (Fig. 5E). But after the co-cul-
ture system was treated with 70 lg/mL safrole oxide for
10 h, at this time safrole oxide induced VEC apoptosis
obviously,18 the neurites of NSCs degenerated and the
NSCs underwent apoptosis (Fig. 5F). The results
showed that the apoptotic VECs could significantly inhi-
bit the survival and differentiation of NSCs after the
cells were treated with safrole oxide for 10 h.


We next examined whether safrole oxide could induce
the co-cultured NSC, necrosis, an extreme end of neuro-
toxicity. Results from LDH assays showed that there
was no significant difference in LDH release between
the test group and control group at 10 h (Fig. 6A)
(&p > 0.05 vs. #, n = 3), suggesting that safrole oxide
did not induce necrosis in the co-cultured cells. More-
over, nuclear condensation, DNA fragmentation, and
apoptotic body formation, which are characteristics of
apoptosis, were observed clearly (Fig. 6B). The apopto-
sis rate of NSCs equaled to the number of cells that had
the apoptotic characteristics divided by the total number
of NSCs. Compared with the co-culture group, the

Cs were co-cultured with VEC in the supplemented medium for 3 days


re examined by immunofluorescence staining as described in Materials


ndent experiments.







Figure 5. Effects of safrole oxide on the morphology of neurospheres co-cultured with VEC monolayer. Neurospheres co-cultured with VEC


monolayer in the supplemented medium for 0 h (A), 5 h (B), and 10 h (C), respectively. The co-culture system was treated with 70 lg/mL safrole


oxide for 0 h (D), 5 h (E), and 10 h (F), respectively. The pictures presented are representatives of three independent experiments.


Figure 6. Safrole oxide triggered the co-cultured NSCs to undergo


apoptosis. (A) NSCs co-cultured with VECs in the supplemented


medium were treated with or without safrole oxide (70 lg/mL). After


10-h treatment, LDH assay was performed by using a LDH kit as


described in Materials and methods (&p > 0.05 vs. #). Mean values


were derived from three independent experiments. (B) The co-culture


system was treated with (b) or without (a) 70 lg/mL safrole oxide. Ten


hours later, the cells were stained with acridine orange for 5 min and


then the nuclear condensation and fragmentation were observed under


the laser scanning confocal microscope. The arrowheads show the


typical nuclear fragmentations. The data presented are representatives


of three independent experiments. (C) The quantity of apoptotic cells.


(**P < 0.01 vs. #). Mean values were derived from three independent


experiments.
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safrole oxide treatment group showed an overwhelming
majority of apoptotic NSCs that increased to 92%
(Fig. 6C) (**p < 0.01 vs. #, n = 3). These results showed
that the death of NSCs belonged to a typical kind of
apoptosis. Therefore, our results showed that the apop-
totic VECs triggered by safrole oxide induced NSC
apoptosis.


Based on these results, we reported that endothelial cells
played a key role in regulating neurogenesis by stimulat-
ing NSC differentiation into neurons. This result is in
accordance with results reported recently.7,19 In this
study, it was also showed that the stimulation of astro-
cytic differentiation by endothelial cells is consistent
with a previous report and evokes the close relationship
between astrocytes and endothelial cells in the function-
ing of the blood–brain barrier.20,21


Apoptosis in response to lack of adhesion or inappropri-
ate adhesion has been termed anoikis, a Greek word
meaning ‘homelessness’.22 Signals propagated from
cell–ECM adhesion complexes activate a number of
well-characterized pathways, many of which have been
suggested to play a role in the suppression of apopto-
sis.23 Most cell–ECM interactions depend on integrins,
transmembrane heterodimeric receptors for ECM pro-
teins that associate with a frightening number of pro-
teins on the cytoplasmic face of the plasma membrane,
forming cell–ECM adhesion complexes.24,25 The
destruction of the cell–ECM adhesion complexes would
induce cell anoikis.26,27 In the previous studies, we found
that safrole oxide could induce VEC and neuron apop-
tosis.11,15 Both of them are adherent cells. VEC apopto-
sis induced by safrole oxide was mediated by integrin b4
and the attachment was destructed during the apoptosis
process.12 In this study, we found that safrole oxide had
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no effect on NSC growth and could not induce apoptosis
of NSCs which are suspended cells in the single culture.
The data suggested that safrole oxide might induce
apoptosis in adherent cells through integrins but not in
suspended cells.


Based on the different effects of safrole oxide on VECs
and NSCs, we treated the co-culture system with
70 lg/mL safrole oxide to investigate the effect of apop-
totic VECs on the growth and differentiation of NSCs.
We found that the apoptotic VECs could inhibit the dif-
ferentiation and induce apoptosis in NSCs. Several
recent publications have described the roles of
endothelial cells in modulating the self-renewal and neu-
rogenesis of neural stem cells and dorsal root gan-
glion.7,19,28 These studies are consistent with a
complex, dynamic coupling of neurogenesis and vascu-
logenesis.29 Our data suggested that, when the VEC
apoptosis occurred, the stem cell niche would be de-
stroyed and the NSCs underwent apoptosis.


In summary, our system is a powerful tool to identify
the factors dependent on endothelial cells and influenc-
ing neural stem cells and may help in the knowledge
of the neural stem cell niche. Investigation of the factors
involved in these functions is essential to increase the
understandings of neurogenesis mechanism and patho-
logical processes such as neurodegenerative diseases, in
which endothelial cells may play a key role.30 In light
of the small molecule safrole oxide, we will take an
important step forward in our understanding of the neu-
ral stem cell niche.
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Abstract—Transesterification of arbutin and undecylenic acid vinyl ester was catalyzed by alkaline protease, Bioprase, in dimeth-
ylformamide to get arbutin derivative having undecylenic acid at 6-position of glucose moiety, 6-O-undecylenoyl p-hydroxyphenyl
b-DD-glucopyranoside. The reaction rate increased with increase of arbutin concentration, and when its concentration was 0.9 M, the
conversion rate was more than 90% under addition of 2 M undecylenic acid vinyl ester. The obtained arbutin ester significantly sup-
pressed melanin production in murine B16 melanoma cells.
� 2007 Elsevier Ltd. All rights reserved.

Cosmetics containing skin-whitening agents have at-
tracted the attention of women in Asian countries and
become best selling skin care products. Hyperpigmenta-
tion in the epidermis is caused by excessive melanin syn-
thesis. Tyrosinase is a rate-limiting enzyme, which is
used for the ultimate formation of melanin.1 Therefore
tyrosinase inhibitors may have potential for treating
abnormal pigmentation disorders and for use as skin-
whitening agents in the cosmetic industry.2 Many
researchers have tried to find tyrosinase inhibitors in cer-
tain plant extracts3–5 and naturally occurring com-
pounds.6–8


Arbutin, p-hydroxyphenyl b-DD-glucopyranoside, which
has been extracted from plants, is well known as a tyros-
inase inhibitor and has been widely used for skin whiten-
ing.9 Arbutin has recently been reported to exert a
potent inhibitory effect on hydroxylation reaction of
tyrosinase.10 As one of the arbutin derivatives, a-arbutin
has been developed and commercialized in the cosmetic
industry.11 The other arbutin derivatives substituted at
6-position of glucose moiety in arbutin have been inves-
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tigated. Nakajima et al. reported the lipase-catalyzed
transesterification of arbutin and synthesized cinnomoyl
arbutin ester,12 and Kadokawa et al. synthesized hybrid
compound consisting of arbutin and kojic acid.13


Regioselective acylation of carbohydrate with undecy-
lenic acid was carried out by lipase in hydrophilic organ-
ic solvents,14 and we discussed enzymatic synthesis of an
arbutin derivative having undecylenic acid ester, which
showed mushroom tyrosinase inhibiting activity in a
cell-free experiment.15 In the previous report, we did
not examine the conditions for efficient enzymatic syn-
thesis, that is, preparation yield, concentration and feed
rate of raw materials. In the present study, we examined
efficient enzymatic synthesis of the arbutin ester and fur-
ther evaluated the inhibitory effect on melanin synthesis
by a cellular experiment using B16 melanoma cells.


First, we investigated efficient synthesis of the arbutin
undecylenic acid ester using arbutin and undecylenic
acid vinyl ester catalyzed by Bioprase (Scheme 1), be-
cause increasing substrate concentration is important
for minimizing the size of the reaction vessel and saving
time in industrial scale synthesis.


The reaction was initiated in the 20 ml screw-capped
flask by adding 10 mg/ml Bioprase conc. (Nagase
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Scheme 1. Enzymatic synthesis of arbutin undecylenic acid ester in DMF by Bioprase.
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Chemtex, Osaka, Japan), protease from Bacillus subtilis,
to 5 ml dimethylformamide and water (95:5, volume)
containing various concentrations of arbutin and
undecylenic acid vinyl ester. The suspension was stirred
at 130 rpm for 7 days at 40 �C. The reaction was termi-
nated by filtering off the enzyme, and the remaining
arbutin concentration was analyzed by HPLC. Arbutin
was detected by high performance liquid chromatogra-
phy (HPLC) with a refractive index detector. A carbo-
hydrate analysis column, TSK gel Amide-80
(TOSOH), was used with a mobile phase of mixture of
90% acetonitrile and 10% water at a flow rate of
1.0 ml/min.


To obtain the product, a scaled-up reaction was carried
out by use of 1.5 g Bioprase conc., 11.3 g (0.0415 mol)
arbutin, and 35 g (0.167 mol) undecylenic acid vinyl es-
ter in 150 ml of dimethylformamide/water (95:5, vol-
ume) at 40 �C. After 7 days reaction, the reaction was
terminated by filtering off the enzyme. The solvent was
evaporated and the product was separated by silica gel
chromatography with an eluent consisting of n-hexane/
ethyl acetate (1:10, v/v) to give colorless powder of 6-
O-undecylenoyl p-hydroxyphenyl b-DD-glucopyranoside
(yield 10 g, 55%). Melting point of the product was
153–154 �C. The structure of the products was estab-
lished by 1H NMR (JEOL:JNM-EX270). DMSO-d6


was used as a solvent and trimethylsilane was used as
an internal reference. 1H NMR (DMSO-d6): d 1.237
(br s, 8H, –(CH2)4–), 1.31–1.34 (m, 2H, –CH2–CH2–
CH@), 1.49–1.52 (m, 2H, –CO–CH2–CH2–), 1.99(q,
2H, J = 7Hz, J = 12 Hz, –CH2–CH@), 2.28(t, 2H,
J = 7 Hz, –CO–CH2–), 3.13–3.26 (m, 3H, H-2,3,4),
3.48–3.52 (m, 1H, H-5), 4.05 (q, 1H, J = 12 Hz, H-6),
4.30 (dd, J = 2 Hz, J = 12 Hz, H-6), 4.66 (d, 1H,
J = 7.5 Hz, H-1), 4.91–5.01 (m, 2H, –CH@CH2), 5.15
(br s, 1H, 4-OH), 5.23 (br s, 1H, 3-OH), 5.31 (br s,
1H, 2-OH), 5.75–5.81 (m, 1H, –CH@CH2), 6.65 (d,
2H, J = 9 Hz, aromatic-H), 6.83 (d, 2H, J = 9 Hz, aro-
matic-H), 9.01(s, 1H, aromatic-OH).


Figure 1 shows the effect of ratio and concentration of
arbutin and undecylenic acid vinyl ester on the enzy-
matic transesterification catalyzed by Bioprase. The con-
version rates of these reactions reached a plateau after 4
days’ reaction, probably because the enzyme was inacti-
vated in the reaction mixtures. Hence, the reaction
should be completed within 4 days. The reaction can

be accelerated by increasing the enzyme concentration
and/or the substrate concentration. From the practical
viewpoint, the latter way is better.


The reaction rates of transesterification increased with
increase of the molar ratio of undecylenic acid vinyl
ester against arbutin. Excess undecylenic acid vinyl ester
is wasted in the reaction from the viewpoint of process
economy. At a high concentration of arbutin (0.9 M)
near saturated concentration of arbutin in DMF, the
reaction proceeded in the presence of even 2 M equiva-
lent of undecylenic acid vinyl ester, and more than
90% conversion rate was obtained at 4 days’ reaction.


B16 murine melanoma cells were cultured in Dulbecco’s
MEM supplemented with 10% heat-inactivated (56 �C,
30 min) fetal bovine serum at 37 �C in a humidified
atmosphere containing 5% CO2. Fifteen microlitres of
DMSO solution with or without the arbutin ester was
added to the culture medium (15 ml) 24 h after cell seed-
ing (5 · 105 cells/75 cm2 dish). After 6 days of culture,
the cells were harvested and the cell weights were deter-
mined. Melanin content was measured using the method
of Masamoto with slight modification.16 Melanoma cells
were pelleted by centrifugation at 1500g for 5 min and
then washed twice with phosphate-buffered saline. After
further centrifugation, the supernatant was removed by
decanting and the precipitated cells were solubilized
with 1 ml of 1 M NaOH for 24 h in a capped test tube.
The absorbance was measured at 400 nm, and the mela-
nin content was calculated (A400/g-cell).


Dose-dependent inhibitory effect of the arbutin ester in
cultured B16 melanoma cells is shown in Figure 2. The
growth rate of B16 melanoma cells was not significantly
altered after 6 days of incubation in the 0.1–10 mM con-
centration range of arbutin and 0.001–0.1 mM of the
arbutin ester, although the number of cells that adhered
to the plates seemed to decrease at the highest concen-
tration of both samples. After 6 days of incubation with
the arbutin ester 0.1 mM, the melanin production de-
creased to approximately 30% compared with that in
control cells, while arbutin 0.1 mM did not affect mela-
nin production.


Tyrosinase catalyzes three distinct reactions in seven
step of eumelanin (black type melanin) synthesis: (1)
the hydroxylation of tyrosine to 3,4-dihydroxyphenylal-
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Figure 1. Effect of ratio and concentration of arbutin and undecylenic acid vinyl ester on the enzymatic transesterification catalyzed by Bioprase.


Arbutin 0.3–0.9 M, undecylenic acid vinyl ester 0.3–2.7 M, Bioprase conc 10 mg/ml, DMF (5% water).
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anine (DOPA) (monophenolase); (2) the oxidation of
DOPA to DOPA quinone (o-diphenolase); and (3) the
oxidation of 5,6-dihydroxy indole to indole-quinone.
The remaining steps can proceed spontaneously at phys-
iological pH.2


The cellular experiment involves some additional factors
(reaction time, availability of a cofactor, and penetra-
tion through the cell membrane) to eliminate the inhib-
iting activity on melanin synthesis as compared with the
cell-free experiment. We previously reported that the
arbutin ester exhibited inhibition of oxidation by tyros-
inase.15 In considering the mechanism of the arbutin
ester action, it is reasonable to assume that the arbutin
ester easily penetrates and hydrolyzes to arbutin in the
cells to display antimelanogenic activity.

In conclusion, we could shorten the reaction time and
increase the product by increasing the substrate concen-
tration. Further, the arbutin ester decreased melanin
production efficiently compared with arbutin. Arbutin
has been used as a whitening agent for a long time.
The arbutin ester described in this paper would be
expected to be one of the second generation of arbutin
derivatives having a higher antimelanogenesis activity.
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Abstract—In the past few years a significant effort has been devoted by Pharmacia toward the discovery of novel antibiotics. We
have recently described the identification of an anthranilic acid lead 1 and the optimization resulting in the advanced lead 2. In this
report, we describe the preparation of several selected analogs to probe the dependency of this template for antibacterial activity and
the affinity these compounds have for human serum albumin (HSA). These analogs illustrate that decreased affinity for HSA can be
achieved while retaining relevant antibacterial activity. The most important factor for reduced HSA affinity is decrease in logP
rather than a structural change.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Progression in lead optimization.

Emergence of bacterial resistance is a significant prob-
lem in the treatment of bacterial infections,1 and this
has fueled a continual search for novel antibiotics result-
ing in numerous commercially available products. We
recently reported2 on the optimization of acid 1 resulting
in the discovery of lead compound 2 which displayed
potent broad-spectrum antibacterial activity (Fig. 1).
Extensive results from biological assays indicated that
high affinity to human serum albumin3 (HSA) was the
main reason for lack of in vivo activity of 2. An obser-
vation in the literature describes the utility of anthranilic
acids as high affinity ligands for HSA.4 There are
numerous ways to evaluate the affinity of different li-
gands for HSA such as chromatographic, spectroscopic,
and displacement of a high affinity ligand from HSA.5 A
very common approach described in the literature is the
addition of serum to the biological assay. The difference
of activity in the presence and absence of serum can be
related to HSA affinity.6 The affinity to HSA can be
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described as binding constant (Kd), % free fraction, or
a ratio of activity in the presence or absence of serum.


The difficulty inherent in protein binding can be illus-
trated by looking at the case of a compound with a Kd


of 1 lM for HSA at a fixed compound concentration.
At the biologically relevant concentration of 600 lM
HSA, the free fraction will only be 0.2%. A decrease in
affinity for HSA such as an increase in the Kd to
10 lM results in a free fraction of 1.6%. An early exam-
ple of the evaluation of antibiotics’ affinity to HSA was
the measurement of MIC activity of a range of commer-
cially available antibiotics in the absence and presence of
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Table 1. Antibacterial activity of new probe analogs


Compound MICa (lg/mL)


SAURb SAURc SAURd


6 16 >128 >128


8 32 >128 >128


a Minimal inhibitory concentration.
b Staphylococcus aureus UC 9218.
c Staphylococcus aureus UC 9218 + 5% 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 then filtered using a 0.2 lm


filtration system.
d Staphylococcus aureus UC 9218 + 10% serum.
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phenylphosphine) palladium, Na2CO3, THF/water (75%); (iii) TFA


(57%).


3114 A. Thorarensen et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3113–3116

100% serum.7 Highly bound drugs such as Dicloxacillin
require good pharmacokinetic properties and signifi-
cantly more potency to exert the same effect as less pro-
tein bound drugs.8 In general, it is only the free fraction
of a drug that is of biological consequence (or rele-
vance?). A rule of thumb has been proposed that in
order to observe in vivo activity with 80% certainty,
Cfree


max=MIC P 8 :1.8b We elected to utilize the primary
MIC assay in the presence and absence of serum as a
primary indicator for monitoring improvements in
potency and decreases in HSA affinity. The major
advantage of the MIC assay was high throughput,
acceptable accuracy, and a measurement of overall
HSA affinity. Utilizing this approach we recently
reported on optimization of 2 targeting the reduction
of its affinity for human serum albumin (HSA) which re-
sulted in advanced compound 3.9 A detailed description
of the SAR with regard to structural tolerance correla-
tion with lipophilicity and how that relates to HSA affin-
ity are presented in this report.


The potential for rational design of new anthranilic ana-
logs with decreased HSA affinity. A rational approach
is the utilization of protein crystallography to engineer
in non-favorable interaction. A few structures of HSA
have been determined10 and a recent report for a suc-
cessful rational design of non-favorable interaction has
been described for Diflunisal analogs.11 In order to eval-
uate if this would be a feasible approach here we elected
to prepare analogs that were confirmationally rigid, dis-
playing a bulky group where SAR indicated that substi-
tution was allowed. This could be accomplished on each
periphery of the core such as example 4 (Fig. 2).


The analogs were prepared by sequential amide coupling
followed by a Suzuki reaction and finally a TFA depro-
tection in modest overall yield, Schemes 1 and 2. This
approach allowed us to rapidly prepare numerous ana-
logs in each series (data not shown). The key observa-
tion is that compounds 6 and 8 were active as
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Figure 2. Design of probe analogs.
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antibacterial agents (Table 1). Despite our efforts to
bump these analogs out of their HSA binding site via
their large linear size, they were still excellent substrates
for HSA. These observations diminished our hope that
rational design via steric interaction with HSA would
be a viable path forward in new analog design. This
was not surprising since HSA binding characterization
of the deschloro analog of 2 was found to have high
affinity to both the ibuprofen (Kd � 1 lM) and the war-
farin site (Kd < 1 lM).12 Because of the high affinity for
multiple binding sites (vide supra), structural alteration
for affinity for one site could be tolerated by the other
and vice versa.13 The net result is still high overall affin-
ity for HSA.


Systematic evaluation of physical properties with antibac-
terial activity and HSA affinity. A less direct approach to
reducing protein binding is to guide SAR based on the
correlation of physical parameters with bioactivity and
HSA affinity. This has been a very common approach
since the initial disclosure by Hansch applied to a series
of penicillins.14 There are numerous reports on the cor-
relation of physical parameters with activity of antibac-
terial agents mainly for penicillins, and in general, the
major correlation is between lipophilicity and HSA
affinity.15 In addition, acidic groups are known to in-
crease affinity for HSA. A recent publication describes
a detailed analysis where the major factor for HSA affin-
ity appears to be the compound’s lipophilicity.16 In
addition to lipophilicity, the analysis indicated that cyc-
lic structures especially six-membered rings have high
affinity for HSA. Affinity was decreased by branching
or conversion to acyclic systems.


In order to evaluate these possibilities, we selected to
prepare a series of pyridyl-thioethers, where we could
modulate both the logP as well as the nature of the sub-
stituent in a systematic fashion. Our initial approach to
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the synthesis of these compounds was to prepare the in-
tact extended analog and displace a chloride with a thio-
late in the last step. This worked very well for methyl
and ethyl thiolates, Scheme 3. However, when the chain
length was increased to propyl none of the desired mate-
rial was obtained despite several optimization attempts.
An alternative approach was designed that relied on the
reduction of disulfide followed by alkylation of the de-
rived anion with an alkyl halide, Scheme 4. The acid
was then coupled to the amine. In this instance, acid
chloride formation required the harsher conditions of
thionyl chloride in order to provide a reliable yield of
the desired amide. This alternative approach allowed
us to prepare a significant number of structurally diverse
thioether analogs.


In general, the thioether analogs are very active against
Staphylococcus aureus with numerous analogs having
MIC of 0.125 lg/mL, Table 2. Numerous analogs are
very potent in the presence of added serum in the S. aur-
eus MIC assay. In most instances, as the performance in
presence of serum improves the spectrum of activity
deteriorates (data not shown). There is not a linear
correlation between decrease in C logP and improved

Table 2. Antibacterial activity of selected pyridyl thioether analogs in the pr


R2 Compound R1


Me 10a CN


Et 10b CN


n-Pr 12a CN


n-Bu 12b CN


n-C5H11 12c CN


n-C6H13 12d CN


n-C6H13 12e Br


n-C6H13 12f Cl


n-C9H19 12g CN


n-C3H6OC2H4OCH3 12h CN


i-Pr 12i CN


i-Pr 12k Br


i-Bu 12l CN


12m CN


12n CN


12o CN


12p CN


12r Br


12s CN


O
12t CN


O
12u Br


a R = [(MIC 10% serum)/(MIC 0% serum)].

performance in the presence of serum. That is to some
extent contradictory to numerous observations in the lit-
erature.15,16 Rather, it appears that improvement in po-
tency with increase in C logP is greater than increase in

esence and absence of serum


MIC SAUR 9218 (lg/mL) R (10%)a


0% serum 10% serum


4 32 8


0.5 8 16


0.5 32 64


0.25 16 64


0.125 4 32


0.125 8 64


0.125 64 512


0.125 64 512


1 >128 >128


1 4 4


1 16 16


1 32 32


0.5 8 16


0.125 16 128


0.125 16 128


0.25 8 32


0.5 32 64


1 64 64


0.5 16 32


0.125 4 32


1 32 32







Figure 3. Plot of C logP of prepared analogs vs. ratio (ratio defined as


MIC 10% serum/MIC 0% serum).
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HSA affinity. This trend is well exemplified by the linear
series C1–C9 (10a–12g), where it appears that a C5 tether
is optimal in 12c. It is difficult to compare the acyclic
series with the cyclic series (12p–u), but in general it ap-
pears that the cyclic series does not perform as well. A
more interesting observation is that branched acyclic
compounds appear to be performing the best in both
the C3 tether (12a vs. 12i) and the C4 tether (12b vs.
12l). The branched analog is more potent and performs
better in the presence of serum as judged by MIC or the
R-value (ratio). Therefore, analogs 12o, 12n, and 12m
were prepared. Their disappointing performance dem-
onstrates the difficulty in analyzing and predicting bio-
logical activity in the presence of serum. The addition
of oxygen atoms in the tether in general improves the
performance in the presence of serum.


A more detailed analysis of HSA affinity was performed
on 12h indicating an affinity (Kd) for the ibuprofen site
was 14 lM and an overall HSA affinity was �0.7 lM.
This is a significant reduction compared to compound
2 especially at the ibuprofen site. In general for this ser-
ies it appears that performance in the presence of serum
is difficult to relate to a single parameter such as C logP,
rather it is a complex correlation of increased potency,
C logP, and branching that is dictating performance.
In general, increased C logP confers more potent com-
pounds with a break point of 6–9 carbons in the thioe-
ther substituent where HSA affinity dominates potency
improvement. In general lower-branched thioethers
have the best ratio of MIC activity, the cyclic ones are
the worst, and linear ones sit in the middle. Our obser-
vations correlate well with the recent publication on
protein binding describing relationships of C logP,
branching, and cyclic parameters.16 The most generic
correlation of lipophilicity and protein binding is de-
picted in Figure 3. The R factor is a measurement of
protein binding and it is obvious that there is an excel-
lent correlation of C logP with R. There was not

observed any correlation with other physical parameters
such as topical polar surface area or MW.


Conclusion. In this paper, we described some of the key
observations we made regarding antibacterial SAR of
this novel template and the properties influencing its
affinity for HSA. Based on the synthesis of compounds
6 and 8, we believe that rational design is unlikely to
guide the design of less protein bound analogs. On the
other hand, the close correlation of C logP with HSA
affinity provides a strategy for designing new analogs.
These compounds bind to multiple sites on HSA and
the C logP modification has dramatic effect on affinity
of the compounds for the ibuprofen site. The overall ef-
fect on decreased HSA affinity is more modest. The fu-
ture focus is on improving potency in new compounds
while retaining a low C logP. Potency enhancements
which are the results of C logP increases are unlikely
to provide analogs with the desired properties.
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Abstract—c-Secretase is a key enzyme involved in the production of b-amyloid peptides which are believed to play a critical role in
the onset and progression of Alzheimer’s disease (AD). As such, inhibition of c-secretase has been an attractive approach to AD
therapy. In this paper, the design, synthesis, and evaluation of tetrahydroquinoline and pyrrolidine sulfonamide carbamates as c
-secretase inhibitors are described.
� 2007 Elsevier Ltd. All rights reserved.
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Alzheimer’s disease (AD) has become the most common
cause of dementia in the elderly, affecting approximately
4.5 million people in the US and 15 million people world-
wide.1a,b AD is a devastating disease characterized by a
progressive loss in memory and cognitive function which
ultimately leads to death. The pathological hallmark of
AD includes extraneuronal amyloid plaques containing
primarily aggregated b-amyloid peptides (Ab) and intra-
cellular neurofibrillary tangles (NFTs).1a,b Although
both amyloid plaques and NFTs are thought to contrib-
ute to neuronal cell death and the symptoms observed in
AD, the formation of amyloid plaques is unique to AD,
whereas NFTs have been found in some other uncom-
mon neurodegenerative diseases.1c Therefore, the pro-
duction and deposition of Ab peptides in the brain are
believed to play a key role in the onset and progression
of AD (the ‘amyloid cascade hypothesis’).1d


Ab peptides are produced via the sequential cleavage of
b-amyloid precursor protein (b-APP) by two proteases:
b- and c-secretases. Inhibition of either b- or c-secreta-
ses has become an attractive approach to the treatment
of AD. c-Secretase is a novel membrane-bound aspartyl
protease composed of presenilin-1/2, nicastrin, Aph-1,
and pen-2, and to date a number of small molecule c-
secretase inhibitors have been reported.2,3 In our search
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for novel c-secretase inhibitors, various cyclic amine sul-
fonamide carbamates (2–6) were designed based on a
screening hit 1 (IC50 = 2.5 lM).3d The SAR of tetrahy-
droquinoline sulfonamide carbamates 2 and piperidine

Cl Cl


5: n = 1
6: n = 0


2: m = 1
3: m = 2
4: m = 3
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sulfonamide carbamates 5 have been recently dis-
closed.3d–f In this paper, the synthesis and SAR of tetra-
hydroquinoline sulfonamide carbamates 3, 4, and
pyrrolidine sulfonamide carbamates 6 are described.

10


4


i,j


12


N
S OO


Cl


N
S OO


Cl


O


2


11


Cl


OH


O


NR1R2


Scheme 2. Preparation of tetrahydroquinoline sulfonamides 4.


Reagents and conditions: (a) H2, PtO2, MeOH, rt, 6 h, 100%; (b)


LiAlH4, THF, reflux, 4 h, 87%; (c) TMSCl, Et3N, CH2Cl2, 0 �C,


15 min, 93%; (d) 4-chlorobenzenesulfonyl chloride, Et3N,


ClCH2CH2Cl, 70 �C, 16 h, 47%; (e) K2CO3, MeOH, 0 �C, 30 min,


96%; (f) Swern oxidation, 61%; (g) methyl (triphenyl-phosphoranylid-


ene)acetate, THF, rt, 16 h, 100%; (h) DIBAL-H, toluene/hexane, rt,


3 h, 95%; (i) 4-nitrophenyl chloroformate, Et3N, CH2Cl2, rt, 16 h; (j)


R1R2NH, Et3N, CH2Cl2, rt, 6 h, 50–95% (steps i–j).


N
OH


OBoc


N
OTMS


S OOa-d e

The synthesis of carbamates 3 is illustrated in Scheme 1.
Hydrogenation of quinoline-2-acetic acid methyl ester 74


(prepared from quinoline-N-oxide according to the liter-
ature procedure in Ref. 4) using H2/PtO2 followed by
sulfonylation with 4-chlorobenzenesulfonyl chloride
gave sulfonamide 8. Then, reduction of 8 using DI-
BAL-H provided alcohol 9. Finally, conversion of 9 to
4-nitrophenylcarbonate followed by treatment with
various amines yielded target compounds 3.


The preparation of carbamates 4 is shown in Scheme 2.
The synthesis began with hydrogenation of quinaldic
acid 10, followed by LAH reduction, TMS-protection
of the resulting alcohol, sulfonylation, TMS-deprotec-
tion, and Swern oxidation to provide aldehyde 11. Next,
after Wittig coupling of 11 with methyl (triphenylphos-
phoranylidene)acetate, DIBAL-H reduction gave
propanol 12. Finally, conversion of 12 to 4-nitrophenyl-
carbonate followed by reactions with various amines
furnished target compounds 4.


The synthesis of carbamates 6 is illustrated in Scheme 3.
Commercially available (2R,5S)-Boc-5-phenyl-pyrroli-
dine-2-carboxylic acid 13 (SNPE North America LLC)
was treated with HCl to remove Boc, followed by
LAH reduction, TMS-protection of the resulting alco-
hol, and sulfonylation to give pyrrolidine sulfonamide
silylether 14. The TMS protecting group in 14 was then
removed using K2CO3 in MeOH to provide alcohol 15.5


Finally, conversion of alcohol 15 to 4-nitrophenylcar-

7


8


3


a,b
c


d,e


N


N
CO2Me


S OO


Cl
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N
S OO


Cl


OH N
S OO


Cl


O


O


NR1R2


CO2Me


Scheme 1. Preparation of tetrahydroquinoline sulfonamides 3.


Reagents and conditions: (a) H2, PtO2, MeOH, rt, 4 h; (b) 4-


chlorobenzenesulfonyl chloride, Et3N, ClCH2CH2Cl, 70 �C, 16 h,


28% (steps a–b); (c) DIBAL-H, toluene/hexane, rt, 16 h, 60%; (d) 4-


nitrophenyl chloroformate, Et3N, CH2Cl2, rt, 16 h; (e) R1R2NH, Et3N,


CH2Cl2, rt, 6 h, 50–95% (steps d-e).


Cl
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Cl
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13


14


15 6


f,g


N


Scheme 3. Preparation of pyrrolidine sulfonamides 6. Reagents and


conditions: (a) 4N HCl, dioxane, rt, 2 h; (b) LiAlH4, THF, reflux, 4 h;


(c) TMSCl, Et3N, CH2Cl2, 0 �C, 45 min, 100% (steps a–c); (d) 4-


chlorobenzenesulfonyl chloride, Et3N, ClCH2CH2Cl, 70 �C, 16 h, 52%;


(e) K2CO3, MeOH, rt, 30 min, 96%; (f) 4-nitrophenyl chloroformate,


Et3N, CH2Cl2, rt, 16 h; (g) R1R2NH, Et3N, CH2Cl2, rt, 6 h, 50–95%


(steps f–g).

bonate followed by reactions with various amines gave
target compounds 6.


Table 1 lists the SAR6,7 of tetrahydroquinoline sulfon-
amide carbamates 3 and 4. For the two carbon chain
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linked carbamates (3a–g, m = 2), IC50 values ranging
from 280 nM (3b) to 1900 nM (3c) were achieved. For
the three carbon chain linked carbamates (4a–g,

Table 1. SAR of tetrahydroquinoline sulfonamide carbamates


N
O


S OO


Cl


NR1R2


O
m


Compound m NR1R2 IC50 (nM)a


3a 2
H
N N 530


4a 3
H
N N 220


3b 2 H
N N


N
280


4b 3 H
N N


N
86


3c 2 N N 1900


4c 3 N N 780


3d 2 N N
OH


880


4d 3 N N
OH


680


3e 2 N N 1000


4e 3 N N 180


3f 2


H
N


N


900


4f 3


H
N


N


190


3g 2 N N 360


4g 3 N N 60


2g3d 1 N N 733d


a IC50’s are mean values of two or more determinations with the


standard deviations no greater than 50% from the mean.6

m = 3), potency enhancements of �5-fold were observed
for carbamates of piperazine and piperidine with bulky
side chains as compared to the corresponding two car-
bon chain carbamates (4e–g vs. 3e–g). In contrast, little
change in potency was observed for primary amine car-
bamates (4a,b vs. 3a,b) or for carbamates of piperazine
and piperidine with small side chains (4c,d vs 3c,d).
The potency levels observed for the three carbon chain
linked carbamates are similar in magnitude to those
found for the one carbon chain linked carbamates (2,
m = 1).3d As an example, carbamate 4g (IC50 = 60 nM,
m = 3) is almost equipotent to carbamate 2g3d


(IC50 = 73 nM, m = 1). It should be noted that all the
compounds shown in Table 1 are racemic mixtures.
The two enantiomers of 2g had been separated by chiral
preparative HPLC, with one enantiomer displaying an
IC50 of 39 nM, while the other enantiomer showing an
IC50 of >1000 nM (see Ref. 3d). However, the absolute
stereochemistry for the active enantiomer was not
established.


Table 2 summarizes the SAR6,7 of pyrrolidine sulfon-
amide carbamates 6. As can be seen from Table 2,

Table 2. SAR of pyrrolidine sulfonamides


N


S OO


Cl


O


O


NR1R2
n


Compound n NR1R2 IC50 (nM)a


6a 0
H
N N 600


6b 0 H
N N


N
650


6c 0 N N 450


6d 0 N N
OH


540


6e 0 N N 120


6f 0


H
N


N


140


6g 0 N N 180


5g3e 1 N N 163e


a IC50’s are mean values of two or more determinations with the


standard deviations no greater than 50% from the mean.6
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carbamates bearing piperazines and piperidines with
bulky side chains (6e–g) are more active than carbamates
bearing acyclic amines (6a–b) or piperazines and piperi-
dines with small side chains (6c–d). Compound 6e
showed the highest potency in this series with an IC50 va-
lue of 120 nM. It should be noted that compounds 6a–g
were prepared as pure (2R,5S)-enantiomers.5 The antip-
odes, (2S,5R)-enantiomers, were also prepared but all
gave IC50 > 10,000 nM (data not shown).5 As a result,
the strong preference for (2R,5S)-configuration in c-
secretase inhibition is clearly established. It should also
be noted that the pyrrolidine carbamates 6 are in general
�10-fold less potent than the corresponding piperidine
carbamates 5.3e For example, pyrrolidine analog 6g
(IC50 = 180 nM) is 11-fold less potent than piperidine
analog 5g3e (IC50 = 16 nM). Interestingly, using chiral
HPLC and Mosher’s method, the absolute stereochemis-
try required for c-secretase inhibition by the piperidine
carbamates 5 had been established to have the (2R,6S)-
configuration (see Ref. 3e), consistent with that for
pyrrolidine carbamates 6. Based on these results, the
absolute stereochemistry for the active enantiomers in
the tetrahydroquinoline carbamates could be inferred
as the (2R)-configuration. However, this hypothesis
needs further experimental confirmation.


In summary, novel cyclic amine sulfonamide carbamates
have been discovered as potent c-secretase inhibitors.
Tetrahydroquinoline sulfonamide carbamates with one
and three carbon chain linkers are more potent than
those with a two carbon chain linker. Pyrrolidine sulfon-
amide carbamates are in general less potent than the
corresponding piperidine sulfonamide carbamates. A
clear preference for the (2R,5S)-configuration was firmly
established for the pyrrolidine sulfonamide carbamate
c-secretase inhibitors.
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Abstract—Following the discovery of JTK-109 (1) as a potent inhibitor of hepatitis C virus NS5B RNA-dependent RNA polymer-
ase, [(a) Hirashima, S.; Suzuki, T.; Ishida, T.; Noji, S.; Yata, S.; Ando, I.; Komatsu, M.; Ikeda, S.; Hashimoto, H. J. Med. Chem.
2006, 49, 4721. (b) Hashimoto, H.; Mizutani, K.; Yoshida, A. Int. Patent Appl. WO 01/47883, 2001.] further studies toward the
improvement of the cellular potency have been performed. A greater than 40-fold improvement was achieved through replacing
the biphenyl moiety with a 2-morpholinophenyl group and the benzimidazole ring with the tetracyclic scaffold to afford compound
7 with an excellent replicon potency (EC50 = 7.6 nM).
� 2007 Elsevier Ltd. All rights reserved.
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Hepatitis C virus (HCV) is a common pathogen that in-
fects an estimated 170 million people worldwide and
that can lead to liver cirrhosis, carcinoma, and hepatic
insufficiency.2 The standard therapy is based on pegylat-
ed interferon-a and ribavirin, a treatment course that is
not necessarily effective for the patients infected with the
most prevalent HCV genotype 1 virus and that is
frequently associated with severe adverse events.3 There-
fore, there is an unmet clinical need for novel anti-HCV
agents, especially against genotype 1 HCV. Among the
encoded HCV non-structural proteins, HCV NS5B
RNA-dependent RNA polymerase (RdRp) is an attrac-
tive target for drug development because it plays a vital
role in HCV viral replication,4 and because correspond-
ing RdRps are not known in mammalian systems. Many
nucleoside and non-nucleoside inhibitors against NS5B
have been described.5
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We have recently reported a potent NS5B inhibitor,
JTK-109 (1, Fig. 1), with a low nanomolar biochemical
potency and a submicromolar cellular potency.1a How-
ever, a relatively large ‘shift in potency between bio-
chemical assay and cellular assay’ (EC50/IC50 = 19,
abbreviated as shift in this paper) was observed.
Although cellular activity is generally influenced by fac-
tors such as membrane permeability, metabolism, and
affinity for proteins, the elevated binding of 1 to protein

N


JTK-109 (1)
IC50(NS5B:1b) = 0.017 μM
EC50(replicon) = 0.32 μM


EC50/IC50 = 19


C


Figure 1. Structure of JTK-109 (1).
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(>99% in 10% FCS employed in the replicon cell assay)
was considered as the major factor for the large shift.
The hydrophobic biphenyl substructure is known to
promote the increased binding affinity to a wide range
of proteins, especially albumin.6 Indeed, almost all of
the compounds in the previous benzimidazole series
bearing substituted biphenyl groups showed greater
than 20-fold shifts. Thus, replacement of the biphenyl
moiety with a non-biphenyl substructure is clearly neces-
sary to reduce the shift, which may lead to more potent
inhibition in the replicon cells. Another aspect of
increasing the cellular potency is the improvement of
the biochemical potency, which could be achieved by
changing the benzimidazole ring to the other structures.

Table 1. NS5B enzyme assay IC50 values and replicon cell-based assay


EC50 values for compounds 2 (A-part variation)


N


N
O


R1


N


F
HOOC


O


Compound R1 NS5B


IC50
a (lM)


Replicon


EC50
a (lM)


EC50/IC50


1 Cl 0.017 0.32 19


2a O Cl 0.23 3.1 13


2b OMe 0.41 1.4 3.4


2c N 0.15 0.80 5.3


2d N OH 0.15 1.4 9.3


2e N COOH 0.18 3.5 19


2f N N Me 0.13 1.1 8.5


2g N N Ac 0.11 0.95 8.6


2h N O 0.066 0.31 4.7


2i
N O


O


1.0 >30 >30


2j N O 0.26 1.3 5.0


a IC50 and EC50 values in all tables are means of at least two inde-


pendent determinations, standard deviation ±30%.

Herein, we report our results toward highly potent com-
pounds in the replicon cells through the above strategies.
This work led to the identification of compound 7 with a
single digit nanomolar potency (EC50 = 7.6 nM).


In our search for a non-biphenyl substructure, we ini-
tially focused on the A-part of 1 (Table 1).7 Compounds
2a, b were synthesized to deform the shape of the biphe-
nyl functionality. Insertion of the ether linker between
the two phenyl rings (2a) and replacement of the aro-
matic ring with a methoxy group (2b) decreased potency
10-fold against NS5B compared to 1. The biphenyl ether
2a exhibited no improvement in the shift, however, the
shift of 2b was enormously reduced (EC50/IC50 = 3.4).
We therefore speculated that the aromatic property of
the A-part has a deleterious effect on the shift, while a
ring structure directly connected to the B-ring is neces-
sary to maintain the biochemical potency, and hence
we implemented replacement of the phenyl ring with
an aliphatic ring. Substitution with piperidine (2c)
yielded a compound with a modest improvement in
the biochemical potency over 2a or 2b, but still worse
than 1. However, the shift (EC50/IC50 = 5.3) was much
improved. Introduction of either a hydroxyl (2d) or car-
boxylic acid (2e) on the piperidine, or replacement with
piperazines (2f, g), gave compounds with equal bio-
chemical potency, but with larger shifts than 2c. On
the other hand, the morpholine variant (2h) exhibited

Table 2. NS5B enzyme assay IC50 values and replicon cell-based assay


EC50 values for compounds 3 (C-part variation)


N


N
O


R2


F
HOOC N


O


Compound R2 NS5B


IC50 (lM)


Replicon


EC50 (lM)


EC50/IC50


2h
N


O


0.066 0.31 4.7


3a H 0.13 1.0 7.7


3b Cl 0.10 1.2 12


3c
N


S
O


O
0.071 0.55 7.7


3d
N


O


0.090 0.58 6.4


3e NMeAc 0.051 0.37 7.3


3f NHAc 0.070 0.91 13


3g
N


Me
OMe


O


0.099 1.2 12


3h Ni-PrAc 0.042 0.27 6.4


3i CONMe2 0.068 0.44 6.5


3j CONHi-Pr 0.048 0.38 7.9
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�threefold improved biochemical potency compared to
2c with a similar shift (EC50/IC50 = 4.7). This compound
was as potent as 1 in the cellular assay, although the bio-
chemical potency was �fourfold less than 1. The protein
binding of 2h was evaluated and found to be 90%, sug-
gesting that the decreased shift may be attributed to the
decreased affinity for proteins. Two structurally related
compounds, 2i and 2j, were synthesized to confirm the
appropriateness of the morpholine group. Lactam 2i
caused a negative effect on the biochemical potency
and the shift. The non-ring compound 2j afforded a
fourfold decrease in the biochemical potency compared
to 2h, although the shift was comparable.


Employing the morpholin-4-yl group as the A-part of
the structure, we turned our attention to the C-part of
the parent compound. Since our previous structure–
activity relationship studies showed that carbonyl/sulfo-
nyl functional groups at the C-part afforded superior
biochemical and the cellular potencies,1a those substitu-
ents (3c–j) were mainly examined in this series (Table 2).
They showed NS5B inhibitory activities similar to 2h

Table 3. NS5B enzyme assay IC50 values and replicon cell-based assay EC50


Compound N


4 N
O


N


N


O


O


HOOC


0


5


N
O


N


N


O


O


HOOC


0


6


N
O


N


N


O


O


S
HOOC


0


7


N
O


N


N


O


O


HOOC
O


0


8


N
O


N
O


HOOC
O


Cl


0


and were slightly more potent than 3a (no substituent)
or 3b (non-carbonyl substituent). Compared to the pre-
vious series, the effects of the carbonyl functional groups
were modest. While several compounds (3e, h–j) were as
potent as 2h in the replicon assay, none of them showed
increased cellular potencies.


Although the reduction of the shift was achieved by
replacing the phenyl ring (A-part) with a morpholine
ring, we sacrificed a fourfold loss in the biochemical po-
tency. The initial purpose, improvement of the cellular
potency, remained. Thus, we attempted to enhance the
biochemical potency by changing the benzimidazole ring
to the other structures. In several related inhibitors, sub-
stitution of indole,8 thienopyrrole,9 or tetracyclic scaf-
folds10 for the benzimidazole moiety afforded more
potent inhibition in the biochemical assay. We incorpo-
rated these same structures into compound 2h and syn-
thesized compounds 4–7. All of them exhibited
improved biochemical and cellular potencies compared
to 2h while retaining smaller shifts (Table 3). The rank
order of the biochemical potencies generally correlated

values for compounds 4–8


S5B IC50(lM) Replicon EC50(lM) EC50/IC50


.030 0.21 7.0


.0072 0.052 7.2


.010 0.052 5.2


.0072 0.0076 1.1


.019 0.060 3.1
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with the order for the scaffolds reported in the litera-
ture.8c,9a,10 The cellular potency increased in parallel
with the increased biochemical potency. Notably, the
tetracyclic compound 7 showed a significantly improved
cellular potency (EC50 = 7.6 nM) with no shift (EC50/
IC50 = 1.1). Thus, a 42-fold of improvement in the rep-
licon cellular potency was achieved. To verify the effect
of the morpholine group, the biphenyl compound 8 was
prepared. A threefold larger shift compared with 7 was
observed, as was the case in benzimidazole (1 vs 2h).
In contrast to the case of benzimidazole, the morpholine
group did not lose the biochemical potency. The tetracy-
clic ring also seems to be significantly effective in reduc-
ing the shift, judging by the fact that the shifts of 7 and 8
were five- to sixfold smaller than those of 2h and 1,
respectively. All compounds in this study showed low
cytotoxicity (CC50 > 20 lM).


The compounds evaluated in this study were synthesized
as described in Schemes 1–3 . The syntheses of 2a–j were
started from the phenol 9,1b which was converted to 10
in two different ways: (i) for 10a, c–h, alkylation by Mitsu-
nobu reaction with 2-fluoro-5-nitrobenzylalcohol, and
subsequent amination with the corresponding amines or
alkoxylation with 4-chlorophenol; (ii) for 10i, alkylation
with 2-bromo-5-nitrobenzylbromide and subsequent
Pd-mediated amination. The nitro group of 10 was re-
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Scheme 1. Reagents and conditions: (a) 2-fluoro-5-nitrobenzylalcohol, DIAD


(c) 2-bromo-5-nitrobenzylbromide, K2CO3, DMF, 80 �C; (d) morpholin-3-o


THF–EtOH–H2O, reflux; (f) 4-chlorobutyryl chloride, AcONa, AcOH, THF


60 �C; (i) 17, DIAD, PPh3, THF, rt; (j) MeI, K2CO3, acetone, reflux; (k) L


Pd(PPh3)4, Na2CO3, DME–H2O, reflux.

duced with iron to give the aniline 11. Acylation with
4-chlorobutyryl chloride and the subsequent intramolec-
ular alkylation afforded the lactams 12a, c–i. Compounds
12b, j were directly prepared from 9 by Mitsunobu cou-
pling with 17b, j. The benzylalcohols 17 were derived from
the esters 16 in four steps: reduction of the nitro group
with iron; LiAlH4 reduction of the methyl ester; acylation
of the aniline with 4-chlorobutyryl chloride; and cycliza-
tion to form the lactam ring. Compounds 16 were synthe-
sized from 13, 14, or 15 by either amination (16h, j),
alkylation (16b), or Suzuki coupling (16k). Finally,
hydrolysis of the methyl esters of 12 gave 2.


As shown in Scheme 2, 3a–j were synthesized from either
aniline 11h or the phenol 9 via 18. The aniline 11h was
converted to 18b–h in five different ways: (i) for 18b,
replacement of the aniline to the chloride by Sandmeyer
reaction; (ii) for 18c, d, acylation/sulfonylation and sub-
sequent cyclization; (iii) for 18e, g, acylation with the
corresponding acylchlorides and subsequent N-alkyl-
ation with MeI; (iv) for 18f, acetylation; (v) for 18h,
reductive amination with acetone in the presence of
NaBH(OAc)3 and subsequent acetylation. Compound
18a was directly prepared from the phenol 9 by Mitsu-
nobu reaction. Compounds 18i, j were derived from 9
via the carboxylic acid 19, which was synthesized in
three-step sequence: alkylation of the phenol; Pd-medi-

N


N
O


F
eOOC


NO2


R1


f: R1 = 4-Me-piperazin-1-yl
g: R1 = 4-Ac-piperazin-1-yl
h: R1 = morpholin-4-yl
i: R1 = 3-oxomorpholin-4-yl


10a,c-i


e


2a-j


R1


COOMe


NO2


R1


N O


OH
e, k, f, l


6b,h,j,k 17b,h,j,k


j: R1 = NMe(CH2CH2OMe)


N


N
O


F
HOOC


N


R1


O


k: R1 = 4-Cl-phenyl


, PPh3, THF, rt; (b) amines or 4-chlorophenol, K2CO3, DMSO, 80 �C;


ne, Pd2(dba)3, Xantphos, Cs2CO3, 1,4-dioxane, reflux; (e) Fe, NH4Cl,


, rt; (g) K2CO3, DMF, 65 �C; (h) 4 N aq. NaOH, THF–MeOH–H2O,


iAlH4, THF, 0 �C; (l) KOH, EtOH–H2O, 80 �C; (m) 4-Cl-PhB(OH)2,
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Scheme 2. Reagents and conditions: (a) tert-BuONO, CuCl2, MeCN, 0 �C then rt; (b) Cl(CH2)4COCl or Cl(CH2)3SO2Cl, AcONa, AcOH, THF, rt;


(c) K2CO3, DMF, 60 �C; (d) AcCl or MeOCH2COCl, Et3N, CHCl3, 0 �C then rt; (e) NaH, MeI, DMF, 0 �C then rt; (f) acetone, NaBH(OAc)3, THF,


rt; (g) 4 N aq. NaOH, THF–MeOH–H2O, 60 �C; (h) 2-morpholin-4-ylbenzylalcohol, DIAD, PPh3, THF, rt; (i) 2-bromo-5-tert-butoxy-


carbonylbenzylbromide, K2CO3, 60 �C; (j) morpholine, Pd2(dba)3, BINAP, Cs2CO3, toluene, 100 �C; (k) TFA, CHCl3, rt; (l) amines, PyBop�,


Et3N, DMF, rt.
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ated amination; and deprotection of the tert-butyl
group. Coupling between 19 and the corresponding
amines using PyBop� provided 18i, j. The esters 18 were
hydrolyzed to give 3.


As shown in Scheme 3, compounds 4–7 and 8 were synthe-
sized from benzylalcohols 17h or 17k, respectively, in
three steps: conversion of the hydroxyl to the chloride

(24h, k); coupling with the phenols (20,8c 21,8d 22,9b and
2310); and subsequent hydrolysis of the methyl esters.


In conclusion, we have achieved the improvement of the
replicon cellular potency (42-fold in comparison with 1)
through reducing the shift between the biochemical and
the cellular potencies and improving the biochemical po-
tency. Reduction of the shift was attained by replacing
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the biphenyl moiety with a 2-morpholinophenyl ring
and the benzimidazole ring with the tetracyclic scaffold.
A further increase in biochemical potency occurred by
substituting the tetracyclic scaffold for the benzimid-
azole ring.
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Abstract—The synthesis and structure–activity relationships of a series of novel phenoxyphenyl diamine derivatives with affinity for
both the histamine H3 receptor and the serotonin transporter is described.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of marketed anti-depressants: fluoxetine (1),


citalopram (2), and venlaflaxine (3).

Depression is a common and potentially debilitating dis-
ease with global prevalence. A widely held neurochemis-
try-based theory for depression is that it is caused by a
deficiency or an imbalance of the biogenic amines nor-
adrenaline (NE) and serotonin (5-HT) in the brain.1–3


Thus, current forms of treatment for depression focus
on increasing the levels of these neurotransmitters in
the synaptic cleft. Selective serotonin reuptake inhibitors
(SSRIs), such as fluoxetine (1), citalopram (2), paroxe-
tine, and sertraline, work by inhibiting serotonin reup-
take by the serotonin transporter (SERT) thereby
increasing concentrations of serotonin in the synaptic
cleft.3 The SSRIs have become a standard treatment
for depression because of their safety profile and rela-
tively low incidence of side effects. However, one
remaining drawback is a slow onset of anti-depressant
activity (Fig. 1).


One strategy for improving the onset of action of SSRIs
is to expand their pharmacological profile. For example,
the dual SERT/NE reuptake inhibitor (SNRI) venlaflax-
ine (3) is reported to have an early onset of action, albeit
at high dosages.2 The combination of a 5-HT1A antago-
nist with an SSRI has also been explored.4–7 Finally, the
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wake-promoting medication modafinil has been used to
augment traditional anti-depressant therapy with data
indicating that the combination therapy begins working
earlier than an SSRI alone.8,9 Despite these observa-
tions, there still remains a need for anti-depressants with
a fast onset of action.2


Noting the potential limitations of existing anti-depres-
sants we have explored the possibility of combining
the pharmacology of a serotonin reuptake inhibitor with
an H3 antagonist.10 Our rationale for this is based on the
neurochemical and pharmacological effects observed for
histamine H3 antagonists. Antagonism at the H3 recep-
tor increases neurotransmitter (histamine, 5-HT, NE)
release into the synaptic cleft.11 In addition, H3 antago-
nists are known to decrease REM sleep in animals and
to have a mild stimulatory effect. It is believed that sup-
pression of REM sleep is involved in anti-depressant
activity.12 Thus, the combination of an H3 antagonist
and a serotonin reuptake inhibitor may provide more
immediate benefits to patients suffering from depression.
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Our group has previously disclosed the diamine-based
H3 antagonists exemplified by structures 4–7 in Figure
2.13–17 The pharmacophore model for the diamine-based
H3 derivatives consists of two basic functional groups
flanking a lipophilic core that contains an aromatic
ring.13,14 We thought we might be able to use this model
to construct a dual histamine H3 receptor antagonist/
serotonin reuptake inhibitor utilizing the known SSRI,
fluoxetine (1).


Fluoxetine already contains a basic amine flanked by a
lipophilic moiety (Fig. 3).13 Therefore, placing known
H3 components containing the second basic amine (I–
IV) on either the A or B ring of fluoxetine as shown in
Figure 3 should provide a compound with affinity for
both the H3 receptor and serotonin transporter. As part
of our efforts to design small molecules with both activ-
ities, we examined the SAR around the templates 8 and
9 in order to determine the best placement of the 3-pipe-
ridinyl-propyloxy H3-component (I), the incorporation
of the most preferred H3-component (I–IV), and the
optimal substitution of the phenoxy ring (B). For sim-
plicity, we chose to synthesize H3/SERT derivatives
where R1 and R2 (Fig. 3) are methyl since the N,N-di-
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Figure 3. Proposed construction of dual H3 antagonist/SERT inhib-


itors from fluoxetine (1) and known H3 antagonist components (I–IV).

methyl derivative of fluoxetine 10 (Table 1) has compa-
rable in vitro activity to fluoxetine itself (1).18


The synthesis of H3/SERT analogs with the 3-piperidi-
nyl-propyloxy H3-component (I) on the phenyl ring
(A) of fluoxetine is shown in Scheme 1. Alkylation of
4-hydroxyacetophenone with 1-bromo-3-chloropropane
was followed by displacement of the chloride with piper-
idine to give 11. Mannich reaction of 11 with parafor-
maldehyde and dimethylamine followed by reduction
with sodium borohydride gave the alcohol 12. Mitsun-
obu reaction with 4-trifluoromethyl phenol or phenol
gave 13 and 14, respectively. The meta-substituted ana-
log 15 was synthesized in the same fashion as 14 starting
from 3-hydroxyacetophenone. Additional phenyl (A)
ring 3-piperidinyl-propyloxy derivatives with substitu-
tion on the phenoxy (B) ring shown in Table 3 were also
prepared via the synthesis outlined in Scheme 1 using
various substituted phenols.


The synthesis of analogs with the 3-piperidinyl-propyl-
oxy H3-component (I) on the phenoxy (B) ring of fluox-
etine is shown in Scheme 2. The Mitsunobu reaction
between 4-benzyloxyphenol and 3-piperidinyl-propan-
1-ol gave 16. Hydrogenation of 16 afforded 17, which
was treated with 18 under Mitsunobu conditions to give
19. The meta-substituted compound 21 was synthesized
from 18 via a Mitsunobu reaction with 3-methoxyphe-
nol followed by BBr3 mediated deprotection of 20 and
Mitsunobu reaction with 3-piperidinyl-propan-1-ol.


Analogs with the conformationally restricted H3 compo-
nents (II) and (III) were synthesized as shown in Schemes
3 and 4. In both cases, the H3 component was introduced
early in the synthesis. Either 4-fluoroacetophenone was
treated with 1-isopropyl-piperidin-4-ol14 in a SNAr reac-
tion to give 22 (Scheme 3), or 4-acetyl-benzoic acid was
converted to the amide (24) with 1-isopropyl piperazine
(Scheme 4). The substituted acetophenones were then
converted to the final products 23, 25, and 26 in three
steps as previously described.


The alkyne-linked H3-component (IV) analogs were syn-
thesized in four steps (Scheme 5). Compounds 27 and 28
were prepared under the aforementioned conditions.
The resultant bromides were then coupled to 1-but-3-
ynl-piperidine under Sonogashira conditions using the
microwave or conventional heating to provide 29 and
30.19


The regioisomers (14, 15, 19, and 21) of the 3-piperidi-
nyl-propyloxy (I) series of compounds were tested
in vitro for rat SERT binding affinity (rSERT), human
SERT binding affinity (hSERT), and human H3 recep-
tor binding affinity (hH3) as shown in Table 1. Although
all of the regioisomers had high affinity for the hH3


receptor, the para-3-piperidinyl-propyloxy phenyl (A)
ring analog 14 had the greatest affinity for rSERT.
Therefore, we chose to further explore the substitution
at this position with different H3-components (II–IV).


As seen in Table 2, all of the side chains provided excel-
lent affinity for the hH3 receptor. However, varying the







Table 1. Structures and in vitro H3/SERTdata for 3-piperidinyl-propyloxy (I) regioisomers


N


O


Y1


X1


X2 N O
Y2


I


Compound X1
a X2


a Y1
a Y2


a rSERT Ki
b (nM) hSERT Ki


b (nM) hH3 Ki
b (nM)


10 — — CF3 — 7.7 ± 1.5 8.3 ± 0.4 6633 ± 108


13 I — CF3 — 10 ± 2 14 ± 3 2.7 ± 0.8


14 I — — — 1.0 ± 0.0 26 ± 1 0.6 ± 0.2


15 — I — — 16 ± 3 199 ± 47 3.3 ± 0.4


19 — — I — 18 ± 2 281 ± 20 1.0 ± 0.0


21 — — — I 65 ± 7 1480 ± 342 0.7 ± 0.2


a —, indicates hydrogen.
b Ki values are reported as means ± SEM of three independent determinations.
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H3 side chain did have an effect on the SERT activity.
The 3-piperidinyl-propyloxy side chain (I) provided the
highest affinity at both rSERT and hSERT. Interest-
ingly, the unsubstituted phenoxy (B) ring derivative 14
displayed less affinity in the hSERT assay than the
rSERT assay. This trend was observed for all the deriv-
atives in Table 2 when the phenoxy (B) ring bore no sub-
stitution. When the phenoxy (B) ring was substituted
with 4-trifluoromethyl (i.e., 13), there was less discrep-
ancy between rSERT and hSERT affinity. In addition,
a loss of rSERT affinity was observed when 4-trifluo-
romethyl substitution on the phenoxy (B) ring was
paired with either the I or IV side chains on the phenyl
(A) ring (13, 29). The marked effect of the 4-trifluorom-
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Scheme 1. Synthesis of phenyl-ring 3-piperidinyl-propyloxy analogs.


Reagents and conditions: (a) 1-bromo-3-chloro-propane, K2CO3,


acetone, reflux, 16 h (97%); (b) piperidine, Na2CO3, KI, n-BuOH,


105 �C, 36 h (100%); (c) paraformaldehyde, dimethylamine hydrochlo-


ride, HCl (concd), EtOH, 90 �C, 24 h (32%); (d) NaBH4, EtOH, rt,


16 h (73%); (e) phenol, PS–PPh3, DBAD, DCM, rt, 20 h (32–56%).

ethyl substituents on hSERT and rSERT activity war-
ranted further exploration of the phenoxy (B) ring
substitution.


All of the phenoxy (B) ring derivatives synthesized
(Table 3) displayed excellent binding affinity for the
hH3 receptor. Affinity was also maintained in the rSERT
assay. However, in the hSERT assay, some SAR
emerged. Among the compounds tested with electron
donating substituents, the 4-methoxy derivative (33)
gave the poorest affinity. Interestingly, the affinity of
the 3-methoxy derivative (34) at hSERT was better, indi-
cating position may have an effect on the affinity. The
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Scheme 2. Synthesis of phenoxy-ring 3-piperidinyl-propyloxy analogs.


Reagents and conditions: (a) 3-piperidinyl-propan-1-ol, PS–PPh3,


DBAD, DCM, rt, 20 h (57%); (b) 10% Pd/C, EtOH, 1 atm. H2, 72 h


(85%); (c) PS–PPh3, DBAD, DCM, rt, 20 h (10%); (d) 3-methoxy


phenol, PS–PPh3, DBAD, DCM, rt, 20 h (47%); (e) BBr3, DCM, rt,


3 h (14%); (f) 3-piperidinyl-propan-1-ol, PS–PPh3, DBAD, DCM, rt,


20 h (17%).







Table 2. Structures and in vitro H3/SERT data for compounds containing s
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Compound X1
a Y1


a rSERT Ki


10 — CF3 7.7 ± 1.5


13 I CF3 10.0 ± 1.9


14 I — 1.0 ± 0.0


23 II — 36 ± 9


25 III CF3 44 ± 3


26 III — 63 ± 6.2


29 IV CF3 33 ± 14


30 IV — 6.0 ± 1.9


a —, indicates hydrogen.
b Ki values are reported as means ± SEM of at least three independent deter
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28, Y1=CF3


N


Scheme 5. Synthesis of H3/SERT analogs with an alkyne-linked H3


component (IV). Reagents and conditions: (a) paraformaldehyde,


dimethylamine hydrochloride, concd HCl, 0.6 M EtOH, 90 �C, 24 h


(71%); (b) NaBH4, EtOH, rt, 16 h (79%); (c) phenol, PS–PPh3, DBAD,


0.1 M DCM, rt, 20 h (55%); (d) 1-but-3-ynyl-piperidine, Pd(PPh3)2Cl2,


CuI, HNEt2, DMF, 120 �C, 25 min (39%).
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position of the substituents also seemed to be a factor
for the electron withdrawing chlorinated derivatives.
The 3-chloro-derivative, 37, was more potent at hSERT
than 36 (4-chloro) or 38 (2-chloro). Among the electron
withdrawing substituents, 35 (4-fluoro) and 44 (4-cyano)
provided the poorest affinity for hSERT. The enantio-
mers of 39 were separated via chiral HPLC to determine
the eudismic ratio.20 No significant differences in affinity
were observed for hH3, rSERT or hSERT for the
enantiomers.


To ascertain the selectivity of these compounds, a proto-
typical compound 14 was screened against a panel of
over 50 receptor targets, representing the major classes
of biogenic amines and neuropeptide receptors, ion
channels, and neurotransmitter transporters.21 With
the exception of histamine H2 (66% binding at 1 lM)
and noradrenaline transporter (73% binding at 1 lM),

ide chains I–IV on the phenyl (A) ring


O N O


N
O


N


I II


III IV


b (nM) hSERT Ki
b (nM) hH3 Ki


b (nM)


8.3 ± 0.4 6633 ± 108


13.7 ± 3.2 2.7 ± 0.8


26 ± 1 0.6 ± 0.2


169 ± 30 0.8 ± 0.2


42 ± 8 2.3 ± 0.4


245 ± 22 0.8 ± 0.2


61 ± 4 5.0 ± 2.1


29 ± 2 1.3 ± 0.4


minations.







Table 3. Structures and in vitro H3/SERT data for 3-piperidinyl-propyloxy derivatives with varying substitution on the phenoxy (B) ring


N


O


Y1


ON


Y2


Y3


Compound Y1
a Y2


a Y3
a rSERT Ki


b (nM) hSERT Ki
b (nM) hH3 Ki


b (nM)


13 CF3 — — 10.0 ± 1.9 14 ± 3 2.7 ± 0.8


14 — — — 1.0 ± 0.0 26 ± 1.1 0.6 ± 0.2


31 SCH3 — — 1.3 ± 0.4 10 ± 4 0.9 ± 0.1


32 CH3 — — 1.5 ± 0.6 16 ± 4 0.7 ± 0.2


33 OCH3 — — 2.0 ± 0.0 60 ± 26 1.0 ± 0.0


34 — OCH3 — 2.0 ± 0.0 11 ± 0 0.7 ± 0.2


35 F — — 1.3 ± 0.4 46 ± 13 1.0 ± 0.0


36 Cl — — 2.3 ± 0.42 16 ± 4 1.7 ± 0.4


37 — Cl — 1.7 ± 0.4 2.7 ± 0.4 0.9 ± 0.0


38 — — Cl 9.3 ± 1.5 21 ± 3 0.9 ± 0.1


39 Cl Cl — 7.0 ± 2.1 5.3 ± 0.8 6.7 ± 3.6


(�)-39 Cl Cl — 11 ± 3 3.0 ± 1.2 4.0 ± 1.2


(+)-39 Cl Cl — 9.7 ± 1.8 7.3 ± 0.7 4.3 ± 1.2


40 Cl — Cl 7.7 ± 2.7 9.7 ± 1.6 0.9 ± 0.1


41 Br — — 5.0 ± 0.7 9.0 ± 2.8 1.7 ± 0.4


42 — Br — 2.3 ± 0.8 4.0 ± 0.7 1.0 ± 0.0


43 NO2 — — 3.7 ± 0.4 8.7 ± 1.1 0.9 ± 0.1


44 CN — — 7.7 ± 0.4 159 ± 59 0.2 ± 0.0


a —, indicates hydrogen.
b Ki values are reported as means ± SEM of at least three independent determinations.
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the affinities in the screen were all less than 40% binding
at 1 lM. Compound 14 was tested against human nor-
adrenaline transporter in-house and was shown to have
a Ki of 201 nM. Compound 14 was also tested in a func-
tional assay and was found to be an antagonist with a
pA2 of 9.3 at the human histamine H3 receptor. The
H3 binding affinity of 14 (pKi = 9.2) correlated well with
the functional activity.


In summary, we have synthesized potent selective phen-
oxyphenyl diamine histamine H3 receptor antagonists
with affinity for the serotonin transporter. In the course
of exploring the SAR of these compounds, we deter-
mined that the type (I–V) and position of H3 side chain,
as well as substitution on the phenoxy (B) ring, signifi-
cantly affected the affinity at rSERT and/or hSERT,
but had little effect on the hH3 affinity. Overall, the 3-
piperidinyl-propyloxy (I) side chain in the para-position
of the phenyl (A) ring provided the highest affinity for
SERT. In addition, we found that varying the substitu-
tion on the phenoxy (B) ring provided significant species
differences in the hSERT and rSERT binding affinities
with a few exceptions, including 3-chloro (37) and 3-bro-
mo (42), which were nearly equipotent at both the hu-
man and rat serotonin transporters. Finally, these dual
affinity aryloxyamine compounds represent a potential
new class of anti-depressants with prospects for an im-
proved clinical profile over currently prescribed SSRIs.
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Abstract—Analogs of the psychotropic phenothiazines were synthesized and examined as antitubercular agents against Mycobac-
terium tuberculosis H37Rv. The compounds were subsequently counter-screened for binding to the dopaminergic-receptor subtypes
D1, D2, D3 and the serotonergic-receptor subtypes 5-HT1A, 5-HT2A, and 5-HT2C. The most active compounds showed MICs from
2 to 4 lg/mL and had overall reduced binding to the dopamine and serotonin receptors compared to chlorpromazine and
trifluoperazine.
� 2007 Elsevier Ltd. All rights reserved.

Figure 1. Psychotropic phenothiazine drugs with antitubercular


activity.

Approximately one-third of the world’s people are
infected with Mycobacterium tuberculosis (Mtb), the
causative agent of tuberculosis (TB). The World Health
Organization estimates there were 9 million new cases of
TB and 1.7 million TB deaths in 2005, primarily in Afri-
ca and Asia.1 Currently 3.4% of disease cases involve
multi-drug-resistant TB (MDR-TB) resistant to both
isoniazid and rifampin.1 Even more alarming are recent
reports of extensively drug-resistant TB (XDR-TB)2,
which is resistant to all of the first-line one-half of the
second-line TB antibiotics. Thus, new TB drugs that
can treat MDR-TB or shorten the duration of the treat-
ment regimen are urgently needed.


Phenothiazines have been reported as having antituber-
cular activity for many years, and the phenothiazine
drug chlorpromazine (CPZ) is reported to have been
successfully used to treat a TB patient (Fig. 1). 3 Natu-
rally, since the phenothiazines tested against Mtb are
psychotropic drugs, there has been resistance to using
them to treat TB because of the cognitive side effects.4


CPZ, thioridazine, and trifluoperazine (TPZ) are known
to exert their psychotropic effects by binding to an array
of postsynaptic receptors, including the dopamine recep-
tors,5 serotonergic-receptors,6 histaminergic-receptors,
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a1/a2-receptors, and muscarinic M1/M2-receptors.7


Although phenothiazines have a complex pharmacolog-
ical profile, the dopamine and serotonin receptors are
primarily responsible for the psychotropic effects.5 Re-
cently, the molecular target of CPZ and TPZ in Mtb
was shown to be the type-2 NADH dehydrogenase
(NDH-2) encoded by the ndh gene.8 It was demon-
strated that TPZ binds directly to NDH-2 as a noncom-
petitive inhibitor with respect to NADH and is
uncompetitive with respect to the primary quinone sub-
strate, ubiquinone Q2.9 Identification of the target of
these drugs in Mtb indicates that it may be possible to
separate antitubercular activity from psychotropic activ-
ity by increasing the selectivity of the compounds or
reducing their ability to cross the blood–brain barrier.


Our initial approach to this problem was to generate a
focused library of phenothiazines that would be
screened for in vitro growth inhibition against Mtb,
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and then to counter-screen them for binding to a panel
of dopaminergic and serotonergic receptors. Since no
structural relationship between Mtb NDH-2 and the
postsynaptic neurological receptors is evident in hu-
mans, our hypothesis is that it should be possible to cre-
ate phenothiazines with enhanced selectivity toward
Mtb growth inhibition and reduced binding to the dopa-
minergic and serotonergic receptors.


The pharmacology of the existing phenothiazine drugs
makes it clear that substitutions around the phenothia-
zine ring can lead to pronounced effects on their biolog-
ical activities.7 First, a diphenylamine intermediate was
synthesized by coupling a substituted aniline with
bromobenzene using a Buchwald palladium coupling10


(Scheme 1). The diphenylamines were then cyclized
through reaction with sulfur and catalytic iodide11 under
microwave irradiation, using previously described con-
ditions,12 to give substituted 10H-phenothiazines in
10%–50% yields, with the remaining material recovered
as unreacted starting material. These phenothiazines
were then alkylated with a common basic side chain to
permit direct comparison of effects of the substituted
ring substituents. This route allowed us to synthesize
10 substituted phenothiazine derivatives along with
three compounds, 5a, 5b, and 5c, made from commer-
cially available rings (Table 1).


The existing phenothiazine drugs all have a basic side
chain at the 10-position, so we maintained the distal
nitrogen and added diverse substitutions with both an
alkyl and a benzyl linker (Scheme 2). The unsubstituted
10H-phenothiazine rings were first alkylated with a bro-
mo- or iodo-alkane, then converted to alkyl iodides that
were poised for nucleophilic attack by a primary or a
secondary amine diversity reagent. Amines were chosen
to encompass aliphatic, cyclic aliphatic, aromatic, and
heteroaromatic groups at this position. Also, this set
of amine starting materials gave products consisting of
both secondary and tertiary amines. Overall, yields ran-
ged from 20% to 80%, and thus were acceptable for our
initial screening efforts.


There are precedents for some classes of compounds to
have greater activity when the minimal active units are

Scheme 1. Reagents and conditions: (a) Pd2dba3, X-phos, K3PO4,


toluene, reflux, 20 h. (b) Sulfur (2 equiv), I2 (cat), H2O, lW, 190 �C,


20 min. (c) 3-Chloromethyl-1-methylpiperazine, LHMSD (1 M in


hexanes), toluene, 80 �C, 15 min.

linked together to form a dimer or ‘bis’ compound. This
phenomenon has been observed for quinoline antimala-
rials13 and acridine antiprion14 compounds. To explore
this possibility for the phenothiazines, we synthesized
two bis-phenothiazines using an alkyl and an aromatic
linking group (Scheme 3).


The microplate alamar blue assay (MABA) was used
to assess the antitubercular activity of the phenothia-
zines, measured as the Minimum Inhibitory Concen-
tration (MIC) against Mtb strain H37Rv (Table 1).
15 The unsubstituted phenothiazine 5a was significantly
less potent than the analog with the 2-CF3 substitution
found in TPZ. The two compounds with phenyl sub-
stitutions, 5d and 5e, were the most potent, with MICs
of 4.5 and 2.1 lg/mL, respectively. The increased activ-
ity of the phenyl substituted phenothiazine rings sug-
gests that there may be space for additional steric
interaction in the receptor binding pocket in this re-
gion. It is also notable that replacement of the pheno-
thiazine ring with a phenoxazine ring (compound 5b)
and introduction of a heteroatom into the ring system
(compounds 5i and 5j) led to significant losses of
activity.


The compounds with substitutions to the side chain gen-
erally led to a loss in activity relative to TFP, with the
exception of compounds 9f and 9h, with MICs of
4.6 lg/mL and 4.2 lg/mL, respectively. These com-
pounds are the only two with side chains that are both
secondary amines and are expected to be protonated
at the pH of the assay, 7.4. In general, the compounds
with the benzyl substitution (12a–k) and bulkier side
chains (12c, 12d, 12j–k) were less active. Interestingly,
the two bis-phenothiazines, 13 and 14, were both potent
compounds, with MICs of 2.3 lg/mL and 2.0 lg/mL,
respectively.


All these compounds were then counter-screened for
binding to three dopamine and three serotonin receptors
at 10 lM using a radioligand displacement assay (Table
1).16 This assay allows us to assess the selectivity toward
Mtb growth inhibition versus binding to the postsynap-
tic receptors. The control compounds, CPZ and TFP,
both demonstrated near maximum binding to all the
receptors except the 5-HT1A receptor at 10 lM concen-
tration. The ring-substitution analogs (5a–m) retained
high binding to most of the receptors with some loss
in affinities to the D1, 5-HT1A, and 5-HT2C receptors.
The most potent of this series, 5d and 5e, had little ten-
dency to bind to the serotonin receptors, but had only a
moderate reduction in affinity for the dopamine recep-
tors. Notably, the two compounds with the greatest
overall reduction in binding to these receptors were
the phenoxazine compound 5b and the 3-morpholino
substituted compound 5m, which were also inactive
against Mtb. The compounds with an alkyl linker and
diversity at the pendant nitrogen (9a–k) retained a bind-
ing profile similar to that of the control drugs, with the
exception of 9k, containing a large diphenyl ether substi-
tution on the nitrogen. These data seem to indicate that
large groups in this position could reduce much of the
binding to the dopamine and serotonin receptors. The







Table 1. Phenothiazine antitubercular activity and percentage of ligand displacement for dopamine and serotonin receptors


Compound Ring substitution MABA MIC (lg/mL) D1a(%) D2a(%) D3a(%) 5-HT1A
a(%) 5-HT2A


a(%) 5-HT2C
a(%)


CPZ HCl 2-Cl 6–12 96 96 96 67 99 97


TFP HCl 2-CF3 6–12 99 98 95 44 99 86


5a H 17 4 88 64 0 84 29


5b Phenoxazine >20 4 57 26 0 24 12


5c 2-CF3 7.2 6 87 59 5 75 56


5d 2-Ph 4.5 22 97 80 1 44 14


5e 3-Ph 2.1 83 96 97 0 92 58


5f 3-F 10.8 35 87 70 7 99 89


5g 3-Cl 14.3 37 94 87 0 95 67


5h 3-SMe 11.6 NT NT NT NT NT NT


5i 1-(N)b >10 20 86 59 19 85 47


5j 3-(N)b >20 NT NT NT NT NT NT


5k 3-Me 7.2 23 93 63 0 80 26


5l 3-OMe >20 8 75 54 0 71 41


5m 3-Morpholino >20 2 59 1 0 16 7


9a 2-CF3 15 97 100 100 63 100 94


9b (TFP) 2-CF3 7.6 96 100 99 76 99 91


9c 2-CF3 >20 91 99 95 31 98 68


9d 2-CF3 >20 98 99 99 35 98 30


9e 2-CF3 11 95 74 85 62 96 95


9f 2-CF3 4.6 96 100 98 58 100 91


9g 2-CF3 14 96 95 98 54 98 81


9h 2-CF3 4.2 96 97 100 61 99 85


9i 2-CF3 20 96 85 100 45 98 93


9j 2-CF3 >20 0 0 52 0 25 5


9k 2-CF3 16 96 50 78 94 95 85


12a 2-CF3 >10 95 97 97 23 95 57


12b 2-CF3 15 0 14 0 0 0 0


12c 2-CF3 >20 1 66 20 4 0 0


12d 2-CF3 >20 44 75 77 0 75 7


12e 2-CF3 8.4 95 79 88 0 90 65


12f 2-CF3 6.4 98 93 97 24 97 59


12g 2-CF3 >10 0 11 0 0 0 0


12h 2-CF3 >20 0 13 0 0 0 0


12i 2-CF3 >10 97 90 86 0 94 53


12j 2-CF3 >20 5 26 6 0 31 0


12k 2-CF3 >20 60 72 88 10 60 0


13 2-CF3 2.3 56 48 94 3 94 83


14 2-CF3 2.0 0 40 51 0 0 0


ND, Not tested.
a Value is the percent displacement of the radiolabeled ligand at 10 lM of test compound. The ligands used for each receptor are: D1—[3H]SCH-


23390; D2—[3H]YM-09151-2; D3—[3H]YM-09151-2; 5-HT1A—[3H]8-OH-DPAT; 5-HT2A—[3H]Ketanserin; 5-HT2C—[3H]Mesulergine.16


b Heteroatoms are located within the ring at the specified position.


Scheme 2. Reagents and conditions: (a) NaH (1.2 equiv), DMF, 80 �C, 2 h. (b) NaI (10 equiv), acetone, reflux, 48 h. (c) Amines (a–k) (2 equiv),


K3PO4 (2 equiv), DMF, 80 �C, 2 h.
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Scheme 3. Reagents and conditions: (a) NaH (2.2 equiv), DMF, 80 �C,


2 h.
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compounds with the benzyl linkers and diversity at the
pendant nitrogen had significantly reduced binding to
both dopamine and serotonin receptors. In fact, com-
pounds 12b, 12g, and 12h were almost devoid of any
binding to these receptors, except for weak binding of
the D2 receptor. Overall, these data indicate that an in-
crease in the steric volume on the side chain reduces
binding to these subtypes of the dopamine and serotonin
receptors. The two bis-phenothiazine compounds have
substantially reduced binding to the dopamine and sero-
tonin receptors. Overall, these two compounds demon-
strated the most significant increase in antitubercular
activity and decrease in dopamine and serotonin recep-
tor binding.


These data demonstrate that it is possible to increase the
antitubercular activity and selectivity of phenothiazines,
although further enhancements are warranted. The anti-
tubercular activity is still in the low micromolar potency
range, while binding to some of the dopamine and sero-
tonin receptors can be estimated to be in the high nano-
molar range. The pharmacokinetics and the ability to
cross the blood–brain barrier will also have important
effects on the relative activities of the compounds
in vivo. These data do give an indication of the types
of modifications that may further enhance the potency
and selectivity to achieve an acceptable therapeutic win-
dow to warrant further development of phenothiazines
as a new class of TB drugs.
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Abstract—The synthesis and biological evaluation of potent and selective inhibitors of the erbB2 kinase is presented. Based on the
4-anilinoquinazoline chemotype, the syntheses of several new series of erbB2 inhibitors are described with quinazoline and
pyrido[4,3-d]pyrimidine cores. The vast majority of these compounds are found to be >100· selective over the closely related EGFR
kinase. Two lead compounds are further shown to have low clearance and moderate bioavailability in rat.
� 2007 Elsevier Ltd. All rights reserved.
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Breast cancer is the second leading cause of cancer
related death in American women. It is estimated that
214,640 new cases of breast cancer were diagnosed and
41,430 deaths occured in the U.S. during 2006.1 Current
statistics suggest that 12.7% of American women born
today (�1/8) will be diagnosed with breast cancer at
some point in their life. While advances continue to be
made in the treatment of this disease, current chemo-
therapy options are often limited by a lack of efficacy
and toxicity; thus new therapies are urgently needed to
treat this disease.2


The erb family of receptors are transmembrane receptor
tyrosine kinases involved in a wide range of signal trans-
duction and cellular functions, and have become a very
fruitful area for the successful development of drugs to
treat cancer.3 erbB2 (Her2) is found to be significantly
overexpressed in 20–30% of human breast cancers and
is associated with a poor prognosis.4 The humanized
antibody herceptin (trastuzumab) from Genentech tar-
gets erbB2 and has been approved for the treatment of
breast cancer.5 EGFR (erbB1) has also been targeted
for the treatment of cancer, and several agents have been
approved with this mode of action.6
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At Pfizer, an effort to selectively target erbB2 was initi-
ated. Despite >80% homology between EGFR and
erbB2 in their kinase domains,7,8 a kinase selective ap-
proach was chosen for two reasons: (1) to avoid un-
wanted toxicity from inhibiting EGFR, such as
acneiform skin rashes, and (2) to facilitate the ability
to combine a selective erbB2 agent with other selective
drugs, including an EGFR agent, in a tunable fashion
so that different relative levels of selective inhibition
could be achieved. We believed that this approach is
advantageous from a scientific viewpoint in the long
term when compared to being limited to a fixed selectiv-
ity profile inhibiting multiple kinases from an unselec-
tive single agent.


Previously, Pfizer reported on a series of anilinoquinazo-
lines exemplified by compounds 1 and 2 (Fig. 1).9–11

1
N


N


N


N


2
7


Figure 1. erbB2 selective anilinoquinazolines.9–11
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These inhibitors were shown to be 11–42 nM erbB2
antagonists with 60–100· selectivity over EGFR. Based
on a homology model and comparisons with the crystal
structure of an inhibitor bound to EGFR,12 it is believed
that the N1 of the quinazoline makes a key hydrogen
bond to the hinge region of the protein, and that the ani-
line portion of the inhibitors is largely responsible for ki-
nase selectivity because it is buried deep in a
hydrophobic pocket. The quinazoline 6 position substit-
uents are believed to be pointed toward a solvent acces-
sible portion of the protein, and thus this position may
be an ideal place to introduce modifications designed
to improve ADME properties.


The goal of the effort described herein was to build on
this level of potency, increase selectivity, and further
elaborate SAR within this exciting chemotype, which
is already present in three approved cancer drugs.6 In
particular, a focus was on elaborating the anilino por-
tion of the molecule with more polarity by utilizing mo-
tifs that have been shown to induce a DFG out
conformation in other kinases.13 Thus, amide substitu-
ents were envisioned on the terminal phenyl group. In
addition, replacement of this terminal phenyl group with
substituted piperidines was also sought.


The initial analogs in this series were made with the C6
alkyne substituent of the quinazoline. The synthesis be-
gins with a nucleophilic displacement of the fluoro
group of 4 with either 3- or 4-substituted piperidine
alcohols or phenols (3a and 3b, Scheme 1). Reduction
of the nitro group affords 5 in good yield. The resulting
amine is then added to the C6-alkyne substituted 4-chlo-
roquinazoline (6),14 followed by acid catalyzed depro-
tection of either the tBoc group of piperidine
containing intermediates, or the t-Bu ester of the phenol
containing intermediates. The resulting amine and acid
substrates (7) are then subjected to standard high speed
analoging protocols resulting in final analogs 8 and 9.

R1OH


R1 =


NBoc CO2tBu


1a) NaH, DMF
  b)


F


O2N


H2N2) H2, Pd(OH)2, EtOH
  63-85% (2 steps)


3


(4)


HO HO


(a) (b)


5


N


N


HN
HN O


MeO


9


R2 =


NH CO2H
HO HO


(a) (b)


Scheme 1. The synthesis of amide substituted anilinoquinazoline analogs. DM


carbonyldiimidazole; HATU = O-(7-azabenzotriazol-1-yl)-N,N,N 0,N 0-tetram

Table 1 shows the potency of piperidine compounds in
inhibiting the isolated erbB2 kinase,15 and erbB2 in a
cellular system, as well as their selectivity in inhibiting
EGFR in the same cellular system.16,17 Initial unsubsti-
tuted piperidine and piperidine alkyl analogs were found
to be inactive (8a and b). Simple amide derivatives were
also inactive (8c,g), however, bulky amides (8d–f) and
urea (8i) showed surprising potency and selectivity.
Notably, these 4-piperidines were significantly more
potent than 3-piperidines (data not shown). Table 2
contains compounds in the phenyl amide class. These
compounds showed moderate to excellent potency and
remarkable selectivity over EGFR when substituted at
the 3 0 position with a bulky amide (9c–f). Simple amides
caused little inhibition (9a,b). At the 4 0 position, the
SAR was considerably more narrow, with only the neo-
pentyl amide displaying significant potency (9k). For all
of these series, the distance between the amide and the
N1 of the quinazoline as well as the need for large
groups on the amide for potency suggests the possibility
that these compounds require a protein conformational
change to a DFG out form to bind, although no defin-
itive kinetic or crystallographic data has been generated
to support this hypothesis.13


To further explore the SAR of these novel quinazoline
C4 substituents, we sought to combine them with other
quinazoline C6 and C7 substituents, as well as C6 substi-
tuted pyridopyrimidines. As described previously, this
portion of the inhibitors is believed to point toward a
solvent accessible portion of the binding pocket, and
thus polar substituents were envisioned. In particular,
ethers and amines were chosen due to their intrinsic
polarity and based on the precedents of previous erb
inhibitors.6,18,19


The readily available 4-chloro-6,7-dimethoxy and
6,7-dimethoxyethoxy ether starting materials were first
utilized to synthesize di-ether analogs in an analogous
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F = N,N-dimethylformamide; DCE = 1,2-dichloroethane; CDI = 1,1 0-


ethyluronium hexafluorophosphate.







Table 1. erbB2 kinase and cell inhibition, and EGFR cell selectivity for the piperidine sub-class of anilinoquinazolines 8a–i


N


N


HN
HN O


MeO
O


8


NR


1


6


Compound R erbB2 kinase inhibition


IC50
a (nM)


erbB2 cell inhibition


IC50
a (nM)


Cell selectivity


versus EGFRa


8a H >10,000 NT NT


8b Me >10,000 NT NT


8c Ac >10,000 NT NT


8d CO(c-Bu) 150 51 >200·
8e CO(m-ClPh) 210 75 92·
8f COCH2t-Bu 94 16 400·
8g COCH2OMe >10,000 NT NT


8h CO(2-THF) 550 2900 NT


8i CONH(2,6-difluoroPh) 76 190 >53·


NT, not tested.
a Values are means of at least two experiments, assay error is <2·.


Table 2. erbB2 kinase and cell inhibition, and EGFR cell selectivity for phenyl amide analogs 9a–k


N


N


HN
HN O


MeO
O


9


O


R


3'


4'


Compound Amide position R erbB2 kinase inhibition


IC50
a (nM)


erbB2 cell inhibition


IC50
a (nM)


Cell selectivity


versus EGFR


9a 30 NHMe >10,000 NT NT


9b 30 N(Me)2 >10,000 NT NT


9c 30 NHPh 140 NT NT


9d 30 NHc-Bu 230 160 >64·
9e 30 NHt-Bu 18 30 250·
9f 30 NHCH2t-Bu 130 110 91·
9g 40 NHMe >10,000 NT NT


9h 40 N(Me)2 >10,000 NT NT


9i 40 NHPh >10,000 NT NT


9j 40 NHt-Bu >10,000 NT NT


9k 40 NHCH2t-Bu 140 23 200·


NT, not tested.
a Values are means of at least two experiments, assay error is <2·.
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fashion as that described in Scheme 1. Subsequently,
C6-monoethers were synthesized (Scheme 2) beginning
with the esterification of anthranilic acid 10 followed

COOHHO


NH2


COOCH3HO


NH2


NaH,


POCl3, DMF


DCE, 64-93%


R1O


N


N


Cl


H3CO O N


R1Cl, 


MeOH, H2SO4


  47%


MeR1 =
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Scheme 2. The synthesis of C6 monoether analogs. DMF = N,N-dimethylfo

by alkylation of the phenol under standard conditions
to provide 12 where R1 = Me, MeOEt, and morphol-
ine propyl. Cyclization of the anthranilic acid with

 DMF R1O


N


N


OH


65-77%


COOCH3R1O


NH2


formamide


Δ, 70-79%


N


N


HN


O


15
N


N


HN


O


16


R1O


12 13


NR2
O


R2


rmamide; DCE = 1,2-dichloroethane.







3084 B. Lippa et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3081–3086

formamide to the quinazoline followed by chlorination
afforded the key 4-chloro-6-ether 14. Elaboration of
this intermediate into final analogs took place as de-
scribed in Scheme 1.


The synthesis of C6-aminopyridopyrimidine inhibitors
is shown in Scheme 3. Beginning with 4-chloro-6-fluoro-
pyrido[3,4-d]pyrimidine (17)19 the 4-chloro group is first
displaced with the aniline intermediates (5) of Scheme 1
to provide 18. Amine nucleophiles are then utilized to
displace the 6-fluoro group with high heat in DMSO
to provide intermediate 19. Analogs are then completed
as described previously.


Tables 3 and 4 show the potency and selectivity of C6
and C7 analogs. In general, all analogs in these series
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DCE/ t-BuOH


56-80% N N
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Scheme 3. The synthesis of pyrido[4,3-d]pyrimidine analogs. DCE = 1,2-dich


Table 3. erbB2 kinase and cell inhibition, and EGFR cell selectivity for th


pyrido[4,3-d]pyrimidines 15a–l and 20a–f


N


N


HN
R1


O


15


NR3


R


R2


Compound R1 R2 R3


15a OMe OMe COCH2t-Bu


15b O(CH2)2OMe O(CH2)2OMe COCH2t-Bu


15c OMe H COCH2t-Bu


15d O(CH2)2OMe H COCH2t-Bu


15e O(CH2)3 morpholine H COCH2t-Bu


20a NMe2 — COCH2t-Bu


20b Morpholine — COCH2t-Bu


15f OMe OMe CONH(2,6-difluoro


15g O(CH2)2OMe O(CH2)2OMe CONH(2,6-difluoro


15h OMe H CONH(2,6-difluoro


15i O(CH2)2OMe H CONH(2,6-difluoro


15j O(CH2)3 morpholine H CONH(2,6-difluoro


20c NHMe — CONH(2,6-difluoro


20d NMe2 — CONH(2,6-difluoro


20e Morpholine — CONH(2,6-difluoro


15k O(CH2)2OMe O(CH2)2OMe CO(c-pent)


15l O(CH2)2OMe H CO(c-pent)


20f Morpholine — CO(c-pent)


NT, not tested.
a Values are means of at least two experiments, assay error is <2·.

show moderate to excellent kinase and cell potency, as
well as EGFR selectivity. Particularly with regard to
erbB2 cell potency, the pyridopyrimidine analogs are
superior. For example, compound 20b was shown to
have a potency of <10 nM in the erbB2 cell assay,
whereas its EGFR cell potency was >10 lM resulting
in >1000· selectivity.


Two of the most promising pyridopyrimidine com-
pounds were assayed to determine their pharmacoki-
netic properties in rat. Compound 20f as the HCl salt
showed low clearance (Cl) of 2.5 mL/min/kg and a low
volume of distribution (Vd) of 0.2 L/kg resulting in a
half-life of 1 h after a single 2 mg/kg IV dose. When
dosed orally (5 mg/kg) in 0.5% methylcellulose, this
compound was 54% bioavailable (F). When dosed IV,
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100 76 >130·
260 530 11·
96 NT NT


120 19 >500·
75 34 >290·
51 <10 >230·
23 <10 >1000·


Ph) 19 67 23·
Ph) 230 840 6.5·
Ph) 46 250 11·
Ph) 27 33 >300·
Ph) 55 55 32·
Ph) 25 180 25·
Ph) 21 20 68·
Ph) 7 16 210·


77 530 >19·
44 29 >350·
18 33 >300·







Table 4. erbB2 kinase and cell inhibition, and EGFR cell selectivity for the phenyl amide sub-class of quinazoline ethers and C6-amino substituted


pyrido[4,3-d]pyrimidines 16a and 21a–f
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Compound R1 R2 erbB2 kinase inhibition


IC50
a (nM)


erbB2 cell inhibition


IC50
a (nM)


Cell selectivity


versus EGFRa


16a OMe OMe 77 310 1·
21a NHMe — 30 13 230·
21b NH(CH2)2 morpholine — 280 15 230·
21c NMe2 — 48 <10 >770·
21d Pyrrolidine — 36 <10 >100·
21e Morpholine — 21 24 >410·
21f NMe Piperazine — 130 15 >660·


NT, not tested.
a Values are means of at least two experiments, assay error is <2·.
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compound 21e was also found to have low Cl of
2.5 mL/min/kg, and a slightly higher Vd of 0.4 L/kg,
resulting in a half-life of 1.9 h. An initial oral formula-
tion of this compound in 0.5% methyl cellulose provided
only 5% F, presumably due to poor absorption. An
in vitro measurement of permeability in the Caco2 sys-
tem predicted good permeability (A! B: 15.4 ± 1.8 ·
10�6 cm/s), however the solubility of this compound
was found to be poor, likely resulting in the low bio-
availability. To address this issue, 21e was dosed in a
self-emulsifying drug delivery system (SEDDS) formula-
tion consisting of a mixture of Miglyol 812, Polysorbate
80, and Capmul MCM. This formulation caused bio-
availability to increase to 37%, presumably due to en-
hanced solubility in this formulation.20 Compound 21e
was further screened against 14 diverse kinases and
found to have >10 lM potency against all kinases tested
(EGFR, IRK, IGF-1R, CDK2, CDK5, cSRC, FES,
JAK3, PKCa, PKCh, LCK, PDGFRB, PKA, and
Wee-1) thus demonstrating broad kinase selectivity.


In conclusion, several new classes of anilinoquinazoline
inhibitors were synthesized. These inhibitor classes con-
sist of novel piperidine and benzamide functionality on
the northern portion of the molecule combined with a
quinazoline C6-alkyne amide, C6,C7-bisethers, C6
monoethers, and amine substituted pyridopyrimidines.
These compounds were shown to be potent inhibitors
of erbB2 in kinase and cellular assays, and are extremely
selective over EGFR, despite the high homology that ex-
ists between these kinases. Two representative com-
pounds are further shown to have moderate oral
bioavailability with low clearance. It is expected that
agents of this type could be effective in the treatment
of cancer either as single agents, or in combination with
other chemotherapeutic drugs. The exquisite kinase
selectivity of these compounds should offer the scientific
community excellent tools for further understanding the
erbB2 signaling cascade, and the implications for inhib-
iting this pathway. Other future studies should include
combining these agents with EGFR inhibitors to deter-

mine an optimal ratio of erbB2/EGFR inhibition for
anticancer activity.
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Abstract—DPC168, a benzylpiperidine-substituted aryl urea CCR3 antagonist evaluated in clinical trials, was a relatively potent
inhibitor of the 2D6 isoform of cytochrome P-450 (CYP2D6). Replacement of the cyclohexyl central ring with saturated heterocy-
cles provided potent CCR3 antagonists with improved selectivity against CYP2D6. The favorable preclinical profile of DPC168 was
maintained in an acetylpiperidine derivative, BMS-570520.
� 2007 Elsevier Ltd. All rights reserved.

CC Chemokine receptor 3 (CCR3) is the dominant che-
mokine receptor on eosinophils, and is also expressed by
mast cells, basophils, and Th2 lymphocytes.1–3 A grow-
ing body of evidence supports a critical role for CCR3
and its cognate ligands (notably eotaxin) in the inflam-
matory component of diseases such as asthma, allergic
rhinitis, and contact dermatitis, all of which are charac-
terized by eosinophil migration into affected tissues.2–6


The clinical significance of these allergic diseases has
prompted research into the discovery of small molecule
antagonists of CCR3 as potential new therapeutics.1,7


Previous reports from our group detailed the discovery
of potent aryl urea antagonists of CCR3, culminating
in the identification of DPC168 (1, see Table 1).8–11


Starting with simple lead compounds,8 incorporation
of the (S)-3-(4-fluorobenzyl)piperidine moiety imparted
single-digit nanomolar CCR3 binding potency and good
selectivity,10 while rigidification of the central linker of
the molecule with the (1R,2S)-disubstituted cyclohexyl
core provided compounds with extremely potent activity
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against eotaxin-induced chemotaxis (double-digit
picomolar IC50).11 DPC168 was advanced into human
clinical trials based on good preclinical pharmacokinet-
ics, an acceptable toxicology profile, and robust efficacy
in rodent and monkey models of eosinophilia.


While the selectivity of DPC168 with respect to other
chemokine receptors, 7-transmembrane G protein-cou-
pled receptors, and biogenic amine transporters was
generally high (ranging from 250-fold to greater than
10,000-fold), only 15-fold selectivity was observed for
CCR3 binding relative to inhibition of the 2D6 isoform
of human cytochrome P-450 (CYP2D6). This was a
potential cause of concern, since CYP2D6 contributes
to the metabolism of about 20–25% of clinically used
drugs, and is also characterized by widespread genetic
polymorphism in the general population. Inhibition of
this enzyme raised the possibility of unpredictable inter-
actions between DPC168 and other commonly used
drugs, including antidepressants, neuroleptics, b-block-
ers, and antiarrhythmics. In particular, the antitussives
dextromethorphan and codeine, both likely to be used
by asthmatics, are metabolized by CYP2D6.15,16


A likely culprit contributing to the potent CYP2D6
inhibitory activity of DPC168 is the added lipophilicity
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Scheme 1. Reagents and conditions: (a) R-(+)-a-methylbenzylamine,


p-TsOH, benzene reflux (–H2O); (b) [see Table 2]; (c) [for 7 and 8]


K2CO3, EtOH reflux (7–22% from 11, with unepimerized material


which was separated and recycled); (d) LiOH or NaOH, H2O–THF, rt;


(e) (S)-(+)-3-(4-fluorobenzyl)piperidine, BOP, Et3N, CH2Cl2, rt (60–


100% for 2 steps); (f) [for 10] Oxone, MeOH, H2O, acetone, rt, 72%; (g)


Pd(OH)2 (20% on carbon), H2 (60 psig), EtOH, rt; (h) BH3, THF, rt,


then HOAc; (i) 15, acetonitrile, rt (12–42% for 3 steps).


Table 1. In vitro potency and selectivity comparison of DPC168 with two arylurea analogs


N


NH


O


NH-Ar


F


Compound Ar CCR3 IC50
a (nM) Chemotaxis IC50


b (nM) CYP2D6 IC50c (nM)


1


Ac
2.0 0.034 30


2 N
N


N
MeN


0.7 0.010 210


3
N


S Ac


Me


0.9 0.030 240


a Inhibition of eotaxin binding to CCR3. See Ref. 12.
b Inhibition of eosinophil chemotaxis stimulated by eotaxin. See Ref. 13.
c Inhibition of oxidative demethylation of a model substrate by CYP2D6. See Ref. 14.
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accompanying the incorporation of the cyclohexyl
group.17 Indeed, the analog of DPC168 wherein the 3-
(4-fluorobenzyl)piperidine and 3-acetylphenylurea moie-
ties are linked by a simple propylene chain displayed
similar CCR3 binding potency (IC50 2.5 nM),10 yet
was much less potent as an inhibitor of CYP2D6 (IC50


680 nM; 270-fold selective). Compounds 2 and 3 (Table
1) demonstrated the possibility of improving the selec-
tivity over CYP2D6 inhibition (300- and 370-fold,
respectively) while maintaining or even improving
CCR3 antagonism. We sought to improve the selectivity
further by replacing the cyclohexyl moiety of DPC168
with less lipophilic heterocyclic rings which would main-
tain the projection vectors of the benzylpiperidine and
arylurea groups.


Since 2-amino-4-methyl-5-acetylthiazole (incorporated
into 3) is commercially available, we chose this aromatic
group for our SAR exploration of the central region of
the molecule. With the exception of 4 and 5,18 the com-
pounds were prepared from b-ketoesters 11, as shown in
Scheme 1).19–21 Condensation of 11 with R-(+)-a-meth-
ylbenzylamine provided the corresponding vinylogous
carbamates 12. Reduction to the b-aminoesters 13
proved to be sensitive to the structure of the starting
material, as summarized in Table 2. Standard reduction
using sodium triacetoxyborohydride (Method A) pro-
ceeded with fair to good selectivity in the piperidine
cases, providing mostly the expected22 but undesired
cis relative stereochemistry, necessitating base-catalyzed
equilibration in a subsequent step. However, unexpect-
edly, the diastereoselectivity of the reduction was much
poorer in the case of the tetrahydropyran precursor to 6.
An alternative method, using triethylsilane and trifluo-
roacetic acid (Method B), was somewhat more diaste-
reoselective and gratifyingly provided the desired trans
isomer directly. Surprisingly, in the pyrrolidine case
leading to 9, neither Method A nor a modification using

chloroacetic acid in place of acetic acid (Method C) pro-
vided the desired product. However, sodium cyanoboro-
hydride in acetonitrile/acetic acid (Method D) provided
mostly the desired trans aminoester in good yield, but
unfortunately with low diastereoselectivity. Both Meth-
ods B and C provided the desired trans tetrahydrothi-
ophene analog, but with only poor to modest selectivity.







Table 2. Reduction of vinylogous carbamates


X4


X5


X3


N
H


COOEt


Me


Ph
X4


X5


X3


N
H


COOEt


Me


Ph
X4


X5


X3


N
H


COOEt


Me


Ph
+


Target Compound X3 X4 X5 Methoda Yieldb cis:trans dec (%)


6 CH2 CH2 O A 79% >9:1 20


6 CH2 CH2 O B 76% 1:3 46


7 CH2 NBoc CH2 A 81% >9:1 67


8 CH2 CH2 NBoc A 47% >9:1 50


9 CH2 NBoc Bond C (nr)


9 CH2 NBoc Bond D 71% 1:9 26


10 CH2 S Bond A (nr)


10 CH2 S Bond B 67% 1:4 36


10 CH2 S Bond C 60% 1:3 56


a Method A: NaBH(OAc)3, HOAc, acetonitrile, 0 �C. Method B: CF3COOH, Et3SiH, rt. Method C: NaBH(OAc)3, ClCH2COOH, acetonitrile, rt.


Method D: NaBH3CN, HOAc, acetonitrile, rt.
b Overall yield of all isomers; (nr), no reaction.
c Diastereomeric excess of major isomer (cis or trans), based on reverse phase HPLC.
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Saponification of the esters and coupling with (S)-(+)-
3-(4-fluorobenzyl)piperidine provided the amide inter-
mediates 14. Reductive removal of the benzylic chiral
auxiliary was followed by amide reduction with
borane, and urea formation by reaction with the phen-
oxycarbonylaminothiazole 15. (In the case of the tetra-
hydrothiophene derivative, oxidation to the sulfone
was performed prior to the reductive debenzylation.)
Finally, Boc removal from 7a, 8a, 9a, and 9c, followed
by standard nitrogen derivatization reactions (alkyl-
ation, reductive alkylation, acylation), provided the
analogs 7c–x, 8c–x, 9b, and 9d.

Table 3. In vitro binding and selectivity data for an initial set of heterocycli


X4


X5


X3 N


NH


O


H
N


N


Compound X3 X4 X5 CCR3


3 CH2 CH2 CH2 0.9


4 O CH2 CH2 1.7


5 CH2 O CH2 2.0


6 CH2 CH2 O 1.0


7a CH2 NBoc CH2 6.0


7b CH2 NH CH2 1.9e


8a CH2 CH2 NBoc 9.2


8b CH2 CH2 NH 2.1f


9a CH2 NBoc Bond 2.6


9b CH2 NH Bond 7.6


9cd CH2 NBoc Bond 16.0


9dd CH2 NH Bond 44.0


10 CH2 SO2 Bond 1.2g


a See Ref. 12.
b See Ref. 14.
c See Ref. 23.
d 3,4-cis-Disubstituted pyrrolidine.
e Chemotaxis IC50 0.10 nM.
f Chemotaxis IC50 0.075 nM.
g Chemotaxis IC50 0.90 nM.

CCR3 binding and CYP2D6 inhibition results for an
initial set of different heterocyclic replacements for the
cyclohexyl group are shown in Table 3, along with the
carbocyclic parent 3. Calculated logD values at pH 7.4
(clog D7.4) were determined for the core heterocyclic
linkers (lacking the two appendages) and are listed in
the table in order to facilitate comparing the relative
lipophilicity of the different analogs.23


The potencies of the six-membered ring heterocycles (4–
8) varied within a 10-fold range and were similar to that
of 3. The Boc-piperidine analogs (7a, 8a) showed slightly

c DPC168 analogs


F


S Ac


Me


IC50
a (nM) CYP2D6 IC50


b (nM) linker clogD7.4
c


240 3.39


100 0.89


490 0.89


440 0.89


570 2.61


20,000 �2.10


160 2.61


56,000 �2.10


800 1.39


28,000 �2.66


1400 1.39


>100,000 �2.66


2100 �0.75
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decreased potency, while both N-unsubstituted piperi-
dines (7b, 8b) showed excellent binding potency as well
as good activity as antagonists of eosinophil chemotaxis.
The trans-substituted pyrrolidine analogs (9a,b) showed
similar potency, whereas the corresponding cis analogs
(9c, d) showed a slightly greater loss in potency. The
trans compounds in particular can readily adopt a con-
formation in which the projection of the two substitu-
ents approximates that achieved in the six-membered
ring cases, although with less rigidity. Interestingly, in
the case of 9, the Boc derivatives were a bit more potent
than the unsubstituted analogs, unlike the piperidines 7
and 8, where the opposite was true. The tetrahydrothi-
ophene sulfone 10, expected to mimic the six-membered
ring more closely due to the larger size of the sulfur
atom, was equivalent in binding potency to 3. However,
its potency as an antagonist of chemotaxis was signifi-
cantly reduced (900 pM vs 30 pM for 3).24


In contrast to the effects on CCR3 binding, the structure
of the core ring could have a dramatic effect on CYP2D6
inhibition. Although the three isomeric tetrahydropyran
derivatives 4–6 would be expected to display greater
polarity based on clogD7.4, the CYP2D6 inhibition
was only slightly impacted. This was also true of the

Table 4. In vitro binding and selectivity results for piperidine core analogs


R
RN


N


NH


O


H
N


F


N


S Ac


Me
7a-x


R Linker clogD7.4
a (nM) Compound CCR3


IC50
b (


Boc 2.61 7a 6.0


C(@O)cyclopentyl 2.23 7c 2.9


C(@O)-4-THPd 2.23 7d 1.2


C(@O)iPr 1.61 7e 2.0


C(@O)OMe 1.38 7f 2.3


C(@O)Et 1.26 7g 3.3


C(@O)cyclopropyl 1.10 7h 3.2


C(@O)Me 0.73 7i 1.3


C(@O)CH2OMe 0.57 7j 0.9


C(@O)NHEt 0.35 7k 1.5


C(@O)NHMe �0.18 7m 0.7


C(@O)CH2NMe2 �0.18 7n 1.6


CH2CN 0.80 7o 1.3


CH2-2-furyl 0.73 7p 0.9


CH2C(@O)Me 0.72 7q 1.3


CH2CH2F 0.58 7r 0.9


CH2C(@O)NMe2 0.03 7s 1.8


CH2-cyclopropyl �0.12 7t 4.0


1-Ac-4-piperidinyl �0.35 7u 2.2


1-Me-4-piperidinyl �0.52 7v 2.0


CH2CH2OH �0.58 7w 2.3


Me �1.09 7x 2.0


H �2.10 7b 1.9


a See Ref. 23.
b See Ref. 12.
c See Ref. 14.
d THP, tetrahydropyranyl.

fairly lipophilic Boc derivatives of the nitrogen heterocy-
cles. However, the unsubstituted piperidine and pyrroli-
dine analogs (7b, 8b, 9b, 9d) showed greatly enhanced
selectivity for binding over CYP2D6 inhibition. The
polar sulfone moiety of 10 also increased the selectivity,
although to a lesser extent.


Because both piperidines 7b and 8b showed good bind-
ing potency and chemotaxis inhibition, as well as a great
improvement in selectivity against CYP2D6, a variety of
N-substituted analogs were evaluated for binding and
selectivity. Results of these efforts are shown in Table
4. Interestingly, the potency for CCR3 antagonism of
all the analogs shown fell within a 10-fold range, sup-
porting the contention that this region of the molecule
has little direct interaction with the receptor. In contrast,
dramatic effects were seen on the selectivity toward
CYP2D6, where the inhibitory potencies covered a
10,000-fold range.


The compounds in which the piperidine nitrogen was
rendered non-basic through acylation or carbamyla-
tion tended to display greater selectivity in the ‘3-
aza’ series (8a,c–n) than in the ‘4-aza’ series (7a,c–n).
The Boc derivatives (7/8a) were outliers from this gen-

N


N


NH


O


H
N


F


N


S Ac


Me
8a-x


nM)


CYP2D6


IC50
c (nM)


Compound CCR3


IC50
b (nM)


CYP2D6


IC50
c (nM)


570 8a 9.2 160


340 8c 3.6 910


1200 8d 1.5 1800


50 8e 2.1 810


10 8f 4.9 80


140 8g 2.1 1500


60 8h 2.5 80


1400 8i 1.9 1300


1200 8j 1.3 1200


170 8k 1.1 1100


550 8m 0.6 1200


5100 8n 1.6 500


2000 8o 1.2 410


780 8p 2.6 170


28,000 8q 6.9 3900


4300 8r 1.2 3300


2800 8s 2.0 740


920 8t 2.7 2200


36,000 8u 2.0 1100


>100,000 8v 1.4 12,000


23,000 8w 2.8 12,000


2200 8x 1.2 7400


20,000 8b 2.1 56,000







Table 5. Comparison of potency, selectivity, pharmacokinetic, and


in vivo efficacy results for DPC168 (1) and BMS-570520 (8i)a


Assay or PK parameter Compound 1 Compound 8i


CCR3 IC50 (nM) 2.0 1.9


Chemotaxis IC50 (nM) 0.034 0.068


Ca2+ mobilization IC50 (nM) 8.0 2.6


CYP2D6 IC50 (nM) 30 1300


5HT2A IC50 (nM) 920 5300


D2 IC50 (nM) 1000 640


Serotonin transporter Ki (nM) 2900 29,000


Dopamine transporter Ki (nM) 490 6500


Norepinephrine transporter


Ki (nM)


950 7700


hERG IC50 (nM) 400 6000


Mouse F (%) 20 25


Mouse t1/2 (h) 2.0 1.2


Mouse CL (L/h/kg) 1.8 2.5


Cyno F (%) 8 18


Cyno t1/2 (h) 4.0 5.5


Cyno CL (L/h/kg) 2.1 0.87


Chimp F (%) 22 7


Chimp t1/2 (h) 5.0 4.5


Chimp CL (L/h/kg) 1.2 1.3


Protein binding (human, %) 96.3 93.1


Caco-2, Papp (cm/s) 11 · 10�6 2.8 · 10�6


Intrinsic clearance (L/h/kg) 0.97 0.96


Mouse CCR3 IC50 (nM) 54 3.6


Mouse chemotaxis IC50 (nM) 41 7.0


Mouse eotaxin challenge


EC50 (mg/kg)


20 1.5


Mouse OVA challenge


(% inhibition at 100 mg/kg bid)


86% 82%


a See Refs. 11,25 for descriptions of the assays and tests, the results for


compound 1, and the in vivo results for compound 8i.
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eralization, as were the dimethylaminoacetyl deriva-
tives (7/8n). However, 7n and 8n bear a basic nitrogen
on the substituent, and so are more properly consid-
ered with other charged analogs (see below). Only
some variants provided improved selectivity over the
cyclohexyl analog 3. In neither isomeric series was
the correlation between selectivity and the clogD7.4


strong, but among structurally similar compounds
there was a tendency for more lipophilic analogs to
display reduced selectivity (compare 7i, 7g, and 7e).
As the substituent became larger (7d) the trend was
reversed, suggesting a steric clash with the active site.
The lack of selectivity of the methyl carbamates (7/8f)
relative to 3 was quite unexpected. Clearly bulk lipo-
philicity is unable to completely explain the results ob-
served, suggesting some contribution from specific
interactions between the active site of the cytochrome
and the substituent on the inhibitor.


In contrast to the results seen with non-basic piperidine
derivatives, the alkylated derivatives 7/8o–x were almost
all significantly more selective than 3 for CCR3 over
CYP2D6, indicating that the second positive charge
present at physiological pH is poorly tolerated by the
CYP2D6 active site. The unsubstituted analogs 7/8b
and the dimethylaminoacetamides 7/8n should be con-
sidered with this group as well, since they also bear a
second positive change. Unlike the acylated derivatives
discussed above, the ‘4-aza’ charged analogs (7) usually
but not always showed greater selectivity than the ‘3-
aza’ series (8). As was the case for the acylated com-
pounds, there was little correlation of selectivity with
calculated polarity for the doubly charged compounds
(compare, for example, 7/8w, 7/8s, and 7/8q). Interest-
ingly, these trends were the same in both isomeric series
(7 and 8).


While the doubly changed analogs tended, as a group, to
demonstrate better selectivity, this advantage was
accompanied by a liability not wholly unexpected. Al-
most without exception, these compounds showed very
poor potential for absorption as estimated using the
Caco-2 model system (data not shown). The apparent
permeability generally fell below 2.5 · 10�6 cm/s, and
was in many cases unmeasurable.


The more selective acylated derivatives were expected
to be somewhat better absorbed, although the Caco-
2 apparent permeability values (2.5 · 10�6–5.5 · 10�6


cm/s) were still significantly lower than that observed
for DPC168, which was well-absorbed (see Table 5).
Considering these results, as well as the measured de-
gree of protein binding in human serum and the ex-
pected metabolic liability (estimated by incubation
with hepatocyte microsomes, data not shown), com-
pound 8i (BMS-570520) emerged as the analog with
the best overall balance of selectivity and predicted
pharmacokinetic characteristics. BMS-570520 was
compared with DPC168 in a variety of in vitro and
in vivo models, with the results shown in Table 5.
Very similar CCR3 potency and in vitro efficacy in
chemotaxis and calcium mobilization assays were ob-
served for the two compounds. Selectivity was im-

proved or maintained against not only CYP2D6, but
also against other 7-transmembrane G protein-coupled
receptors, biogenic amine transporters, and the hERG
potassium channel. Pharmacokinetic parameters were
similar in the mouse and improved in the Cynomolgus
monkey, despite the reduced absorption predicted by
the smaller Caco-2 permeability. Poorer absorption
was, however, consistent with the reduced bioavail-
ability of 8i in the chimpanzee. Both 1 and 8i showed
good activity in two murine models of CCR3 antago-
nism. The greater in vitro potency of compound 8i
against mouse CCR3 was reflected in vivo in the
mouse intranasal eotaxin challenge model.25


In summary, heterocyclic replacement of the cyclohexyl
linker ring of the potent, efficacious CCR3 antagonist
DPC168 led to significant improvement in selectivity
with respect to CYP2D6 inhibition. Incorporation of a
nitrogen in the ring allowed the preparation of analogs
which showed dramatic improvement while retaining
binding and chemotaxis potency, leading to the discov-
ery of BMS-570520, a more selective compound with a
very similar activity profile. Increasing the polarity of
the central portion of molecule, while retaining the pro-
jection vectors of the 3-benzylpiperidine and arylurea
moieties, is a viable approach for improvement of the
preclinical profile of this series of antiinflammatory
compounds.
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Abstract—A series of 2b,3a-(substituted phenyl)nortropanes was synthesized and evaluated in vitro for human monoamine trans-
porters. All compounds studied in this series exhibited nanomolar potency for the norepinephrine transporter (NET). Radiolabeling
and nonhuman primate microPET brain imaging studies were performed with the most promising compound, [11C]1, to determine
its utility as a NET imaging agent. Despite high in vitro affinity for the human NET, the high uptake of [11C]1 in the caudate and
putamen excludes its use as an in vivo PET imaging agent for the NET.
� 2007 Elsevier Ltd. All rights reserved.

The norepinephrine transporter (NET), a specific mar-
ker of noradrenergic neurons, plays a critical role in reg-
ulating neurotransmitter concentration at noradrenergic
synapses as well as terminating noradrenergic neuro-
transmission by reclaiming norepinephrine from the
extracellular space.1,2 The NET has been recognized in
the involvement of several neurological and psychiatric
disorders and is an established molecular target for the
treatment of depression, anxiety disorder, and atten-
tion-deficit/hyperactivity disorder (ADHD).3–6 Imaging
agents suitable for visualization and quantification of
the NET by emission tomography techniques would
present unique opportunities to define the function
and pharmacology of the NET in the living human
brain.


Several potent NET reuptake inhibitors such as desipra-
mine, nisoxetine, and analogues of tomoxetine have
been labeled and evaluated as NET imaging agents.
However, these radioligands have not shown suitable
in vivo properties.7–9 The recently reported C-11 or
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F-18-labeled reboxetine derivatives, [S,S]-MRB,10–12


[S,S]-FMeNER-D2,13–15 represent by far the most
promising candidates based upon preliminary studies
in rats and non-human primates.


We became interested in the 3-phenyltropane motif
because a variety of analogues have been shown to
be substrates for the dopamine transporter (DAT),
serotonin transporter (SERT), and NET.16 However,
while numerous efforts have been focused on develop-
ing analogues with high affinity as radioligands for
the DAT or SERT, their potential as NET radioli-
gands remains largely unexplored. Carroll et al.
recently reported structure–activity relationships of tro-
pane analogues related to their binding affinity to the
NET. In these studies, they demonstrated that 2b,3a-
isomers of 3-(substituted phenyl)nortropanes possessed
higher binding affinity at the NET, while their affinity
at the DAT and SERT decreased relative to their cor-
responding 2b,3b-isomers.17,18 Particularly, 2b,3a-
(3 0-fluoro-4 0-methylphenyl)nortropane (1, Fig. 1) is a
highly potent and selective compound with a Ki of
0.43 nM at the rat NET and 21- and 55-fold selectivity
for the rat NET versus rat DAT and rat SERT, respec-
tively. 4 0-Methyl analogue (2) also shows high affinity
for the rNET (Ki = 5.2 nM) and selectivity over the
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Figure 1. Structures of 2b,3a-(substituted phenyl)nortropanes.
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rDAT (Ki = 33.6 nM) and rSERT (Ki = 46 nM). These
findings prompted us to synthesize 2b,3a-(substituted
phenyl)nortropanes which may offer promise as poten-
tial NET imaging agents. Based upon the observation
that 2b,3b-isomers of 3-(4 0-iodophenyl)nortropane,19


3-(4 0-vinylphenyl)nortropane,20 and 3-(4 0-ethynylphe-
nyl)nortropane20 were reported to have good affinity
at the NET with IC50 = 7.5, 14.9, and 21.8 nM, respec-
tively, we chose to synthesize their 2b,3a-isomers to see
if this conformation change will improve the affinity
and selectivity for the NET.


In this paper, we report the synthesis of 2b,3a-isomers of
3-(4 0-iodophenyl)nortropane (3), 3-(4 0-vinylphenyl)nor-
tropane (4), and 3-(4 0-ethynylphenyl)nortropane (5).
The Ki values for these compounds along with the refer-
ence compounds 1 and 2 were measured through in vitro
competition assays utilizing cells expressing human
NET, DAT, and SERT. A radiolabeling method was
developed for the most promising compound 1, and
[11C]1 was evaluated through microPET imaging studies
in nonhuman primates to assess in vivo binding to the
NET in the brain.


Compounds 1 and 2 were prepared as previously de-
scribed.18 The synthesis of 3, 4, and 5 is outlined in
Scheme 1. Attempts to prepare 9 by addition of 4-iod-
ophenyl lithium to oxadiazole (6) followed by reduction
with nickel boride as reported in the literature21 were
unsuccessful in our hands. In this case, the addition
reaction was very messy and gave us the desired isomer
in less than 10% yield. Alternatively, 9 was prepared in a
high yield by a three-step procedure: addition of phen-
yllithium to oxadiazole (6);21 conversion of the oxadiaz-
ole (7) to the methyl ester (8) by reduction with nickel
boride and hydrochloric acid in refluxing methanol;21


and direct iodination of 8 using I2 and silver trifluorom-
ethanesulfonate in CH2Cl2.22 The conversion of 9 to its
corresponding carbamate using trichloroethylchlorofor-
mate followed by Zn–acetic acid reduction gave
3-(4 0-iodophenyl)nortropane (3). Palladium-catalyzed
coupling of 3 with tributyl(vinyl)tin produced 4 in 87%
yield. Reaction of 3 with trimethylsilylacetylene in the
presence of a catalytic amount of copper(I) iodide and
bis(triphenylphosphine)palladium dichloride afforded
11 in 84% yield, and subsequent removal of the silyl-pro-
tecting group with tetrabutylammonium fluoride
provided 5 in 90% yield. Hydrolysis of 1 in refluxing
1,4-dioxane/H2O afforded nortropane acid 12, which
was N-Boc protected to give the radiolabeling precursor
13.


The radiolabeling of [11C]1 was accomplished through
O-methylation of N-Boc acid precursor 13 with
[11C]CH3I in the presence of Bu4NOH followed by

deprotection with 6 M HCl and HPLC purification
(Scheme 2). The entire procedure required approxi-
mately 40 min after the delivery of [11C]CH3I to the
reaction vessel. [11C]1 was prepared in an average 45%
decay-corrected yield. Analytical HPLC demonstrated
that the radiolabeled product was over 98% radiochem-
ically pure, and the specific activity of the product was
1.2–2 Ci/lmol at time of injection. The distribution coef-
ficient of [11C]1 was determined to be logP7.4 = 1.17
between 1-octanol and phosphate buffer at pH 7.4
according to a known procedure.23


The affinities of 2b,3a-nortropanes 1–5 for the human
NET, SERT, and DAT were determined through
in vitro competition assays in transfected HEK-293 cells
according to a previously reported procedure.24 The
data shown in Table 1 indicate that all of the com-
pounds tested in this series exhibit great potency for
the hNET with Ki of 1.78–4.88 nM. Compared to its
2b,3b-isomer, 3, 4, or 5 showed increased affinity at
the NET, while they are also approximately equipotent
for the hSERT and hDAT. Compound 1 had the highest
affinity for the hNET (Ki = 1.78 nM) with 24-fold selec-
tivity over the hSERT and 3.6-fold selectivity over the
hDAT. The lack of selectivity of 1 for the hNET versus
hDAT differs from the literature reports18 using rat
brain homogenates and this discrepancy may be due to
the different methods used and due to species differences
between rodent and human monoamine transporters.


Although 1 was potent for both the hNET and the
hDAT, microPET studies were performed with [11C]1
to determine the imaging properties of this series of
compounds. A baseline study was initially performed
in an anesthetized rhesus monkey according to our pre-
viously reported procedure24 in order to assess the brain
regional distribution. The time–activity curves (TACs)
obtained after administration of [11C]1 indicate a high
uptake of radioactivity in the caudate, putamen, thala-
mus, midbrain, medulla, and cerebellum, regions rich
in DAT and NET, with peak uptake achieved between
9.5 and 12.5 min (Fig. 2). In vivo microPET studies of
[11C]1 with pharmacologic interventions were performed
in the same rhesus monkey to further determine whether
the observed uptake in the baseline study reflected [11C]1
binding to the DAT or NET. Administration of the
DAT-selective ligand RTI-113 (0.3 mg/kg) at 60 min
post-injection of radiotracer produced a decrease of
[11C]1 binding to the caudate and putamen, which are
known to have a high DAT density, indicating that
the uptake of [11C]1 in these regions was due to binding
to the DAT (Fig. 3). This is consistent with the binding
data shown in Table 1. A blocking study was performed
with the NET ligand desipramine (0.25 mg/kg) adminis-
tered intravenously at 30 min prior to the injection of
[11C]1. Uptake in the thalamus and midbrain was not
observed, indicating that the uptake in these regions
was due to binding to the NET.


Arterial plasma samples from the rhesus monkey follow-
ing antecubital vein injection of [11C]1 were analyzed for
nonpolar, potentially brain permeable metabolites by a
HPLC method. The fraction of plasma radioactivity
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Scheme 2. Radiosynthesis of [11C]1.


Table 1. In vitro evaluation of 2b,3a-(substituted phenyl)nortropanes in competition assays with human monoamine transportersa


Compound Ki for hNET Ki for hSERT Ki for hDAT hSERT/hNET hDAT/hNET


1 1.78 ± 0.19 42.80 ± 3.07 6.42 ± 1.12 24 3.6


1(literature)b 0.43±0.02 23.8 ± 4.4 9.0 ± 4.5 55 21


2 4.88 ± 0.64 136.29 ± 14.82 11.47 ± 1.01 28 2.3


3 1.98 ± 0.10 4.16 ± 0.93 2.25 ± 0.55 2.1 1.1


4 4.67 ± 0.94 9.04 ± 1.29 10.09 ± 0.42 1.9 2.2


5 1.86 ± 0.37 3.45 ± 1.72 2.26 ± 0.07 1.8 1.2


a All Ki values are reported with nanomolar (nM) units. The data are expressed as means ± standard deviation of at least three separate experiments


performed in triplicate. The following radiotracers were used: [3H]nisoxetine for hNET, [3H]citalopram for hSERT, and [125I]RTI-55 for hDAT.
b Literature values performed in rat brain homogenates.18
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corresponding to unmetabolized [11C]1 rapidly
decreased from 25% at 3 min to 7.5% at 10 min, and
1.6% at 30 min. The major radioactive metabolite found
in arterial plasma using HPLC separation and gamma-
counter detection was a more polar component which
was eluted immediately after the void volume. The
abundance of the polar metabolite as a percent of total

plasma activity increased from 75% at 3 min to 98% at
45 min. The polar metabolite is probably the corre-
sponding free acid which was not expected to cross the
blood–brain barrier. This hypothesis is based on our
experience with other tropanes and a plasma metabolite
study reported in the literature25 showing that the major
metabolite obtained from [N-methyl-11C]b-CIT was the
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[N-methyl-11C]b-CIT acid which did not enter the brain.
Thus, there was no detectable formation of lipophilic
radiolabeled metabolites capable of entering the brain
and contributing to brain radioactivity.


In summary, we have prepared and determined the mono-
amine transporter binding affinity of several 2b,3a-
(substituted phenyl)nortropanes. The binding results
showed that all of the compounds tested in this series
exhibit great potency for the hNET. Despite the lack of
selectivity of this series of compounds for the hNET vs
hDAT, the most promising compound, [11C]1, was pre-
pared in 45% dcy and evaluated in microPET studies in
a rhesus monkey to assess the imaging properties of this
class of compounds. The regional distribution of radioac-
tivity after injection of [11C]1 showed potential binding to
the NET and DAT in vivo, and further chase and blocking
studies verified this binding. Although 1 has a high affinity
for the hNET in vitro with Ki of 1.78 nM, the high uptake
of [11C]1 in caudate and putamen excludes its utility as a
PET imaging agent for the NET.
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Abstract—A series of 8-substituted benzodifuran analogs was prepared and evaluated for 5-HT2A receptor binding and activation.
Several compounds containing ether and ester functionality were found to be potent agonists. Topical ocular administration of 5,
18, and 25 effectively reduced intra-ocular pressure in the hypertensive cynomolgus monkey eye in the range of 25–37%.
� 2007 Elsevier Ltd. All rights reserved.
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Glaucoma is a sight threatening optic neuropathy that is
the second leading cause of blindness in the developed
world. Therapeutic agents currently used for the treat-
ment of glaucoma reduce elevated intra-ocular pressure
(IOP), one of the most important risk factors associated
with the disease. Serotonin (5-hydroxytryptamine, 5-
HT) has been identified in the aqueous humor of
humans and other mammals,1,2 and 5-HT receptors
have been identified in relevant ocular tissues, such as
the iris-ciliary body.3,4 These findings have generated
interest regarding the role that serotonin might have in
controlling IOP. Recently, serotonin 5-HT2 receptor
agonists have been shown to be effective in lowering
IOP in the ocular hypertensive monkeys and represent
a potential new class of topical ocular hypotensive
agents.5–8


(R)-4-Iodo-2,5-dimethoxyamphetamine (R-DOI), a po-
tent hallucinogen that activates central 5-HT2A recep-
tors,9 demonstrated a pronounced reduction of IOP in
our conscious cynomolgus monkey model of laser-
induced ocular hypertension.


The goal of the present investigation was to develop no-
vel 5-HT2A receptor agonists with decreased potential
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for psychotropic side effects compared to the benchmark
5-HT2A agonist (R)-DOI. The general approach to
achieve this goal was to decrease the blood brain barrier
(BBB) permeability by decreasing lipophilicity of the
compounds via substitution of a polar moiety in place
of the C8 halogen. Based on the reports of a series of tet-
rahydrobenzodifuran and benzodifuran analogs of 1 as
potent 5-HT2 agonists,10,11 we used this tricyclic nucleus
of compound ‘1’ as a platform to design molecules antic-
ipated to be potent 5-HT2A agonists with reduced lipo-
philicity. From the synthesized compounds that fit
these criteria, compounds 5, 18, and 25 were further
investigated to assess their ability to lower IOP in
laser-induced ocular hypertensive cynomolgus monkeys.
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The 5-HT2A receptor binding and functional response
results are summarized in Tables 1 and 2. Incorporation
of a hydroxymethyl group at C8 position (4) resulted in
a near 10-fold decrease in agonist potency at the 5-HT2A


receptor (EC50 = 175 nM) compared to the response of
R-DOI and 1. However, the methoxymethyl ether (5)
was equally potent to R-DOI and 1 as 5-HT2A receptor
agonist and was 17-fold less lipophilic with a distribu-
tion coefficient of 0.16 (octanol–water, pH 7.4, Table
3). Incorporation of esters at C8 position resulted in po-
tent agonists as in compounds 8 and 10 (EC50 = 6.2 and

Table 1. In vitro binding and functional response data for rat cloned 5-HT2


O


(1,4-6, 8-12)


O


O


CH3


R


NH2


Compound R IC


(R)-DOI 0


1d –Br


4 –CH2–OH


5 –CH2–OCH3 0


6 –CH2–O–CH2–CH2–OCH3 0


8 –CH2–O–CH2CO2C2H5 0


9 –CO2CH3 14


10 –CH2–CH2CO2CH3 0


11 –CH2–CO2H 1


12 –CH2–CH2CO2H 47


13 No atom 9


14 –CH2


15 –CH2–CH2


a Rat cerebral cortex binding with [125I]DOI.
b Intracellular calcium mobilization in rat vascular smooth muscle cells (A7r
c Values are means of at least three experiments.
d Compound 1 is racemic.


Table 2. In vitro binding and functional response data for rat cloned 5-HT2


O


O


CH3


R


NH2


(18-20) (23)


O
Br


R


Compound R IC50
a


18
O N


N
CH3


H2C
0.38 ±


19 CH2–OH 0.31 ±


20 CH2–OCH3 0.11 ±


23 (S,R) –OH 2.6 ±


25 (R,R) –OH 0.7 ±


a Rat cerebral cortex binding with [125I]DOI.
b Intracellular calcium mobilization in rat vascular smooth muscle cells (A7r
c Values are means of at least three experiments.

26 nM, respectively). However, introduction of a more
polar ionizable functionality such as acetic acid (11) or
propionic acid (12) resulted in a loss of 5-HT2A agonist
potency (EC50 = 4970 and >1000 nM, respectively).
There appears to be a trend toward increased affinity
for the 5-HT2A receptor and an increase in the potency
of agonist response for compounds of this series in the
order of acids < alcohols < ethers < esters for these sub-
stituents in the C8 position. Alkyl esters are readily
hydrolyzed to the corresponding acids by corneal ester-
ases following topical ocular administration, which has

A receptor


O


CH3


R


NH2


O N


N
CH3


(13-15)


50
a ± SEMc, nM EC50


b ± SEMc, nM (% response)


.46 ± 0.17 17.8 ± 5.01 (33)


0.3 ± 0.16 13 ± 4.9 (47)


1.0 ± 0.06 175 ± 13.9 (43)


.28 ± 0.04 12 ± 1.5 (54)


.88 ± 0.18 71 ± 32 (50)


.29 ± 0.05 6.2 ± 2.0 (39)


± 5.4 880 ± 120 (48)


.86 ± 0.37 26 ± 2.7 (40)


04 ± 35 4970 ± 867 (45)


00 ± 1300 >1000 (15)


10 ± 78 8192 ± 1103 (27)


1.6 ± 0.5 49.2 ± 6.1 (50)


1.0 ± 0.46 >10000 (7)


5), agonist response relative to that of 5-HT.


A receptor


O
NH2


O


O


NH2


Br


R


(25)


± SEMc , nM EC50
b ± SEMc, nM (% response)


0.054 16.9 ± 3.5 (60)


0.19 33 ± 11.5 (38)


0.05 3.6 ± 0.57 (72)


0.4 87.8 ± 0.2 (56)


0.22 32.7 ± 0.4 (96)


5), agonist response relative to that of 5-HT.







Table 3. Functional response data for rat 5-HT2A,2B,2C receptors for


the selected compounds


Compound EC50 (nM)a, Emax (%)b DC7.4
d


5-HT2A 5-HT2B
c 5-HT2C


(R)-DOI 17.8 (33) 11.9 30.2 (84) 2.72


5 12 (54) — 12.6 (99) 0.16


6 71 (50) 5.8 8.6 (93) 0.096


8 6.2 (39) 59 4.5 (76) 0.31


14 49.2 (50) 130 689 (69) 0.22


18 16.9 (60) 23 82 (95) 2.92


25 32.7 (96) 6.2 39 (100) 1.30


a Intracellular calcium mobilization in rat vascular smooth muscle cells


(A7r5).
b Relative to maximal 5-HT induced response.
c From rat fundus.
d DC7.4, distribution coefficient at pH 7.4.
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Scheme 1. Reagents and conditions: (a) NaCNBH4, AcOH, 0 �C, 2 h,


92%, (b) Ag2O, KI, CH3CN:CH2Cl2 (1:1), 23 �C, 12 h, 72%, (c) 5 N aq


NaOH, MeOH/H2O (4:1), 12 h, 23 �C, 93%, (d) Cbz-Cl, aq NaOH,


THF, 23 �C, 4 h, 94%, (e) 10% Pd/C, H2, MeOH, 23 �C, 12 h, 92%.
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AlCl3, CH2Cl2, 25 �C, 12 h, 68%, (b) Et3SiH, TFA, 80 �C, 5 h, 91%,


(c) DDQ, dioxane, reflux, 3 h, 82%, (d) Acetamide oxime, NaH, THF,


Molecular sieves 4 �A, 60 �C, 3 h, 67%, (e) K2CO3, MeOH, reflux,
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Scheme 3. Reagents and conditions: (a) Br2, AcOH, 0 �C, 2 h, 72%, (b)


AlCl3, CH2Cl2, 12 h, 23 �C, 32%, (c) PhMe2SiH, TFA, 0 �C, 2 h, 47%,


(d) 5 N aq NaOH, MeOH, H2O (4:1), 12 h, 89% (e) MsCl, Et3N,


CH2Cl2, 0 �C, 30 min, (f) 0.5 M HCl, THF/ether (1:3), 47%.
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been used as an effective prodrug approach when the
carboxylic acid has the desired activity, for example,
for prostaglandin analogs (travoprost, latanoprost).
However, as mentioned above, in the present case incor-
poration of a carboxylic acid moiety into the molecule
dramatically reduced agonist activity. Therefore, it was
of interest to explore the incorporation of a bioisostere
surrogate for the carboxylic ester moiety; the 3-methyl-
1,2,4-oxadiazol-5-yl functionality was selected for this
purpose and was incorporated into the C8 position
either by direct substitution (13) or through a methyl
or ethyl link, 14 and 15, respectively. The 8-[2-(3-
methyl-1,2,4-oxadiazol-5-yl)-ethyl] substituent (14) dis-
played an agonist response at the 5-HT2A receptor
(EC50 = 49.2 nM).


Further SAR was done around the benzodifuran ring as
in Table 2. Oxidation of the tetrahydrobenzodifuran
ring to the benzodifuran ring increased 5-HT2A agonist
potency. As a comparison, alcohol 19 is fivefold more
potent than 4. A similar trend has been noticed with
the benzodifuran methyloxadiazole 18 and methyl ether
20, and they are 2.9 and 3.3 times more potent at the
5-HT2A receptor than 14 and 5, respectively. To further
explore the SAR, substitution of hydroxyl group in the
beta carbon to the amine was done. The (R,R)-b-hydro-
xy compound 25 was found to be a more potent 5-HT2A


agonist (EC50 = 32 nM) than the (S,R) isomer 23
(EC50 = 88 nM) and less lipophilic having DC7.4 to be
1.30 as compared to (R)-DOI (DC7.4 = 2.72).


Tetrahydrobenzodifuran analogs 4, 5,12 6, and 8 (Table
1) were prepared from aldehyde 2 (Scheme 1). Aldehyde
2 was synthesized from its precursor 1610 using
Cl2CHOCH3 and SnCl4 following the literature proce-
dure.11 For the synthesis of ester 9, aldehyde 2 was
oxidized with NaClO2/KH2PO4/2-methyl-2-butene13


followed by hydrolysis to afford the corresponding ami-
no acid. The acid was esterified with HCl in methanol to
afford 9. Acid 12 was made by Wittig olefination of 2
with PPh3@CHCO2Me, hydrogenation, and basic
hydrolysis. Ester 10 was prepared from 12 by esterifica-
tion with 2,2 0-DMP and cat. HCl. Similarly, acid 11 was
prepared from 16 by Friedel–Crafts acylation with ethyl
chlorooxoacetate and AlCl3, reduction with Et3SiH/
TFA followed by basic hydrolysis.

The synthesis of oxadiazoles 13–15 was achieved by
reacting the corresponding methyl esters with acetamide
oxime and NaH following the reported procedure.14 For
the synthesis of oxadiazole 18, ethyl ester 17 was treated
with acetamide oxime and NaH followed by hydrolysis
with K2CO3 (Scheme 2). Compound 18 was well charac-
terized from its spectral data.15


The aldehyde 2 was oxidized with 2 equiv of DDQ to
provide the benzodifuran nucleus and was used for the
synthesis of alcohol 19 and methyl ether 20 using the
same methods as described for 4 and 5, respectively.







IOP response in hypertensive eye of the cynomolgus 
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Figure 1. Monkey IOP response for 5, 18, and 25.
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The chiral b-hydroxy analogs 23 and 25 were prepared
from 2110 (Scheme 3). The (S,R)-isomer 23 was prepared
by stereoselective reduction of the ketone 22 using
PhMe2SiH in TFA8 followed by basic hydrolysis. Simi-
larly, the (R,R)-isomer 25 was made via a five-membered
cyclic oxime intermediate 24 and was opened by 0.5 M
HCl.16 Hydrolysis by aq NaOH afforded the free base
25.17


The procedures used for the in vitro binding and in vivo
functional response were previously described.5–8 In
brief, the relative affinities of compounds at the 5-
HT2A receptor were determined by measuring their abil-
ity to compete for the binding of the agonist radioligand
[125I] DOI to rat brain 5-HT2A receptors. To measure
the functional activity at the 5-HT2A receptor, recep-
tor-mediated mobilization of intracellular calcium
([Ca2+]i) was studied using the FLIPR instrument with
rat vascular smooth muscle cells, A7r5, expressing na-
tive 5-HT2 receptors. The 5-HT2B receptor functional
response was determined using rat isolated stomach
fundus and the assay was conducted by MDS Pharma
services, Bothell, WA, using methods previously
described.18 The 5-HT2C receptor functional activity
was determined as for the 5-HT2A receptor above,
except that SR3T3 cells expressing the recombinant rat
5-HT2C receptor were utilized.


Based on their 5-HT2 receptor binding and functional
activation data (vide supra), benzodifurans 5, 18, and
25 were evaluated for their ability to lower IOP in con-
scious cynomolgus monkeys with laser-induced ocular
hypertension in the right eyes following the detail proce-
dure as described before.7 Prior assessment of each com-
pound’s safety was performed by bilateral instillation of
one drop of a 1% ophthalmic formulation of the test
compound in five New Zealand Albino rabbits. Gross
observations were made for local or systemic effects dur-
ing the 2-h interval after dosing. For Figure 1, the values

for each dose are means of at least eight animals ± SEM.
Values for the vehicle are means of at least five ani-
mals ± SEM. The plotted vehicle curve represents the
mean vehicle response for the indicated studies.


Compounds 5, 18, and 25 exhibited potent and effica-
cious ocular hypotensive activity in this model, affording
maximum IOP reductions of 36.8%, 27%, and 24%,
respectively, at 300 lg doses.


In conclusion, incorporation of different polar groups in
place of bromine in 1 lowered the overall lipophilicity of
the compounds and led to analogs with high binding
affinity and high agonist potency at 5-HT2A receptor.
Representative examples of both the terahydrobenzo-
difuran and benzodifuran series (5, 18, and 25) effec-
tively reduce IOP in the laser-induced hypertensive
eyes of conscious cynomolgus monkey.


Further studies are required to establish the CNS
side effect profile of these compounds, and to establish
the 5-HT2 subtype receptors involved in IOP
lowering.
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Abstract—The biotransformation of gentiopicroside by asexual mycelia of Cordyceps sinensis yielded two products, one of which
was proved to be a new pyridine monoterpene alkaloid. The possible mechanisms were discussed.
� 2007 Elsevier Ltd. All rights reserved.

The fungi of genus Cordyceps belong to the family Cla-
vicipitaceae of the order Hypocreales. It is generally re-
garded that there are more than 300 species in this
genus.1 Cordyceps sinensis (Berk.) Sacc. (CS) is a fungal
parasite on the larvae of Lepidoptera. In late autumn,
the fungus infects the caterpillar and devours its host.
In early summer of the following year, the grass-like
fruiting body protrudes from the ‘‘head’’ of the dead
host. Because of this particular life cycle, it is called
‘‘winter-worm, summer-grass’’ or ‘‘worm grass’’ in Chi-
na. CS is a valuable medicinal fungus of traditional Chi-
nese medicine and has long been used as a general tonic
and an aphrodisiac medicine.2–4 Recent studies revealed
a wide range of its biological functions.5 Nevertheless,
because it is a very rare herb growing slowly only in high
altitude areas, the supply of CS is inadequate for the
demand. Moreover, as a result of the immoderate
exploitation, the resource of CS is in severe danger.
Though the key mechanisms of fungal infection are
not clear, and the cultivation of whole parasitic complex
is still far from success, the mycelia of this fungus have
been cultured and are used as substitute for CS in China.


Gentiopicroside (1), a secoiridoid glycoside, commonly
exists in the gentianaceous plants, especially in the gen-
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era Gentiana and Swertia, of which many species are
used as folk drugs for the treatments of indigestion, hep-
atitis, rheumatism, wounds, and sores. As one of the
main principles of these medicinal plants, 1 was proved
to be active in antibacterial, liver protecting, and free
radical scavenging tests.6,7


Gentiopicroside (1) is chemically unstable, it can be
transformed into gentianine (2) and gentianal (3) with
the presence of NH4


þ.8 Van der Sluis and Ishiguro
reported the enzymatic hydrolysis of 1 with b-glucosi-
dase and the product gentiopicral (4) was obtained.9–11


A.I. El-Sedway et al. studied the metabolism of 1 by
human intestinal bacteria and five metabolites (5–9)
were isolated.12


In this paper, we report the study on the biotransforma-
tion of gentiopicroside (1) by asexual mycelia of CS.


Asexual mycelia of CS were kindly donated by Assoc.
Prof. Dai-Fang Li, Kunming Institute of Botany, Chi-
nese Academy of Sciences. The mycelia (1 cm2) were
inoculated into a 100 mL flask containing 30 mL PDA
medium13 and agitated at 80 rpm with a rotary shaker
in darkness at 28 �C. After 10 days’ incubation,
gentiopicroside (1)14 (30 mg) (dissolved in 1 mL H2O,
filter-sterilized with 0.22 lm filter) was added. The
culture liquid was sampled at the intervals of three days
and analyzed by TLC and HPLC.15 Two products can
be detected after three days’ incubation and increased
slowly with the time. The transformation quickened
after 15 days, and the products reached the highest level
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Table 1. 1H and 13C NMR data of compounds 9 and 10 (d in ppm, J in


Hz)


Compound 9 10


dC dH dC dH


1 164.3 s 164.3 s


3 69.1 t 4.96 (br d, 2.8) 65.4 t 4.42 (m)


4.92 (br d, 3.3)


4 113.2 d 5.47 (m) 22.6 t 2.61 (m)


4a 127.8 s 146.0 s


5 43.3 d 2.61 (t, 7.8) 130.3 s


6 75.2 d 4.34 (q, 3.2, 6.8) 57.1 t 4.67 (d, 14.2)


4.55 (d, 14.2)


NH 3.72 (br d, 3.4)


8 154.0 d 7.54 (s) 87.0 d 5.83 (s)


8a 102.0 s 121.7 s


9 58.6 t 3.52 (dd, 8.1, 11.0) 128.8 d 6.05 (q, 7.1)


3.69 (dd, 5.6, 11.0)


10 16.5 q 1.31 (d, 6.8) 13.9 q 1.83 (d, 7.2)


Recorded at 500 MHz for 1H and 125 MHz for 13C NMR in CDCl3
with TMS as internal standard.


1 1


3196 D. Wang et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3195–3197

at the 21st day, while the substrate (1) reduced to the
lowest level (Fig. 1).


In parallel control experiments, the medium containing
only substrate but without fungus and the culture with-
out substrate were incubated, respectively, in the same
condition and analyzed by HPLC. Both tests showed
negative results. Therefore, it could be concluded that
the detected products were derived from 1 by the fungal
biotransformation with CS.


In order to obtain the products, biotransformation was
scaled up by adding 10 g of gentiopicroside (1) into five
1000 mL flasks (2 g for each), in which mycelia of CS
had been incubated for 10 days in 300 mL PDA med-
ium. Three weeks after the addition of 1, the culture
medium was collected and applied to a separation proce-
dure16 to afford two purified products (compounds A
and B).


Compound A was obtained as a white amorphous pow-
der, ½a25


D � þ 6:4� (0.0057, H2O). It gave orangy red color
with the presence of dragendorff reagent, suggesting the
presence of nitrogen. The molecular formula was estab-
lished as C10H13NO3 on the basis of HRESI MS (m/z
219.0629, [M+1+Na]+, calcd 219.0660) and NMR data
(Table 1), which indicated five degrees of unsaturation.
The IR spectrum showed the presence of carbonyl
(1701 cm�1) and NH/OH group (3345 cm�1). Positive
ESI MS gave the quasi-molecular ion peaks at m/z 415
[2(M+H)+Na]+, 196 [M+H]+, 219 [M+H+Na]+, and
fragment ion peaks at m/z 179 [M�OH+H]+, 151
[M�OH�C2H4+H]+. The 13C NMR (including DEPT)
data revealed ten carbon signals consisting of one
methyl group, three methylenes (including one oxygen-
bearing and one nitrogen-bearing carbons), one
oxygen-bearing and one olefinic methines, three olefinic
quaternary carbons, and one lactone. The 1H NMR
spectrum also exhibited an NH proton at d 3.72. There
were no proton and carbon signals arising from gluco-
pyranosyl unit observed in the NMR spectra of A, indi-
cating that the sugar moiety in 1 was hydrolyzed during
the biotransformation. Comparison of the NMR data
with those of 217 indicated that A contained an unsatu-
rated lactone ring similar to that of 2. However, unlike
the pyridine ring in 2, compound A has a 1,2,5,6-tetra-
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Figure 1. Time course of the biotransformation of 1 with the mycelia


of CS (detected by HPLC at 47 nm).

hydropyridine-2-ol ring in the molecule. Detailed analy-
sis of the 2D NMR spectra of A, including HMQC,
1H–1H COSY, and HMBC (Fig. 2), led us to conclude
that the novel structure of A was (Z)-5-ethylidene-8-
hydroxy-3,4,5,6,7,8-hexahydropyrano[3,4-c]pyridine-1-one
(shown in Chart 1 as compound 10).


Compound B was obtained as a white amorphous pow-
der. Positive FAB MS gave the quasi-molecular ion peak
at m/z 197 [M+H]+, corresponding to the molecular for-
mula of C10H13NO3, together with the 13C NMR data

Chart 1.


Figure 2. H– H COSY and HMBC correlations of 10.







Scheme 1. Possible biotransformation processes of 1 by CS.
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(Table 1). The 1H spectral data of B were practically
in agreement with those of the reported 5,6-dihydro-5-
hydroxymethyl-6-methyl-1H,3H-pyrano[3,4-c]pyran-1-one
(9), a metabolite of 1 by human intestinal bacteria.12


Further 2D NMR experiments (HMQC, HMBC,
1H–1H COSY, HMQC–TOCSY, and NOESY spectra)
confirmed the structure of B to be as the same as that
of compound 9. The coupling constant between H-5
and H-6 was too small to be measured, indicating the
ee coupling between these two protons. Moreover,
NOESY correlation between H-5 and methyl proton
(H-10) was observed. These facts demonstrated a trans
configuration between the methyl at C-6 and side chain
at C-5.


The biotransformation of gentiopicroside (1) by human
intestinal bacteria resulted in pyrano[3,4-c]pyran-type
and isochroman-type metabolites in different ratios,
and no pyridine monoterpene alkaloid was produced.12


In our experiment, pyrano[3,4-c]pyran and pyridine
monoterpene alkaloid were formed in nearly equal ra-
tios, but no isochroman-type metabolite was obtained.
A.I. El-Sedway presented only 1H NMR data of 9,12


we assigned all 1H and 13C NMR signals in this paper.
Scheme 1 shows the possible pathway of the biotransfor-
mation of 9 and 10 from 1 by CS. Gentiopicroside (1)
was hydrolyzed by fungal b-glucosidase to give an
unstable hemiacetal aglycone (1a), which was readily
converted to dialdehyde (1b) and aldehyde alcohol (1c)
forms. 1b reacted with ammonium ion to form a Schiff
base (1d), which was subjected to intramolecular cycliza-
tion to give a pyridine monoterpene alkaloid-type com-
pound (10). Simultaneously, 1c was subjected to another
pathway with intramolecular cyclization and hydroge-
nation to give compound 9.

Gentiopicroside (1) was reported to have different phys-
iological activities, and some of its derivatives such as
gentianine (2) and gentianal (3) are considered to be
the bioactive components in practice.18 In our study,
two types of metabolites were obtained. The preparation
of these products on a larger scale is in process and the
further inquiry about their bioactivities will be carried
out in the near future.
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Abstract—A novel class of selective anti-Helicobacter pylori agents, 2-oxo-2H-chromene-3-carboxamide derivatives, were prepared
and evaluated for their anti-bacterial activity. All synthesized compounds showed little or no activity against different species of
Gram-positive and Gram-negative bacteria and against various strains of pathogenic fungi. Some of them exhibited a potent
and specific inhibitory effect on the growth of H. pylori, including metronidazole-resistant strains, in the 0.0039–16 lg/mL MIC
range. A cytotoxic screening by the Trypan blue dye exclusion assay was also carried out on the most active compounds as anti-
H. pylori agents. Among the derivatives examined for their cytotoxic potential, a number of them induced low cytotoxic effects.
� 2007 Elsevier Ltd. All rights reserved.

For more than 20 years, Helicobacter pylori, a spiral-
shaped microaerophilic Gram-negative bacterium, has
been known to colonize the human gastric mucosa.1


The persistence of H. pylori leads to the development
of a subset of gastric pathologies, including chronic ac-
tive gastritis, peptic ulceration, and the promotion of
malignant disorders.2 Hence since 1994, the World
Health Organization (WHO) has classified H. pylori as
a Class 1 carcinogen responsible for its leading role in
the development of gastric neoplasia in humans. Thus
the eradication of H. pylori can significantly reduce the
risk of ulcer relapse and may help prevent the lym-
phoma of gastric mucosa-associated lymphoid tissue
(MALT-lymphoma) and other gastric malignancies.3


The guidelines established by several Consensus Confer-
ences held recently in Europe, America, Pacific Asia,
Japan, and Canada have proposed, as a first-line choice
for the eradication of H. pylori, a triple therapy based on

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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a combination treatment with anti-secretory drugs, such
as proton-pump inhibitors (PPI) or ranitidine bismuth
citrate (RBC), and two antibiotics from among clari-
thromycin, amoxicillin, and metronidazole for 1–2
weeks.4


Furthermore, basic recommendations are given on the
choice treatment in the event of failure of a first-line
eradicating strategy, suggesting a quadruple therapy
based on tetracycline, metronidazole, bismuth salts,
and anti-secretory agents (PPI or ranitidine) for at least
7 days, but discordant results have been reported in tri-
als attempting to evaluate its efficacy, with remission
rates ranging from 57% to 95%.


Despite this careful approach, the treatment regimens
have not always been successful, achieving variable
eradication rates of about 70–85%. Multiple drugs, fre-
quent dosing, length of treatment, and occurrence of
harmful side effects often contribute to poor patient
compliance. In addition, an increasing emergence of
drug resistance, which is more frequent and more severe
in the case of quadruple therapy,5 can lead to treatment
failure.
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Since known anti-microbial agents may present a poten-
tial for the disruption of intestinal microbial flora, which
may cause side effects, the development of new alterna-
tive therapeutic agents with highly selective anti-bacte-
rial activity against H. pylori, but without the risk of
resistance or other untoward effects, has become
necessary.


This work is aimed at trying to overcome these problems
as well as evaluating a series of 2-oxo-2H-chromene-3-
carboxamide derivatives as part of a screening program.


Naturally occurring coumarins, widely found in plants
belonging to the families Rutaceae, Umbelliferae, and
Compositae,6 are endowed with different types of biolog-
ical applications. It has been reported that coumarin
derivatives exhibit an ever-increasing variety of uses,
including platelet anti-aggregating activity, anti-inflam-
matory activity, and anti-tumor activity.7
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Moreover, coumarin derivatives are well known for
their anti-microbial activity toward different microor-
ganisms. Some authors have reported a study on the
anti-microbial activity of some coumarin derivatives
with reference to anti-H. pylori activity.8 For all assayed
coumarins, no activity has been reported except for the
derivatives with carboxylic or hydroxyl groups. Based
on these results, the authors have pointed out that a car-
boxylic acid function in the coumarin ring might play an
important role leading to activity. In addition, either
coumarins derived directly from natural products or
synthetic coumarins, both bearing hydroxyl substitu-
ents, were identified as potent anti-H. pylori agents,
comparable to metronidazole.6


Moving from these literature indications and pursuing
our research in the field,9,10 in this report we describe
the synthesis and anti-microbial evaluation of a new ser-
ies of coumarin derivatives against the most common
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pathogens, both bacterial and fungal, and against
H. pylori.


We have focused on the development of a number of
coumarin derivatives aimed at identifying features of
the structure that could be important for anti-H. pylori
activity.


In order to establish the cytotoxic activity of this novel
series of coumarin 3-carboxamides, an immortalized
hybrid cell line displaying an endothelial phenotype,
EAhy, derived from the fusion of human umbilical vein
endothelial cells (HUVEC) with lung carcinoma cells
was incubated in the presence of compounds C7–C12
which demonstrated to possess the most potent activity
against H. pylori and the cell viability determined by the
Trypan blue dye exclusion assay.


The coumarin moiety of all derivatives is obtained fol-
lowing a Knoevenagel reaction between the appropriate
benzaldehydes and diethylmalonate.


In particular, on the basis of previous investigation,11


starting from the acyl chloride (A) we have synthesized
coumarins C1–C12 (C10 is commercially available12)
which contain the benzamidic structure important for
anti-H. pylori activity. In addition, we have synthesized
compounds C13–C16, which are made up of coumarins
with cephem derivatives as substituents such as 7-ami-
nocephalosporanic acid (7-ACA), 3-deacetyloxy-7-ami-
nocephalosporanic acid (7-ADCA), and also isoniazid
(INH) for compound C17, according to structure-activ-

Table 1. Chemical and physical data of derivatives C1–C20


OR


R1


Compound R R1 R


C1 –OCH2C6H5 H –N


C2 –OCH2C6H5 H –N


C3 –OCH2C6H5 H –N


C4 –OCH2–(4 0-Cl–C6H4) H –N


C5 –OCH2–(4 0-Cl–C6H4) H –N


C6 –OCH2–(4 0-Cl–C6H4) H –N


C7 H Cl –N


C8 H Cl –N


C9 H Cl –N


C1012 H Br –N


C11 H Br –N


C12 H Br –N


C13 –OCH2–(4 0-F–C6H4) H 7-


C14 –OCH2–(4 0-F–C6H4) H 7-


C15 –OCH2C6H5 H 7-


C16 –OCH2C6H5 H 7-


C17 –OCH2C6H5 H IN


C18 H H –N


C19 H H –N


C20 H H –N


a 7-ACA, 7-aminocephalosporanic acid.
b 7-ADCA, 3-deacetiloxy-7-aminocephalosporanic acid.
c INH, isoniazid.

ity studies.13 Starting from 4-[(2-oxo-2H-chromene-3-
carbonyl)-amino]-benzoyl chloride (B),10 we have also
synthesized compounds C18–C20, made up of couma-
rins with cephem derivatives as substituents such as
7-ACA, 7-ADCA, and also isoniazid (INH) (see
Scheme 1).


All synthesized compounds were fully characterized by
means of analytical and spectral data as reported in
Tables 1 and 2.14


The synthesized compounds were first assayed against
several species of Gram-positive and Gram-negative
bacteria and against various strains of pathogenic fungi
in order to identify those with little or no activity as
leading compounds. Ceftazidime and clotrimazole are
used as reference compounds.


The data obtained against all the assayed species mostly
show a MIC value >128 lg/mL. Based on these results,
all synthesized compounds can be submitted to subse-
quent screening toward H. pylori.15


The activity of the substances is compared with the ref-
erence compound metronidazole against 16 strains of
H. pylori, including the reference strain NCTC 11637
and two other metronidazole-resistant strains.


The MIC ranges and the MIC at which 50% (MIC50)
and 90% (MIC90) of the H. pylori tested strains
are inhibited by compounds C1–C20 are shown in
Table 3, together with the MIC values of the synthesized

R2


O


O


2 mp (�C) Yield (%)


H–(40-COOEt–C6H4) 263–265 83


H–(40-COOH–C6H4) 200–203 32


H–(40-COCl–C6H4) 153–155 45


H–(40-COOEt–C6H4) 260–262 87


H–(40-COOH–C6H4) 220–225 95


H–(40-COCl–C6H4) 130–135 82


H–(40-COOEt–C6H4) 279–281 94


H–(40-COOH–C6H4) >290 56


H–(40-COCl–C6H4) >290 67


H–(40-COOEt–C6H4) 260–264 96


H–(40-COOH–C6H4) >280 54


H–(40-COCl–C6H4) >290 70


ACAa 135–138 30


ADCAb 162–166 70


ACA 156–160 73


ADCA 210–213 82


Hc 260–263 30


HC6H4–4 0-CO–7-ACA 240–242 34


HC6H4–4 0-CO–7-ADCA 229–232 69


HC6H4–4 0-CO–INH 186–200 30







Table 2. 1H NMR data of derivatives C1–C20


Compound 1H NMR d (ppm)


C1a 1.39–1.42 (t, 3H, CH3); 4.37–4.39 (q, 2H, CH2); 5.20 (s, 2H, CH2); 6.98–7.17 (m, 2H, Ar); 7.43–7.45 (m, 5H, Ar); 7.64–7.66 (d,


1H, Ar, J = 8.8 Hz); 7.81–7.83 (d, 2H, Ar, J = 8.6 Hz); 8.06–8.08 (d, 2H, Ar, J = 8.6 Hz); 8.95 (s, 1H, CH@); 11.00 (s, 1H, NH,


D2O exch)


C2a 5.20 (s, 2H, CH2); 7.00 (s, 2H, Ar); 7.08–7.10 (d, 2H, Ar, J = 8.6 Hz); 7.39–7.43 (m, 6H, Ar); 7.64–7.66 (d, 2H, Ar, J = 8.9 Hz);


8.86 (s, 1H, CH@); 11.50 (br s, 1H, NH, D2O exch)


C3b 5.25–5.26 (d, 2H, CH2, J = 3.4 Hz); 7.15–7.25 (m, 4H, Ar); 7.35–7.41 (m, 4H, Ar); 7.46–7.48 (m, 4H, Ar); 8.71–8.72 (d, 1H,


CH@, J = 3.3 Hz); 11.32 (br s, 1H, NH, D2O exch)


C4b 1.55–1.57 (t, 3H, CH3); 4.50–4.51 (q, 2H, CH2); 5.30 (s, 2H, CH2); 7.10–7.19 (m, 5H, Ar); 7.30–7.60 (m, 6H, Ar); 8.86 (s, 1H,


CH@); 10.88 (s, 1H, NH, D2O exch)


C5b 5.25 (s, 2H, CH2); 7.05–7.11 (m, 3H, Ar); 7.42–7.51 (m, 6H, Ar); 7.75–7.81 (m, 2H, Ar); 8.60 (s, 1H, CH@); 10.95 (s, 1H, NH,


D2O exch)


C6b 5.30 (s, 2H, CH2); 7.03–7.12 (m, 3H, Ar); 7.47–7.53 (m, 6H, Ar); 7.80–7.87 (m, 2H, Ar); 8.72 (s, 1H, CH@); 10.89 (s, 1H, NH,


D2O exch)


C7a 1.38–1.42 (t, 3H, CH3); 4.33–4.39 (q, 2H, CH2); 7.26–7.28 (d, 1H, Ar, J = 8.6 Hz); 7.72–7.81 (m, 4H, Ar); 8.03–8.05 (d, 2H, Ar,


J = 8.6 Hz); 9.05 (s, 1H, CH@); 10.85 (s, 1H, NH, D2O exch)


C8b 7.58–7.61 (dd, 1H, Ar, J = 8.7 Hz); 7.80–7.85 (m, 3H, Ar); 7.94–7.97 (m, 2H, Ar); 8.14–8.15 (t, 1H, Ar); 8.84–8.85 (s, 1H,


CH@); 10.88 (s, 1H, NH, D2O exch); 13.85 (s, 1H, COOH, D2O exch)


C9b 7.52–7.54 (m, 1H, Ar); 7.77–7.80 (m, 3H, Ar); 7.90–7.92 (m, 3H, Ar); 8.10–8.12 (m, 1H, Ar); 8.82 (s, 1H, CH@); 10.96 (s, 1H,


NH, D2O exch)


C11b 7.51–7.53 (d, 1H, Ar, J = 7.8 Hz); 7.82–7.84 (d, 2H, Ar, J = 7.9 Hz); 7.90–7.96 (m, 3H, Ar); 8.26 (s, 1H, Ar); 8.86 (s, 1H,


CH@); 10.90 (s, 1H, NH, D2O exch); 12.82 (s, 1H, COOH, D2O exch)


C12b 7.51–7.54 (m, 1H, Ar); 7.82–7.85 (m, 2H, Ar); 7.90–7.97 (m, 3H, Ar); 8.26–8.27 (m, 2H, Ar); 8.82–8.83 (s, 1H, CH@); 10.92–


10.93 (d, 1H, NH, D2O exch J = 2.6 Hz)


C13b 2.05 (s, 3H, CH3); 3.75 (m, 2H, CH2); 4.90 (m, 2H, CH2); 5.10 (m, 2H, CH2); 5.30 (d, 1H, CH, J = 4.3); 6.05 (m, 1H, CH);


7.20–8.00 (m, 7H, Ar); 9.00 (s, 1H, CH@); 9.30 (s, 1H, NH, D2O exch); 13.10 (s, 1H, COOH, D2O exch)


C14b 2.00 (s, 3H, CH3); 3.70 (s, 2H, CH2); 5.20 (s, 2H, CH2); 5.25 (d, 1H, CH, J = 4.3); 5.90 (m, 1H, CH); 7.30–8.00 (m, 7H, Ar);


8.90 (s, 1H, CH@); 9.30 (s, 1H, NH, D2O exch); 13.15 (s, 1H, COOH, D2O exch)


C15a 2.15 (s, 3H, CH3); 3.60 (s, 2H, CH2); 5.05 (s, 2H, CH2); 5.10 (s, 2H, CH2); 5.20 (d, 1H, CH, J = 4.3); 6.20 (m, 1H, CH); 7.00–


7.70 (m, 8H, Ar); 8.90 (s, 1H, CH@); 9.60 (s, 1H, NH, D2O exch); 13.10 (s, 1H, COOH, D2O exch)


C16b 2.05 (s, 3H, CH3); 3.55 (s, 2H, CH2); 5.25 (s, 2H, CH2); 5.30 (d, 1H, CH, J = 4.3); 6.00 (m, 1H, CH); 7.20–8.00 (m, 8H, Ar);


8.95 (s, 1H, CH@); 9.35 (s, 1H, NH, D2O exch); 13.20 (s, 1H, COOH, D2O exch)


C17b 5.30 (s, 2H, CH2); 7.10–7.95 (m, 8H, Ar and 2H, Pyr); 8.75 (m, 2H, Pyr); 8.95 (s, 1H, CH@); 10.55 (s, 1H, NH, D2O exch);


11.35 (s, 1H, NH, D2O exch)


C18b 2.00 (s, 3H, CH3); 3.70 (s, 2H, CH2); 4.80 (s, 2H, CH2); 5.20 (d, 1H, CH, J = 4.3); 5.90 (m, 1H, CH); 7.50–8.00 (m, 8H, Ar);


8.95 (s, 1H, CH@); 9.40 (s, 1H, NH, D2O exch); 10.95 (s, 1H, NH, D2O exch); 13.2 (s, 1H, COOH, D2O exch)


C19b 1.95 (s, 3H, CH3); 3.60 (s, 2H, CH2); 5.10 (d, 1H, CH, J = 4.3); 5.80 (m, 1H, CH); 7.45–8.00 (m, 8H, Ar); 8.90 (s, 1H, CH@);


9.30 (s, 1H, NH, D2O exch); 10.85 (s, 1H, NH, D2O exch); 13.2 (s, 1H, COOH, D2O exch)


C20b 7.45–8.00 (m, 8H, Ar and 2H, Pyr); 8.75 (m, 2H, Pyr); 8.95 (s, 1H, CH@); 10.60 (s, 1H, NH, D2O exch); 10.80 (s, 1H, NH,


D2O exch); 10.90 (s, 1H, NH, D2O exch)


a CDCl3.
b DMSO-d6.
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compounds against the metronidazole-resistant strains
of H. pylori.


The best activity (MIC values ranging between 0.0039
and 8 lg/mL) was observed for derivatives C7–C12
bearing an halogen (chlorine or bromine) in the 6-posi-
tion, a 3-benzamidic group and hydrogen atom in the
7-position of the coumarin moiety. All these compounds
show good activities against all strains and very good
activities against the metronidazole-resistant strains.
These values are very much lower in comparison with
those of metronidazole.

Compounds C1–C6, 7-benzyloxy substituted, show low-
er activity, except for C4 derivative whose MIC was of
0.031 lg/mL against the NCTC 11637 strain. Com-
pounds C13–C20 show no activity.


From these results we can point out that anti-H. pylori
activity strongly depends on the presence of an acyl
function like acid, ester or acyl chloride in the 3-benz-
amidic group and of an halogen in the 6-position of
the coumarin ring. The choice of the acyl functions
and particularly of the potentially unstable acyl chloride
as substituents in the 3-position of the coumarin ring







Table 3. MIC of compounds C1–C20 and metronidazole (M) against 16 H. pylori strains, including three metronidazole-resistant strains


Compound Range All strains Metronidazole resistant


MIC50 (lg/mL) MIC90 (lg/mL) NCTC 11637 5 14


C1 0.5–64 8 64 4 64 32


C2 0.5–4 2 4 2 4 4


C3 0.5–4 2 4 2 4 4


C4 <0.0039–32 4 32 0.031 32 16


C5 2–16 8 16 8 4 8


C6 1–8 4 8 4 4 8


C7 <0.0039–16 0.25 8 <0.0039 8 <0.0039


C8 <0.0039–2 0.0039 0.062 <0.0039 0.062 0.015


C9 <0.0039–0.25 0.0078 0.062 <0.0039 0.0078 0.015


C10 <0.0039–8 0.5 4 0.031 2 0.5


C11 <0.0039–0.125 0.015 0.125 <0.0039 0.062 0.015


C12 <0.0039–0.125 0.0039 0.031 <0.0039 0.015 <0.0039


C13 32–128 64 128 64 128 128


C14 16–128 64 128 32 128 64


C15 16–128 64 128 64 128 64


C16 32–128 64 128 32 128 64


C17 32–>128 128 >128 >128 >128 >128


C18 8–128 32 64 32 64 32


C19 4–>128 128 >128 32 >128 >128


C20 16–>128 128 >128 >128 >128 >128


M 0.125–64 0.25 64 64 64 64


Table 4. Cytotoxic effect of compounds C7–C12 tested on EAhy 926 cells after 24 h of incubation at 37 �C, using Trypan blue exclusion test,


expressed as cell survival fraction (%)a


Compound Concentration (lg/mL)b


50 5 0.5 0.05 0.005


C7 10 ± 0.5 30 ± 1.2 60 ± 2.0 77 ± 4.4 80 ± 5.5


C8 10 ± 0,8 12 ± 0,8 45 ± 3.0 68 ± 3.4 79 ± 6.2


C9 15 ± 0.5 22 ± 1.4 58 ± 4.0 80 ± 6.4 78 ± 5.8


C10 30 ± 2,2 70 ± 2.3 70 ± 2.8 87 ± 3.5 92 ± 4.0


C11 20 ± 1.6 37 ± 3.2 70 ± 3.8 90 ± 5.2 90 ± 3.8


C12 10 ± 1.1 31 ± 1.4 56 ± 4.2 70 ± 4.4 85 ± 5.6


a Cells incubated with culture medium alone represented the controls and the cell viability was always greater than 97%.
b Data represent the arithmetic mean ± SD of at least three independent experiments.
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was admissible on the basis of our previous studies done
on the stability of similar compounds in the assay con-
ditions by 1H NMR and HPLC techniques.16,17


If a benzyloxy group is present in the 7-position the
activity decreases. Finally, the presence of bulky substit-
uents like 7-ACA, 7-ADCA or INH leads to inactive
compounds.


The cytotoxic profile of the compounds C7–C12, the
most active agents against H. pylori, (Table 4) showed
that the derivatives C10 and C11 were less toxic at con-
centrations below 0.5 lg/mL with percentage of viable
cells remaining of 87 and 90, respectively.18
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Abstract—A total of 106 nitric oxide-releasing derivatives of oleanolic acid were synthesized and their effects on the inhibition of
anti-Fas-mediated HepG2 cell apoptosis were evaluated in vitro. Several compounds inhibited anti-Fas-mediated HepG2 cell apop-
tosis in a dose-dependent manner. Within this series of compounds, 8b is the most potent inhibitor. The development of new NO-
releasing derivatives of oleanolic acid may aid in the design of NO-based medicines for the intervention of human liver inflammatory
diseases.
� 2007 Elsevier Ltd. All rights reserved.

Nitric oxide (NO), synthesized from LL-arginine by a
family of constitutive and inducible NO synthases
(cNOS and iNOS), is a small, diffusible, highly reactive
molecule with dichotomous biological functions, such
as blood vessel dilatation, neurotransmission, modula-
tion of the hair cycle, and penile erections.1 NO can also
be generated from synthetic NO-releasing compounds,
such as nitrate, furoxan, hydroxyguanidine, S-nitroso-
thiol, diazeniumdiolate, and others.2 Higher concentra-
tions of NO can promote the apoptosis of many types
of cells, while lower concentrations of NO usually pro-
tect cells, such as hepatocytes, from inflammation-med-
iated apoptosis.3 Several mechanisms have been
proposed to explain the anti-apoptosis effects of NO,
including increased cGMP production, inhibition of cas-
pase activation as well as prevention of mitochondrial
permeability transition that leads to the release of cyto-
chrome C into the cytosol.4


Increased scientific evidence indicates that NO defi-
ciency is implicated in many physiological and patholog-
ical processes within the mammalian body. This fact
provides a plausible biologic basis for the application
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of NO replacement therapy in clinic. However, the di-
verse bioactivities of NO limit its clinical application.
New types of NO-releasing compounds/drug hybrids
need to be developed for obtaining tissue-specific NO-
related function.


Oleanolic acid (OA) is a triterpenoid compound, widely
found in natural plants.5 Systemic treatment with the
purified OA leads predominately to the distribution
and metabolism of OA in the liver. OA has been shown
to protect rodent liver from CCl4 and many other toxi-
cant-induced hepatotoxicity and chronic cirrhosis.6


Importantly, OA has been clinically used as a safe non-
prescription drug for treatment of hepatitis in China for
more than 20 years,7 although its therapeutic efficacy is
limited. The therapeutic effect, the property of liver-spe-
cific metabolism, and wide availability make it to be an
ideal base for the design of new NO-releasing com-
pounds for the production of NO specifically in the liver.
The combination of NO and OA probably provides syn-
ergic protection of hepatocytes from inflammation- and
toxicant-mediated liver damage.


In the present studies, 106 novel NO-releasing deriva-
tives of OA were synthesized by connecting NO-donat-
ing moiety to the OA-28-COOH/OA-3-OH through
varying lengths of linkers. The various linkers containing
anti-oxygen functionalities, such as ferulic acid,
p-hydroxyl cinnamic acid, and vanillic acid,8 were
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designed to increase the ability of these objective com-
pounds to scavenge free radicals. The bioactivities of
all derivatives of OA were evaluated. Several compounds
were found to inhibit anti-Fas-mediated hepatocyte
apoptosis and their anti-apoptotic effects were
dose-dependent. One of the compounds, 8b, inhibited
hepatocyte apoptosis at a lower nanomolar level.
The development of new NO-releasing derivatives of
OA may aid in the design of NO-based new medicine
for the intervention of human inflammatory liver
diseases.


The synthetic routes of very important intermediates
(2a–2g, 6a, and 6b) are outlined in Scheme 1. Ferulic
acid (1a) or p-hydroxyl cinnamic acid (1b) was first trea-
ted with dibromoalkanes bearing two to six carbons in
the presence of Et3N and acetone at 50 �C to generate
compounds 2a–2g in 60–73% yields. In a similar way,
compounds 6a and 6b were obtained in 61–65% yields
by treatment of vanillic acid (5) with 1, 3-dibromopro-
pane and 1, 4-dibromobutane, respectively.

2a   R=OCH3,  n=2   2b   R=OCH3,  n=3
2c   R=OCH3,  n=4    2d   R=OCH3,  n=6
2e   R=H,  n=2 2f    R=H,  n=3
2g  R=H,  n=4
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Scheme 1. Reagents and conditions: (i) Br(CH2)nBr, Et3N, 50 �C, 4 h


(60–73%); (ii) AgOH, NaOH (65%); (iii) HCl; (iv) Br(CH2)nBr (n = 3


or 4), Et3N, 50 �C, 4 h (61–65%).
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Scheme 2. Reagents and condition: (i) (CF3CO)2O, 2a–2g, <90 �C, 6 h (70


(90–95%).

The synthetic routes of OA-nitrate conjugates (8a–8g,
9a–9g, 11a, 11b, 12a, and 12b) are summarized in
Schemes 2 and 3. Several strategies were attempted to
esterify OA-28-COOH directly with hydroxyl com-
pounds, but failed, perhaps because of the large steric
hindrance and weak acidity of OA-28-COOH. Alterna-
tively, OA was first treated with trifluoroacetic anhy-
dride to form a mixed anhydride in a quantitative
yield after stirring at room temperature for 10 min.
The resulting mixed anhydride was then reacted with hy-
droxyl compounds (2a–2g or 6a and 6b) in toluene to af-
ford 3-O-trifluoroacetyl OA esters (7a–7g or 10a and
10b) in good yields (70–78%), respectively.9,10 Com-
pounds 7a–7g or 10a and 10b were further converted
to the corresponding nitrates 8a–8g or 11a and 11b,
respectively, with AgNO3 in THF/CH3CN. Compounds
9a–9g or 12a and 12b were prepared by the hydrolysis of
8a–8g or 11a and 11b, respectively, with diluted KHCO3


to remove trifluoroacetyl group at C-3–OH without
affecting other ester bonds. The resulting products were
purified by column chromatography and their structures
were characterized by IR, 1H NMR, MS, and elemental
analysis.11


Compounds 8a–8g, 9a–9g, 11a, 11b, 12a, 12b, and con-
trols, OA and NCX-1000, were in vitro evaluated for
their protective effects on anti-Fas-mediated HepG2 cell
apoptosis determined by LDH assay.12 As shown in
Figure 1, treatment with different concentrations of
OA failed to protect the HepG2 cells from anti-Fas-in-
duced apoptosis as there was no significant difference
in the percentage of survived HepG2 cells between the
presence and absence of different concentrations of
OA. Treatment with NCX-1000, a NO-releasing deriva-
tive of urodeoxycholic acid (UDCA) generated by add-
ing an ONO2 moiety through an antioxidant spacer,
showed moderate protective effects and NCX-1000 at
10�6 M protected 33.4% of HepG2 cells from anti-Fas-
induced apoptosis, consistent with previous report.3


Furthermore, five of the tested compounds displayed
great protective effects, which were 10- to 1000-fold
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9g R=H, n=4


R


CH=CHCOO(CH2)nONO2


7a R=OCH3,  n=2    7b R=OCH3,  n=3
7c R=OCH3,  n=4 7d R=OCH3,  n=6
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7g R=H, n=4
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Figure 1. NO-releasing derivatives of OA-protected hepatocytes from


anti-Fas-mediated apoptosis. The anti-apoptotic effects of NO-releas-


ing derivatives of OA were evaluated by LDH assays. Briefly, HepG2


cells at 104/well were plated in triplicate in 96-well plates in 4% FCS


and 2 lg/ml cycloheximide in phenol-red free DMEM. The cells were


treated with anti-Fas (50 ng/ml for CH-11 or 1.5 lg/ml for DX2) in the


presence or absence of indicated concentrations of OA, NCX-1000 or


NO-releasing derivatives of OA at 37 �C 5% CO2 for 18 h. Unmanip-


ulated cells or the cells treated with 1% Triton X-100 were used as


negative or positive controls for cytotoxicity. Their supernatants were


harvested and their contained LDH activities were measured by LDH


assays using the LDH cytotoxicity detection kit (Roche) and following


the manufacturer’s instructions at O.D. (490/650). The protective effect


(%) was determined by the formula: the protective effect


(%) = (1 � (O.D. experiments � O.D. negative controls)/(O.D. positive


controls � O.D. negative controls)) · 100. Data presented as means of


three independent experiments and the O.D. values of intra-group


variations were less than 10%.
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stronger than that of NCX-1000. The lowest concentra-
tion that significantly inhibited anti-Fas-induced HepG2
cell apoptosis was 10�10 M for 8b, 10�9 M for 8c,
10�8 M for 8f or 10�7 M for 8d and 8g, respectively. A
similar pattern of protective effects was observed when
using the p53�/� Hep3b cells, indicating that the protec-
tive effects of these NO-releasing derivatives of OA were
independent of p53. Given that Fas/FasL-mediated
hepatocyte apoptosis was involved in many inflamma-
tory- and toxicant-mediated liver diseases the potent
anti-apoptotic effect of NO-releasing derivatives of OA

suggests that these compounds may be potential for
the treatment of inflammatory diseases in clinic.


As shown in Figure 2, these compounds produced low
levels of NO (about 12 ng/ml for 8b, 12 ng/ml for 8c,
21 ng/ml for 8d, 18 ng/ml for 8f, 20 ng/ml for 8g, and
28 ng/ml for 11b, respectively) determined by in vitro
Griess reaction. This is consistent with the notion that
low dose of NO protects cells from inflammation-medi-
ated apoptosis. Notably, some compounds that pro-
duced higher levels of NO in vitro showed potent
cytotoxicity on human liver cancer cells (unpublished
observations). In addition, our preliminary studies
showed that oral treatment with 8b at 128 mg kg�1


significantly inhibited CCl4-induced hepatic fibrosis
and liver damage in rats (data not shown). Collectively,
NO-releasing derivatives of OA with low level of NO
productivity protected human hepatocytes from
anti-Fas-mediated apoptosis.


Analysis of structure–activity relationships suggests that
the A-ring of OA may be a good target for further mod-
ification as the compounds 8b–8d, 8f, and 8g, whose C-
3-OH of A-ring was connected with trifluoroacetyl,
showed potent anti-apoptotic activities, while the com-
pounds 9b–9d, 9f, and 9g with corresponding free
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C-3-OH were inactive. Second, the length of the linkers
connecting to ferulic acid or p-hydroxyl cinnamic acid
appears crucial for their bioactivities. The 8b with a
3-carbon long linker had 10- to 100-fold more potent
anti-apoptotic activity than 8c or 8d, respectively, while
8a was inactive. Similarly, the compounds 8f and 8g, but
not 8e, had anti-apoptotic activity. Apparently, a 3-car-
bon long linker was optimal, while compounds with
longer linkers were accompanied by decreased bioactiv-
ities. Furthermore, the potent anti-apoptotic activities
were governed by appropriate anti-oxygen reagent, like
ferulic acid, at the C-28 of OA esters as compounds 8b
and 8c showed higher anti-apoptotic activities than the
corresponding compounds 8f, 8g and 11a, 11b, even if
they had the same length of carbon chain. Finally, these
OA-nitrate conjugates at less than 10�6 M, but not OA,
inhibited anti-Fas-mediated HepG2 cell apoptosis in our
experimental system, suggesting that the NO-releasing
moieties may be responsible for the inhibitory activities
of these derivatives of OA.


A series of OA-nitrate conjugates were synthesized and
their biological functions were evaluated. Within the ser-
ies of compounds, five of them showed to inhibit anti-
Fas-mediated hepatocyte apoptosis in vitro and their
anti-apoptotic effects were dose-dependent. Notably,
the compound 8b was the most potent inhibitor and pro-
tected hepatocytes from anti-Fas-mediated apoptosis at
a lower nanomolar level. The preliminary SAR analysis
of these compounds revealed that connection of the
A-ring of OA with an optimal length of linker and the
C-28 of OA esters with an anti-oxygen reagent was cru-
cial for their anti-apoptotic activities. Together, these
findings provide a new framework for the rational
design of NO-based medicine for the intervention of hu-
man inflammatory liver diseases in clinic.
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Abstract—A series of 3-(1H-benzo[d]imidazol-2-yl)pyridin-2(1H)-one inhibitors of insulin-like growth factor receptor-1 (IGF-1R)
were examined in which the pendant imidazole moiety was replaced to improve selectivity for IGF-1R inhibition over cytochrome
P450 (CYP). Synthesis and SAR of these compounds is presented.
� 2007 Elsevier Ltd. All rights reserved.

Insulin-like growth factor receptor-1 (IGF-1R) plays an
important role in normal cell physiology, and is also
implicated in the establishment and maintenance of
the malignant phenotype.1 IGF-1R is a tyrosine kinase
receptor that is activated by the binding of its ligands,
IGF-I or IGF-II, to the extracellular domain. Ligand
binding causes a conformational change resulting in
autophosphorylation of tyrosine residues in the intracel-
lular kinase domain resulting in activation of both the
mitogenic (Ras/Raf/MAPK) and survival pathways
(PI3K/Akt/mTor).1,2 In addition, recent studies have
shown that IGF-1R regulates cell adhesion and motil-
ity.3 Overexpression of IGF-1R and IGF-I has been
demonstrated in a variety of tumors,4 including glioma,
lung, ovary, breast, carcinomas, sarcomas, and mela-
noma. Therefore, IGF-1R seems to be a very promising
target for cancer therapy.5 As a consequence, the identi-
fication of potent inhibitors of IGF-1R has recently
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attracted considerable attention and several classes of
inhibitors have been described.6


We have recently reported the discovery and biological
activity associated with the benzimidazole-pyridone
derivatives stemming from the identification of 1 as a
prototype of a new structural class of IGF-1R kinase
inhibitors.7 Further optimization of 1 by installing basic
amine side chains at the C-4-position of pyridone led to
the identification of 2, 3, and 4 with IC50’s of 390, 530,
and 180 nM, respectively.8 Additionally, compound 4
reduced autophosphorylation of IGF-1R in CD8-
IGF1R mouse xenografts when dosed in vivo. However,
compounds 1–4 exhibited potent cytochrome P450
(CYP) inhibition profiles across 3A4, 2C9, 2C19, 2D6,
and 1A2 isozymes (Table 1). Such potent inhibition of
drug-metabolizing CYP enzymes may cause unfavorable
drug–drug interactions in the clinic.9 Many lead candi-
date molecules in pharmaceutical development fail due
to potent inhibition of one or more CYP enzyme iso-
forms. Consequently, we sought to improve the CYP
inhibition of this chemotype while maintaining or
improving the IGF-1R enzyme potency. By examining
the structural elements within the chemotype 1, it
was reasoned that the pendant imidazole moiety could
be responsible for potent CYP inhibition, as some
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Table 1. IGF1R and CYP activities11 for compounds 2, 3, and 4


IC50 (lM) 2 3 4


IGF-1R 0.39 0.53 0.18


CYP1A2 <0.03 <0.04 <0.04


CYP2C9 <0.03 <0.04 <0.04


CYP2C19 0.1 <0.04 <0.04


CYP2D6 5.7 0.56 ND


CYP3A4-BFC 0.08 0.06 <0.046
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imidazole derivatives such as ketoconazole and clotrim-
azole are known to show high affinity for the heme iron
of major drug-metabolizing CYP enzymes Figure 1.9b,10


The crystal structure of 1 bound to a truncated IGF-1R
revealed that the pendant imidazole ring is solvent ex-
posed, and is not involved in any favorable hydrogen
bonding interactions with the receptor.7a Therefore, we
explored replacing of the imidazole ring with other
groups in an effort to improve selectivity for IGF-1R
inhibition over cytochrome P450 inhibition.


At the outset, we elected to replace the imidazole moi-
ety with both the bromo and cyano groups as these
groups are considered versatile chemical handles for
analog synthesis. Accordingly, the syntheses of bromo
derivative 10 and cyano derivative 24 were accom-
plished as outlined in Schemes 1 and 2. Commercially
available 4-bromo-2-methyl-6-nitro aniline (5) was
reduced to furnish diamine, which was immediately
treated with 2-methoxy-4-iodo-pyridine-3-carboxalde-
hyde12 (7) to afford benzimidazole 8. The methoxy
group in 8 was cleaved, and the resultant iodopyri-
done was heated with (S)-phenyl alaninol to provide
10. Suzuki coupling with aryl boronic acids was rather
sluggish presumably for solubility reasons, and there-
fore the primary hydroxyl was protected as its trityl
ether 11 which underwent Suzuki couplings smoothly
with several aryl boronic acids. Finally, the trityl
group was deprotected with trifluoroacetic acid to
afford biaryls (12, 13, and 14).
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Figure 1. Representative benzimidazole IGF-1R inhibitors.

Similarly, the cyano derivative 24, which is useful to
synthesize other heterocycles, was synthesized starting
from 3-methyl-4-nitro-benzonitrile (15). The nitro
group was reduced and the resultant aniline 16 was
trifluoroacetylated. The amide 17 was subjected to
nitration by treating with potassium nitrate in sulfuric
acid, and then the trifluoroacetyl group was cleaved.
The nitroaniline 19 was reduced and the resultant phe-
nylene diamine 20 was immediately treated with the
2-methoxy-4-iodo-pyridine-3-carboxaldehyde12 (7) to
furnish the benzimidazole 21. The methoxy group
was cleaved to give the iodo pyridone 22, which was
heated with meta-chloro phenethylamine 23 to afford
24. The nitrile group was hydrolyzed to the corre-
sponding acid 25, which was used to make amides
27–32. Additionally, the cyano compound 24 was also
converted to imidate ester 33 by exposure to anhy-
drous HCl gas in ethanol. Heating 33 with several
1,3 or 1,4 diamines furnished imidazolines (34, 35,
and 36) or tetrahydropyrimidine 37, respectively. The
carbon attached imidazole 39 was built from the imi-
date ester 33 using a two-step procedure.13


As outlined in Table 2, biaryls 12–14 represented the
first examples with a reduced cytochrome P450 inhibi-
tion profile in this series of IGF-1R inhibitors. These
results suggest that the pendant imidazole was primar-
ily responsible for potent CYP inhibition as antici-
pated. Interestingly, the bromo compound 10
displayed reduced CYP3A4 inhibition, while still
retaining significant affinity for other CYP isozymes.
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Table 2. IGF1R and CYP activities11 for imidazole replacements


IC50 (lM) 10 12 13 14


IGF-1Ra 1.4 3.1 5.1 4.0


CYP1A2 0.052 0.58 3.2 12.0


CYP2C9 0.72 2.3 4.0 11.0


CYP2C19 0.32 0.53 1.0 2.2


CYP2D6b ND ND ND ND


CYP3A4 3.1 3.6 6..3 6.8


a IC50 values represent the average of two determinations and standard


deviations ranged from 0.16 to 0.84.
b Overlap with reference, IC50 could not be determined.
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However, the biaryls (12–14) were found to be less po-
tent against IGF-1R relative to the imidazole contain-
ing compounds (2, 3, and 4). With these promising
initial results in improving the CYP profile our efforts
shifted to cyano compound 24 and derivatives thereof
Table 3.

The compound that lacks imidazole, 26, displayed a
fourfold reduction in IGF-1R enzyme potency with an
improved CYP profile. Examination of various func-
tional groups at the imidazole location led to the identi-
fication of amides that retained IGF-1R enzyme potency
while improving the CYP profile. The primary and sec-
ondary amides (27 and 28) displayed equipotency of
180 nM while the tertiary amide (29) was less active
(550 nM). It was found that increasing bulk on the sec-
ondary amide led to a decrease in enzyme potency as
represented by compounds 28 and 30 through 32. The
enhanced IGF-1R potency and acceptable CYP profile
(3.7 lM for 3A4) of secondary amide 28 prompted us
to make the corresponding methyl amidine 38, which
displayed similar IGF-1R potencies of 170 nM with an
improved CYP profile across all isozymes. In order to
fine-tune the potency of amidine containing compounds,
cyclic amidines such as imidazolines were synthesized.
We were delighted to observe a significant improvement
in IGF-1R activity with these imidazolines (34, 35, and
36) and tetrahydropyrimidine 37 with a reduction in
affinity for CYP enzymes. For instance, N-methyl imi-
dazoline 34 displayed an impressive 93 nM IGF-1R
activity and even further reduction in cytochrome
P450 inhibition (>17 lM against all isozymes). Alpha
methyl substitutions on N-methyl imidazoline as repre-
sented by 35 and 36 further enhanced selectivity of
IGF1R versus CYP inhibition with 46 nM for com-
pound 36 while its CYP3A4 affinity was 13 lM.


The corresponding six-membered tetrahydro pyrimidine
37 also maintains excellent IGF-1R inhibition (68 nM)
with less affinity for CYP enzymes (>8.5 lM). Interest-
ingly, the unsaturated version of imidazoline, the carbon
attached imidazole 39, regained some of its CYP inhibi-
tion. Taken together, these findings demonstrate that
saturated heteroaryls such as imidazolines were optimal
for greater separation of IGF-1R activity versus CYP
inhibition. The reduced CYP inhibition of these imidazo-
lines could be in part due to enhanced basicity. Further
investigation of these imidazolines for selectivity over
other tyrosine kinases, cell-based activities, and optimiza-
tion for desirable ADME properties are ongoing.


In summary, the results described herein have demon-
strated that the pendant imidazole was primarily respon-
sible for potent cytochrome P450 inhibition. By
replacing this moiety with other groups such as imidazo-
lines, greater separation of IGF-1R activity versus CYP
inhibition was observed. Future studies will expand on







Table 3. IGF1R and CYP activities11 for imidazole replacements
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a-IGF1R (lM) CYP1A2 CYP2C9 CYP2C19 CYP3A4


4 Imidazole 0.18 <0.046 <0.04 <0.04 <0.046


26 H 0.77 0.38 1.5 0.26 0.71


27 CONH2 0.18 ND ND ND ND


28 CONHMe 0.18 21.0 2.9 2.1 3.7


29 CONMe2 0.55 15 2.8 1.7 2.2
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32 CONH-cyclohexyl 2.5 59 6.6 1.3 11


34


N


N
0.093 53 91 17 35


35
N


N
H


0.054 10 67 4.7 4.3


36
N


N
H


0.046 11 47 5.1 13


37
N
H


N
0.068 20 100 8.5 16


38


NH


N
H


0.17 25 76 3.9 15


39


N


N
H


0.14 5.8 7.8 2.0 0.36


a IC50 values represent the average of two determinations. Standard deviations ranged from 0.03 to 0.26.
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these results to identify compounds with superior
ADME properties for further in vivo evaluation.
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Abstract—A novel series of 2-hydroxy-N-arylbenzenesulfonamides were identified to be ATP-citrate lyase (ACL) inhibitors with
compound 9 displaying potent in vitro activity (IC50 = 0.13 lM). Chronic oral dosing of compound 9 in high-fat fed mice lowered
plasma cholesterol, triglyceride, and glucose, as well as inhibited weight gain.
� 2007 Elsevier Ltd. All rights reserved.
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Cardiovascular disease remains one of the leading
causes of morbidity and mortality in developed coun-
tries with hypercholesterolemia contributing as a major
risk factor.1 Multiple clinical trials in dyslipidemic pa-
tients have shown that aggressive LDL cholesterol low-
ering can achieve significant reduction of coronary
artery disease (CAD) events.2 However, there is growing
evidence that correlates CAD with many other indepen-
dent risk factors such as diabetes, obesity, low HDL,
and high triglyceride levels.3,4 Thus, new therapeutic
agents that can treat multiple risk factors continue to
be an area of intensive medical research. ATP-citrate
lyase (ACL) is an extramitochondrial enzyme that is
expressed in lipogenic tissues such as liver and adipose.5


Since ACL is the primary enzyme responsible for the
production of cytosolic acetyl-CoA, a precursor re-
quired for de novo biosyntheses of cholesterol and fatty
acids, inhibition of ACL has the potential to reduce cho-
lesterol and triglyceride levels and possibly exert an im-
pact on obesity via reduction of lipogenic factors.6–8
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There are several literature reports of ACL inhibitors
(Fig. 1) including (�)-hydroxycitrate (1) (Ki = 0.15 lM)9


and the succinic acid derivative 2 (Ki = 1.0 lM).10–14


However, in a HepG2 cell-based assay both compounds
showed no inhibitory activity of lipid synthesis at con-
centrations up to 100 lM, probably due to poor cell-per-
meability of these polar compounds. When tested as its
lactone, prodrug 3, compound 2 exhibited 82–91% inhi-
bition of cholesterol and fatty acid syntheses at 30 lM.10


Oral treatment with 3 in chow fed rats also showed a de-
crease in plasma cholesterol and triglyceride levels.14


In an attempt to identify a cell-permeable ACL inhibi-
tor, a high throughput screen of our internal compound
collection was initiated. The primary goal was to iden-
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Figure 1. Examples of ACL inhibitors in the literature.
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Table 1. In vitro SAR summary
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a In vitro data are at least two separate measurements using recom-


binant hACL, see Ref. 11 for detail assay condition.
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tify an orally active tool compound that could be used to
evaluate the efficacy potential of ACL inhibition in an
animal model. Through these efforts, the 2-hydroxy-N-
arylbenzenesulfonamide 4 was identified as a modest
inhibitor of ACL (IC50 = 1.1 lM).15 Subsequent
similarity deck mining of the compound collection based
on the 2-hydroxy-N-phenylbenzenesulfonamide phar-
macophore identified an additional 50 analogs for test-
ing, of which 11 showed greater than 50% inhibition at
10 lM. IC50 values are depicted in Table 1.15,16 The
SAR trend was unremarkable based on this limited set
of compounds, with the exception of the 2-substituted
anilines (i.e., compounds 8, 9, 13 or 14) which appeared
to be more potent than other analogs in the set. Among
them, compound 9 was the most potent with an IC50 of
0.13 lM.17


In HepG2 cells, compound 9 showed inhibition of total
lipid syntheses with an IC50 of 8 lM.18 A cell based Ala-
mar Blue cytotoxicity assay was used in parallel to dif-
ferentiate the effect on the inhibition of lipid synthesis
versus potential cytotoxicity.19 Under identical incuba-
tion conditions, compound 9 showed no cytotoxicity
up to 50 lM, indicating the observed inhibition of lipid
synthesis was not a result of compound-induced
cytotoxicity.


To assess if compound 9 was suitable for oral dosing,
a standard pharmacokinetic assessment was per-
formed. In mice, 9 showed an oral bioavailability of
55% but a relatively short half-life of 2.1 h.20 We
therefore decided to dose 9 admixed in the food to as-
sure greater duration of exposure in subsequent
chronic efficacy studies.


In contrast to the reported hypolipidemic effect of com-
pound 3 in normal fed rats,14 no clear trend for lipid
lowering or hepatic lipid synthesis inhibition was ob-
served when compound 9 was dosed chronically in mice
that were fed a chow diet (data not shown). We subse-
quently examined the effect of 9 in high-fat fed mice, a
model which more closely mimics typical western dietary
intake. There were a total of four groups in the study;
mice on normal diet and high-fat diet controls, and
two treated groups that were supplemented with 9 in
their high-fat diet to an equivalent daily dose of 10 or
100 mg/kg. The study was continued for a total of
34 days. Food consumption and body weight gain were
tracked along with weekly assessment of lipid and glu-
cose plasma chemistries21.


As shown in Figure 2, there was a modest lowering of
both plasma cholesterol and triglycerides after 20 days
of treatment. A reduction in fasting plasma glucose
was observed from day 7 to completion of the study.
At day 29, cholesterol was lowered by 19% with the
100 mg/kg dose and triglycerides were lowered by 26%
in both the 10 and 100 mg/kg treatment groups. Fasting
plasma glucose was lowered by 48% and 32% for 10 and
100 mg/kg doses, respectively, as summarized in Table 2.


The high-fat diet produced a 13.8% weight gain over the
course of the study while mice on normal diet for the

same length of time gained 7.8% (Fig. 3 and Table 3).
The 10 and 100 mg/kg treatment groups gained only
7.2% and 3.0%, respectively, from their starting weights.
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Figure 2. The reduction (%) of plasma lipids and glucose are expressed


as compound 9 treated group versus high-fat fed controls. Data points


with an asterisk were statistically significant (p < 0.05) versus non-


treated high-fat fed mice.


Table 2. Effect of compound 9 on plasma lipids and glucose


Dose


(mpk/day)


Cholesterola


(%)


Triglyceridesa


(%)


Glucosea


(%)


10 �9b �26 �48


100 �19 �26 �32


a Percent reduction versus high-fat diet control group as measured at


day 29.
b Not statistically significant (p > 0.05); all other values were statisti-


cally significant versus high-fat fed control group (p < 0.05).
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Figure 3. Effects of compound 9 on body weight.


Table 3. Effect of compound 9 on body weight and fat


Dose Body weight


gaina (%)


Fat % as whole


bodyb


Normal diet 7.8 ± 1.2 13.7 ± 1.3


High-fat diet 13.8 ± 1.5 25.4 ± 3.4


High-fat diet + 10 mpk/day 7.2 ± 2.5c 12.9 ± 1.6c


High-fat diet + 100 mpk/day 3.0 ± 0.7d 7.3 ± 1.1d


a Percent (%) of body weight gain ±SEM for day 27 versus day 0.
b Percent (%) ±SEM, DEXA analysis was performed at day 34.
c Not statistically significant (p > 0.05) versus high-fat diet group.
d Statistically significant (p < 0.05) versus high-fat diet group.
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Figure 4. Fat percentage relative to whole body weight at day 34 as


determined by DEXA analysis.
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Relative to high-fat fed controls, treatment with 10 mg/kg
of 9 showed a trend toward decreased weight gain,
whereas it became significant at the 100 mg/kg dose
(Table 3). Importantly, no apparent changes in food
consumption among high-fat fed groups were
observed,21 indicating that the reduction in body weight
gain and lipid/glucose parameters was not attributed
simply to a difference in food intake between the treated
groups. Additionally, no overt toxicities, including
changes in locomotor activity, plasma transaminases
or liver composition, were observed in any group (data
not shown).


Body composition was determined by DEXA analysis at
the completion of the study (Fig. 4 and Table 3). As ex-
pected, mice on the high-fat diet exhibited a significant

increase in adiposity as compared to the normal fed
group (13.7% body weight as fat for normal diet vs
25.4% body weight as fat for high-fat diet group, an
85% increase; Table 3). In contrast, the 10 mg/kg treat-
ment resulted in a comparable fat composition to the
lean, normal-chow fed control, while the 100 mg/kg
group experienced a 71% reduction in adiposity relative
to high-fat control. The epididymal fat pads from these
mice were also weighed, and the reduction in adiposity
was qualitatively similar to the results from the DEXA
analysis. Furthermore, a reduction of fat tissue was seen
across several anatomical areas including the neck, kid-
ney, and in the subcutaneous depot (data not shown).


In summary, we have identified a 2-hydroxy-N-arylben-
zenesulfonamide 9 as a cell-permeable ACL inhibitor
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with modest potency.22 When administered to mice fed
on a high-fat diet at 10 and 100 mg/kg/day, it produced
an approximate 20–30% lowering in plasma cholesterol
and triglycerides, as well as a 30–50% decrease in fasting
plasma glucose. More intriguingly, chronic treatment
with 9 showed a gradual inhibition of weight gain along
with a reduction in adiposity without apparent changes
in food intake. Using this high-fat diet mouse model,
our preliminary results suggest that inhibition of ACL
results in improved lipid and glycemic profiles as well
as decreased adipogenesis, ultimately leading to a reduc-
tion in body weight gain. However, future studies will be
required to clarify the mechanism and probe the role of
ACL in the regulation of metabolic pathway and its
therapeutic potential.
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Abstract—Structural modifications of the initial lead, 3-aminochroman (4), led to the identification of a novel series of pyridyl-fused
amino chroman derivatives (5–8) and the structural isomers (9–12). The compounds described were evaluated for dual 5-HT trans-
porter inhibitory and 5-HT1A receptor activities. The design strategy, synthesis, and in vitro biological characterization for these
novel compounds are described.
� 2007 Elsevier Ltd. All rights reserved.

Selective serotonin reuptake inhibitors (SSRIs) are effec-
tive antidepressants with fewer side effects than the older
tricyclics. SSRIs work by blocking the neuronal reup-
take of serotonin, thereby increasing the concentration
of serotonin in the synaptic space, and thus increasing
the activation of postsynaptic serotonin receptors. How-
ever, long-term treatment is required before clinical effi-
cacy is achieved.1,2 It has been suggested that the SSRIs
increase the serotonin levels in the vicinity of the seroto-
nergic cell bodies and that excess serotonin activates
somatodendritic 5-HT1A autoreceptors that decrease
neuron firing to release serotonin in the forebrain. A
5-HT1A antagonist would limit the negative feedback
and should improve the efficacy of the serotonin reup-
take mechanism. Co-administration of a 5-HT1A recep-
tor antagonist and a SSRI has been shown to accelerate
antidepressant effects.3,4 Therefore, the concept of devel-
oping a dual-acting agent blocking both the 5-HT1A


receptor and 5-HT reuptake site in one molecule has
been proposed. Several groups have already reported
their efforts and design strategies toward constructing
new agents with 5-HT1A receptor antagonist and 5-HT
reuptake inhibitor properties.5–9
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Previous reports from our laboratories have revealed a
dual-ligand approach to incorporate both a 5-HT trans-
porter and 5-HT1A receptor pharmacophore within a sin-
gle molecule. Amalgamation of a 5-fluoroindole alkyl
amine (1)5 and a 3-aminochroman (2)10 through the com-
mon basic nitrogen (Fig. 1) provided racemic N-(3-(5-flu-
oro-1H-indol-3-yl)propyl)-5-methoxy-N-propylchroman-
3-amine (4) as an initial lead.11 As a continuation of this
effort, structural modifications were focused on the 3-ami-
nochroman ring present in 4, with the aim of improving
affinity for the 5-HT1A receptor and 5-HT transporter
while reducing intrinsic activity at the 5-HT1A receptor.
Herein, we report our design strategy, the synthesis, and
corresponding biological activities of compounds
represented by the 2,3-dihydro-1H-pyrano[3,2-f]-quino-
lin-2-amine core 5–8 and the constitutionally isomeric
3,4-dihydro-2H-pyrano[2,3-f]quinolin-3-amine core 9–12.


Inspired by our previous results with heterocycle-fused
benzodioxane analogs that demonstrated potent dual
activity as both 5-HT transporter inhibitors and 5-HT1A


receptor antagonists,12 we elected to replace the pendant
methoxy group on the 3-aminochroman in 4 with a fused
pyridine ring. We envisioned this modification would
serve a dual role; that the nitrogen in the pyridine would
serve as a conformationally constrained hydrogen bond
acceptor, a recognized feature of the 5-HT1A pharmaco-
phore,13 and that the tricyclic ring scaffold would reduce
the intrinsic activity at the 5-HT1A receptor.
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Scheme 1. Reagents and conditions: (a) allyl bromide/NaH, rt, 89%; (b) p-xylene, reflux, 72%; (c) BnCl/NaH, rt, 92%; (d) AD-mix-a/t-BuOH Æ H2O,


rt, 88%; (e) 33% HBr/HOAc, 60 �C, 65%; (f) NaH/DMF, 61%; (g) K2CO3/MeOH, rt, 91%; (h) TsCl/Py, rt, 93%; (i) NaN3/DMF, 60 �C, 77%;


(j) Ph3P/THF–H2O, rt, 70%; (k) 5-fluoro-3-indolepropyl-bromide or 5-fluoro-3-indoleethyl bromide/Et3N/DMSO, 90 �C, 38–64%;


(l) CH3CH2CHO/NaCNBH3/HOAc/MeOH, rt, 45–77%.
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The synthesis of compounds 5–8 (Scheme 1) began with
the formation of 6-allyloxy-quinoline (14) from commer-
cially available 6-hydroxyquinoline (13). Subsequent

Claisen rearrangement produced 5-allyl-quinolin-6-ol
(15). Following benzyl protection of the phenol present
in 15, Sharpless catalytic dihydroxylation14 afforded
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rt, 94%; (e) 30% HBr/HOAc, 60 �C, 66%; (f) NaH/DMF, 67%; (g) K2CO3/MeOH, rt, 81%; (h) TsCl/Py, rt, 59%; (i) NaN3/DMF, 60 �C, 68%;
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3-(6-benzyloxy-quinolin-5-yl)-propane-1,2-diol 17.
Treatment of 17 with 33% hydrogen bromide in acetic
acid provided the acetoxy bromide (18). Ring closure
was carried out in DMF using sodium hydride to
generate the chroman 19. Removal of the acetyl group
under the basic condition produced 2,3-dihydro-1H-pyr-
ano[3,2-f]quinolin-2-ol (20). Formation of the tosylate 21
was followed by conversion to azide 22. Reduction of the
azide (22) to the amine 23 using triphenylphosphine in
THF–H2O followed by coupling with an appropriate in-
dole alkyl bromide afforded the secondary amines (±)-5
and (±)-7. The corresponding N-propyl derivatives
(±)-6 and (±)-8 were generated by reductive amination
with propionaldehyde. Utilizing chiral HPLC, resolution
of (±)-5 provided the corresponding enantiomers in
99% ee. In a similar fashion to that described for the
racemates, reductive amination of (+)-5 and (�)-5
provided (+)-6 and (�)-6 in optically pure form.


Utilizing 5-hydroxyquinoline (24) and following the
same general synthetic sequence described above, the de-
sired products (±)-9 and (±)-10 were isolated (Scheme 2).
Resolution of (±)-9 into its respective enantiomers using
chiral HPLC provided (+)-9 and (�)-9 in 99% ee, respec-
tively. The intermediate 34 was also coupled to indole
butyl chloride to afford the secondary amine (±)-11.
The corresponding N-propyl derivative (±)-12 was
generated by reductive amination with propionaldehyde.


Compounds were evaluated in vitro to determine affinity
for both the serotonin transporter (r-5-HT-T) and

5-HT1A receptor (h-5-HT1A) as well as 5-HT1A receptor
intrinsic activity ([35S]-GTPcS Emax). Additionally, since
the receptor binding pharmacology for the 5-HT1A


receptor exhibits significant overlap with the a1 recep-
tor,15 the a1 receptor affinity for compounds 3–12 was
also determined.


Comparison of 5-methoxy-3,4-dihydro-2H-1-benzopy-
ran analog (±)-3 and 2,3-dihydro-1H-pyrano[3,2-f]quin-
olin-2-amine (±)-5 demonstrated a 4-fold improvement
in 5-HT-T affinity, while the affinity at the 5-HT1A


receptor remained the same (Table 1). Resolution of
(±)-5 identified the (+)-enantiomer as the eutomer with
respect to both 5-HT1A receptor and 5-HT-T affinity;
(+)-5 exhibited a 13-fold increase in affinity for the
5-HT1A receptor and 4-fold increase in affinity for the
5-HT transporter when compared to its corresponding
enantiomer. However, the a1 affinity appeared to reside
in the (�)-enantiomer as (+)-5 was observed to be more
selective over the a1 receptor. Unfortunately, the intro-
duction of additional substitution (n-propyl) on the
basic nitrogen of (±)-5 led to a decrease in 5-HT
transporter affinity [(±)-6 vs. (±)-5] albeit without a
corresponding decrease in 5-HT1A receptor binding.


Shortening the length of the aminoalkyl tether between
the indole and chroman resulted in decreased affinity
for both the 5-HT1A receptor and 5-HT transporter
[(±)-7 vs. (±)-5]. As previously observed, alkylation of
the basic nitrogen present in (±)-7 resulted in a further
decrease in affinity [(±)-8].







Table 1. Binding affinities at 5-HT transporter, 5-HT1A receptor, and a1-adrenoceptor for compounds 3–12a


O


N
R1 NH


F
N


n


9-12O


N
R1 NH


F


N
n


5-8


Compound R1 n r-5-HT-T Ki
b (nM) h-5-HT1A Ki


c (nM) r-a1 Ki
d (nM)


(±)-3 H 1 9.2 70.4 772.5


(±)-4 n-Pr 1 9 15.8 820


(±)-5 H 1 2.4 62.6 324.2


(+)-5 H 1 1.3 23.9 590.8


(�)-5 H 1 5.1 313.8 221


(±)-6 n-Pr 1 16.9 63.5 18% at 1 lM


(�)-6 n-Pr 1 8.8 209.6 31% at 1 lM


(+)-6 n-Pr 1 19.8 58 38% at 1 lM


(±)-7 H 0 30.5 10% at 1 lM 1078.7


(±)-8 n-Pr 0 62.8 477.8 711.2


(±)-9 H 1 2.6 105.1 489.5


(+)-9 H 1 3 392 623.7


(�)-9 H 1 1.2 67.8 387.7


(±)-10 n-Pr 1 12.4 46% at 1 lM 1234.3


(±)-11 H 2 1.5 47% at 1 lM 33% at 1 lM


(±)-12 n-Pr 2 12 21% at 1 lM 19% at 1 lM


a Ki values are means of at least two experiments ± SEM (performed in triplicate, determined from nine concentrations) and all Ki values were


calculated from IC50 values using the method of Cheng and Prusoff.16


b Binding affinity at rat cortical 5-HT reuptake sites labeled with [3H]-paroxetine.17


c Binding affinity at human 5-HT1A receptors in CHO cells labeled with [3H]-8-OH-DPAT.18


d Binding affinity at rat cortical a1 adrenergic receptors labeled with [3H]-prazosin.19


Table 2. Functional activity at 5-HT1A receptor


O


N


NH


F
N


9


O


N
R1 NH


F


N


5-6


R1


Compound R1 h-5-HT1A GTPcS Emax (EC50
a nM)


(+)-5 H 100 (181.8)


(�)-5 H 86 (116.2)


(�)-6 n-Pr 55 (628.6)


(+)-6 n-Pr 100 (301.2)


(+)-9 H 75 (332.4)


(�)-9 H 100 (171.60)


a Stimulation of GTPcS35 binding in CHO cells expressing 5-HT1A


receptor;20 Emax refers to maximal agonist effect relative to 5-HT.
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The constitutional isomer (±)-9 also demonstrated an
improvement in affinity for the 5-HT1A receptor (5-fold)
and 5-HT-T (3-fold) when compared to the incipient
chroman analog (±)-3. Extending the aminoalkyl tether
[(±)-11] resulted in small improvement in 5-HT-T affinity.
However, the four-carbon tether compound showed a sig-
nificant decrease in 5-HT1A receptor affinity [(±)-11 vs.
(±)-9]. Unlike the improvement in 5-HT-T affinity exhib-
ited by (±)-4 upon alkylation of the secondary amine pres-
ent in (±)-3, the introduction of an n-propyl substituent to
secondary amines (±)-9 and (±)-11 resulted in decreased
affinity for the 5-HT1A receptor [(±)-10 vs. (±)-9 and
(±)-12 vs. (±)-11]. In general, all the compounds demon-
strated good selectivity over the a1 receptor.


The 5-HT1A receptor functional activity was obtained for
the enantiomeric pairs of 5, 6, and 9 (Table 2). For the
enantiomers of the secondary amines 5 and 9 there was
little, if any, separation of the intrinsic activity elicited
at the 5-HT1A receptor. However, the influence of the ste-
reogenic center present in 6 had a significant impact on
function with (�)-6 demonstrating partial agonist
(55%) activity at the 5-HT1A receptor. Unfortunately,
the affinity for the 5-HT1A receptor resided with (+)-6.


In conclusion, the secondary amine analogs demon-
strated greater affinity for both the serotonin transporter
and the 5-HT1A receptor than their corresponding ter-
tiary amine analogs. A three-carbon tether between the
indole and aminochroman was optimal for affinity. As
observed with compound (�)-6, contrary to the effect
on binding, the presence of a tertiary amine appeared
critical for the ability to modulate function. Our contin-

ued efforts are focused on developing our understanding
of how to resolve this dichotomy in the design of novel
molecules with dual 5-HT1A receptor antagonism and
5-HT reuptake inhibitory activity.
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Abstract—Introduction of 3-substituted azetidinyl substituents onto the 4,6-diaminopyrimidine scaffold allowed the improvement of
PDE4 inhibiting activities. Preliminary in vivo activity in pulmonary inflammation models is reported.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. 4,6-Diaminopyrimidines as dual M3 antagonists/PDE4
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R


In a previous paper,1 we have reported our work to-
wards the discovery of potent dual M3 antagonists and
PDE4 inhibitors as a new class of drugs combining both
bronchodilating and anti-inflammatory properties as
potential treatment of COPD (Chronic Obstructive
Pulmonary Disease).


SAR around the 4,6-diaminopyrimidine scaffold led us
to the identification of ucb-101333-3, characterized by
a very interesting profile on both targets and selected
for further extensive evaluation (Fig. 1).


These compounds were nevertheless characterized by
still moderate PDE4 inhibiting activities, mostly in the
micromolar range. In order to improve them, we have
decided to pursue the lead optimization process focusing
on the modulation of the substituent in 4-position.


As reported before,1 PDE4 inhibiting activity proved to
be extremely sensitive towards the nature of this substi-
tuent since the removal, the substitution or the replace-
ment of the cyclopropane by larger rings led to an
important loss of activity, therefore highlighting the
importance of steric factors in that area.


In order to roughly evaluate the maximal tolerated size,
we have studied a series of pyrimidines bearing cyclic
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amines of growing size (Fig. 2), other substituents being
kept constant to allow comparisons with ucb-101333-3.


As expected, it appears that compounds 3 and 4 bearing
a 6- or a 7-membered ring were characterized by a very
low PDE4 inhibiting activity. A pyrrolidine moiety is
nevertheless tolerated in that position but with an
important loss of potency in comparison to the cyclo-
propylamine. This compound (2) is however character-
ized by the best M3 affinity observed in the series.


Surprisingly, the introduction of an azetidine substituent
resulted in slightly better PDE4 inhibiting activity than

N


N N N
(  )nR = n = 1-4


Figure 2. Modulation of 4-position by various cyclic amines.
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Table 2. Modulation of R2 and R3


Compound


N
R2


R3


R1 PDE4


IC50 (lM)


M3


Ki (nM)


pKa


1 N Me 0.32 16 7.1


5 N Me 0.79 20 8.0


6 N Me 5.0 32 7.0


7 N OH Me 0.63 158 7.0


8 N Br Me 2.0 200 6.1


9 N CN Me 1.0 794 6.4


10 N F Me 0.079 200 6.6


11 N O Me 0.50 631 6.4


12 N O Me 4.0 40 6.8


13 N H 0.79 79 7.4


14 N H 2.0 13 7.5


15 N F H 0.20 501 6.9
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ucb-101333-3, whereas M3 affinity was slightly decreased
but still acceptable. This important result led us to start
an in-depth exploration of the azetidine moiety and, in
particular, of the substitution in 3-position (Fig. 3).


The general method of synthesis of compounds listed in
Tables 1 and 2 is outlined in Scheme 1. Briefly, 4,6-
dichloropyrimidine derivatives I1 are first substituted
with various cyclic amines. The reaction is performed
in the presence of potassium carbonate in the only case
of azetidine derivatives, used as hydrochloride salts. The
resulting 6-chloropyrimidines II or IV are then substi-
tuted by azepane to afford the desired compounds III
or V.


Compound III-e bearing an azetidin-3-one moiety has
been prepared by oxidation of the corresponding 3-aze-
tidinol III-a by the pyridine–sulfur trioxide complex.


Substitution of the mesylate III-b with sodium cyanide
or sodium bromide afforded III-c and III-d, respectively.


It has to be noticed that the compounds bearing a
methyl group in 5-position are characterized by some
instability in highly acidic media (pH 1) giving rise to
the formation of 6-azepan-1-yl-2-cyclopropyl-5-methyl-
pyrimidin-4-ol. Unsubstituted analogues proved to be
stable in the same conditions.

Table 1. Modulations of R


Compound R PDE4


IC50 (lM)


M3


Ki (nM)


ucb-101333-3
HN


0.63 3.2


1 N 0.32 16


2 N 3.2 1.3


3 N # 79


4 N # 40


Results are expressed as IC50 (lM), Ki (nM) or # (when <50% inhi-


bition of radioligand specific binding by 10 lM of compound).

A series of 4,6-diaminopyrimidines were therefore syn-
thesized and evaluated for their ability to inhibit phos-
phodiesterase type 4 (PDE4), prepared from U937
cells,2 and to bind to the M3 receptor.3 The results are
displayed in Table 2.


The introduction of one methyl group in 3-position
resulted in a slight decrease of PDE4 inhibiting activity,
whereas M3 affinity is kept constant. As already men-
tioned, this observation may be correlated with the sen-
sitivity of PDE4 activity towards steric crowding in that
area. Not surprisingly, the gem-dimethylated analogue 6
also displayed a much lower activity as well as the
3-methoxy derivative (12).


However, compounds bearing more polar substitu-
ents such as hydroxy (7), cyano (9) or carbonyl
(11) were characterized by a more important loss
of M3 affinity probably due to lower basicities (see
pKa values in Table 2),4 particularly in the case of
9 and 11.
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Scheme 1. Synthesis of compounds. Reagents and conditions: (a) NaOEt, EtOH, 60 �C; (b) POCl3, N,N-diethylaniline, 100 �C; (c) K2CO3, CH2Cl2,


45 �C; (d) heat, 100–120 �C; (e) CH3SO2Cl, NEt3, CH2Cl2, 0 �C to rt; (f) NaCN, DMF, 120�C; (g) NaBr, DMF, 100 �C; (h) PyrÆSO3, NEt3, DMSO,


rt; (i) heat, 50 �C.


Table 3. In vitro profile


Profile ucb-101333-3 1 10


pKi M3 8.5 7.8 6.8


pA2 M3
a 7.9 6.0 nd


pIC50 PDE4 6.1 6.6 7.3


pD2 PDE4b 6.1 nd 7.4


pKi HARBS 5.3 5.3 6.0


Inh. of fMLP-induced


elastase release from human


PMN (IC50, lM)


0.79 0.19 0.38


a On guinea pig trachea contracted with carbachol.
b On guinea pig trachea precontracted with LTD4.5
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No dramatic changes in PDE4 inhibiting activity were
nevertheless observed following those substitutions.


3-Halogeno-(bromo-8 and fluoro-10) azetidine deriva-
tives have also been synthesized and tested.


Lower M3 affinities were observed in both cases mainly
due to expected decreased basicities in comparison to
unsubstituted analogues.


Interestingly, compound 10 bearing a fluorine atom dis-
played the highest PDE4 inhibiting activity ever seen in
the pyrimidine series. The azetidine moiety seems to fit
in a narrow hydrophobic channel (a pyrrolidine or a
piperidine is therefore too large). Long, narrow and
hydrophobic substituents are therefore required, the
3-fluoroazetidine being the optimal one.


The nature of the substituent in 5-position of the pyrim-
idine has also been rapidly studied. It appears that the
removal of the methyl group systematically led to a
slight decrease of both PDE4 activity and M3 affinity,
as expected from previous results.1


On the basis of those results, compounds 1 and 10 have
been selected for further characterization in several
in vitro assays and compared with ucb-101333-3.


Their in vitro profile is detailed in Table 3. It appears
that the significantly higher PDE4 inhibiting activity of
compounds 1 and 10 has also been confirmed in cell-
based assays such as the fMLP-induced elastase release
from polymorphonuclear neutrophils. Furthermore, a
high level of selectivity towards more than 40 other tar-
gets (GPCRs, other PDE isoenzymes, ion channels. . .) is
observed, as in the case of ucb-101333-3.

A preliminary characterization of some of these com-
pounds in several in vivo models of pulmonary inflam-
mation has been performed. We have surprisingly
shown that ucb-101333-3, despite its quite modest
PDE4 inhibiting activity (IC50 = 0.63 lM) in compari-
son to compounds 1 and 10, displays the most favour-
able anti-inflammatory properties, including in the
disease relevant cigarette smoke-induced pulmonary
cells, recruitment model in mice.6,7 Indeed, it dose-
dependently inhibits significantly polymorphonuclear
neutrophils (Fig. 4), total BALF cells, and mKC (data
not shown) when given by nose-only aerosol at concen-
trations (ED50 = 10 mg/ml, 15 min nebulization) compa-
rable to the ones reported for cilomilast and
roflumilast.7


ucb-101333-3 has also been tested on emphysema devel-
opment and MMP’s activity in a model of cadmium-in-
duced emphysema in rats and displays protective effects
on macrophages and neutrophils but also on emphy-
sema development.8,9


As a conclusion, chemical modulations around the azeti-
dine substituent allowed us to identify new compounds
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as potent dual M3 antagonists and PDE4 inhibitors.
These compounds display significantly higher PDE4
inhibiting activities than the corresponding cyclopro-
pylamino derivatives (e.g., ucb-101333-3) but slightly
lower M3 affinities. They have therefore given us an ac-
cess to a larger set of compounds, with a wider range of
in vitro activities. Preliminary in vivo profiling has
nevertheless demonstrated that ucb-101333-3 was the
most potent compound in a range of pulmonary inflam-
mation models.
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Abstract—Dideoxy-epigallocatechin gallate (DO-EGCG) (2), a simplified analog of naturally occurring EGCG (1), was efficiently
prepared by directly introducing a ketone group at C3 and successive reduction to the sec-alcohol with 2,3-cis stereochemistry. Com-
pound 2 showed potent anti-influenza virus activity, indicating that the hydroxyl substituents on the A-ring are not crucial for anti-
influenza virus activity.
� 2007 Elsevier Ltd. All rights reserved.

(�)-Epigallocatechin gallate (EGCG) (1),1 which is a
major constituent of green tea extract, has received spe-
cial attention for its cancer preventive,2 antiviral3, and
other important bioactivities.4 Although 1 is expected
to be a promising candidate for drug development, the
structure–activity relationship of 1 has not been suffi-
ciently investigated due to the limited availability of
EGCG derivatives, which are mainly provided from nat-
ural sources. Furthermore, selectively modifying the
densely substituted hydroxyl groups of 1 is difficult.


Among the naturally occurring stereoisomeric catechins,
including (+)-catechin (2,3-trans), compound 1, which
possesses 2,3-cis stereochemistry, exhibits the most po-
tential bioactivities.


Therefore, an easy route to structurally diversified EGCG
analogs is needed.5 However, examples of a selective syn-
thesis of 1 and its related derivatives are limited due to the
difficulty of selectively constructing 2,3-cis stereogenic
centers on a C-ring where the chiral center at the C2 posi-
tion is easily epimerized under basic conditions.5,6

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Because epigallocatechin derivative 3 should be easily in-
stalled by the reduction of the ketone functional group at
C3, compound 4 should be a key intermediate.7 Ketone 4
may be directly prepared from nitrochromene derivative
5, which possesses a tricyclic system that corresponds to
the A, B, and C-rings of the catechin framework. We envi-
sioned that nitrochromene 5 may be constructed by the
ring formation between two segments, salicylaldehyde (6)
and nitroolefin derivative 7. This divergent synthesis may
be applicable to EGCG related derivatives (Scheme 1).


During the course of our investigation, we concisely syn-
thesized dideoxy-epigallocatechin gallate (DO-EGCG)
(2). Moreover, we found that 2 exhibits potent anti–
influenza virus activity, although this analog has simpli-
fied structure of 1 without the phenolic hydroxyl groups
on the A-ring. Herein, the detailed synthesis of 2 and the
preliminary investigation of its anti–influenza virus
activity are described (Fig. 1).


Initially a one-pot nitroaldol and dehydration reaction
of 3,4,5-tribenzyloxybenzaldehyde (8)5b with nitrometh-
ane under Knoevenagel conditions was performed to
afford desired 9 in good yield (Scheme 2).


The successive ring construction between 9 and 6 in the
presence of a catalytic amount of DABCO8 was
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Table 1. Inhibition of influenza A virus infection to MDCK cells


Compound Complement inhibition IC50
a (lM)


2 11.92 (±4.50)


EGCG (1) 41.25 (±15.45)


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


parentheses.
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achieved via a formal oxy-conjugate addition of the
phenolic hydroxyl group of 6 to 9, and subsequent
nitroaldol and condensation reactions gave desired
nitrochromene derivative 10 in moderate chemical
yield.9


Next, we focused on the direct transformation of the
nitroolefin moiety to the ketone functional group.
Although several Nef-type reactions are available for
the transformation,10 only reductive conditions with
TiCl3


11 reliably afforded ketone derivative 11 without
the oxime intermediate.12,13 Ketone 11 was relatively

OBn
OBn


OBnOHC


OBn
OBn


OBn


O2N


a


8 9


O


O


OBn
OBn


OBn


11


c d


Scheme 2. Preparation of dideoxy-EGCG (2). Reagents and conditions: (a) C


80 �C, 63%; (b) salicylaldehyde (6) (1.5 equiv), DABCO (10 mol%), CH2Cl2, s


dioxane–50% AcOH (5:1), rt; (d) LL-Selectride (2.0 equiv), THF, rt, 38%


(1.5 equiv), DMAP (0.1 equiv), CH2Cl2, rt, 69%; (f) Pd(OH)2, H2, THF–Me

unstable under atmospheric conditions, the product
from the TiCl3 reaction was directly subjected without
purification to further reduction with LL-Selectride to
give 12 as a single product with the desired stereochem-
istry.14 The relative configuration of 12 was confirmed
by the coupling constant for the protons at C2 and C3
on 1H NMR.6


After condensation with 3,4,5-tribenzyloxybenzoic acid
(13),15 all of the benzyl groups were removed under cat-
alytic hydrogenation conditions with Pd(OH)2 to afford
2,16 which cannot be theoretically obtained through a
polyketide biosynthetic pathway.


Because EGCG is known to possess anti-influenza
virus activity,3a we then moved to a preliminary evalu-
ation of the activity of 2.17 As shown in Table 1, cate-
chin 2 showed a potent inhibitory effect of the infection
of the influenza virus (A/memphis/1/71, H3N2) to
MDCK cells with 11.92 lM of IC50, which is three
times higher than that of 1 (IC50: 41.25 lM). This re-
sult suggests that the hydroxyl groups on the A-ring
are unnecessary for the inhibition of the influenza virus
infection.


Furthermore, considering this potent bioactivity,
further chemical modifications such as introducing a
biotin tag and/or photoactivatable groups such as ben-
zophenone might be possible on the A-ring without
losing the bioactivities.18 This is advantageous for fur-
ther development of EGCG probe molecules.

O


NO2


OBn
OBn


OBn


b


10


6


OH
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O


OH


OBn
OBn


OBn 2


12


OBn
OBn


OBnHOOC


e, f


13


H3NO2 (3.0 equiv), piperidine (3.0 equiv), AcOH (3.0 equiv), toluene,


ealed tube, 60 �C, 54%; (c) TiCl3 (5.0 equiv), AcONH4 (2.0 equiv), 1,4-


(2 steps); (e) 3,4,5-tribenzyloxybenzoic acid (13) (1.0 equiv), EDCI


OH (5:1), rt, 57%.
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In conclusion, the synthesis of EGCG analog 2 has been
performed via a concise synthetic route with the selective
construction of the 2,3-cis stereochemistry. The method-
ology presented here should be easily applicable to fur-
ther functionalized analogs. Thus, this methodology
should promote a detailed structure–activity relation-
ship study. Further preparation of EGCG derivatives,
investigation of the anti-influenza virus activity mecha-
nism, and a survey of other bioactivities such as anti-
Alzheimer’s disease effect4 are currently underway.
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Abstract—Different flavone-, indole-, and furan-17b-estradiol conjugates, linked via alkyl spacer chains extending from the
17a-position of the estradiol moiety, were synthesized by Pd-catalyzed cross-coupling reactions. Structures were assigned based
on spectroscopic data. In vitro competitive binding assays for the estrogen receptor (a-ER), using [3H]estradiol (RBA = 100) as
a competitor, revealed that a two-carbon alkyl linker combined with a flavone conjugate provided the highest binding affinity
(RBA � 9), warranting further studies on their potential use as selective estrogen-receptor modulators (SERMs) for hormone-
replacement therapies.
� 2007 Elsevier Ltd. All rights reserved.

Breast cancer remains a major cause of death for women
in the western world (2–10 times higher than for oriental
women) with the global incidence estimated at 1.15 mil-
lion in 2002.1 The female sex hormones, estrogens, play
a central role in the development of breast tumors.
Many of these tumors are initially hormone-responsive
and circulating estrogens have a vital role in their
growth. Approximately 80% of breast cancer cases
occur in post-menopausal women whose ovarian estro-
gen production has ceased with remaining estrogens
originating in extra-glandular tissues.


Estrogen receptors (ER) are proteins present in target
cells in very low concentrations (1000–10,000 molecules
per cell).2 Unlike circulatory estrogen binding proteins
(with high capacity and low binding specificity) that
aid in transporting steroids, the ER have low capacity
but are highly specific in binding selected steroid hor-
mones. The mechanism by which steroids and their
receptors work together to effect their physiological
functions is well known.3 During the past decades
bioconjugates, that is, biomolecules bearing unnatural
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organic structures, have found an increasing number
of applications in molecular and cell biology.


Conjugated groups provide biomolecules with novel
properties, such as fluorescence emission, catalytic activ-
ity, altered hydrophobicity or bio-affinity, resistance
toward biodegradation or the ability to carry metal
ions.4 Many naturally occurring steroid hormones5


and non-steroidal6 derivatives are recognized by steroid
hormone receptors (SHRs) either as agonists or antago-
nists depending on their interaction with the SHR. Both
agonists or antagonists are used for the treatment of
hormone-dependent breast cancers (HDBCs).5,6


Phytoestrogens are plant-derived compounds that struc-
turally or functionally mimic mammalian estrogens.
Similar to the numerous effects of estrogens on the
human body, these are known to exert broad beneficial
effects toward human health, especially against cancer,
osteoporosis, irregular menopause syndrome, cardiovas-
cular disease, and possibly neuro-degenerative diseases.
Recently, the prenylated flavanone, 8-prenylnaringenin
(8-PN) derived from hops (Humulus lupulus L.), has
been identified as a potent estrogen showing the highest
in vitro estrogenic activity among all phytoestrogens
known to date.7 Furthermore, some phytoestrogens,
indoles, and furans have been shown to function as selec-
tive estrogen-receptor modulators (SERMs), eliminating
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unwanted side-effects often observed with synthetic estro-
gens used in hormone-replacement therapies.8 However,
the non-selectivity of phytoestrogens and their acute tox-
icity toward rapidly proliferating healthy tissues has de-
terred their use as antitumor agents.


One approach to overcome this non-selectivity is to cou-
ple the phytoestrogen to a carrier with strong affinity for
a particular tissue from which the tumor is derived.9a


This might enable the selective delivery of the cytotoxic
agent to the cells or tissues bearing a high concentration
of binding sites for the carrier.9b,c To target breast can-
cer, estrogens are of particular interest since the majority
of breast cancers are ER-positive and markedly concen-
trate estrogens within the cell nucleus.9d Several at-
tempts have been made to utilize this approach by
conjugating estradiol with alkylating moieties such as
nitrogen mustards,10a nitrosoureas,10b aziridines,10c


dichloroplatinum.10d Such conjugates exhibit antitumor
activity and also possess sufficient binding to the ER,
allowing selective accumulation of the conjugates in
ER-rich cells. Several conjugates of 17b-estradiol (E2)
linked directly or indirectly through an alkyne-type rigid
spacer at the 17a-position have been advanced as syn-
thetic ligands for therapeutic applications targeting the
ER.11


In search for agents that would be useful for the man-
agement of estrogen-dependent pathologies, we previ-
ously synthesized steroid-nucleoside conjugates and
tested them for their ER-binding affinity and cytotoxic-
ity toward ER-positive animal tumors.12 Here we report
a similar approach to improve the binding affinity of
phytoestrogens for the ER by conjugating a series of fla-
vone, indole, and furan derivatives with estradiol
attached to the 17a-position via alkyne chains of varying
lengths.
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Scheme 1. Reagents and conditions: (i) PdCl2(PPh3)2 (2 mol%), CuI (1 mol%

The alkynone intermediates were prepared via Pd-cata-
lyzed Sonogashira cross-coupling reactions and subse-
quent iodine or monochloroiodine-induced cyclization
of the alkynone to give the iodoflavone (3) and iodofu-
ran (7) in high yields (Scheme 1).13 However, using a
similar approach to prepare the iodoindoles (4 and 5)
gave the latter in low yields (10–20%) likely due to the
presence of the free hydroxyl and amino groups on the
substrate. In the case of iodoflavone 6, iodination was
accomplished by heating equimolar amounts of flavone
(commercially available), I2, and Cu(OAc)2 at 60 �C in
acetic acid for 2–3 h. All products were characterized
on the basis of their spectroscopic data and comparison
with literature values.13 Based on the high electrophilic
nature of the C-8 of the A-ring, the iodine in compound
6 is assigned to C-8 position, although this is difficult to
confirm by 1H NMR due to the clustering of the aro-
matic protons.


We previously showed that in the case of steroid-nucle-
oside conjugates increasing the length of the carbon
spacer chain at the 17a-position enhances ER-binding
affinities.12a Therefore, we synthesized 1,7-octadiynyl-
17a-estradiol (2) following the above procedure and
subsequent conjugation with 3, 6, and 7 using the Pd-
catalyzed reaction to yield the desired products 13–15
in good yield (Scheme 2). All conjugated products were
characterized on the basis of their spectroscopic data
(1H NMR, EIMS, and HR MS).14


The syntheses of E2 conjugates 8–12 were accomplished
by employing a palladium-catalyzed Sonogashira cross-
coupling reaction using equimolar amounts of 17a-eth-
ynylestradiol (1) and products 3, 4, 5, 6 or 7 (Scheme 3)
in the presence of CuI (0.04 mol) and Pd[PPh3]4
(0.02 mol) as catalysts and triethylamine base refluxed
at 70 �C for 3 h under an argon atmosphere. After cool-
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ing, the solvent was evaporated and the residue was
purified by flash chromatography using 20–40%
EtOAc/hexane to give the corresponding desired prod-
ucts 8–12.


Relative binding affinity (RBA). Relative binding affini-
ties (RBA) were measured by a competitive assay
against [3H]estradiol (concentration: 0.6 pM/well) using
purified ERa (Panvera, Madison, WI) and FlashPlate

technology.15 The RBA values, taking estradiol as 100,
are summarized in Table 1.


In addition to the nature of the phytoestrogen and
length of the spacer chain, steric effects and changes in
the overall molecular conformation of the estradiol con-
jugates also modulate the binding affinity for the ER
(Table 1). Among the different heterocyclic moieties
the flavone conjugate 8, featuring a C-2 tether, exhibits







Table 1. Relative binding affinities (RBA) and Ki-values for ERa of flavone-, indole- and furan-estradiol conjugates


Heterocycle moiety E2 conjugate RBAa (C-2 tether) RBAa (C-8 tether) Ki (nM)


— Estradiol 100 100 12


O


O


8 9.17 37


13 — 0.01 63,052


O


O


9 0.92 100


14 — 0.24 382


N


MeOH


10 8.71 — 35


HO


N


H


11 4.05 — 75


O
OBn


TsO


12 0.80 332


15 — 0.01 17,879


a Relative binding affinities (RBA) of the estradiol conjugates for the ERa were determined by a competitive [3H]estradiol binding assay using Flash


Plate technology. Conjugates (0.1–10 lM) were incubated at 25 �C for 1–2 h to establish EC50 values from which the RBA were calculated, taking


estradiol as unity.
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the highest binding affinity (RBA = 9.17), followed by
the indole conjugate 11 (RBA = 4.05). Increasing the
length of the spacer consistently diminishes the binding
affinity (i.e., 8 vs 13, 9 vs 14, and 12 vs 15). This con-
trasts our earlier findings with a series of nucleoside-
17b-estradiol conjugates, where an increase in the length
of the spacer augmented the binding affinities.12a Block-
ing the hydrogen bonding capacity of the indole moiety
(e.g., OMe in 10 vs an OH in 11) increases the binding
affinity twofold suggesting that the latter improves inter-
action with the receptor. Varying the position of attach-
ment in the estradiol–flavone conjugates (i.e., 8 vs 9 and
13 vs 14) also strongly affects RBA values likely reflect-
ing steric effects and changes in the molecular conforma-
tion. Overall our data indicate that the lengths of the
spacer chain combined with steric effects are important
factors affecting the ER binding capacity for these estra-
diol–phytoestrogen conjugates.


In conclusion, we have explored the synthesis and recep-
tor binding properties of a new series of estradiol–phy-
toestrogen conjugates as a core scaffold for developing
novel ER ligands with potential therapeutic applica-
tions. Some of these conjugates retain good binding
affinity for the ER and the entailing SAR merit further
examination of this class of conjugates to develop im-
proved ER ligands for steroid hormone therapy.
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Abstract—A series of bile acid–polyamine amides conjugated with 3 0-azido-3 0-deoxythymidine (AZT) as potential antitumor pro-
drugs in the form of phosphoramidates were synthesized in good yields and their antitumor activities were assayed against two
human cancer cells in vitro: cervix cancer HeLa cells and renal cancer 7860 cells. The improved antitumor activity probably derived
from the enhanced delivery efficiency of AZT due to bile acid–polyamine conjugates.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. AZT and its antitumor prodrugs.

3 0-Azido-3 0-deoxythymidine (AZT, Zidovudine, Fig. 1),
clinically approved by FDA to treat human HIV infec-
tion, is a typical member of the nucleoside analogues.
It is designed as a current or potential antiviral drug
competitively inhibiting reverse transcriptase (RT), one
of the critical enzymes in the viral replicative cycle.1


However, AZT was initially tested as an anticancer
agent.2 Combined with some other antitumor agents,2


such as 5-fluorouracil,3,4 cisplatin,5 and paclitaxel,6


AZT can be used in treatment of some cancers. Re-
cently, AZT has also been found to be effective in induc-
ing apoptosis and inhibiting cell growth of parathyroid
cancer cells.7


On the other hand, the clinical limitations related with
AZT therapy (i.e., bone marrow suppression, myopathy,
low brain uptake, and a short half-life in plasma) have
prompted the development of strategies for designing
of AZT prodrugs, especially various phosphate esters.8


Until recent years, the prodrugs of AZT targeted in anti-
tumor activity have been developed, mostly represented
by phosphoramidate monoesters and ether phospholip-
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ids of AZT (Fig. 1).9,10 However, improvements are still
needed in designing potential antitumor prodrugs of
AZT since current prodrugs have led to some defections,
such as low oral bioavailability, instability in gastric
fluid, and decreased selective index.9–11


Bile acids, the acidic sterols commonly existing in bile,
physiologically undergo the enterohepatic circulation,
depending on several Na+-dependent bile acid transport
systems in different organs.12,13 The organotropism re-
vealed by bile acids in the enterohepatic circulation
probably makes bile acid–drug conjugates very useful
in: (a) specifically delivering the drug to the liver and
the intestine while reducing undesired side-effects in
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other organs or tissues; and (b) improving the intestinal
absorption of poorly absorbable drugs through the bile
acid transport systems used as shuttling systems for
drugs.14 Moreover, owing to their own facially amphi-
philic structures, it is possible to utilize bile acids as
building blocks for other more complex amphiphilic
molecules.15 Actually, these aforementioned physiologi-
cal and structural properties of bile acids resulted in
their wide applications in pharmacology, supramole-
cules, functional polymer, etc.16,17


Besides, the natural polyamines–putrescine, spermidine,
and spermine, essential for cell growth and viability,
have been numerously linked with the apoptotic path-
ways exploited for tumor therapy.18 For a long time, it
has also been recognized that the polyamine metabolism
and polyamine transport system are significant potential
targets and tools to suppress proliferative processes in
cancers.19


Particularly, a great number of bile acid–polyamine
conjugates with various impressive biological activities
due to their facial amphiphilicity have been designed
and studied.20 A series of works of Regen’s group
revealed that bile acid–polyamine conjugates could
assist various bioactive molecules (such as peptides
and oligonucleotides) to cross the phospholipid bilayers
owing to the facial amphiphilicity of the conjugates.21


Furthermore, the polycationic state of polyamines
under normal physiological conditions could form
ionic interaction between polyamines and long anionic
sites of macromolecules, such as phosphate backbone
of DNA and negative face of cell membrane.19 This
kind of interaction enables polyamines and their
conjugates to be utilized in oriented delivery (i.e., bile
acid–polyamine conjugates used in nonviral gene
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Figure 2. Bile acid–polyamine–AZT conjugates.

delivery techniques).22 These facts definitely indicate
that amphiphilic bile acid–polyamine conjugates should
be considered to enhance the efficiency of drug delivery
and improve drugs’ bioactivity.


Based on the above viewpoints and continuous research
work on the steroidal phosphate conjugates in our labo-
ratory,23–25 a series of novel bile acid–AZT phospho-
ramidate conjugates, deriving from deoxycholic acid,
cholic acid, and dehydrocholic acid, respectively, were
designed and synthesized (Fig. 2). This design concerns
not only the potential improved drug delivery and oral
absorption given by bile acid–polyamine conjugates,13


but also the fact that the release of AZT–monophos-
phate from its phosphoramidate monoesters could
prolong the elimination of AZT in the animal pharma-
cokinetic model.11


The target molecules were synthesized according to
the general synthetic procedure as shown in Figure 3.
H-phosphates of AZT24 reacted with polyamines by
the Atherton–Todd reaction to provide polyamine phos-
phoramidates.26 With activated bile acid, the phospho-
ramidates were then easily converted to the target
products.27 This protocol was proven to be facile, effi-
cient, and in high overall yield (about 70% in average).
The structures of all bile acid–polyamine–AZT
conjugates have been confirmed by the NMR and
ESI–HRMS.28


The bile acid–polyamine–AZT conjugates were tested in
preliminary assays against two human cancer cell lines
in vitro by the standard MTT method: cervix cancer
HeLa and renal cancer 7860 (Table 1). The results
showed that only the conjugates deriving from dipropy-
lenetriamine and stearyl alcohol (1c, 2c, 3c) possessed
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Figure 3. Typical synthetic procedure of bile acid conjugates.







Table 1. In vitro cytotoxic activity against cervix cancer HeLa and


renal cancer 7860


Compound IC50
a (lM)


HeLa 7860


AZT >100b >100


1a 58 (±4.9) >100


1b >100 >100


1c 6.8 (±0.2) 89 (±33)


1d >100 >100


2a 59 (±2.6) >100


2b >100 >100


2c 7.2 (±0.2) 94 (±22)


2d >100 >100


3a 42 (±2.4) >100


3b >100 >100


3c 7.1 (±0.1) 91 (±16)


3d >100 >100


4 86 (±12) >100


a IC50 values are defined as the minimal drug concentration necessary


to inhibit the growth of 50% of the cells cultivated in 48 h and are


means of three separate experiments, standard deviation is given in


parentheses. IC50 values are given only if they are less than 100 lM,


which is the maximum concentration tested.
b It has been reported that AZT itself inhibited about 50% HeLa cells


at the concentration of at least 125 lM in 48 h.29
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notable antitumor bioactivity against HeLa cell line and
fairly against renal cancer 7860 cell line, comparing with
AZT which had low inhibition against both cancer cell
lines (the cell viability of HeLa and 7860 is 70 ± 3%
and 75 ± 2% in 100 lM AZT, respectively). The conju-
gation between bile acid–polyamine amide and AZT
definitely improved the antitumor activity of AZT and
its H-phosphate 4, however, the compounds of dipropy-
lenetriamine replaced by diethylenetriamine decreased
the IC50 values of conjugates. Through the comparison
between monoesters and diesters of AZT, the aliphatic
long chain component was also evidently important,
possibly due to its lipophilicity.


In order to confirm the respective contributions of AZT
component and the reminder structures in the above bile
acid conjugates to their bioactivity, three bile acid–
polyamine–thymidine conjugates 6–8 (Fig. 4) were
synthesized according to the similar general method
demonstrated in Figure 3.


Conjugates 6–8 possessed low cytotoxic activity against
both HeLa and 7860 (the lowest cell viability of HeLa
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Figure 4. Bile acid–polyamine–thymidine conjugates.

and 7860 is 92 ± 5% and 95 ± 4% in 100 lM, respec-
tively) in bioassays. Combined with the bioassay results
of the conjugates 1c, 2c, and 3c, this result further indi-
cates that AZT moiety plays a key role in the bioactivity
of its conjugates and the components other than AZT in
the conjugates are significant in assisting AZT to be
delivered into tumor cells (Fig. 5).


In summary, a series of novel bile acid–polyamine–AZT
phosphoramidate conjugates have been designed and
synthesized in a facile and efficient methodology.
Among them, 1c, 2c, and 3c considerably suppressed
the growth of cervix cancer HeLa cells in bioassays.
The above results provide a useful method to enhance
the therapeutic efficacy of drugs by covalent linkage of
drugs to amphiphilic bile acid–polyamine conjugates
and greatly encourage us to further investigate on the
detailed delivery procedure of this strategy.
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Abstract—Syntheses and antibacterial activity of 13-membered 1,3-phendioxy substituted cyclic enediynes are reported. The com-
pounds were screened against gram-positive and gram-negative strains and some of the compounds exhibit potent antibacterial
activity.
� 2007 Elsevier Ltd. All rights reserved.

Enediyne chemistry has captured the imagination of the
chemist and biologist throughout the world since the dis-
covery of natural product enediynes such as calicheami-
cin, esperamicin, maduroptin, dynamicin, and more
recently uncialamycin.1–4 Some of the natural product
enediynes are three order of magnitude more potent than
other anticancer drugs. The anticancer activity of these
compounds is due to the presence of highly unsaturated
1,5-diyne-3-ene unit that undergoes cycloaromatization
and generates benzene-1,4-diradical, which cleaves the
DNA.5,6 Unfortunately, due to modest selectivity for
cancer cells clinical use of this class of compounds has
been limited. In order to improve the biological activity
of the enediynes, efforts are being made to synthesize
analogous compounds with better efficacy.7–12 Apart
from anticancer activity, synthetic enediynes are known
to exhibit cytotoxicity against various cell lines,13,14 pro-
tein degradation activity15 and topoisomerase inhibitory
activity.16 Natural product enediynes are known to exhi-
bit potent antibacterial activity against gram-positive
and gram-negative strains.17 To the best of our knowl-
edge, none of the synthetic enediynes were evaluated
for antibacterial activity. To this end, we report syntheses
and antibacterial activity of substituted 13-membered
phendioxy cyclic enediynes.


Scheme 1 illustrates two different strategies for the prep-
aration of the 13-membered cyclic enediynes.
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Reaction of 2,4-dihydroxybenzaldehyde (2) with 1,8-
dibromo-oct-4-ene-1,6-diyne (5)18 in presence of
K2CO3 afforded desired 13-membered cyclic enediyne
(7) in 62% yield, which on reduction with NaBH4 in
MeOH affords corresponding alcohol (8). However, un-
der identical reaction conditions, reaction of resorcinol
(1) with 1,8-dibromo-oct-4-ene-1,6-diyne (5)18 results
in the decomposition of the dibromoenediyne precursor.
Alternatively, the desired 13-membered cyclic enediyne
(6) was synthesized by different approach, using
propargyl bromide and resorcinol as starting material
(Scheme 1).


Reaction of resorcinol (1) with propargyl bromide in dry
DMF in the presence of K2CO3 leads to the formation
of 3 in 92% yield. Sonogashira coupling of 1.0 equiva-
lents of 3 with cis-1,2-dichloroethylene over a Pd(PPh3)4


catalyst in the presence of CuI and BuNH2 generates 6
in 66% yield. The identity of these compounds was con-
firmed spectroscopically. Compounds 6, 7, and 8 were
tested against gram-positive and gram-negative strains
and these compounds exhibit potent antibacterial activ-
ity (Table 1). In order to study the effect of different sub-
stituents in the aromatic ring on antibacterial activity,
we planned to derivatise compound 7. Surprisingly,
reaction of cyclic enediyne 7 with primary amines did
not work even at elevated temperatures. Then desired
enediynes (13–20) were prepared by different approach
as shown in Scheme 3. Imines (9–12) used for the synthe-
sis of cyclic enediynes were prepared as shown in
Scheme 2. Reaction of equimolar amount of aldehyde
(2) with different amines, under anhydrous conditions,
yielded substituted imines in good yields. All imine
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Table 1. Antibacterial activity of cyclic enediynes


S. No. MIC (lg/mL)


P. aeruginosa (ATCC, 11775) E. coli (ATCC, 25668) S. aureus (clinical isolate) S. typhimurium (clinical isolate)


3 >1000 >1000 >1000 >1000


4 >1000 >1000 >1000 >1000


6 na 4 na 8


7 na 256 8 128


8 na 8 4 128


13 na 256 na 128


14 nda nda nda nda


15 na na na 128


16 128 128 128 64


17 32 4 16 128


18 na 64 na 512


19 na 128 na na


20 16 4 8 16


21b 1 2 2 0.5


na, MIC no activity up to 512 lg/mL.
a MIC not determined.
b Tetracycline was used as a reference compound.
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derivatives were purified over SiO2 column and charac-
terized spectroscopically.


Reaction of substituted imines (9–12) with 1,8-dib-
romo-oct-4-ene-1,6-diyne (5)18 in presence of K2CO3


in dry DMF leads to the formation of desired prod-
ucts in moderate yields as shown in Scheme 3. Reac-
tion completes in 8–10 h and excess of DMF from
the reaction mixture was removed at reduced pres-
sure. The residue thus obtained was washed with
water and crude product was purified over SiO2 col-
umn. The cyclic imine enediynes (13–16) were re-
duced to amine derivatives (17–20) using NaBH4 in
methanol. After usual work-up, these compounds
were purified by SiO2 column and characterized
spectroscopically.19

In vitro antibacterial activity: Antimicrobial susceptibil-
ity testing was carried out using National Committee
for Clinical Laboratory Standards (NCCLS) microdilu-
tion broth assay. Briefly, the bacterial strains were
grown in Mueller Hinton Broth (HIMEDIA) until expo-
nential growth was achieved. Test compounds were dis-
solved in DMSO/Water to make a series of two fold
dilution. 90 ll of 2–7 · 105 CFUs/mL of bacterial sam-
ple per mL of Mueller–Hinton broth (HIMEDIA) was
dispensed into 96-well polypropylene microtitre plate
(SIGMA). Then 10 ll of serially diluted compounds
was added. The microtitre plates were incubated over-
night at 37 �C and the absorbance was read at 630 nm.
Uninoculated Mueller–Hinton broth was used as nega-
tive control. The tests were carried out in triplicate.
The minimum inhibitory concentration (MIC) is taken
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as the lowest concentration of compound that inhibits
50% growth of microorganism. The compounds were
evaluated against gram-positive and gram-negative bac-
terial strains. Minimum inhibitory concentration (MIC)
of each compound is shown in Table 1.


Compounds 6, 7 and 8 displayed varied activity against
Escherichia coli and Salmonella typhimurium but only
compounds 7 and 8 (in which R group is –CHO and
–CH2OH, respectively) exhibit potent activity against
Salmonella aureus. Higher activity of 8 as compared
to 7 confers that terminal hydroxyl group is somehow
playing a role in killing mechanism. In the series of cyc-
lic enediyne compounds (13–16) compounds 13 and 16
displayed weak activity against E. coli and S. typhimu-
rium but activity in case of compound 16 (where
R = H) increases twofold higher than compound 13.
All of the cyclic amine endiynes displayed higher MIC
values as compared to their cyclic imine counterparts.

For example, compound 17 possess much lower MIC
value than compound 13. In similar manner compound
20 has much higher antimicrobial activity than com-
pound 16. Moreover only compounds 17 and 20 have
potent activity against Pseudomonas aeruginosa. This
suggests unsaturation around nitrogen is not required
for antimicrobial activity of these synthetic compounds.
Tetracycline is used as standard drug for antimicrobial
activity. All tested compound showed varied activity
against different bacterial strains. The antimicrobial
activity data indicate that compounds 6, 8, 17, and 20
were most effective and others displayed moderate
activity while 15, 18, and 19 exhibited scarce activity.
Compound 20 was found to be the most active among
this series. In order to understand the origin of antibac-
terial activity of these cyclic enediynes, antibacterial
activity of control compounds 3, and 4 were deter-
mined. Compound 3 has been used as an intermediate
in the synthesis of cyclic enediyne (6), and simple
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resorcinol ethers (3,4)20,21 were found inactive upto
1000 lg/mL. So, we believe that the antibacterial activ-
ity of these cyclic enediynes is due to the presence of
enediyne moiety, not due to the resorcinol ether. More-
over studies are currently underway to further optimize
these compounds against bacterial infection.


In conclusion, we have shown for the first time that syn-
thetic enediynes can have potential in the treatment of
microbial infections apart from their use in the antican-
cer drug discovery programme.
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1(15),6,12(16),13-tetra-ene-4,8-diyne (6). To a suspension
of Pd(PPh3)4 (224 mg, 0.19 mmol), CuI (164 mg,
0.86 mmol) and n-butylamine (1.58 g, 21.5 mmol) in
anhydrous benzene (30 mL), solution of 3 (800 mg,
4.3 mmol) in 5 mL benzene was added dropwise and
reaction mixture was stirred for 20 min. Then cis-dichlo-
roethylene (420 mg, 4.3 mmol) was added by syringe
under nitrogen atmosphere at 40 �C and reaction mixture
was stirred for 13 h at same temperature. Reaction
mixture was washed with cold hexanes and solvent was
removed under reduced pressure. The crude product thus
obtained was purified by SiO2 column (10% ethyl acetate
in hexane). Yield 600 mg (66%); IR (KBr, cm�1): 2922,
2211, 1148; 1H NMR (300 MHz, CDCl3): 4.86 (s, 4H),
5.90 (s, 2H), 6.43 (d, J = 7.4 Hz 1H), 6.63–6.66 (m, 2H),
7.18 (m, 1H); 13C NMR (75.5 MHz, CDCl3): 57.2 (OCH2),
81.49 (Cquart), 92.49 (Cquart), 103.06 (CH), 108.48 (CH),
111.80 (CH), 130.06 (CH), 130.34 (CH), 159.25 (Cquart);
MS (m/z): 210 (M+); Anal. calcd for C14H10O2: C,79.98;
H, 4.79. Found: C, 80.09; H, 4.99.
Synthesis of 2,11-dioxabicyclo [10.3.1]hexadeca-
1(16),6,12,14-tetraene-4,8-di-yne-13 carboxaldehyde (7).
To a solution of 2,4-dihydroxybenzaldehyde (2.0 g,
14.5 mmol), K2CO3 (10 g, 72.5 mmol) in 25 mL dry
DMF, solution of 1,8-dibromo-oct-4-ene-1,6-diyne18


(3.98 g, 15.2 mmol) in 5 mL DMF was added dropwise.
The reaction mixture was stirred at ambient temperature
for 8 h. The reaction mixture was extracted with CHCl3
(6 · 25 mL), and the combined organic layer was washed
with water (6 · 250 mL). The organic layer was dried over
anhydrous Na2SO4 and solvent was removed under
reduced pressure. The crude product was purified over
silica gel column using 10% ethyl acetate in hexanes as an
eluent. Yield 2.14 g (62%); mp. 138 �C; IR (KBr, cm�1):
2932, 2225, 1690; 1H NMR (300 MHz, CDCl3): 5.00 (s,
2H), 5.07 (s, 2H), 5.95 (s, 2H), 6.64 (m, 1H), 7.36 (m, 1H),
7.83 (d, J = 6 Hz, 1H), 10.29 (s, 1H); 13C NMR
(75.5 MHz, CDCl3): 57.03 (OCH2), 57.45 (OCH2), 87.45
(Cquart), 87.72 (Cquart), 90.98 (Cquart), 91.11 (Cquart),
101.58 (CH), 112.41 (CH), 120.11 (Cquart), 123.41 (CH),
131.05 (CH), 160.89 (Cquart), 162.92 (Cquart), 188.48
(Cquart); MS (m/z): 238 (M+); Anal. calcd for C15H10O3:
C, 75.62; H, 4.23. Found: C, 75.91; H, 4.42.
Synthesis of (2,11-dioxabi-cyclo[10.3.1] hexadeca1(15),6,
12(16),13-tetra-ene-4,8-diyn-13 yl)methanol (8). To a solu-
tion of 7 (0.4 g, 1.6 mmol) in 20 mL dry methanol, sodium
borohydride (0.2 g, 7.1 mmol) was added at 20 �C and
reaction mixture was stirred for 1 h. Solvent from the
reaction mixture was removed under reduced pressure and
crude product was purified by column chromatography
(30% ethyl acetate in hexanes). Yield: 322 mg (80%); mp.
135 �C; IR (KBr, cm�1): 3433, 2208, 1590, 1447, 1268, 1099;
1H NMR (300 MHz, CDCl3): 1.98 (br s, 1H), 4.64 (s, 2H,
CH2OH), 4.90 (s, 2H, OCH2), 4.99 (s, 2H, OCH2), 5.90 (s,
2H), 6.62 (d, J = 6Hz, 1H), 7.22 (m, 1H), 7.38 (s, 1H); MS
(m/z): 240 (M+), 223; Anal. calcd for C15H12O3: C,74.99; H,
5.03. Found: C, 74.81; H, 5.22.
Synthesis of (2,11-Dioxa-bicyclo[10.3.1]hexadeca-1(16),6,
12,14-tetraene-4,8-diyn-13- ylmethylene)-p-tolyl-amine (13).
Mixture of p-tolylimino-methyl-benzene-1,3-diol (9)
(430 mg, 1.9 mmol) and K2CO3 (2.63 g, 19.1 mmol) in
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15 mL dry DMF was stirred at room temperature for
25 min under nitrogen atmosphere. To this suspension,
1,8-dibromooct-4-ene-2,6-diyne (5)18 (500 mg, 1.9 mmol)
in 10 mL dry DMF was added dropwise and reaction
mixture was stirred at room temperature under nitrogen
atmosphere for 13 h. After completion of the reaction, the
reaction mixture was poured in 50 mL water and product
was extracted with CHCl3 (6 · 20 mL). Combined organic
layer was washed with distilled water (8 · 75 mL) and
finally dried over anhydrous Na2SO4. After filtration,
excess of solvent was removed under reduced pressure. The
crude product was purified over SiO2 column using 8% ethyl
acetate in hexanes as an eluent. Yield: 297 mg(48%). mp
123–125 �C. IR (KBr, cm�1): 2923, 2854, 2202, 1592, 1460,
1377, 1264, 1095; 1H NMR (300 MHz, CDCl3): 2.36 (s, 3H),
4.97 (s, 2H), 5.01 (s, 2H), 5.93 (s, 2H), 6.71 (dd, J = 8 Hz,
1.5 Hz, 1H), 7.10 (d, J = 6 Hz, 2H), 7.18 (d, J = 6 Hz, 2H),
7.36 (d, J = 1.5 Hz, 1H), 8.12 (d, J = 6.6 Hz, 1H), 8.78 (s,
1H); MS (m/z): 240 (M+); Anal. calcd for C22H17NO2: C,
80.71; H, 5.23; N, 4.28; Found: C, 81.02; H, 5.38; N, 4.49.

Synthesis of 4-chlorophenyl-2,11-dioxa-bicyclo[10.3.1]
hexadeca-1(16),6,12,14-tetraene-4,8-diyn-13-yl-methyl)-amine
(18). To a solution of 4-chlorophenyl-2,11-dioxa-bicy-
clo[10.3.1]hexadeca-1(16),6,12,14-tetraene-4, 8-diyn-13-yl
methylene)-amine (14) (150 mg, 0.43 mmol) in 10 mL dry
methanol, NaBH4 (87 mg, 1.42 mmol) was added at room
temperature and reaction mixture was stirred for 2 h. The
excess of solvent was removed under reduced pressure and
crude product was purified by SiO2 (20% ethyl acetate in
hexanes). Yield: 100 mg (66%); mp. 185–187 �C; 1H NMR
(300 MHz, CDCl3): 4.01 (br s, 1H, NH); 4.22 (s, 2H,
NCH2Ph), 4.89 (s, 2H, OCH2), 4.97 (s, 2H, OCH2), 5.90 (s,
2H), 6.54–6.61 (m, 2H), 7.11 (m, 2H), 7.22 (m, 2H), 7.38 (s,
1H); MS (m/z): 349 (M+), 224; Anal. calcd for
C21H16ClNO2: C, 72.10; H, 4.61; N, 4.00; Found: C,
72.03; H, 4.91; N, 4.25.


20. Srinivasan, M.; Sankaraman, S.; Hopf, H.; Dix, I.; Jones,
P. G. J. Org. Chem. 2001, 66, 4299.


21. Katritzky, A. R.; He, H.-Y.; Long, Q.; Cui, X.; Level, J.;
Wilcox, A. L. Arkivoc 2000, 3, 240.
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Abstract—The identification, optimization, and structure–activity relationship (SAR) of small-molecule CCR4 antagonists is
described. An initial screening hit with micromolar potency was identified that was optimized to sub-micromolar binding potency
by enantiomer resolution, halogenation of the naphthalene ring, and extension of the alkyl chain linker between the central piper-
idine ring and the terminal aryl group. An antagonist was identified that showed good cross-reactivity against the mouse receptor
and inhibited CCR4-based cell recruitment in dose-dependent fashion.
Published by Elsevier Ltd.

Chemokines are small secreted proteins which stimulate
the directional migration of leukocytes through interac-
tions with a specific subset of G-protein coupled recep-
tors. Their role in leukocyte trafficking has made them
attractive therapeutic targets for both infectious and
inflammatory diseases.1 CCR4 is a chemokine receptor2


that is activated by the ligands MDC (macrophage
derived chemokine, CCL22), TARC (thymus and
activation-related chemokine, CCL17), and CKLF1
(chemokine-like factor 1),3 and has been shown to regu-
late the migration of CD4+ Th2 cells in disease settings.4


Studies in mouse models of allergic airway inflammation
using neutralizing antibodies against both TARC and
MDC,5 as well as receptor knockout studies6, have dem-
onstrated a role for CCR4 and its ligands in airway
hyperresponsiveness. Taken together, these studies sup-
port a role for CCR4 antagonism in the treatment of
allergic inflammatory conditions such as asthma and
atopic dermatitis.


As part of our efforts to identify new potential therapeu-
tics for CCR4-mediated inflammatory diseases, we and
others7 have sought to find novel small molecule antag-

0960-894X/$ - see front matter Published by Elsevier Ltd.
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onists of CCR4.8 A high-throughput screen of our small
molecule collection afforded the racemate 1 (Fig. 1) as a
compound of interest that was selected for further fol-
low-up.


In order to establish the initial SAR, we decided to
capitalize on the modular nature of the molecule and
to focus on the four major areas shown in Figure 1:
variants at the sulfonamide substituent (R1), variants
at the amino acid amide (R2), variants at the tertiary
amine (R3), and the absolute stereochemical require-
ments of the central amino acid (asterisk). The synthe-
sis of 1 and its analogs is straightforward9 and is
shown in Scheme 1. Coupling of commercially avail-
able naphthalene-2-sulfonyl chloride with racemic pro-
line-methyl ester afforded 2, which was hydrolyzed with
aqueous lithium hydroxide to afford the carboxylic acid
3. Coupling with BOC-protected 4-amino-piperidine
was achieved using EDCI to afford intermediate 4.
Deprotection with HCl/dioxane afforded 5, which was
reductively alkylated with benzaldehyde in the presence
of sodium triacetoxyborohydride to afford 1. Alkyl-
ation of the secondary amide to yield 6 was readily
achieved using methyl iodide in the presence of sodium
hydride and DMF.


Before embarking on a complete SAR survey of the
molecule, we decided to examine the central amino acid
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Figure 1. Structure of the initial screening hit (Ki(CCR4) = 7.6 lM) and the initial strategy for establishing SAR.
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Scheme 1. Reagents and conditions: (i) (+/�)-proline-methyl ester, TEA, DCM (94%); (ii) LiOH, THF/H2O (97%); (iii) tert-butyl 4-amino-


piperidine-1-carboxylate, EDCI, DCM (83%); (iv) 4 N HCl, dioxane (98%); (v) benzaldehyde, Na(AcO)3BH, DCM (89%); (vi) methyl iodide, NaH,


DMF (63%).


3142 D. F. Burdi et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3141–3145

linker by preparing several analogs. Substitution of a
variety of amino acids in place of proline, including
N-methyl-alanine, resulted in a complete loss of activity
(data not shown) leading us to conclude that conforma-
tional rigidity was required at this position. We next
sought to establish the stereochemical requirements for
the proline linker and turned our attention to preparing
the enantiomers 7 and 8 (Fig. 2) from DD- and LL-proline-
methyl ester, respectively. We identified the S-enantio-
mer 8 as the more active enantiomer, and this
compound was used as a starting point for further
optimization.

S
N


H
N


OO
O


N


7
Ki (CCR4) = 20.2 uM


Figure 2. Identification of the more active enantiomer 8.

An initial SAR survey of 8 was undertaken in order to
determine the best path for optimization (Table 1). We
were quickly able to establish a requirement for the sul-
fonamide moiety as a substantial loss in potency was
witnessed with the carboxamide 9, the amine 10, and
the urea 11. The requirement for a bulky aromatic group
at R1 also became apparent as the benzenesulfonamide
12 and the isopropyl sulfonamide 14 lost activity. Inser-
tion of a methylene spacer, as in 13, was also detrimen-
tal. Interestingly, positioning of the sulfonamide moiety
at the 1-position of the naphthalene ring, as exemplified
by 18, also resulted in a loss of potency. Although sub-
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Table 1. Initial tepresentative SAR


R1 X
N


N


O
N R3


R2


Compound X R1 R2 R3 CCR4 FLIPR Ki (lM)


8 SO2 2-Naphthyl H CH2–Ph 4.6a


9 CO 2-Naphthyl H CH2–Ph >29b


10 CH2 2-Naphthyl H CH2–Ph 25b


11 (CO)NH 4-tert-Butylphenyl H CH2–Ph >20a


12 SO2 Phenyl H CH2–Ph >29b


13 SO2 Benzyl H CH2–Ph 15b


14 SO2 Isopropyl H CH2–Ph >29b


15 SO2 4-Isopropylphenyl H CH2–Ph 10a


16 SO2 2-Naphthyl H H >33b


17 SO2 2-Naphthyl H Isobutyl 10b


18 SO2 1-Naphthyl Me CH2–Ph 26b


19 SO2 2-Naphthyl H CH2-2-pyridyl >10a


20 SO2 2-Naphthyl H CH2-3-pyridyl >10a


21 SO2 2-Naphthyl Me CH2–Ph 1.3a


a Value determined10 using TARC as a ligand.
b Value determined10 using MDC as a ligand.
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stitution of an isopropyl group on the phenyl ring, as
exemplified by 15, conveyed modest potency, a 2-naph-
thyl ring at R1 proved consistently more potent and we
proceeded to optimize the remainder of the molecule
with this substituent comprising an essential component
of the pharmacophore.


We next turned our attention to the central and right-
hand portions of the molecule. Our most consistent
jump in activity was realized upon methylation at R2;
comparison of the methylated derivative 21 with its
hydrogen-substituted counterpart 8 revealed a modest
increase in activity. A cursory examination of the piper-
idine substituents revealed a requirement for alkylation
at R3. The secondary amine 16 was inactive, while bulk-
ier alkyl substituents, as in 17, restored some activity.
Heteroaryl substitutions, as in 19 and 20, were not toler-
ated. We returned ultimately to the benzyl substituent in
21, which showed a potency of 1.3 lM and was selected
for further optimization.


With the lead compound 21 in hand, we sought to im-
prove the potency by optimizing the substituents at
R1, R2, R3, and R4 as shown in Table 2.


A length scan at R3 revealed an improvement in potency
in the 2-carbon linker as exemplified by 22. The 3-car-
bon linker in 23 offered no improvement in potency
and the additional rotatable bond and molecular weight
were deemed unnecessary. The acyl derivative 24 and
the sulfonamide 25, prepared from the corresponding
amine and acid chlorides, were inactive. We turned next
to the amide substituent at R2, mindful of the improved
potency conveyed by N-methylation. Synthesis of the
N-ethyl derivative 26, however, led to a significant loss
of potency, and therefore further methylene homologs
were not pursued. Substitution with polar groups (27),
both basic (29) and acidic (28), resulted in a complete

loss of activity leading us to conclude that a methyl
group was optimal at that position.


Armed with an understanding of the SAR surrounding
the central portions of the scaffold, we next sought to
optimize the substituents at the termini. The naphtha-
lene ring proved least accessible to diversification owing
to the limited number of synthetically accessible
5-substituted naphthalene-2-sulfonic acids. Neverthe-
less, the fluoro-substituted analog 30 could be accessed
by thermal decomposition of the diazonium ion in the
presence of BF3 etherate,11 but showed no improvement
in potency. Polar group substitutions, as in 31 and 32,
were not tolerated. We were gratified to see a substantial
increase in potency in the chloro-substituted derivative
33, and this functional group was maintained constant
as we sought to optimize the terminal arene ring.


Our efforts to improve potency by substitution of the
phenethyl ring proved frustrating. Halogen substitution
at the ortho (34, 35), meta (36) or para (37) position led
to a modest decrease in potency, while electron donating
substituents (38) and electron withdrawing substituents
(42) had a similar effect. Polar substituents (40), both ba-
sic (41) and acidic (39), also led to a modest decrease in
potency, thereby leaving no clear path forward for opti-
mization. Nevertheless, the reasonable potency seen in
33 prompted us to profile this compound further. As
shown in Figure 3, 33 proved nearly equipotent when as-
sayed against murine CCR4 using murine MDC. This
cross-reactivity presented an attractive opportunity to
evaluate this molecule in a murine recruitment model
and prompted us to profile this compound in an
in vivo efficacy experiment.


In order to evaluate the ability of CCR4 antagonists to
inhibit chemotaxis in vivo, we performed an early proof
of concept study utilizing a peritoneal recruitment assay.
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Figure 4. Dose response of 33 to peritoneal recruitment by mMDC.


Table 2. Optimizing the substituents at R1, R2, R3, and R4


S
N


N


OO
O


N R3


R2


R1


R4


Compound R1 R2 R3 R4 CCR4 FLIPR Ki (lM)a


21 H Me –CH2– H 1.3


22 H Me –CH2–CH2– H 0.59


23 H Me –(CH2)3– H 0.62


24 5-Cl Me –(CO)–CH2– H >10


25 H Me SO2 H >10


26 5-Cl Et –CH2–CH2– H 2.80


27 H –CH2–CO2Et –CH2–CH2– H >10


28 H –CH2–CO2H –CH2–CH2– H >10


29 H N O(H2C)2
–CH2–CH2– H >10


30 5-F Me –CH2–CH2– H 0.85


31 5-NH2 Me –CH2–CH2– H >10


32 5-NHAc Me –CH2–CH2– H >10


33 5-Cl Me –CH2–CH2– H 0.10


34 5-Cl Me –CH2–CH2– 2-F 0.26


35 5-Cl Me –CH2–CH2– 2-Cl 0.46


36 5-Cl Me –CH2–CH2– 3-Cl 0.40


37 5-Cl Me –CH2–CH2– 4-Cl 0.82


38 5-Cl Me –CH2–CH2– 3-MeO 0.47


39 5-Cl Me –CH2–CH2– 2-COOH 0.53


40 5-Cl Me –CH2–CH2– 2-CONH2 0.24


41 5-Cl Me –CH2–CH2– 2-NH2 0.28


42 5-Cl Me –CH2–CH2– 2-CF3 0.42


a Values determined10 using TARC as a ligand.
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Figure 3. Structure of 33, a potent CCR4 antagonist used in a proof of


concept study.
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Briefly, compound 33 was administered sub-cutaneously
to BALB-C mice (6 animals/cohort). After 30 min,
mMDC (1 lg) was administered intraperitoneally; after
90 min, cells were withdrawn from the peritoneum,
sorted, and counted.


As shown in Figure 4, we were pleased to see that 33
inhibited the recruitment of cells to the peritoneum in
dose-dependent fashion, with a sub-cutaneous dose of
5 mpk inhibiting recruitment nearly 90%. Based on
our PK analysis (data not shown), this dose delivered
a maximum exposure of 600 nM with exposure exceed-
ing the IC50 throughout the course of the experiment.


In summary, we have identified and optimized a series of
naphthalene-sulfonamides that are functional antago-

nists of CCR4. In light of the ability of compound 33
to block recruitment of cells in response to mMDC, it
will be interesting to evaluate these compounds in ani-
mal models of Th2+ disease. These results will be re-
ported in due course.
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Abstract—The Prins reaction was the basis to synthesize functionalized alkyl chlorodihydropyran derivatives. The inexpensive, sta-
ble, and environmentally friendly FeCl3 promotes the cyclization. The method represents an efficient and regioselective manner to
obtain in a single step chlorovinyl–TMS oxacycles. The in vitro antiproliferative activities of the compounds were examined in the
human solid tumor cell lines A2780 (ovarian cancer), SW1573 (non-small cell lung cancer), and WiDr (colon cancer). Overall, the
results show an enhancement in the cytotoxicity exhibited by the new analogs when compared to their parental compounds.
� 2007 Elsevier Ltd. All rights reserved.

O R


Cl


GI50 = 9−28 μM


R=Alkyl or aryl


Figure 1. General structure of cytotoxic 2-alkyl-4-chloro-5,6-dihydro-


2H-pyrans.

The Prins reaction allows the synthesis of functionalized
dihydro- and tetrahydropyran derivatives in a single
step by the coupling between unsaturated alcohols and
aldehydes catalyzed by Lewis acid.1 These oxacyclic
structures are common scaffolds present in diverse halo-
gen-containing marine products with antitumor activity
such as aplysiapyranoids, A–D.2 We have recently re-
ported on the synthesis of the novel marine product ana-
logs 2-alkyl-4-chloro-5,6-dihydro-2H-pyrans by an
iron(III) catalyzed Prins-type cyclization.3 These halo-
gen-containing oxacycles (Fig. 1) showed larger
in vitro antitumor activity than the natural aplysiapyra-
noids. The chlorovinyl group was established as the
pharmacophore, which is the moiety responsible for
the activity exerted by these compounds.4


Herein, we describe further modifications on the hetero-
cyclic ring by the inclusion of diverse substituents that
lead to new products with enhanced activity profile.
We based the strategy to introduce new functional or al-
kyl groups in the chlorodihydropyran scaffold by means
of our iron(III) catalyzed silyl alkyne-Prins cyclization.5

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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The biological activity of the compounds prepared was
studied against the representative human solid tumor
cells A2780 (ovarian cancer), SW1573 (non-small cell
lung cancer, NSCLC), and WiDr (colon cancer). The re-
sults are compared to the previously reported antitumor
activities.


In a previous study, we discovered that the silyl alkyne-
Prins reaction of trimethylsilyl homopropargyllic
alcohol (1a) with 3-methylbutanal (2) led to the chloro-
dihydropyran derivative 3a (Scheme 1).5 However, this
product was obtained in a 1:1 mixture with the corre-
sponding chlorodihydropyran 3b, which lacks the
TMS group. This side product was prepared in a
straightforward manner by the reaction of unprotected
homopropargyllic alcohol (1b). A totally different result
occurred when reacting secondary homopropargyllic
alcohols with aldehydes under the aforementioned
iron(III) catalysis. As reported earlier, the reaction of
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secondary homopropargyllic alcohols (1, R1 = alkyl or
aryl) gave the cytotoxic ketones 4 and 5.6 Interestingly,
trimethylsilyl protected secondary homopropargyllic
alcohols submitted to the described conditions gave
the corresponding chlorodihydropyran derivative as sole
product (Scheme 1).


Therefore, we applied this alkyne silyl-Prins cyclization
methodology to prepare the set of tetra- and pentasub-
stituted dihydropyrans 6a–13a shown in Table 1.


In addition, we prepared two unprecedented derivatives
by the transformation of compound 13a. Thus, the reac-
tion of derivative 13a with n-butyl lithium led to the de-
sired alkyne 14a in 86% yield (Scheme 2). The
subsequent hydrogenation of 14a using Lindlar’s cata-
lyst gave the corresponding alkene 15a in almost quan-
titative yield.

Table 1. Structure of tetra- and pentasubstituted dihydropyrans


Compound R1 R2 R3


6a Me H sBu


7a Me H cHex


8a Et H cHex


9a cHex H cHex


10a Bn H cHex


11a Bn H


O


Cl


CH2(  )8


12a Me Mea cHex


13a Me Mea Br2C@CH(CH2)2–


14a Me Mea but-3-ynyl


15a Me Mea but-3-enyl


a (±)-Erythro 1 gave dihydropyrans with a trans-relative configuration


of R2 group with respect to R1 and R3.

The cleavage of the TMS group offers an alternative to
the production of derivatives with alkyl groups at
positions 2 and 6 of the ring, such as compound 7b
(Scheme 3). As shown earlier, these products cannot
be obtained by the direct reaction between aldehydes
and unprotected secondary homopropargyllic alcohols
(1, P = H, Scheme 1).7


The antitumor activity of compounds 3a–b, 6a–15a, and
7b was evaluated against the three human solid tumor
cell lines using the National Cancer Institute (NCI) pro-
tocol.8 The growth inhibition parameters GI50, TGI,
and LC50 together with the calculated lipophilicity
values given as C logP9 are given in Table 2. Overall,
the results showed that the majority of the compounds
are able to induce not only growth inhibition but also
net cell kill, even in the resistant cancer cell line WiDr.
The ovarian cancer cells were the most sensitive to the
drugs. This observation is consistent with a previous
study in which colon cancer cells showed more drug
resistance than ovarian cancer cells.10


The lipophilicity values are not sufficient to explain the
observed activity profiles. The C logP values for all
the compounds are within a large range, 3.3–10.5
(Table 2). We found earlier that 2-alkyl-4-chloro-5,6-
dihydro-2H-dihydropyran derivatives with C logP
values larger than 4 were the most active products.4


In the present study, this behavior was also observed.


When considering the growth inhibition parameters we
found that compounds 3b and 6a are the only inactive
products against all cell lines. The direct comparison
of activity profiles between compounds 3a and 3b indi-
cates that the introduction of the TMS group at position
3 of the oxacyclic ring enhances the activity against all
cell lines. The effect is observed for the pair of com-
pounds 7a and 7b against the colon cancer cells (WiDr).
No improvement in activity was observed for 1,1-dib-
romovinyl derivative 13a when compared to the analog
16 (Fig. 2). Perhaps in these compounds the effect of the

O


Cl


a


7b


O


Cl
TMS


7a


Scheme 3. Reagents and condition: (a) HI/H2O (1:1), CH2Cl2, reflux,


86%.







Table 2. Lipophilicity and growth inhibition parameters for the in vitro screening of dihydropyrans against human solid tumor cellsa


Compound C logPb A2780 (ovarian cancer) SW1573 (non-small cell lung


cancer)


WiDr (colon cancer)


GI50 TGIc LC50
c GI50 TGIc LC50


c GI50 TGIc LC50
c


3a 4.96 27 ± 5.1 66 ± 32 92 ± 11 10 ± 7.4 28 ± 10 65 ± 18 20 ± 13 39 ± 17 79 ± 15


3b 3.32 >100 >100 >100


6a 5.48 >100 >100 >100


7a 6.05 17 ± 5.9 32 ± 7.5 61 ± 6.9 16 ± 5.2 31 ± 7.8 62 ± 11 15 ± 8.8 33 ± 16 74 ± 24


7b 4.41 19 ± 9.2 38 ± 14 79 ± 18 12 ± 2.6 43 ± 13 65 ± 29


8a 6.58 16 ± 2.3 35 ± 2.4 75 ± 4.0 22 ± 4.9 49 ± 13 91 ± 10 29 ± 6.5 73 ± 38 95 ± 7.7


9a 8.09 22 ± 3.7 46 ± 2.2 90 ± 8.5 23 ± 6.3 48 ± 15 88 ± 11 30 ± 9.6 81 ± 33 97 ± 4.6


10a 7.62 34 ± 14 78 ± 35 30 ± 5.8 62 ± 36 88 ± 20


11a 10.46 23 ± 0.6 47 ± 0.2 96 ± 1.6 30 ± 6.9 68 ± 9.7 67 ± 4.8


12a 6.57 19 ± 3.9 38 ± 6.1 77 ± 11 20 ± 4.9 41 ± 10 76 ± 19 42 ± 22 84 ± 28


13a 5.65 16 ± 1.1 33 ± 1.2 70 ± 1.7 22 ± 3.6 43 ± 5.8 87 ± 11 25 ± 14 90 ± 18


14a 4.92 21 ± 2.3 39 ± 4.5 75 ± 13 19 ± 2.4 37 ± 6.1 75 ± 19 24 ± 7.9 68 ± 38 85 ± 19


15a 6.93 17 ± 1.7 36 ± 4.1 19 ± 9.8 23 ± 6.1 55 ± 22 92 ± 11 37 ± 2.3


16 4.25 16 ± 5.5 53 ± 41 76 ± 23 30 ± 7.0 92 ± 16 23 ± 3.5 57 ± 21 96 ± 5.9


17 2.24 37 ± 7.2 41 ± 6.4 >100


18 3.89 20 ± 2.6 26 ± 3.6 >100


19 7.26 8.6 ± 6.7 25 ± 6.1 65 ± 3.3 14 ± 6.2 36 ± 10 85 ± 17 20 ± 2.3 61 ± 5.6 89 ± 15


a Values are given in lM and are means of two to four experiments, standard deviation is given in parentheses.
b Ref. 9.
c TGI and LC50 values are given only if they are less than 100 lM, which is the maximum test concentration.
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1,1-dibromovinyl group is prevailing. On the contrary,
compound 14a was to a large extent more potent against
all cell lines than its analog 17 (GI50 = 37, 41, and
>100 lM against A2780, SW1573 and WiDr cells,
respectively).4 This outcome is also consistent with our
previous studies where we described that the TBS
(tert-butyldimethylsilyl) group enhanced the cytotoxic
activity of 2,3-disubstituted-tetrahydropyrans in leuke-
mia and solid tumor cells.11 By means of the regioselec-
tive addition of TBS and TBDPS (tert-butyl-
diphenylsilyl) groups, inactive naturally occurring catal-
pol was transformed into antiproliferative analogs.12


Furthermore, cisplatin13 and camptothecin14 analogs
containing a silyl group have been reported to give a bet-
ter activity profile than their respective parental antican-
cer drugs.


Compounds 7a and 7b were more active than 18 (analog
of 7b lacking the methyl group at R1), which showed a
modest activity against the ovarian and the lung cancer
cells, and was inactive against WiDr cells.4 Thus, in
addition to the TMS group we found that the introduc-
tion of alkyl chains at position 6 of the ring (R1) seems
to favor the cytotoxic effect. Alkyl groups that produce
similar biological results are Me (7a), Et (8a), and cHex
(9a), whilst Bn (10a) gave less potent derivatives.

The results also indicate that the nature of the alkyl
side chain at position 2 of the ring (R3) may be rele-
vant for the modulation of the biological activity.
For instance, a cHex group at position 2 of the oxacy-
clic ring (7a–10a) leads to more active compounds
when compared to other groups such as sBu (6a) or
linear alkyl substituents (11a and 13a–15a). In this
context, we found that the heterodimer 11a showed
reduced activity when compared to a previously
reported homodimer 19 bearing two 4-chloro-5,6-dihy-
dro-2H-pyran fragments.4 We cannot discard that
other factors than described are involved in this unex-
pected result.


In conclusion, we have shown that the addition of TMS
and alkyl groups to the chlorodihydropyran scaffold
leads to derivatives with enhanced cytotoxic profile
when compared to 2-alkyl-4-chloro-5,6-dihydro-2H-
pyrans. Based on these results, it is anticipated that these
chlorovinyl–TMS oxacyclic compounds will be active
against both sensitive and resistant solid tumors. All
the cyclic products can be prepared in a single step from
linear precursors by means of a silyl alkyne-Prins cycli-
zation reaction. This general methodology will allow the
quick production of oxacyclic synthons for the discovery
of novel bioactive compounds.

Acknowledgments


This research was supported by the EU INTERREG
IIIB-MAC initiative (05/MAC/2.3/C14 BIOPOLIS),
the Ministerio de Educación y Ciencia of Spain
(MEC), co-financed by the European Regional Develop-
ment Fund (CTQ2005-09074-C02-01/BQU) and the
Canary Islands Government. P.O.M. thanks the Span-
ish MEC for a FPI fellowship. J.I.P. and J.M.P. thank
the Spanish MEC for a Ramón y Cajal contract.







3090 L. G. León et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3087–3090

References and notes


1. For recent advances in the Prins reaction, see (a) Jasti, R.;
Anderson, C. D.; Rychnovsky, S. D. J. Am. Chem. Soc.
2005, 127, 9939; (b) Rychnovsky, S. D.; Dalgard, J. E.
J. Am. Chem. Soc. 2004, 126, 15662, and references cited
therein; (c) Dobbs, A. P.; Guesné, J. J.; Martinovic, S.;
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Abstract—A series of 4-hydroxy-4-phenylpiperidines have been synthesized and bind to the nociceptin receptor with high affinity.
The synthesis and structure–activity relationships at the N-1 and C-4 are described.
� 2007 Elsevier Ltd. All rights reserved.

Following the discovery of the nociceptin receptor, there
has been remarkable progress toward understanding its
pharmacological relevancy. The nociceptin receptor,
NOP (previously termed ORL-1 (opioid receptor-like-1)
or OP4), was cloned as an ‘orphan receptor’ in 1994.1


It is a member of the G protein-coupled receptor
(GPCR) superfamily and is widely distributed through-
out the brain and spinal core. The nociceptin receptor
expresses �50% sequence homology to the classic d, j,
and l opioid receptors (DOP, KOP, and MOP, respec-
tively). Even with this degree of homology, the nocicep-
tin receptor has low affinity for the endogenous opioid
peptides and synthetic opioid receptor ligands. Its
endogeneous ligand, nociceptin (or orphanin FQ), is a
17-amino acid neuropeptide isolated from the brain in
1995,2 which also exhibits high structural similarities
to the known opioid peptides, particularly dynorphin,
but fails to activate the classic opioid receptors. There-
fore, the nociceptin receptor is pharmacologically
distinct from the classic opioid receptors. Since the noci-
ceptin receptor is widely distributed throughout the ner-
vous system, it may participate in a broad spectrum of
pharmacological processes. Intensive pharmacological
studies with the nociceptin receptor and its peptide

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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ligand and analogs over the past several years have
resulted in significant advances in understanding the
interaction of nociceptin with biological systems. In
our in-house studies, either central (ICV) or peripheral
(iv) administration of nociceptin in conscious guinea
pigs produces inhibition of capsaicin-induced cough.3


Other accounts also demonstrate that the nociceptin/
NOP system may play important roles in the regulation
of urinary incontinence, pain, stress and anxiety, feed-
ing, learning and memory, locomotor activity, substance
abuse, cardiovascular function, sleep disturbance, and
Parkinson’s disease.4


High-throughput screening of the Schering compound
collection has identified a number of hits with varying
affinities for the nociceptin receptor. In this report, we
disclose our early SAR studies based on the 4-hydro-
xy-4-phenyl piperidine scaffold. 4-Hydroxy-4-phenyl
piperidines have been investigated extensively in the lit-
erature and are key moieties in a variety of biologically
active compounds. The piperidine framework has also
been reported in a number of small molecule nociceptin
receptor ligands.5 Our initial lead in this series is com-
pound 1 with affinity for the nociceptin receptor of
613 nM. Initial SAR development focuses on substitu-
tion of the piperidine nitrogen in order to determine
the optimal linker between the piperidine nitrogen and
the phenyl (Table 1). Comparison of compounds 3, 4,
and 6 indicates that the benzyl analog 6 exhibits the
highest affinity for the nociceptin receptor. Branching
at the a-position to the piperidine nitrogen (cf. 4 and 5)
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Table 1. Nociceptin receptor binding of 2


R
N


OH


Ph


2


Compound -R NOP Ki


(nM)a (% inh,


at 10 lM)


MW CLogP


1
Ph


Ph
613 371.51 4.9


3 Ph (60%) 295.42 3.46


4 Ph (46%) 281.39 3.07


5
Ph


Me
(82%) 295.42 3.56


6 Ph 1983 (75%) 267.37 2.94


a Values are means of at least two experiments.
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or introduction of an additional phenyl group a to the
phenyl (cf. 1 and 3) enhances the affinity at the nocicep-
tin receptor. Since the benzyl analog 6 displays a better
overall profile including the potency and physical prop-
erties (highlighted in bold), it is selected for further opti-
mization. The extended study on compound 6 centers on
evaluating benzylic substitution.
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NOP Ki= 613 nM
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Scheme 1 outlines the general routes for preparing 4-hy-
droxy-4-phenylpiperidine analogs of type 10. The chlo-
ride and bromide intermediates of type 9a or 9b are
either purchased or prepared by bromination or chlori-
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SOBr2, CH2Cl2; (c) RLi or RMgBr, THF; (d) 4-hydroxy-4-


phenylpiperidine hydrochloride, K2CO3, NaI (Z = Cl), MeCN, 80 �C.

nation of the corresponding alcohol with thionyl chlo-
ride or thionyl bromide, respectively. The alcohols are
either purchased or prepared by reduction of the corre-
sponding ketones of type 7 with sodium borohydride or
reaction of the aldehydes of type 8 with an appropriate
lithium or Grignard reagent. Compounds of type 10 are
obtained by alkylation of 4-hydroxy-4-phenyl piperidine
hydrochloride with the chloride or bromide intermedi-
ates of type 9a or 9b in acetonitrile in the presence of
potassium carbonate with or without sodium iodide.


Compounds of type 14, containing an ether substituent,
are synthesized as described in Scheme 2. Alkylation of
4-piperidone hydrochloride with bromodiphenylme-
thane (11) produces the 4-piperidone intermediate 12.
Treatment of 12 with phenyl lithium or phenyl magne-
sium bromide yields 13. Reaction of 13 with sodium hy-
dride and an appropriate alkyl iodide provides
compounds of type 14.


Target compounds are tested for their affinity at the
cloned human nociceptin receptor expressed in CHO cell
membranes by measuring their ability to compete with
[125I][Tyr14]nociceptin FQ. The opioid receptor binding
assays are performed with CHO cell membranes
expressing the human opioid receptors using [3H]-dipre-
norphine as the radioligand. The Ki values have been
determined from dose–response curves. The functional
activities of these compounds are evaluated as their abil-
ity to enhance the binding of [35S]GTPcS in the presence
of GDP, using membranes isolated from cells transfec-
ted with the nociceptin receptor.6


Table 2 details the effect of substitution on the benzylic
carbon of compound 6. In general, introduction of a
substitution at the benzylic position leads to an increase
of potency with the exception of 24 and 27–29. Addition
of an alkyl substituent containing three to six carbons
produces potent NOP ligands with 2- to 19-fold selectiv-
ity over the MOP receptor. We found that the four-car-
bon linear chain is optimal (18, Ki = 5 nM, and 20,
Ki = 9 nM). Introduction of a benzyl group provides
good affinity toward NOP and displays partial agonist
response (compound 23). Introduction of the hydroxy-
methyl group in 24 produces a substantial loss of
potency. However, potency is enhanced by converting
the hydroxyl analog 24 to the corresponding methyl
ether 25 or ethyl ether 26. The phenyl analog 13 shows
a dramatic improvement in affinity toward NOP, mod-
erate selectivity over KOP and MOP, and excellent
selectivity over DOP (highlighted in bold). Replacement
of one of the phenyls in 13 with a pyridine leads to







Table 2. SAR of the benzylic modification analogs


N


Ph OH


R


Compounda R Ki (nM)b


NOP DOP KOP MOP


6 H 1983 nd nd nd


15 Me 323 33,110 4149 6265


16 Et 135 20,890 1427 2298


17 n-Pr 19 4126 245 341


18 n-Bu 5 441 36 29


19 n-Pent 14 184 220 37


20 i-Pent 9 348 185 125


21 n-Hex 18 550 335 144


22 c-Pent 41 5323 312 787


23 CH2Ph 16 187 288 24


24 CH2OH 4035 nd nd nd


25 CH2OMe 295 32,960 1771 780


26 CH2OEt 134 15,250 1028 451


27 CO2Me 1887 121,800 6753 59,810


28 CN 10,000 nd nd nd


29


O


H
N


F


F


8183 22295 4381 3736


13 Ph 13 1666 364 233


30 2-Pyridinyl 214 21,890 5935 9324


31 3-Pyridinyl 323 10,920 2993 819


32 2-Thienyl 35 7845 971 405


a All compounds are racemates except for 6 and 13.
b Values are means of at least two (nd, not determined).


Table 3. Functional activity of selected benzylic modification analogs


Compound R GTPcS % Stim at (lM)


13 Ph 107 at 10


17 n-Pr 99 at 10


18 n-Bu 102 at 1


19 n-Pent 101 at 10


20 i-Pent 74 at 10


21 n-Hex 117 at 10


23 Bn 49 at 100
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decreases in potency (30 and 31). Substitution of a 2-thi-
ophene at the benzylic position of 6 yields a potent NOP
ligand 32 with 11.5-fold selectivity over MOP and
excellent selectivity over DOP. Introduction of an
electron withdrawing substituent results in significant
decreases or loss in the affinity at the NOP receptor
(27–29). Table 3 shows the functional activity of
compounds of type 10 (X = H) that have NOP binding
affinity less than 20 nM.


Encouraged by the potency and selectivity of compound
13, we then examined variations of the aromatic substi-
tution pattern in 13. A variety of substituents have been
introduced on one or both of the phenyl rings of the
benzhydryl moiety. The receptor binding data for the
benzhydryl modifications are summarized in Table 4.
It appears that nociceptin receptor binding affinities

are influenced by the substitution pattern. With the
exception of 50, addition of substituents to the ortho po-
sition of one or both of the phenyls of the benzhydryl
yields analogs with improved potency. Introduction of
a methyl at the ortho position produced a potent NOP
agonist 33 with greater than 400-fold selectivity over
DOP and KOP, and greater than 100-fold selectivity







Table 5. Functional activity of selected benzhydryl modification


analogs


Compound GTPcS % Stim at [lM] (EC50)


33 107 at 0.1 (29 nM)


(�)34 101 at 1 (23 nM)


(+)35 94 at 10 (331 nM)


36 87 at 10


38 106 at 1


42 105 at 10


45 104 at 10


46 127 at 10


48 100 at 10 (26 nM)


49 122 at 10


51 95 at 10 (114 nM)


52 103 at 100 (222 nM)


53 98 at 10


56 107 at 1 (117 nM)


Table 4. SAR of the benzhydryl modification analogs


N


Ph OH


YX


Compounda X Y Ki (nM)b


NOP DOP KOP MOP


13 H H 13 1666 364 233


33 H 2-Me 2 969 802 246


(�)34 H 2-Me 0.7 503 295 35


(+)35 H 2-Me 23 8765 1205 361


36 H 3-Me 3 2437 1095 147


37 H 4-Me 53 9365 2687 3728


38 H 2-CF3 12 1271 1362 127


39 H 3-CF3 357 7355 6621 714


40 H 4-CF3 225 10,124 4294 1207


41 H 2-Et 0.6 237 535 9


42 H 2-Cl 4 1674 1136 609


43 H 3-Cl 26 3029 1971 201


44 H 4-Cl 132 1431 164 793


45 H 2-F 5 2945 1479 177


46 H 2-Br 11 2110 1144 170


47 H 4-Br 125 4458 2443 2449


48 H 2-OMe 1 975 519 28


49 H 2-CH2OH 9 1977 1174 120


50 H 2-CO2H 6753 >100,000 8057 2864


51 2-Me 2-Me 4 5791 1712 2147


52 2-Cl 2-Cl 2 1665 635 256


53 2-F 2-F 6 1783 1172 148


54 4-F 4-F 42 584 123 183


55 2-Br 2-Br 21 nd nd nd


56 2-OMe 2-OMe 3 18160 306 843


57 4-OMe 4-OMe 439 13715 2878 843


58 (CH2)0 325 8287 17 758


59 (CH2)2 155 302 381 126


a Compounds 33–50 are racemates except for (�)34 and (+)35.
b Values are means of at least two experiments (nd, not determined).
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over MOP. Compound 33 displays an agonist response
with an EC50 of 29 nM. The resolution of racemic 33
has been completed in order to determine the effect of
stereochemistry on nociceptin receptor binding. The
(�)-isomer 34 is more potent toward the NOP receptor
and more selective over the MOP receptor than the (+)-
isomer 35 and also produces a higher agonist response.
The 2-ethyl analog 41 is highly potent, but without im-
proved selectivity. Introduction of a trifluoromethyl, fluo-
rine, chlorine, bromine, methoxy or hydroxymethyl at the
ortho position of one or both of the phenyls provides
excellent affinity for NOP, excellent selectivity over
DOP and KOP, and moderate to excellent selectivity over
MOP (38, 42, 45, 46, 48, 49, 51–53, and 56). We observe
that moving the substitution from the ortho to the para
position of the phenyl(s) decreases the affinity for NOP
(cf. 33 and 37, 38 and 40, 42 and 44, 46 and 47, 53 and
54, 56 and 57). Introduction of a conformationally re-
stricted substituent at the piperidine nitrogen reduces
the affinity at the NOP receptor (58 and 59). The 9-flu-
orenyl analog 58 exhibits high affinity for the KOP and
little affinity for DOP. The dibenzosuberyl analog 59 has

comparable affinities toward NOP and MOP. Table 5
summarizes the functional activity of the benzhydryl
modification analogs when the nociceptin receptor







Table 6. SAR of the hydroxy modification analogs


N


Ph OR


Compound R Ki
a (nM)


NOP DOP KOP MOP


13 H 13 1666 364 233


60 Me 54 2651 343 412


61 Et 59 898 488 377


62 n-Pr 72 2767 1484 1649


63 Bn 162 3741 13,390 21,455


a Values are means of two–three experiments (nd, not determined).


Table 7. Functional activity of the hydroxy modification analogs


Compound R GTPgS % Stim at (lM)


60 Me 109 at 100


61 Et 104 at 100


62 n-Pr 96 at 100


63 Bn 86 at 100
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affinity is less than 20 nM. All of these compounds dis-
play a good agonist response.


Extended SAR work on compound 13 has centered on
evaluating the C-4 hydroxy modification (Table 6). It
appears that an alkoxy substitution is tolerated at the
C-4 position of the piperidine. Increasing the size of
the substituent on the oxygen decreases the affinity
and the agonist response at the nociceptin receptor
(Table 7).


In summary, we have successfully identified a series of
N-benzhydryl-substituted 4-hydroxy-4-phenylpiperidines
as potent nociceptin receptor ligands. Introduction of a
small substitution at the ortho position of one or both of
the phenyl rings of the benzhydryl moiety provides
excellent affinity and agonist response for the nociceptin
receptor. Additional studies of nociceptin receptor
agonists based on this scaffold will be reported in due
course.
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Abstract—A series of halo-1-H-indazoles has been synthesized and evaluated for its inhibitory activity on neuronal nitric oxide syn-
thase. Introduction of bromine at the C4 position of the indazole ring system provided a compound almost as potent as the reference
compound, that is, 7-nitroindazole (7-NI). The importance of position 4 is further demonstrated by the synthesis and pharmaco-
logical evaluation of the 4-nitroindazole which was also a potent inhibitor of NOS activity. These compounds also exhibited
in vivo NOS inhibitory activity, as attested by potent antinociceptive effects following systemic administration.
� 2007 Elsevier Ltd. All rights reserved.

The importance of nitric oxide (NO) as a biological mes-
senger in numerous physiological processes has been
demonstrated in a growing fashion over the last decades.
This molecule is indeed involved in various fundamental
functions such as neurotransmission,1 blood pressure
and blood flow regulation,2 platelet aggregation and
inflammation.3 On the other hand, overproduction of
NO plays a role in a variety of disorders, such as septic
shock, pain,4 ischaemia5 and several neurodegenerative
diseases.6 NO is synthesized in several cell types from
LL-arginine by different isoforms of nitric oxide synthase
(NOS). To date, three isoforms have been cloned: neuro-
nal (nNOS) and endothelial (eNOS) types, which are
both constitutive and calcium dependent, and an induc-
ible, calcium independent one (iNOS).7 Since these iso-
forms possess a distinct cellular localisation and are
differentially regulated, they represent specific targets
for potential therapeutical approaches. Development
of selective inhibitors of one of these isoforms is there-
fore of considerable interest, both for a therapeutical
purpose and for their use as specific pharmacological
tools. For example, NO of neuronal origin is involved
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in pain transmission8,9 and constitutes thus a potential
target for antinociceptive drugs. Likewise, nNOS and/
or iNOS10 should be selectively targeted for neuropro-
tection against ischaemia, while the eNOS isoform,
which has beneficial cerebrovascular effects, should be
leaved unaffected.11 Numerous nNOS inhibitors have
therefore been developed over the last decade but only
few present both potency and a clear selectivity towards
this isoform.5 The first developed inhibitors belong to
the LL-arginine analogues family12 and are mostly not
selective for the neuronal isoform. Another series of
inhibitors is constituted by heterocycles such as substi-
tuted indazoles or imidazoles. The nitroindazole family
(with 7-nitroindazole, 7-NI, as the lead compound) are
potent nNOS inhibitors but their selectivity over the
other isoforms remains low, at least in vitro.8,13 We al-
ready partially performed the pharmacomodulation of
the indazole nucleus, especially on the 7 position, in or-
der to develop novel potent and specific inhibitors of
nNOS and we showed that the nitro-substitution was
not absolutely necessary for the biological activity of
the indazole ring.14 We rather demonstrated the inhibi-
tory properties against NOS activity of the 7-methoxy-
substituted indazole, which presents strong similarities
with the mechanism of inhibition of 7-NI.15 In order
to improve our knowledge of the structure–activity rela-
tionships of the indazole derivatives, we aimed here to
pharmacomodulate more extensively the indazole ring
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by exploring systematically all positions from 4 to 7. To
this end, we synthesized and evaluated the NOS inhibi-
tory properties of 4- to 7-halogeno-substituted indaz-
oles. Due to its difficult chemical access, substitution
at the position 4 had indeed been until now poorly inves-
tigated. Our present results reveal that substitution of
the indazole nucleus on the latter position led to active
compounds, we investigated this position in more detail
with a reference substituent, that is, a nitro-group.


Most of the syntheses of the indazoles substituted on the
six-membered ring reported in the literature proceed
from benzene precursors in which the pyrazole moiety
was generated by ring closure starting from isatines,
phenylhydrazones or o-toluidines.16–19 Amongst these
reactions, we found that the most efficient proceeded
by a phase transfer catalyzed reaction from o-meth-
ylbenzenediazonium tetrafluoroborates20 as presented
in Scheme 1. Indeed, in our laboratory, the successful
method for the preparation of indazoles substituted by
electrondonating or electronwithdrawing14,21 groups
prompted us to apply it to the synthesis of indazoles
bearing halogen atoms in 4, 5, 6 or 7 position (Scheme
1).


Our first concern was to prepare commercially unavail-
able aniline precursors 1d and 1l. Following classical
Sandmeyer procedure and reduction we were able to
prepare according to Scheme 2 1c and 1k, respectively,
in 85% and 83% overall yields.


Indazoles 3a–m were obtained by diazotization of
2-methylanilines 1a–m with aqueous sodium nitrite solu-
tion in fluoroboric acid (50% solution in water) to give

CH3


I


NO2


CH3


NH2


NO2


CH3


I


NH2


i ii


1d4d 5d


CH3


NO2


Br


CH3


NH2


Br


i


1l5l


Scheme 2. Synthesis of 1d and 1l. Regeants and conditions: (a) (i)


1—NaNO2, H2SO4 concd, 0 �C to rt, 2 h; 2—aq KI, rt, 12 h then


Na2S2O3 aq, 80 �C (91%); (ii) HCl concd, SnCl2, 0 �C then 50 �C, 2 h


(93%); (b) (i) HCl concd, SnCl2, 0 �C then 50 �C, 2 h (83%).


CH3


NH2


X
N
H


NX
N2BF4


CH3


X
iii


+ -


1a-m 2a-m 3a-m


Scheme 1. Synthesis of halo-1-H-indazoles 3a–m. Reagents and


conditions: (i) 1—HBF4 aq 50%; 2—NaNO2 aq, 0 �C; (ii) AcOK, 18-


crown-6, CHCl3, rt.

the corresponding diazonium tetrafluoroborate salt 2a–
m in excellent yields. Cyclization of these salts, pro-
moted by potassium acetate and 18-crown-6 in dry chlo-
roform, gave indazoles 3a–m in good yields (Scheme 1
and Table 1).22


6-Iodoindazole 3n was obtained according to Scheme
3.23 Unfortunately, the same pathway applied to
7-aminoindazole did not allow access to the correspond-
ing 7-iodoindazole.


4-Nitroindazole 3o was obtained starting from the cor-
responding o-toluidine according to Scheme 1 in 63%
overall yield.


Effects of the derivatives on nNOS activity were evalu-
ated in vitro on rat cerebellum homogenates. IC50 were
determined from the NOS inhibition curves constructed
with four concentrations (0.1, 1, 10 and 100 lM). Enzy-
matic activities were assayed by monitoring the conver-
sion of LL-[3H]arginine to LL-[3H] citrulline according to a
previously described method12 (1 mM CaCl2, 200 lM
b-NADPH, 0.88 lM LL-arginine, 0.12 lM LL-[3H]argi-
nine, 15 min at 37 �C). Basal activity represented
120 ± 15 pmol citrulline formed/mg protein/h and the al-
ready described lead compound, 7-NI (dissolved in
DMSO 0.4%), exhibited an IC50 value of 0.6 ± 0.2 lM
(mean ± SEM; n = 5 experiments).


As shown in Table 2, the 7-substituted tested indazoles
displayed a consistent inhibitory effect against the
NOS activity (albeit lower than the reference compound
7-nitroindazole, 7-NI), confirming the already known
importance of this position on the indazole nucleus,13,14


on condition that the substitution is not a bulky one.24,25


Interestingly, our results revealed the importance of the

Table 1. Formation of halo-1-H-indazoles 3a–m


X Diazonium


2a–m (%)


X Indazole 3a–m


(%)


3-Br 2a 99 4-Br 3a 58


3-Cl 2b 92 4-Cl 3b 57


3-F 2c 80 4-F 3c 69


3-I 2d 97 4-I 3d 49


4-Br 2e 98 5-Br 3e 80


4-Cl 2f 68 5-Cl 3f 51


4-F 2g 92 5-F 3g 70


4-I 2h 84 5-I 3h 74


5-Br 2i 99 6-Br 3i 41


5-Cl 2j 99 6-Cl 3j 98


5-F 2k 78 6-F 3k 50


6-Br 2l 92 7-Br 3l 91


6-Cl 2m 80 7-Cl 3m 64


N
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Scheme 3. Synthesis of 6-iodoindazole 3n. Reagents and conditions:


(i) H2 Pd/C, EtOH (92%); (ii) 1—NaNO2, HCl concd, 0 �C to rt, 2 h;


2—aq KI, 50 �C then rt, 12 h, then NaOH, NaHSO3 aq (28%).







Table 2. IC50 values of the 4- to 7-substituted halo-indazoles and


4-nitroindazole against rat cerebellar nNOS (NS, non-soluble)


Compound IC50, lM


mean ± SEM


% inhibition


at 100 lM


Vehicle


(%)


Number of


experiments


3a 2.4 ±0.5 100 DMSO 0.4 3


3e 72 ± 2 58 DMSO 0.4 3


3i 4.3 ± 1.5 100 DMSO 0.4 3


3l 14.3 ± 2.9 68 DMSO 0.4 3


3b 44.3 ± 3.2 57 DMSO 0.4 3


3f 59.3 ± 2.2 61 Ethanol 0.4 3


3j 22 ± 4.2 68 DMSO 0.4 3


3m 4.2 ± 0.5 100 DMSO 0.4 3


3d 17 ± 3.1 74 PEG 0.4 3


3h 37 ± 3.7 72 DMSO 0.4 3


3n NS


3c >100 38 DMSO 0.4 3


3g >100 35 DMSO 0.4 3


3k >100 45 DMSO 0.4 3


3o 3.1 ± 1.1 100 DMSO 0.4 3


Table 3. Antinociceptive activity of selected 4-substituted indazole and


7-chloroindazole new derivatives, compared to 7-nitroindazole and


acetylsalicylic acid in the writhing test in mice (n = 8 per group)


Compound Dose


(mg/kg)


Number of writhes


(mean ± SEM)


Saline (vehicle) 24.6 ± 1.1


3a 12.5 11 ± 2.1**


25 8.8 ± 1.9***


50 9.3 ± 2.4***


3o 12.5 18 ± 2.2**


25 9.9 ± 2.1***


50 9.3 ± 1.2***


3m 12.5 15 ± 2.2**


25 12.9 ± 2.3**


50 7.9 ± 12.3***


Acetylsalicylic acid 12.5 7.6 ± 1***


Arachis oil (vehicle) 22.1 ± 1


7-NI 50 6.8 ± 1.5***


** p < 0.01.
*** p < 0.001 versus control (saline for 4-bromo-, 4-nitro-, 7-chloroin-


dazole and acetylsalicylic groups; arachis oil for 7-nitroindazole)


(ANOVA and PLSD of Fischer).


Table 4. Effect of LL-arginine pretreatment on antinociceptive activity


of 4-bromo-, 4-nitro- and 7-chloroindazoles (n = 8 per group)


Compound Dose


(mg/kg)


Number of writhes


(mean ± SEM)


Saline (vehicle) 23.9 ± 1.4


LL-Arginine 50 22.9 ± 2.1


3a 50 10.8 ± 0.3***


LL-Arginine + 3a 50 24.3 ± 1.9###


3o 50 11.8 ± 0.3***


LL-Arginine + 3o 50 23.8 ± 1.4###


3m 50 12.1 ± 1.3***


LL-Arginine + 3m 50 23 ± 1.1###


*** p < 0.001 versus saline.
### p < 0.001 versus corresponding 4- and 7-substituted indazoles


(ANOVA and PLSD of Fischer).
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position 4 to obtain inhibitory properties against the
NOS activity (Table 2). Indeed, whereas the 4-chloro-
and 4-fluoroindazoles are almost ineffective to inhibit
NOS activity (IC50 > 50lM), the 4-iodoindazole is a
weak inhibitor and the 4-bromoindazole is the most
active compound of this series, almost as potent as the
reference compound, that is, 7-NI.


The importance of this position 4 is further demon-
strated by the synthesis and pharmacological evaluation
of 4-nitroindazole 3o (Table 2). We found that this com-
pound bearing an electronwithdrawing group in posi-
tion 4 was also a potent inhibitor of NOS activity.


In order to characterise the in vivo pharmacology of the
most potent 4-substituted indazoles, that is, the 4-nitro-
and 4-bromoindazoles, as well as the 7-chloroindazole,
these drugs were tested for their antinociceptive proper-
ties in a mouse model of nociception, the writhing test.26


These compounds (12.5, 25, 50 mg/kg, dissolved in sal-
ine), as well as two reference drugs, 7-nitroindazole
(50 mg/kg, dissolved in arachis oil) and acetylsalicylic
acid (15 mg/kg, dissolved in saline), were administered
ip, 15 min before an ip injection of 0.6% acetic acid
aqueous solution. The number of writhes was then
counted during 10 min, 10 min after acetic acid
administration.


In these conditions, the three tested compounds pro-
duced a strong antinociceptive effect, statistically signif-
icant from the weakest dose and with, at the higher dose,
a maximal effect close to that of acetylsalicylic acid
(15 mg/kg) and 7-NI (50 mg/kg, ip) (Table 3).


The antinociceptive effect of the three tested indazoles
(50 mg/kg, ip) was reversed by pretreatment with LL-argi-
nine (50 mg/kg, ip administered 5 min before corre-
sponding indazoles) (Table 4), suggesting that the
analgesic effect was effectively mediated by the inhibition
of NOS activity.


We report here the synthesis and pharmacological eval-
uation of 4- to 7-halogeno-substituted indazoles as

inhibitors of neuronal NOS. Our results show that the
position 4 seems as important as the position 7 to confer
inhibitory properties against NOS activity. The impor-
tance of this position is further demonstrated by the po-
tency of the 4-nitro-substituted indazole to inhibit NOS
activity. The in vitro properties of these 4-substituted
compounds are associated with an in vivo efficiency, as
attested by potent antinociceptive effects following sys-
temic administration. These results open novel avenues
for a better understanding of the structure–activity rela-
tionships of the indazole derivatives as NOS inhibitors.
We currently aim to compare the interactions of
4-bromoindazole, 4-nitroindazole and 7-NI with the
enzyme NOS, by modelling studies and to investigate
their selectivity against the three isoforms on adapted
in vitro enzymatic assays.
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Abstract—Herein we explore some designs for nitro-aspirins, compounds potentially capable of releasing both aspirin and nitric
oxide in vivo. A series of nitrate-bearing alkyl esters of aspirin were prepared based on the choline ester template preferred by human
plasma butyrylcholinesterase. The degradation kinetics of the compounds were followed in human plasma solution. All compounds
underwent hydrolysis rapidly (t1/2 � 1 min) but generating exclusively the corresponding nitro-salicylate. The one exception, an
N-propyl, N-nitroxyethyl aminoethanol ester produced 9.2% aspirin in molar terms indicating that the nitro-aspirin objective is
probably achievable if due cognisance can be paid to the demands of the activating enzyme. Even at this low level of aspirin release,
this compound is the most successful nitro-aspirin reported to date in the key human plasma model.
� 2007 Elsevier Ltd. All rights reserved.

NO-NSAIDs are compounds in which a non-steroidal
anti-inflammatory drug is coupled to a nitric oxide
donating moiety through a spacer group, usually an
ester.1 They are also referred to as cyclo-oxygenase
(COX) inhibitory NO donors (CINODs).2 The original
pharmacological rationale for these compounds was
that nitric oxide has gastro-protective effects which
would ameliorate the gastrointestinal toxicity of the
NSAID. A general observation is that the nitric oxide
and COX-inhibitory partners exhibit synergy especially
in models of carcinogenesis.3,4


Aspirin is an obvious candidate for the NO-hybrid ap-
proach. It is gastro-toxic even at the low doses used in
cardio-protection while its antiplatelet effects are com-
plementary to those of NO.5 NCX-4016, the prototypi-
cal NO-aspirin, has shown promising effects in a variety
of cardiovascular disease models and in cancer.6,7 Alter-
native NO-aspirin hybrid designs include 1-(pyrrolidin-
1-yl) diazen-1-ium-1,2-diolates8 (e.g., 2), furoxans9,
and aspirin derivatives of isosorbide mononitrate.10


The actions of these compounds appear to be complex
and not easily explicable in simple terms of aspirin
and nitric oxide release. Indeed there is no evidence that
any of the compounds reported so far are capable of sig-
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nificant aspirin release in human tissue.9,11 In the case of
NCX-4016 irreversible cyclooxygenase inhibition is
reported to be mediated by the intact drug.12

The difficulty in designing aspirin ester prodrugs (with
or without an NO-donating capability) is that aspirin
already has an ester, its acetate, which becomes highly
labile in plasma when the carboxylic acid is converted
to an ester.13 The dominant esterase in human plasma,
butyrylcholinesterase (BuChE), is not efficient in the
hydrolysis of negatively charged substrates, but pro-
cesses neutral phenylacetates extremely rapidly.14 In
order to release aspirin in vivo, the carrier group
(bearing the NO-donor) must be detached at a faster
rate than the acetyl ester, whose hydrolysis the carrier
ester promotes. This conundrum was the focus of
numerous investigations at the simple prodrug level,
long before the prospect of an NO-aspirin emerged.
One of the very few successful solutions was the
design of glycolamide esters, which act as pseudo-
choline substrates for BuChE.13 The N,N-diethylglyco-
lamide of aspirin and its hydroxy-analogue (3) were
reported to undergo hydrolysis in dilute human
plasma releasing around 50% aspirin on a molar basis.
There have been reports of glycolamide esters of
NSAIDs,15,16 including one recent nitrate-bearing
glycolamide of naproxen,17 but the obvious promise
of this approach to the design of NO-aspirins does
not appear to have been evaluated.
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The purpose of this study was to determine if the pro-
ductive hydrolysis characteristics of the aspirin glycola-
mides could be maintained when the carrier group is
further substituted with an NO-donor, for example, 4.
Some related ethanolamine esters (5) as well as simple
nitrooxyalkyl esters were also tested as true aspirin
prodrugs, also potentially capable of releasing nitric
oxide.
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Simple nitroxyalkyl esters (8a–c) were prepared by stir-
ring acetylsalicoylchloride 6 with the appropriate
bromoalcohol in the presence of triethylamine followed
by Br-displacement using AgNO3 in acetonitrile.18 In
preparing the nitroglycolamide esters, the linking gly-
colic acid unit was introduced by esterification with ben-
zyl protected glycolic acid (12). The resulting ester 13
was deprotected and treated with oxalyl chloride to give
the acid chloride. The glycolamides 4a–d were generated
in the presence of the appropriate alkylamino nitrate.
The N-ethyl, N-hydroxyethylglycolamide ester of aspirin
(3), reported to release aspirin in human plasma solu-
tion,13 was prepared as a reference (Schemes 1 and 2).
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Scheme 1. Synthesis of simple nitroxyalkyl aspirin esters.
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Scheme 2. Synthesis of nitroxyglycolamides. Reagents: (a) CsCO3, MeOH/H


DCM; (f) RN(CH2)2ONO2, Et3N.

Four ethanolamine carrier groups were prepared
(Scheme 3). The appropriate N-alkyl amino ethanol
was nitrated using fuming nitric acid in DCM.19 The
resulting nitroxyalkylammonium salts were dissolved
in 7 M NaOH and alkylated using bromoethanol.20


Esterification of 10 with commercially available acetyl-
salicoyl chloride in the presence of triethylamine affor-
ded the mono- or di-nitrate esters (5a–d).

The various nitrate-esters were incubated in dilute hu-
man or rat plasma solution (pH 7.4, 37 �C) or in the
presence of horse serum BuChE in order to predict their
potential to act as prodrugs for aspirin in vivo. The
product profile was determined using an RPHPLC/
PDA method capable of discriminating between aspirin,
salicylic acid, the parent ester and its deacetylated
analogue-salicylate esters elute after aspirin esters in
RPHPLC and possess a distinctive absorbance at
296 nm. The disappearance of test compounds followed
pseudo first-order kinetics with half-lives (0.693/kobs) in
the range 20 s–5 min (Table 1). Vmax and Km values were
obtained by non-linear regression of the disappearance
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Scheme 3. Synthesis of ethanolamine nitrate substituted esters. Reagents and conditions: (a) HNO3, DCM, 0 �C then acetic anhydride;


(b) bromoethanol, 7 M NaOH, rt; (c) 6, Et3N, DCM.


Table 1. Kinetic parameters for nitroaspirin hydrolysis in plasma
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Progress curve for the hydrolysis of ester 5c in 
10% buffered human plasma (pH 7.4) at 37ºC: 
5c ( ), salicylate ester (x), aspirin ( ) and 
salicylic acid (o).


Compound Km,


·104 M


Vmax,


·104 M


kobs,


min


t1/2,


s


Aspirin


release (%)


8a 4.62 2.060 0.44 96 <0.5


8b 7.17 4.24 0.47 88 <0.5


8c 2.904 1.26 0.34 134 <0.5


4a 5.13 3.68 0.6 70 <0.5


4b 3.06 2.59 0.68 62 <0.5


4c 4.83 3.57 1.13 69 <0.5


4d 5.405 2.23 6.12 367 <0.5


5a 1.235 2.64 2.62 21 <0.5


5b 3.352 2.51 0.66 63 <0.5


5c 3.073 4.62 1.33 39 9.2


5d 12.82 7.8 0.63 67 <0.5
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data to the integrated Michaelis–Menten equation.21 In
the cases of all but one of the esters, deacetylation pre-
dominated over carrier group detachment with no aspi-
rin production. The hydrolysis was most rapid in the
case of the ethanolamine esters (5) with half-lives of a
minute or less. The most promising compound, the N-
propyl, N-nitroxy-ethyl aminoethyl ester 5c liberated
9–10% aspirin on a molar basis. Interestingly, this was
not the most rapidly hydrolysed ester, underlining the
fact that the relative rates of aspirin ester and acetyl ester
hydrolysis is what determines the extent of aspirin re-
lease. The experiment was repeated with similar results
when human plasma was replaced by purified horse ser-
um butyrylcholinesterase at about the same concentra-
tion as the enzyme is found in plasma. The hydrolysis
rate was also found to be dependent on esterase concen-
tration without any change in hydrolysis direction.

The hydrolysis pathways of the glycolamide esters (4a–
d) were both complex and unproductive. None of the
compounds produced more than 0.5% aspirin on a
molar basis in any of the solutions tested-aqueous pH
7.4 (37 �C), human or rat plasma solution or in solutions
containing purified horse BuChE. Meanwhile, the
unsubstituted N,N-diethylglycolamide ester liberated
around 60% aspirin in agreement with the report of
Bundgaard et al. Nitroxy-substitution of the N-alkyl
group therefore has a deleterious effect on hydrolysis
characteristics, promoting the usual acetyl group hydro-
lysis over aspirin liberation. This seems likely to be due
to differences in interaction orientation between the
carrier group and the BuChE active site. In human plas-
ma solution and in the presence of horse BuChE, initial
acetyl group hydrolysis was unexpectedly followed by
cleavage at the glycolamide bond, generating the gly-
colic acid ester of salicylic acid. In aqueous solution
(pH 7.4, 37 �C) the glycolamides underwent quite rapid
hydrolysis at the amide bond and acetyl groups in
parallel (t1/2 � 90 min). Since the unsubstituted glycola-
mides were reported to enjoy reasonable aqueous stabil-
ity by Bundgaard (and do not look especially unstable),
we are forced to conclude that the nitrate group pro-
motes hydrolysis of the neighbouring glycolamide bond.
Hydrolysis in rat plasma solution occurred rapidly and
exclusively at the acetyl site generating the glycolamide
esters of salicylic acid, with no evidence of glycolamide
hydrolysis over the time course of the experiment, indi-
cating that BuChE might have contributed to the glyco-
lamide hydrolysis in the other experiments.


The design of a NO-aspirin mutual prodrug or hybrid is
challenging. Our experiments indicate that ethanol-
amine esters hold some promise as a platform. The
design process needs to take account of plasma BuChE
because even if it that is not the intended vector for drug
release, it will make a very effective and destructive com-
petitor. A structure-based design approach employing
one of the excellent models of human BuChE22,23 might
be useful in that regard.
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Abstract—Selective bradykinin (BK) B1 receptor antagonists have been shown to be antinociceptive in animal models and could be
novel therapeutic agents for the treatment of pain and inflammation. Elucidation of the structure–activity relationships of the biphe-
nyl moiety of the lead compound 1 provided a potent new structural class of BK B1 receptor antagonists.
� 2007 Elsevier Ltd. All rights reserved.

CO2MeNH


O


CF3


NN


NH


O


CF3


CO Me

Bradykinin (BK) is an autacoid peptide produced by the
catalytic action of kallikrein enzymes on plasma and tis-
sue precursors termed kininogens. It plays an important
role in the pathophysiological processes accompanying
pain and inflammation. Its biological actions are medi-
ated by two known G-protein coupled receptors named
B1 and B2. The BK B2 receptor is constitutively
expressed in most cell types and evokes acute pain
responses following tissue injury, whereas the BK B1


receptor is induced during inflammatory insults or pain-
ful stimuli.1 In animal models, BK B1 receptor agonists,
such as des-Arg9-bradykinin (DABK) and des-Arg10-
kallidin (DAK), produce hyperalgesia, an effect that
can be blocked by peptide BK B1 receptor antagonists,
such as des-Arg9-Leu8-bradykinin (DALBK) and des-
Arg10-Leu9-kallidin (DALK).2 A study result from the
BK B1 receptor knockout mouse has implicated a role
for the BK B1 receptor in inflammation, algesia, and
neuropathic pain.3 In addition to the accepted periphe-
ral mode of action of the BK B1 receptor, the BK B1


receptor has also been accorded a central role on the ba-
sis of recent results which demonstrate that the BK B1
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receptor is constitutively expressed in the central ner-
vous system (CNS) of mice and rats.4 Accordingly,
selective and effective BK B1 receptor antagonists hold
promise as novel therapeutic agents for the treatment
of pain and inflammation.5


The current study was initiated with the previously re-
ported biphenyl diaminopyridine lead compound 1
(Scheme 1).6 This paper reports the revelation and
SAR study results of a structural alternative, 4-substi-
tuted phenyl cyclohexane (2), that exhibits excellent
binding affinity and good receptor occupancy in an
ex vivo receptor occupancy assay which has been
designed to determine the extent of CNS penetration
of compound.

2


N
H


N
H
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Scheme 1. Lead compound and replacement of biaryl phenyl core.
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Table 1. Binding affinities of select BK B1 antagonists


R1


N
H


N


NH


O


CF3


R2


R4


R3


Compound R1 R2 R3 R4 Ki
a (nM)


2 CO2Me H H H 1645


3 OAc H H H 1451


4 OH H H H 478


5 CN H H H 14


6 CN F H H 18


7 CN H F H 3.7


8 CN H H F 60


9 CN H CF3 H 24.5


10 CN H CO2Me H 49


11 CN F F H 2


12 CN H Cl Cl 30


13 CN Cl Cl H 4.9


14 CN Cl H H 3.7


15 CN OCF3 H H 3.6


16 CN CF3 H H 0.4


a Values represent the numerical average of at least two experiments.


Interassay variability was ±25%.
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Scheme 2.


Table 2. Ex vivo receptor occupancy study results of compound 17


Occupancy (%) Concn (nM)


0.06 mpk


Plasma — 24


Brain 19 <26


Spinal cord 3 <26


0.6 mpk


Plasma — 274


Brain 58 62


Spinal cord 50 35


6 mpk


Plasma — 3216


Brain 77 666


Spinal cord 84 468
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The central ring of the lead compound 1 can be replaced
with a number of alternative heterocycles and cycloalk-
yls.7 We found that the bis-substitution at the 4-position
of cyclohexane ring is well tolerated (analogue 2, Table
1).8 The methyl ester of compound 2 was replaced with
several other functional groups as shown in Table 1.
Replacement of the methyl ester with an amide,
hydroxymethyl, or 3-methyl-1,2,4-oxidiazole proved to
be ineffective (data not shown). However, replacement
of the ester with acetoxy yielded an equipotent com-
pound (3). Hydrolysis of the acetate derivative gave
the alcohol, 4, with a threefold binding affinity enhance-
ment. Replacement of hydroxyl to a cyano group im-
proved the binding affinity about 30-fold (compound
5). The importance of stereochemistry of the 4-substi-
tuted phenyl cyclohexane was also investigated with
the cis isomer (5) imparting greater potency (about
100-fold) than the trans isomer (data not shown).


With the potency enhancing cis cyano group at 4-posi-
tion, we then examined substitution on the phenyl ring.
The fluorine atom was used as a probe. Among the three
positions on the substituted phenyl ring, meta-fluoro
compound 7 showed fourfold improvements over the
lead compound 5. Other substituents were introduced
at the meta position, but with significant loss of potency
(compounds 9 and 10). Difluoro analogue 11 was
slightly more potent, but multiple chlorine substitution
on the phenyl ring did not increase the binding affinity
(compounds 12 and 13). Although the ortho-fluoro ana-
logue (6) was not as potent as meta-fluoro compound
(7), the ortho chlorine analogue, 14, was about fourfold
more potent than parent analogue 5 and equally potent
as compound 7. Further modification of the ortho

substituents led to the trifluoromethyl compound 16
with subnanomolar binding affinity. Compound 16
shows good functional antagonist potency in a Fluores-
cence Imaging Plate Reader assay (FLIPR) with an IC50


of 1.15 nM. Compound 16 was examined in a rat phar-
macokinetic experiment.9 However, it exhibits high plas-
ma clearance (37.7 mL/min/kg), a short half-life (0.8 h),
and poor bioavailability.


Incorporation of alternatives to the trifluoroethyl amide
side chains from the SAR study of the original series
into compound 16 led to a potent isoxazole analogue,
17, with a Ki of 0.6 nM (Scheme 2). Compound 17 dem-
onstrates excellent functional antagonist potency in a
FLIPR assay with an IC50 of 0.45 nM which is in accord
with the receptor binding affinity. Although compound
17 shows improvement versus 16 in terms of pharmaco-
kinetic parameters, it exhibits modest clearance (16.1
and 21.3 mL/min/kg) and short half-life (1 and 1.3 h)
in rat and dog, respectively.10


To determine the extent to which the compounds in this
series occupy the human BK B1 receptor, 17 was exam-
ined in an ex vivo receptor occupancy study in trans-
genic rats in which the human BK B1 receptor is
constitutively over-expressed.11 In this study, 17 showed
dose-dependent occupancy following iv infusion over
30 min (Table 2). At a dose of 6 mg/kg, compound 17
shows 77% and 84% of receptor occupancy in both brain
and spinal cord with concentrations of 666 and 468 nM,
respectively. These data suggest that this compound
penetrates the blood–brain barrier and occupies the
receptor in the CNS which is in accordance with the
finding that compound 17 is not a substrate for P-glyco-







CF3


CN


CF3


CN


O
CO2Me


CN


OMeMeO


O O


CF3
CF3


CN


O


CF3


CN


NO2


CN CF3


N
H


N


NO2


~ 6:1 cis  to trans


17


CF3


CN


NH2


CN CF3


N
H


N


NH


O


N
O


(I)
(II) (III)


(IV) (V) (VI)


a b c d


e f g


Scheme 3. Reagents and conditions: (a) methyl acrylate, Triton B, AcCN, reflux, 83%; (b) NaH, DME, reflux, 88%; (c) DMSO, NaCl, 150 �C, 61%;


(d) CH3NO2, ethylene diamine (cat.), reflux, 86%; (e) Raney Ni, H2, MeOH; (f) 2-chloro-3-nitro pyridine, TEA, THF, silica gel chromatography,


50% for two steps; (g) Raney Ni, H2, MeOH, then isoxazole-5-carbonyl chloride, 50% for two steps.


3008 D.-S. Su et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3006–3009

protein (P-gp) mediated efflux (MDR1, (B/A)/(A/B): 2.5,
Passive permeability (Papp): 36 · 10�6cm/s).12,13


Compound 17 was prepared according to the route
depicted in Scheme 3. All other compounds were syn-
thesized in an analogous fashion. Double Michael
reactions of commercially available benzoacetonitrile
with methyl acrylate afforded adduct I. Dieckmann
cyclization followed by decarboxylation of II yielded
cyclohexanone, III. Henry reaction and reduction of
the resulting vinyl nitro intermediate IV provided
the amine derivative (V) as a mixture of cis and trans
isomers (ratio: 6:1). Nucleophilic aromatic substitution
of 2-chloro-3-nitro pyridine by the amine (V) delivered
the desired aminopyridine compound. At this stage
the mixture of cis and trans isomers can be easily
separated by flash chromatography. Reduction of
nitro by hydrogenation and coupling with the isoxaz-
ole-5-carbonyl chloride provided the target compound
17.


In summary, we have successfully identified alternative
isosteres for the biphenyl moiety of the lead compound
1. The compounds disclosed in this paper represent a
new structural class of BK B1 receptor antagonists.
Compound 17 is an optimal member of the series to
emerge from this study and exhibits promising
ex vivo receptor occupancy in transgenic rats. Further
evaluation and modification of these compounds to im-
prove their pharmacokinetic properties are in progress.
The results from these studies will be disclosed in due
course.
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Abstract—The recombinant polyketide synthase thioesterase domains from the pimaricin and 6-deoxyerythronolide B biosynthetic
pathways catalyze hydrolysis of a number of simple N-acetylcysteamine thioester derivatives. This study demonstrates that thioes-
terases are not highly substrate selective in formation of the acyl-enzyme intermediate, in contrast to non-ribosomal peptide syn-
thase thioesterase domains that show very high specificity for substrate loading. This observation has important implications for
the engineering of biosynthetic pathways to produce polyketide products.
� 2007 Elsevier Ltd. All rights reserved.

Macrocyclic polyketides include numerous important
pharmaceutical agents such as the anticancer agent epo-
thilone and the antibiotic rifamycin. These natural prod-
ucts are produced by modular polyketide biosynthesis.1


Substantial effort has been undertaken to understand this
biosynthetic machinery with the hope that the enzymatic
pathways can be engineered to produce new, non-natural
polyketides for applications in drug discovery.2–4 A major
challenge in accomplishing this goal is the intrinsic sub-
strate specificity of the thioesterase catalytic domain. In
this study, we probe the substrate specificity of the thioes-
terase domains from the pimaricin5 (3) and 6-deoxy-
erythronolide (1) biosynthetic pathways.


Thioesterases are the final catalytic domains of modular
polyketide synthases. These enzymes cyclize the com-
pleted linear polyketide and cleave the polyketide, which
has been covalently linked to the enzyme, from the bio-
synthetic machinery. This allows turnover of the enzyme
system. Substrates that are not processed by the thioes-
terase domain remain attached to the enzyme, inhibiting
product formation.

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Linear acyl chains are macrocyclized by thioesterase do-
mains in a two-step process.6 The first step is acylation
of the thioesterase at an active-site serine residue to gen-
erate an acyl-enzyme intermediate. The second step is a
nucleophilic attack by an intramolecular nucleophile
resulting in cyclization and hydrolysis of the acyl-en-
zyme intermediate. In this study, we have focused on
understanding the specificity of substrate loading, which
is the first step of the mechanism.


The loading of a limited number of substrates onto two
thioesterase domains has been investigated.7–9 However,
the substrates examined did not entirely represent the
possible diversity observed in polyketide biosynthesis.
The two thioesterase domains studied, from the 6-
deoxyerythronolide and pikromycin biosynthetic path-
ways, produce very similar 14-membered macrolactones
(1 and 2, Fig. 1). Investigating thioesterases that pro-
duce structurally diverse macrocycles will give better in-
sight into thioesterase substrate specificity and help
identify residues in the substrate-binding pocket respon-
sible for specificity. We chose to examine the pimaricin
(3) thioesterase domain since its native substrate differed
in ring size, substitution pattern, and acyl-enzyme inter-
mediate electronics from 1 and 2.


The goals of this study included identifying similarities
in substrate specificity between multiple thioesterase do-
mains, correlating substrate specificity with substitution
and stereochemistry of the native substrate, and deter-
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mining if there is a correlation between enzyme activity
and substrate electronics. Our results show that the
loading step catalyzed by polyketide thioesterase do-
mains is not inherently highly substrate selective, but
that thioesterase domains do preferentially recognize
more native-like substrates. Additionally, we found that
electronics of the thioester substrate play a significant
role in enzyme activity.


A library of five substrates was selected to probe the
selectivity of the thioesterase domains. The substrates
chosen, 6, 7, 10, 12, and 14 (Fig. 2), had no accessible
intramolecular nucleophiles and therefore could not un-
dergo thioesterase-catalyzed cyclization. The thioester-
ase domains therefore could only catalyze hydrolysis
of the activated esters as shown in Figure 2. The sub-
strates differed in the oxidation state and stereochemis-
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Figure 1. Structures of 6-deoxyerythronolide B, narbonolide (the


precursor to pikromycin), and the pimaricin aglycon. The bonds


generated by the thioesterase domains are highlighted.
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Figure 2. Synthesis of substrates used to probe the substrate specificity of th

try at the a and b positions. The chemical diversity at
these centers is representative of the diversity generated
during polyketide biosynthesis (b-keto, b-hydroxy, a,b-
unsaturated and saturated thioesters), and represents
the diversity seen among native polyketide substrates.
All compounds were synthesized using standard tech-
niques and were purified to homogeneity, as measured
by 1H NMR spectroscopy.10–15


The excised recombinant thioesterase domains from the
pimaricin (pim TE) and 6-deoxyerythronolide B polyke-
tide synthases (debs TE) were over-expressed in Esche-
richia coli and isolated in high purity by affinity
chromatography.16 Steady state kinetic parameters were
determined for the thioesterase-catalyzed hydrolysis of
substrates 6, 7, 10, 12, and 14 by quantifying the produc-
tion of free thiol using Ellman’s reagent.7,8


Because of the limited solubility of the substrates and
the typically high Michaelis constants (KM),7,8 it was
not possible to determine the turnover rate (kcat) and
the KM independently. In most cases, the specificity con-
stant (kcat/KM) was determined, as this could be easily
measured at substrate concentrations below the dissoci-
ation constant where all substrates were sufficiently sol-
uble in the reaction buffer. In the case of substrate 10
with the 6-deoxyerythronolide thioesterase, the turnover
rate and dissociation constants were known.7,8 Using
our assay we determined kcat = 0.77 ± 0.06 min�1 and
KM = 3.6 ± 0.75 mM and our experimental values
agreed within the error with those previously reported
(kcat = 0.68 ± 0.16 min�1 and KM = 9.4 ± 4.5 mM).8


The specificity constants for the remaining substrates
with both the 6-deoxyerythronolide and pimaricin thio-
esterase domains were then determined (Table 1).


Both the 6-deoxyerythronolide B and pimaricin thioester-
ases accelerated the hydrolysis reactions. The background
hydrolytic rate for 7, 10, and 14 was 4.5 ± 0.9 ·
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Table 1. Specificity constants for the 6-deoxyerythronolide B (debs)


and pimaricin (pim) thioesterase domains with substrates 6, 7, 10, 12,


and 14


Substrate debs TE kcat/KM


(M�1 s�1)


pim TE kcat/KM


(M�1 s�1)


6 4.2 ± 0.4 nd


7 0.47 ± 0.06 0.04 ± 0.01


10 3.6 ± 1.4 0.02 ± 0.04


12 nd 1.3 ± 0.1


14 0.17 ± 0.01 0.24 ± 0.02
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10�6 min�1. This hydrolytic rate is comparable to rates
documented for other N-acetylcysteamine thioesters.17


Compounds 6 and 12 underwent faster background
hydrolysis with rates of k = 2.4 ± 0.4 · 10�5 min�1 and
k = 1.2 ± 0.2 · 10�5 min�1, respectively. This is due to
the conjugation between the thioesters and the a,b p sys-
tem, which lowers LUMO energy, increasing hydrolysis
rates. Assuming Michaelis constants in the range of 5–
50 mM, which is generally seen for polyketide synthase
thioesterases, a rate enhancement of 104–105 orders of
magnitude is seen for both enzymes. This is comparable
to the hydrolytic rate enhancement seen for epothilone
thioesterase domain.17


Our kinetic studies on the pimaricin and 6-deoxyerythr-
onolide B thioesterase domains provided insight into the
substrate specificity for the selected substrates. The
hydrolysis of substrates 6, 7, 10, and 14 by the 6-deoxy-
erythronolide B thioesterase and substrates 7, 10, 12,
and 14 by the pimaricin thioesterase domain shows that
the enzymes display limited substrate specificity. That is,
regardless of the functional groups and stereochemistry
present on the substrates the thioesterase can generate
the requisite acyl-enzyme intermediate. The only sub-
strates that were not hydrolyzed by the two thioesterase
domains were compound 12 with the 6-deoxyerythrono-
lide B thioesterase domain and compound 6 with the
pimaricin thioesterase domain. Due to the higher rate
of background hydrolysis of these two highly activated
thioester substrates, it is difficult to detect levels of thio-
esterase-catalyzed hydrolysis that were slower than the
background hydrolysis rate. It is therefore possible that
12 and 6 are also being hydrolyzed by the 6-deoxy-
erythronolide B and pimaricin thioesterases, respec-
tively, but hydrolysis was below the detection limit of
our assay. Development of an assay capable of discern-
ing hydrolytic rates below background hydrolysis is nec-
essary to confirm this hypothesis.


While it appears from the above data that most sub-
strates can be loaded onto polyketide synthase thioester-
ase domains, there is a hierarchy of preferred substrates.
In examining the specificity constants from 6-deoxy-
erythronolide B thioesterase-catalyzed hydrolysis, sub-
strates 6 and 10 are hydrolyzed with the greatest
efficiency. Substrate 10 has the same substitution pattern
and stereochemistry as the native substrate for the 6-
deoxyerythronolide B thioesterase domain. We there-
fore postulate that the thioesterase prefers the native
substitution pattern and stereochemistry at the a and b

carbons of the substrate. Substrate 6 however has a
slightly greater specificity constant than 10. This value
may be partially influenced by the 3-keto group in sub-
strate 6, which makes the thioester highly activated and
very prone to hydrolysis. Thus, the rapid hydrolysis of 6
does not represent preferred substrate recognition by the
enzyme but also reflects an increased lability of the thi-
oester bond.


Our hypothesis that the thioesterase prefers substrates
that have native-like substitution and stereochemistry
at the a and b carbons is supported by the data collected
for the pimaricin thioesterase domain. Substrate 12,
which best represents the a,b unsaturated thioester
found in the native pimaricin substrate, is hydrolyzed
with the highest specificity constant in this study.


We propose that it may be a common feature of polyke-
tide thioesterase domains that they are able to load most
thioesters to generate acyl-enzyme intermediates. This
observation is in contrast to non-ribosomal synthetase
(NRPS) thioesterase domains, which exhibit high levels
of substrate selectivity for the loading step of thioester-
ase-catalyzed chemistry.18–21 NRPS thioesterase do-
mains load linear peptides to generate peptidyl-enzyme
intermediates similar to polyketide synthase thioesterase
domains. Once the peptidyl-enzyme intermediate is
formed, the NRPS thioesterase domains can catalyze
hydrolysis and macrocyclization of a wide assortment
of synthetic peptides.22


The formation of the peptidyl-enzyme intermediate is
highly dependent upon the substitution of the thioester
activated amino acid of the linear peptide chain.
Replacement of the C-terminal amino acid residue in
the substrate for the surfactin thioesterase leads to com-
plete loss of hydrolytic and macrocyclization activity.19


Similarly, substitution of the C-terminal and penulti-
mate amino acid residues of the substrates for the tyro-
cidine20 and fengycin18 thioesterases leads to substantial
degradation of hydrolysis and macrocyclization rates.
These results suggest that recognition of C-terminal
functional groups is important in NRPS peptidyl-en-
zyme intermediate formation.


Our data suggest that polyketide synthase thioesterases
are less restrictive in substrate selection and loading.
This low substrate specificity has important implications
for the engineering of polyketide biosynthetic pathways
to produce non-natural products. Based on this study it
is highly likely that linear acyl chains produced by an
engineered polyketide synthase pathway will be loaded
onto the thioesterase domain forming the acyl-enzyme
intermediate. These intermediates are known to undergo
hydrolysis, especially if macrocyclization cannot take
place.23 This implies that linear free acids of the desired
non-natural compounds can be produced from engi-
neered systems without worrying about engineering the
specificity of the thioesterase domains. Additionally it
indicates that the brunt of the effort in thioesterase pro-
tein engineering should be aimed at understanding and
modulating the substrate specificity and selectivity of
the macrocyclization step.
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Abstract—The synthesis, biological activity, and pharmacokinetic profile of CCR1 antagonists are described.
� 2007 Elsevier Ltd. All rights reserved.

A number of published studies have demonstrated the
potential utility of CCR1 antagonists for the treatment
of human diseases including autoimmune disorders and
organ transplant rejection.1,2 We recently described
medicinal chemistry efforts that led to the identification
of the novel CCR1 antagonist CP-481,715 (1, see
Scheme 1).3–5 A Phase I study conducted with
CP-481,715 (1) in rheumatoid arthritis (RA) patients
provided the first clinical evidence that blockade of
CCR1 signaling could be a viable treatment for RA
as a significant reduction of monocyte infiltration into
synovial tissue was observed following 2 weeks of dos-
ing (300 mg TID · 14 days).6 However, these positive
findings were tempered by a subsequent Phase II clini-
cal trial wherein CP-481,715 (1) failed to demonstrate
clinical efficacy in RA patients following 6 weeks of
treatment.1 In addition, efficacy was not observed in
a Phase II clinical trial wherein patients with relapsing
remitting multiple sclerosis (RRMS) were administered
the Berlex/Schering AG CCR1 antagonist BX471 (2)
(600 mg TID · 16 weeks).7 In spite of these clinical
setbacks, CCR1 antagonism remains to be an attractive
approach for the treatment of a number of other
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human diseases. Herein, we describe efforts to identify
new CCR1 antagonists suitable for clinical evaluation.


A number of in-house and literature lead series were
evaluated for potential follow-up. The piperazine series
exemplified by BX471 (2), appeared to have the greatest
potential to produce compounds with the desired
attributes. BX471 (2) was reported to have excellent
intrinsic potency and was shown to be effective in a
variety of disease models while displaying little off-target
activity.8 Published pharmacokinetic studies conducted
with BX471 in dogs described good oral bioavailability
(�60%) and a moderate half-life of approximately
3 h.8 A human half-life of approximately 2.3 h has been
reported as well.9 We evaluated the in vitro metabolic
stability of BX471 (2) in liver microsome preparations
from a number of species, including rat, dog, monkey,
and human, to provide an understanding of metabolism
across species (see Table 1).10 Moderate to rapid metab-
olism was observed in all species, with the greatest
stability being observed in dog liver microsomes
(DLM). Metabolite identification studies conducted
with BX471 (2) following incubation in human liver
microsomes (HLM) suggested that N-debenzylation
contributed significantly to the moderate turnover
observed. The following describes our efforts to identify
potent, selective, piperazine-based CCR1 antagonists
with enhanced metabolic stability.
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Scheme 1. Reagents and conditions: (a) 2-butanone, K2CO3, KI, reflux; (b) R00 = CO2Et, (1) LAH, THF, 0 �C! reflux, (2) SOCl2, CH2Cl2,


(3) KCN, 18-C-6, CH3CN, rt, (4) KOH, H2O, reflux, (5) 48% HBr, reflux, (6) EtOH, HCl, rt; (c) R00 = H, (1) succinic anhydride, AlCl3, DCE, rt,


(2) EtOH, HCl, rt; (d) THF, methanol, H2O, LiOH hydrate, rt; (e) BOP, Hunig’s base, ethylenediamine, DMF; (f) (1) 5% PtO2 on carbon, 35 psi H2,


EtOH, rt, (2) 4-nitrophenylchloroformate, pyridine, CH2Cl2, rt, (3) ethylenediamine, MeOH, rt; (g) NH2SO2Me, EDCI, DMAP, NEt3, CH2Cl2; (h)


(1) NaBH4, MeOH, reflux, (2) SOCl2, CH2Cl2, (3) Na2SO3, EtOH, H2O, reflux.
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Compounds were prepared in a straightforward fashion
as described in Scheme 1. Phenols (4) were either com-
mercially available or prepared as described, then cou-
pled with a-chloroacetamide 311 to provide analogs 5a,
5b, 5e, 5g, 5j, and 5l. Further elaboration provided ana-
logs 5c, 5d, 5f, 5h, 5i, 5k, and 5m.


Two general strategies were employed to improve meta-
bolic stability. One relied on incorporating structural
changes to block metabolism, the other focused on
reducing molecular lipophilicity, and the latter approach
is the focus of discussion for this letter. Our strategy was
as follows: (1) determine the minimum pharmacophore
for the series (lowest molecular weight analog which
maintains significant intrinsic potency), (2) determine
which position(s) of the molecule are most amenable
to incorporation of polar functionality to drive down
molecular Clog D,12 and (3) evaluate the impact of re-
duced ClogD on metabolic stability, both in vitro and
in vivo. Compound 5a was settled on as the minimum
pharmacophore as removal of either the 4-F, 4-Cl or
2-piperazinyl methyl groups led to a substantial loss of
potency in binding and/or functional chemotaxis as-
says.13,14 The 2-phenoxy vector was determined to be
an appropriate area to explore with new analog genera-
tion as BX471 (2) incorporates a polar urea in this
position. Indeed, a wide variety of neutral, basic and
acidic substituents could be incorporated at this position
without sacrificing intrinsic potency. While neutral polar
groups (e.g., amides, sulfonamides, ureas, carbamates,
etc.) maintained acceptable potency, a variety of
ADME issues plagued this set, including poor
microsome stability and/or intestinal efflux.15 Therefore,
analogs incorporating neutral 2-phenoxy substituents
were not extensively pursued.

Incorporation of 2-phenoxy groups containing basic
amines efficiently reduced ClogD values relative to
BX471 (2), which generally translated to improved
microsomal stability. For example, the amino analogs
5d and 5f, which were potent in binding, functional
and human whole blood assays16 were found to be rea-
sonably stable in liver microsomes across a number of
species. Unfortunately, the improved microsomal stabil-
ity did not translate in vivo as 5d and related analogs
were found to undergo rapid clearance in rats following
iv dosing. The reason for the rapid plasma clearance was
not discerned, however, it may have been the result of
non-CYP450 mediated metabolism, drug transporter-
mediated clearance, and/or partitioning into red blood
cells. Compound 5d was also evaluated for selectivity
against a panel of receptors. While BX471 (2) has been
reported to exhibit excellent selectivity for the CCR1
receptor,8 5d showed measurable activity against several
targets (adrenergic, dopaminergic, and calcium channel)
suggesting that the incorporation of an additional basic
moiety had led to a significant erosion of selectivity.15


Zwitterionic compounds derived from incorporation of
acidic groups at the 2-phenoxy position were explored
as well. Benzoic acid 5c displayed moderate potency in
the receptor binding and chemotaxis assays. However,
whole blood activity was poor (>10 lM), most likely
due to extensive binding to plasma proteins (<1% un-
bound). As was the case for the amines described above,
incorporation of an acidic moiety significantly lowered
the Clog D leading, in general, to improved microsomal
stability. However, unlike the amines, zwitterion 5c dis-
played much improved pharmacokinetic behavior
in vivo, prompting us to focus our efforts on identifying
zwitterions with acceptable whole blood activity.







Table 1. Potency data and pharmacokinetic study results


Compound CCL3 binding


IC50 (lM)13
CCL3


chemotaxis


IC50 (lM)14


Human whole


blood IC50 (lM)16


aHLM RLM


DLM MLM


Cl10
b


ClogD at


pH 7.412
Species %F Clpb Vdss


(L/kg)


T1/2


(h)


1 0.048 0.066 0.22 5.0 1.9


38 Dog 48 13 1.2 1.5


11 Monkey 10 17 1.1 0.9


20


2 0.031 0.004 0.062 16 2.8 Rat 2 33 1.7 0.7


62 Dog NT 1.7 0.6 4.0


28 Monkey NT 8.9 0.6 0.8


42


5a 0.086 0.086 NT 14 3.7 NT NT NT NT NT


63


27


40


5c 0.059 0.068 > 10.00 4.7 0.9 Rat NT 2.4 2.4 14


20 Dog NT 0.2 0.2 11


11 Monkey NT 3.4 0.9 5.9


31


5d 0.030 0.003 0.007 5.9 1.0 Rat NT 184 7.7 1.0


22


25


36


5f 0.008 0.001 0.011 4.9 1.4 NT NT NT NT NT


24


11


18


5h 0.038 0.002 >10.00 4.7 0.3 Rat NT 5.2 3.2 3.7


25 Dog NT 0.4 0.3 11


11


18


5i 0.044 0.002 0.321 4.7 0.5 Rat 19 4.5 0.5 1.4


26 Dog 100 0.09 0.09 13


11 Monkey 24 1.2 0.2 1.2


18


5k 0.013 <0.0005 0.108 4.7 0.9 Rat 9 42 4.0 2.3


31 Dog 100 9.7 4.2 5.8


11


18


5m 0.023 0.003 0.39 4.7 �1.6 Rat 40 17 2.6 4.6


21 Dog 100 0.2 0.4 21


11 Monkey 19 51 2.1 1.1


18


NT, not tested.
a Human liver microsomes (HLM), rat liver microsomes (RLM), dog liver microsomes (DLM), monkey liver microsomes (MLM); units: mL/min/kg.
b Clp, plasma clearance (units: mL/min/kg).
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Homologation of the benzoic acid 5c provided benzylic
acid 5h. While this analog displayed similar potency to
5c in the receptor binding assay, 5h was approximately
30-fold more potent in the functional chemotaxis assay.
Similarly, acylsulfonamide 5i, keto acid 5k, and sulfonic
acid 5m were all found to exhibit low nanomolar func-
tional activity, and importantly, all demonstrated
acceptable whole blood activity and HLM stability.
Having identified compounds with appropriate potency
and microsome stability, follow-on pharmacokinetic
studies were performed. As was the case with benzoic
acid 5c, benzylic acid 5h and acylsulfonamide 5i demon-
strated improved in vivo clearance as compared to
BX471 (2) in the species evaluated. However, keto acid
5k demonstrated similar rat clearance and somewhat
greater dog clearance as compared to BX471 (2). Sul-
fonic acid 5m demonstrated low plasma clearance fol-

lowing iv dosing in dogs and rats, and good exposure
following oral dosing. However, rapid clearance was ob-
served in monkeys for 5m. The greater than predicted
clearance observed for 5k in dogs and rats and, 5m in
monkeys may have been due to a number of factors
including phase II metabolism and/or drug transporter
mediated clearance. Additionally, while amine 5d
described above demonstrated poor broad selectivity,
sulfonic acid 5m displayed excellent selectivity for the
CCR1 receptor.15


In summary, medicinal chemistry efforts to identify
piperazine analogs with improved metabolic stability
were described. While analogs incorporating amino
groups at the 2-phenoxy position suffered a number of
issues, including poor in vivo pharmacokinetics and sub-
optimal broad selectivity, several zwitterionic analogs
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demonstrated promising profiles. In general, com-
pounds described herein with Clog D values 62 pro-
vided in vitro human clearance values (Clb) at or near
the lower limit of the assay utilized.10 Additional studies
conducted with sulfonic acid 5m will be reported in due
course.
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Abstract—N-(Fatty acyl) O-aryloxyacetyl ethanolamines, prepared from N-acylethanolamine (NAE) and aryloxyacetic acid, were
tested for plant growth regulating activity. Compared with N-stearoylethanolamine, most compounds exhibit improved plant
growth stimulating activity. In particular, those with chlorine on aryl ring show better activity than 2,4-dichlorophenyloxyacetic acid
in stimulating hypocotyls elongation of rape which indicates that chlorine on aryl ring appears significant. Moreover, these deriv-
atives display improved solubility.
� 2007 Elsevier Ltd. All rights reserved.

N-Acylethanolamines (NAEs), a family of endogenous
fatty acid amides, are known in mammals since some
decades. They are proved to be an important bioactive
substance in microgram level existing in the animal cells
and play biochemical and pharmacological role.1 How-
ever, their widespread occurrence, metabolism, and
physiological significance in plants have only recently
begun to be appreciated.2 More investigation supported
the fact that NAEs play a lipid mediator role in plants
and are implicated as transducers in plant defense sig-
naling,2d,f,3 and at elevated levels, interfered with normal
seedling root development.4 The identification and ac-
tive metabolism of NAEs in these physiological situa-
tions supports the emerging concept that NAEs are
endogenous signaling compounds in plant systems.5


Furthermore, LPE(lysophosphatidylethanolamine),
capable of inhibiting plant PLD a (phospholipase a),
has a profound effect on the physiological symptoms
associated with postharvest senescence of flowers and
fruits6; however, NAE12:0 and NAE14:0 are at least a
100-fold more potent than LPE in inhibiting PLD a
activity, so these NAEs may found novel agrochemical
applications in the future.7,8 The applications of exoge-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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nous NAEs further confirmed the recognition of their
important role in plant.2f,9


Though the above reports are exciting, NAEs have very
low solubility in water and limited solubility in most
common organic solvents, which discourages further
study and application. It urges the molecular modifica-
tion of NAEs to improve the solubility, which has not
been reported to date. On the other hand, it is well
known that substituted aryloxyacetic acids exhibit high
plant growth regulating activity.10 Yet, sometimes they
induce unfavorable responses. For example, when
substituted aryloxyacetic acids were used to improve
fruit set, some suppression of leaf growth happened.10


The report that the ester of aryloxyacetic acids can not
only improve the translocatibility but also reduce the
extent of side effects encourages us to incorporate the
aryloxyacetic acid type regulator into NAEs. A series of
N-(fatty acyl) O-aryloxyacetyl ethanolamines were syn-
thesized and their bioactivity is reported here. The prep-
aration of title compounds followed the reaction
sequence depicted in Scheme 1.


Several NAE types have been identified in a variety of
plant species. These NAE types identified contain acyl
chains of 12-18C in length and up to three double
bonds, reflecting the typical acyl moieties prevalent in
higher plants.2a In terms of bioactivity, plants are partic-
ularly responsive to low concentration of medium chain
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saturated NAEs; whereas animal physiology is largely
regulated by low concentration of long chain polyunsat-
urated NAEs (e.g., NAE 20:4).5 In our work, four kinds
of NAEs, namely NAE12:0, NAE14:0, NAE16:0,
NAE18:0, were synthesized to incorporate into the
structure of several aryloxyacetic acids. NAE18:0 was
chosen to couple with five kinds of aryloxyacetic acids
to study the influence of substituent group on bioactiv-
ity. And the 2,4-dichlorophenoxyacetic acid (2,4-D)
was used to react with all synthesized NAEs to investi-
gate the bioactivity variety along with chain length.


NAEs were prepared by refluxing 1 mol of the fatty acid
with 1.5 mol of ethanolamine for 6 h in 60–90% yield.11


The products were purified by recrystallization from the
solution of trichloromethane and acetone instead of 95%
ethanol of Ref. 11. Aryloxyacetic acids were prepared
according to Ref. 12 and then transformed to the acid
chlorides by refluxing with SOCl2 for 5 h. NAEs, sus-
pended in CHCl3 in the presence of Et3N, were dissolved
gradually with the addition of the acid chlorides, which

Table 1. Solubility of some title compounds and parent NAEs


Compound n R Solubility (g)


CHCl3 EtOAc EtOH


NAE12:0 10 — 1.76 0.38 9.14


1j 10 2,4-2Cl 15.10 11.0 10.42


NAE18:0 16 — 0.16 0.03 0.34


1a 16 m-CH3O 7.76 2.67 1.99


1b 16 o-CH3 53.97 8.27 3.08


1e 16 p-Cl 4.37 1.54 1.88


1g 16 2,4-2Cl 10.22 3.54 1.03


Table 2. Plant growth regulating bioactivity in vitro


Compound n R Incr


Hypocotyls elongation of rape Cotyled


1a 16 m-CH3O �1.4 �0.1


1b 16 o-CH3 57.0 5.7


1c 16 p-CH3 38.7 9.8


1d 10 p-CH3 54.9 5.9


1e 16 p-Cl 71.8 6.3


1f 10 p-Cl 71.8 2.9


1g 16 2,4-2Cl 73.8 0.7


1h 14 2,4-2Cl 67.3 3.5


1i 12 2,4-2Cl 68.1 �0.1


1j 10 2,4-2Cl 69.0 4.0


NAE(18) 16 — 35.3 6.2


2,4-D — 2,4-2Cl 65.7 0.8

indicated the reaction happened and the products had
better solubility in CHCl3 than NAEs. After the usual
workup, title compounds 1 were obtained through the
purification by column chromatography. Structures of
title compounds were confirmed by elemental analyses
and 1H NMR.13


On the other hand, the solubility of title compounds and
NAEs was detected in CHCl3, EtOAc, and EtOH. The
solubility data of some title compounds with NAE12:0
and NAE18:0 are listed in Table 1. As compared with
respective NAE, title compounds show evident solubil-
ity improvement.


Since NAE was reported to prolong the shelf life of cut
flowers, delay deterioration and leaf drop, and extend
the overall appearance and quality of the plant cutting,9


title compounds were tested for their plant growth stim-
ulating activity in hypocotyls elongation of rape, cotyle-
don expansion of cucumber, and coleoptiles growth of
common wheat.14–16 The increase percent in these assays
over control samples with no regulator is listed in Table
2 and also are the data of NAE18:0 and the conven-
tional plant growth regulator 2,4-D for comparison.
Just like NAE18:0 and 2,4-D, title compounds exhibit
good stimulating effect on hypocotyls elongation of
rape. In hypocotyls elongation test, improved stimulat-
ing effect was observed for all title compounds except
compound 1a when compared with NAE18:0, and com-
pounds 1e–1j with different chain length and substituent
group even have better growth stimulating activity than
2,4-D. It is interesting to note that the hypocotyls elon-
gation of rape appears strongly associated with the sub-
stituent group on the benzene ring. The compounds with
substituent chlorine are obviously superior to those with
substituent methyl and methoxy group, which suggests
that chlorine on aryl ring appears significant. For exam-
ple, compound 1g has an increase percent of 73.8% in
stimulating hypocotyls elongation of rape, while the in-
crease percent of compound 1b is only 57.0%. However,
introduction of additional chlorine does not affect the
elongation of rape hypocotyls and the activity of
4-chloro-substituent 1e is comparable to that of 2,4-
dichloro-substituent 1g. In coleoptiles growth test of
common wheat, all title compounds also exhibit better
stimulating effect than NAE18:0 except compound 1b,

eased bioactivity (%, 10 mg/L)
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unfortunately, only compound 1c shows a little im-
proved stimulating activity in cotyledon expansion test
of cucumber. The change of fatty chain length seems
to have intricate effect on the bioactivity. Compound
1f has the same bioactivity in stimulating hypocotyls
elongation of rape as 1e, though there is a difference
of six methylenes in their fatty chain structure. But when
stimulating cotyledon expansion of cucumber and cole-
optile growth of common wheat, compounds with fatty
chain of 16 carbons and 12 carbons have better activity
than compounds with fatty chain of 18 carbons and 14
carbons.


In conclusion, a series of N-(fatty acyl) O-aryloxyacetyl
ethanolamines were synthesized by reaction of NAEs of
different chain length with substituted aryloxyacetic
acids. All new compounds have improved solubility.
The preliminary bioactivity data show that most of them
exhibit better plant growth stimulating effect than
NAE18:0, moreover, those with chlorine on benzene
ring have better stimulation of hypocotyls elongation
than conventional 2,4-D.
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14. Hypocotyls elongation test of rape. After soaking, the seeds
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tion of solvent, the filter paper was placed in 6-cm-
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compound solutions, and then ten seeds were added. The
seeds were cultured at 25 �C in dark. The length of
hypocotyls was measured after 3 days and compared with
those treated with distilled water to estimate the activity.
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15. Cotyledon expansion test of cucumber. After soaking,
the seeds were germinated in covered enamelware
containing 0.7% agar and cultured for 3 days in dark
at 26 �C, and then the cotyledons of similar magnitude
were chosen to use. Tested compounds were dissolved
in DMF and later dropped evenly on 6-cm-diameter
fitter paper. After air-volatilization of solvent, the filter
paper was placed in 6-cm-diameter glass utensil with
distilled water to give 10 mg/L compound solutions and
ten pieces of cotyledons were added. The cotyledons
were cultured in light (300Lux, 26 �C). After 3 days,
the total weight of cotyledon was measured and
compared with those treated with distilled water to
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16. Coleoptiles growth test of common wheat. After soaking,
the seeds were germinated in covered enamelware con-
taining 0.7% agar and cultured for 3 days in dark at 25 �C.
When the seedling grew to 2.5–3.0 cm tall, the first 3 mm
of coleoptile top was rejected. Coleoptile (5 mm) was
truncated and dunked in distilled water for 1 h to remove
endogenous hormone, then it was chopped into 10
segments. Tested compounds were dissolved in DMF
and later dropped evenly on 6-cm-diameter fitter paper.

After air-volatilization of solvent, the filter paper was
placed in 10 ml beaker with 0.01 mol/L phosphoric acid-
citric acid buffer solution (pH 5) containing 2% sucrose to
give 10 mg/L compound solutions and ten coleoptile
segments were added afterward. The coleoptiles were
cultured at 25 �C in dark for 18–20 h and then the length
of coleoptiles was measured and compared with those
treated without tested compounds to estimate the activity.
Two replicates were included in the evaluation.





		Synthesis of new plant growth regulator: N-(Fatty acid) O-aryloxyacetyl ethanolamine

		Acknowledgment

		Supplementary data

		References and notes








Bioorganic & Medicinal Chemistry Letters 17 (2007) 3187–3190

Formation of an enolate intermediate is required for the
reaction catalyzed by 3-hydroxyacyl-CoA dehydrogenase


Xiaojun Liu, Guisheng Deng, Xiusheng Chu, Nan Li, Long Wu and Ding Li*


Department of Biology and Chemistry, City University of Hong Kong, 83 Tat Chee Avenue, Kowloon, Hong Kong SAR, PR China


Received 2 January 2007; revised 6 March 2007; accepted 8 March 2007


Available online 12 March 2007

Abstract—Fluorinated substrate analogs were synthesized and incubated with rat liver 3-hydroxyacyl-CoA dehydrogenase, which
reveals that the formation of an enolate intermediate is required for the reaction catalyzed by the enzyme.
� 2007 Elsevier Ltd. All rights reserved.

Numerous diseases have been reported in relation to
fatty acids, such as cardiovascular disease,1 cancer2,
and diabetes.3 The degradation of saturated fatty acids
occurs in a sequence of four reactions referred to as
the b-oxidation cycle.4 Fatty acid oxidation in mito-
chondria is an essential energy generation system for
cells. The partial fatty acid oxidation (pFOX) inhibition
has been reported as a therapy for non-insulin depen-
dent diabetes mellitus (NIDDM) and chronic stable
angina.5 The third step of the mitochondrial b-oxidation
cycle is catalyzed by 3-hydroxyacyl-CoA dehydrogenase
(HAD; EC 1.1.1.35), a membrane-associated long chain
3-hydroxyacyl-CoA dehydrogenase (LCHAD), and
short chain 3-hydroxyacyl-CoA dehydrogenase
(SCHAD).6 SCHAD is also known as type 10 17b-
hydroxysteroid dehydrogenase (HSD10),7 which is a
potential target for intervention of Alzheimer’s disease
(AD), Parkinson’s disease (PD), infantile neurodegener-
ation, and other neural disorders.8 Therefore, mechanis-
tic studies of the reactions catalyzed by the HAD are
important not only for the understanding of this essen-

0960-894X/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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tial enzyme but also for the design of enzyme inhibitors
targeting above-mentioned diseases.


Rat HAD catalyzes the reversible oxidation of the hy-
droxyl group of 3-hydroxyacyl-CoA to a keto group,
concomitant with the reduction of NAD to NADH
(Fig. 1). The dimeric enzyme displays broad substrate
specificity, utilizing substrates with 4–16 carbons in the
acyl chain.9 The enzyme is a ‘B-side’-specific dehydroge-
nase with hydride transfer occurring on the si face of the
nicotinamide ring.10 The crystal structures have been
solved for the apoenzyme, binary complexes of the
enzyme with reduced cofactor or 3-hydroxybutyryl-
CoA substrate, and an abortive ternary complex of the
enzyme with NAD+ and acetoacetyl-CoA.11 Several res-
idues have been confirmed to play essential roles in the
function of the enzyme.12


In our previous study, we have cloned His-tagged rat
mitochondrial HAD, and purified both wild-type and
Ser137Ala variant proteins.12e In this study, we further
constructed Asn208Ala mutant plasmid, and the variant
protein was subsequently obtained through overexpres-
sion in E. coli BL21::DE3 and purification with nickel
metal affinity column chromatography. These wild-type
and variant proteins were used in this study for investi-
gating enzymatic reaction mechanism.


It has been noted that a charge transfer complex is
formed when incubating HAD with acetoacetyl-CoA
in a reverse reaction mixture, which shows a broad peak
centered in the 410–420 nm range in UV/vis spec-
trum.11a,12a The enolate species of acetoacetyl-CoA
serves as electron-donor, and NAD+ is suggested as
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R


OH


SCoA


O


R


OH


SCoA


O-


R


O-


SCoA


O-


H


NAD+


R


O


SCoA


O-


R


O-


SCoA


O


R


O


SCoA


O


Figure 3. Proposed mechanism for oxidation reaction catalyzed by


HAD.


R


OH


SCoA


O
+  NAD+


R


O


SCoA


O
+  NADH  +  H+


Figure 1. HAD catalyzes the reversible oxidoreduction reaction.


3188 X. Liu et al. / Bioorg. Med. Chem. Lett. 17 (2007) 3187–3190

the electron acceptor. The resultant negative charge on
O3 of the substrate is stabilized by interactions with
the side-chain amide of Asn208 and the hydroxyl group
of Ser137.


Interestingly, we found the charge transfer complex ex-
isted not only in the reverse reaction mixture, but also
in the forward reaction mixture when we incubated
HAD with 3-hydroxyacyl-CoA substrate and NAD+


cofactor. This suggests that the formation of an enolate
intermediate may be a prerequisite for the subsequent
oxidation reaction. In order to further study the mecha-
nism of HAD catalyzed reaction, we synthesized a vari-
ety of 3-hydroxyacyl-CoA substrate analogs with
fluorine substitution at carbon-2. The incubation studies
of HAD with these analogs were carried out, which gave
us interesting results.


3-Hydroxyoctanoyl-CoA (1), 2-fluoro-3-hydroxyocta-
noyl-CoA (2), and 2,2-difluoro-3-hydroxyoctanoyl-CoA
(3) were conveniently synthesized using Reformatsky
reaction followed by hydrolysis and coupling with
coenzyme A,13 as shown in Figure 2. These substrate
and analogs were incubated with HAD wild-type and
variant enzymes, and kinetic studies were carried out.
The results of kinetic studies are shown in Table 1.
3-Hydroxyoctanoyl-CoA (1) was still a substrate of
Asn208Ala variant enzyme with significantly decreased
Vmax value, while it was not a substrate of Ser137Ala
variant enzyme at all. This result indicated that both
Asn208 and Ser137 can stabilize the enolate intermedi-
ate of the forward reaction through interaction with O3

Table 1. Incubation of HAD with substrate and analogs


Compound Wild-type


KM Vmax KM


1 34.6 ± 13.9 10.5 ± 1.7 46.8 ± 7.


2 69.3 ± 16.1 1.04 ± 0.15 No dete


3 No detectable activity No dete


4 20.0 ± 0.8 21.8 ± 0.3 49.6 ± 16


5 46.8 ± 5.1 11.7 ± 0.7 44.9 ± 13


6 No detectable activity No dete

of the enolate intermediate. Ser137 may play more
significant role than Asn208, since Ser137Ala completely
prevented the formation of the enolate intermediate,
resulting in an inactive enzyme for 3-hydroxyoctanoyl-
CoA (1). 2-Fluoro-3-hydroxyoctanoyl-CoA (2) was still
a substrate of HAD wild-type enzyme with significantly
lower Vmax value. This may be because the deprotonation
at carbon-2 is stereospecific and only half of the analog
can be deprotonated at carbon-2 to form the enolate
intermediate. The strong electron-withdrawing property
of fluorine atom might also decrease the p orbital overlap
between carbon-2 and -3. 2-Fluoro-3-hydroxyoctanoyl-
CoA (2) is not a substrate for both variant enzymes,
which is then understandable because the enolate inter-
mediate cannot be stabilized by either Ser137 or Asn208
besides the effect of fluorine substitution at carbon-2 of
the analog. 2,2-Difluoro-3-hydroxyoctanoyl-CoA (3)
was no longer a substrate of the wild-type and variant
enzymes. Since compound 3 cannot form an enolate
intermediate, it supports that the formation of an enolate
intermediate may be a prerequisite for subsequent oxida-
tion reaction.


We hypothesized that the formation of an enolate inter-
mediate can facilitate the oxidation reaction through
formation of a more stable conjugated oxidation reac-
tion product, as shown in Figure 3. In order to test this
hypothesis, we synthesized 3-hydroxy-4-octenoyl-CoA
(4), 2-fluoro-3-hydroxy-4-octenoyl-CoA (5), and 2,2-
difluoro-3-hydroxy-4-octenoyl-CoA (6) using the same
synthetic strategy as that for the syntheses of com-
pounds 1–3 (Fig. 4).14 These substrate analogs were
incubated with HAD wild-type and variant enzymes,
and the results are shown in Table 1. Apparently, the
introduction of a double bond at carbon-4 of com-
pounds 4 and 5 increased the reaction rate for the wild
type enzyme. Compounds 4 and 5 became the substrates

N208A S137A


Vmax KM Vmax


4 0.28 ± 0.02 No detectable activity


ctable activity No detectable activity


ctable activity No detectable activity


.8 1.08 ± 0.18 53.2 ± 14.3 0.46 ± 0.06


.1 0.10 ± 0.01 55.7 ± 13.1 0.17 ± 0.02


ctable activity No detectable activity
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Figure 4. Organic syntheses of HAD substrate analogs.
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of the HAD variant enzymes, which indicates that the
loss of the stabilization of the enolate intermediate by
Ser137 or Asn208 can be partially compensated by the
introduction of a double bond at carbon-4. This result
supports that the formation of a more stable conjugated
oxidation reaction product can facilitate the oxidation
reaction. The result indicates the introduction of a dou-
ble bond at carbon-4 cannot compensate the complete
loss of the enolate intermediate, since compound 6 can-
not form an enolate intermediate and was not a sub-
strate of the enzyme. Further incubation studies
showed that compound 6 was a competitive inhibitor
of the wild-type and variant enzymes, which confirm
that it can bind with the enzyme active site although it
cannot be turned over into the product.


In summary, our results from the incubation of HAD
with the fluorinated substrate analogs strongly supports
that an enolate intermediate is present in the HAD cat-
alyzed forward reaction. The enolate can be effectively
stabilized by residues Ser137 and Asn208. This mecha-
nistic study of the HAD catalyzed reaction suggests that
enolate-like organic analogs may be effective inhibitors
of the HAD.


Since enolate intermediates have been found for the
reactions catalyzed by several other enzymes involved
in fatty acid oxidation such as acyl-CoA dehydrogenase,
enoyl-CoA hydratase, 2,4-dienoyl-CoA reductase,
enoyl-CoA isomerase, and dienoyl-CoA isomerase,15


the analogs of enolate intermediates may become multi-
functional enzyme inhibitors in fatty acid oxidation.
Inactivation of only one specific enzyme involved in
fatty acid oxidation can result in accumulation of the
substrate, which could generate various side effects.
The use of several enzyme inhibitors simultaneously tar-
geting several enzymes could produce side effect due to
drug interactions.16 Therefore, the better solution is to
use multifunctional enzyme inhibitors for partial inhibi-
tion of fatty acid oxidation in treating non-insulin
dependent diabetes mellitus (NIDDM) and chronic sta-
ble angina.


SCHAD is a multifunctional enzyme with its major
function as HAD in fatty acid oxidation, which has been
shown as a drug target for intervention of Alzheimer’s
disease (AD), Parkinson’s disease (PD), infantile neuro-
degeneration, and other neural disorders.7,8 Therefore,
this research may also shed light on the design of
enzyme inhibitors treating these important diseases.
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Abstract—A series of 4-chloro-2-cyanoamino-6-fluoroalkylamino-5-phenylpyrimidines was prepared as a result of our efforts to
modify a series of [1,2,4]triazolo[1,5-a]pyrimidines that proved to be potent anticancer agents with a unique mechanism of tubulin
inhibition. On the cyanoamino nitrogen, a methyl group is optimal for activity among alkyl groups introduced. The structure–activ-
ity relationship for the rest of the molecule resembles that of [1,2,4]triazolo[1,5-a]pyrimidines. A lead compound (5) retained in vitro
potency compared with TTI-237. In the mechanism of action studies, it behaved in the same manner as TTI-237. In addition, it is
also capable of overcoming multidrug resistance due to P-gp. These findings strongly suggest that this series of 2-cyanoaminopyr-
imidines binds at the same site and in the same binding mode as TTI-237. Further modifications of the 2-cyanoamino group are
underway.
� 2007 Elsevier Ltd. All rights reserved.

Antimitotic agents that disrupt microtubule dynamics
have attracted much interest in development of antican-
cer therapies.1 We recently reported a series of
[1,2,4]triazolo[1,5-a]pyrimidines as small, synthetic anti-
cancer agents with a unique mechanism of action in pro-
moting tubulin polymerization.2 This series of
compounds promotes tubulin polymerization in vitro,
but does not bind competitively with paclitaxel. The lead
compound of this series, TTI-237, is currently in Phase I
clinical trials. As a subsequent effort to modify the
[1,2,4]triazolo[1,5-a]pyrimidine core, we developed a
new series of compounds, 2-cyanoaminopyrimidines,
that retained in vitro potency and the unique mechanism
of action observed with [1,2,4]triazolo[1,5-a]pyrimidines.
We now report the synthesis, SAR, and mechanism of
action studies for this series of compounds (Schemes 1
and 2).
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Starting from 5-chloro-6-(2,4,6-trifluorophenyl)-N-(2,2,
2-trifluoroethyl)-[1,2,4]triazolo[1,5-a]pyrimidin-7-amine
1,2 treatment with 1 equivalent of sodium hydride in the
presence of an excess amount of iodomethane in DMSO
led to an isomeric mixture of mono-methylated com-
pounds.3 These isomers were separated and their struc-
tures were elucidated with extensive NMR studies.
One of the methylated compounds, N-[5-chloro-3-
methyl-6-(2,4,6-trifluorophenyl)[1,2,4]triazolo[1,5-a]pyr-
imidin-7(3H)-ylidene]-2,2,2-trifluoroethanamine (2), was
further treated with 1 equiv sodium hydride in DMSO. It
underwent a ring-opening reaction to afford 4-chloro-6-
[(2,2,2-trifluoroethyl)amino]-5-(2,4,6-trifluorophenyl)pyr-
imidin-2-yl(methyl)cyanamide (3a).4 Compounds 3b and
3c were prepared analogously, using iodoethane and allyl
bromide instead of iodomethane.


As in the case of [1,2,4]triazolo[1,5-a]pyrimidines,2 the
4-fluoro group can be replaced in the presence of the
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Scheme 1. Synthesis of 2-cyanoaminopyrimidines.
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Scheme 2. Replacement of the 4-fluoro group.
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2- and 6-fluoro groups. Thus, treatment of compound 3a
with amino alcohols, in the presence of sodium hydride in
DMSO, afforded compound 4 exclusively. Compound 5
was prepared analogously, using (1S)-2,2,2-trifluoro-1-
methylethylamine2 instead of 2,2,2-trifluoroethylamine.


These compounds were evaluated in the COLO 205
cytotoxicity assay,2 and their IC50 values are shown in
Table 1. Increasing the carbon chain length of the alkyl
group on the cyanoamino nitrogen led to decrease in po-
tency (3a vs 3b and 3c). The structure–activity relation-
ship for the rest of the molecule mimics that of
[1,2,4]triazolo[1,5-a]pyrimidines.2 Replacing the 4-fluoro
group with 3-dimethylaminopropoxy group resulted in a
4-fold increase in potency (3a vs 4a). A three-methylene
tether is optimal for activity. Compound 4b, with a two-
methylene tether, is much less potent. Compound 4c,
with a four-methylene tether, is less potent than 4a,
but more potent than 4b. A possible explanation of this
result is that with a flexible four-methylene tether, the
dimethylamino group in 4c can still manage to form

Table 1. Inhibition of COLO 205 cell proliferation by compounds 3–5
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Paclitaxel


Vincristine


a Determinations were made at 10 concentrations, in triplicate, and repeat v
b Tested as the HCl salt.

the interaction as in 4a. However, with a shorter two-
methylene tether, the dimethylamino group in 4b has a
much harder time to form the same interaction. Replac-
ing the achiral 2,2,2-trifluoroethylamino group with
(1S)-2,2,2-trifluoro-1-methylethylamino group provided
the best potency. The lead compound in this series (5)
is comparable to TTI-237 in terms of cellular potency.


Compound 5 was selected to evaluate its ability to over-
come resistance due to multidrug resistance (MDR) in
the KB lines.5 The results are shown in Table 2. Com-
pound 5 is comparable to TTI-237 in the sensitive KB
line and in the clinically more relevant KB 8.5 line. It
showed much lower levels of recognition by P-gp com-
pared with paclitaxel and vincristine.


Compound 5 shows a favorable profile as a pharmaceu-
tical agent. It has good water solubility (>100 lg/mL at
pH 7.4) and high microsomal stability (92% remaining
after incubation in nude mouse microsomes for
30 min). Mechanistic studies6 showed that compound 5
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Table 2. Inhibition of KB, KB 8.5, and KB V1 cell proliferation by


compound 5


Compound IC50
a (nM) Ratiob


KB KB 8.5 KB V1 KB 8.5 KB V1


5 24 59 82 2.5 3.5


TTI-237c 23 67 953 2.9 41.5


Paclitaxel 2.45 26 2013 11 822


Vincristine 2.2 58 2035 26 925


a Determinations were made at 10 concentrations, in duplicate, and


repeat values agreed, on average, within 10%.
b Ratio = IC50 on KB 8.5 or KB V1 cells/IC50 on KB cells.
c Tested as the HCl salt.
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behaved similarly to TTI-237. It promotes polymeriza-
tion of either MAP-rich tubulin or pure tubulin
in vitro. In tubulin binding studies,6 it competes with
[3H]vinblastine, but does not competes with [3H]colchi-
cine or [3H]paclitaxel. These findings, together with the
similarity observed in the SAR for the [1,2,4]triazolo-
[1,5-a]pyrimidine series and the 2-cyanoaminopyrimi-
dine series, strongly suggest that these two series of com-
pounds bind at the same binding site on tubulin and in
the same orientation.


The 2-cyanoaminopyrimidine series shows the potential
of 2-substituted pyrimidines to mimic the [1,2,4]triazolo-
[1,5-a]pyrimidine core in the TTI-237 series. We are fol-
lowing this lead by introducing various aryl and hetero-
aryl groups to the 2-position on the pyrimidine ring.


We have developed a series of 2-cyanoaminopyrimi-
dines7 as a result of our efforts to modify a series of
[1,2,4]triazolo[1,5-a]pyrimidines as anticancer agents.
The structure–activity relationship for this 2-cyanoami-
nopyrimidine series mimics that of the [1,2,4]triazolo-
[1,5-a]pyrimidine series. Compared with TTI-237, the
lead compound (5) retains in vitro activity and the capa-
bility to overcome multidrug resistance due to P-gp.
Mechanism of action studies showed that it behaved in
the same manner as TTI-237. These findings strongly
suggest that this series of 2-cyanoaminopyrimidines
binds at the same site and in the same binding mode

as TTI-237. Further modifications of the 2-cyanoamino
group are underway.
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