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Toward intrinsically fluorescent proteomimetics: Fluorescent probe
response to alpha helix structure of poly-c-benzyl-LL-glutamate
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Abstract—A fluorescent probe (1), developed for recognition of alpha helical secondary structure, shows a large fluorescence change
upon titration with the synthetic protein PBLG. Compared to fluorophores of similar size and shape, 1 displayed the smallest
dissociation constant (KD = 80 lM) when titrated with PBLG. These preliminary studies are directed toward developing small
molecule proteomimetics that have intrinsic fluorescence and are specific for helical-protein binding-sites.
� 2006 Elsevier Ltd. All rights reserved.

Currently, there is considerable interest in developing
molecular scaffolds that can effectively mimic protein
secondary structures. Because b-sheets and a-helices
mediate a myriad of protein-protein interactions, a num-
ber of small-molecule mimetics have been designed to
compete as sequence-selective bioactive analogs.1 As a-
helices comprise over 40% of polypeptide amino acids
in natural proteins, they represent the most common
protein secondary structure.2 Therefore, the potential
clinical applications for fluorescent biomarkers designed
to have a specific affinity for helical surfaces are far
reaching given the number of protein-protein interac-
tions involving a-helices.3 The development of such
small-molecule biomarkers would hold distinct advanta-
ges over current methods involving immunoassays
where antibody incubation time, cross-reactions, and
mixed epitope regions can hamper clinical findings.4


Recent findings from Hamilton’s group have highlighted
the use of terphenyl derivatives as structural and func-
tional mimics of extended regions of a-helices. Their
work demonstrated the similarities in structural motif
of tris-functionalized 3,2 0,200-terphenyls to the i, i + 3,
and i + 7 side chain residues along one face of the a-he-
lix.5–7 The critical interactions of a-helical side chains
compare well with the 3,2 0,200-substituents when the
terphenyl is in a staggered conformation with dihedral
angles of 68� between aromatic rings. Because the
terphenyl system absorbs at kmax of 260 nm and emits
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at kmax of 350 nm, its photophysical features lie within
the absorption and emission range of the proteins under
investigation.8 To derive binding affinity information
between the targeted helical peptide and the proteomi-
metic, fluorescent labeling of the peptide has provided
evidence via (1) fluorescence polarization using a fluo-
rescein-tagged protein to observe displacement of the
probe, or (2) titration of a terphenyl proteomimetic with
a dansylated heterodimer complexed with the targeted
helix.4,6 Both cases require modification of the native
protein.


To allow for direct observation of a proteomimetic’s
interaction with a protein surface, an intrinsically fluo-
rescent ter-aryl system would obviate the requirement
of protein labeling and potentially serve as a fluorescent
marker for optical detection of clinically important
proteins. An intrinsically fluorescent proteomimetic
removes additional fluorophores from the protein/prote-
omimetic interaction; a current problem in imaging
technology.9 Potential applications for probes with these
features are envisioned in the rapid detection of proteins
with exposed helical surfaces such as cardiac troponin I
released at the onset of cardiac arrest.4


N-Arylnaphthalimides represent a diverse class of fluo-
rescent compounds which bear a close structural resem-
blance to terphenyl compounds. Their photophysical
properties, in particular the fluorescence emission, have
been found to be very sensitive to substituent groups on
the naphthalene ring.10 As fluorescent biomarkers, such
features are especially useful in providing an optical
signal beyond the blue emission of autofluorescence.
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Figure 1. Structures 1–6, respectively, N-4,4 0-biphenyl-1,8-naphtha-


lenedicarboximide, N-1-(phthalimido)-N 0-4-(10,8 0-naphthalimido)ben-


zene, N-phenyl-1,8-naphthalene dicarboximide, p-terphenyl, biphenyl,


and Prodan.
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In addition, these compounds display large changes in
fluorescence intensity with solvents of different polarity.
In this regard, their photophysical properties resemble
Prodan, a widely used fluorescent probe for measuring
micropolarity.11 By extending the N-arylnaphthalimide
core to an N-biarylnaphthalimide platform, a prototype
for a terphenyl analog is conceived that is intrinsically
fluorescent and highly sensitive to solvent polarity.
Fluorescent probe 1 was readily prepared with 1,8-naph-
thalenedicarboxylic anhydride and 4-aminobiphenyl.�


Figure 1 indicates the structural similarities between p-
terphenyl and compound 1 along with structurally relat-
ed probes such as Prodan, N-phenyl-1,8-naphthalic car-
boximide, and biphenyl used in our initial study with a
helical peptide.


To assess the fluorescence response of these probes with
an a-helical secondary structure, the well-studied syn-
thetic polypeptide, poly-c-benzyl-LL-glutamate, was
selected for its rigid coil morphology and co-solubility
with probes 1–6 in ordinary organic solvents.12 PBLG
has attracted considerable attention as a building block
for the development of self-assembled materials.13 More
recently, such synthetic peptides have found use as bio-
foul-resistant polymers for medical devices.14 Terphenyl,
which when decorated with recognition groups repre-

� Mp 237 �C (dec); UV–vis kmax = 257 nm Emission = 415 nm, 1H


NMR (300 MHz, CDCl3) 8.66 (d, J = 7.93 Hz, 2H) 8.63 (d,


J = 4.12 Hz, 2H), 8.29 (t, J = 10.53 Hz, 2H) 7.92 (m, 4H), 7.64 (d,


J = 8.23 Hz, 2H), 7.43 (m, 3H). 13C (75 MHz, DMSO-d6 164.5,


161.1, 135.9, 135.3, 135.4, 133.1, 131.9, 131.4, 130.3, 128.1, 127.7,


125.9, 124.0, 123.1, 119.5. IR m/cm�1: 1733, 1364, 1229, 1216, 1204.


Anal. Calcd for C24H15NO2: C, 82.52%, H, 4.29%, N 4.01%. Found:


C, 82.41%, H, 4.28%, N, 3.83%.

sents the current aromatic scaffold for peptide recogni-
tion, displayed erratic change in its 300 nm
fluorescence (see Supplementary data) when titrated
with PBLG. Of the six systems used in our investigation,
Figure 2 shows dramatic quenching of the probe’s
420 nm emission upon titration of fluorescent probe 1
with PBLG (MW 20,000) solution in dichloromethane.
The emission spectrum of 1 is more highly structured
than the absorption spectrum indicating that the rings
become more coplanar in the excited state.8 In this case
as both synthetic protein and probe absorbed at 260 nm,
increased emission at 300 nm indicates higher concentra-
tions of the PBLG.


Following Benesi–Hildebrand analysis of this data set, a
KD value of 80 lM was obtained based on a 1:1 binding
isotherm (Table 1).15 In comparison, the other isomor-
phous probes 2 and 3 displayed smaller changes in their
fluorescence response. In case the biphenyl component
of 1 was responsible for the peptide recognition, 5 was
examined for its fluorescence response. Although 5 dis-
played more significant fluorescence quenching than
probes 2–4, its affinity for the synthetic protein was less
than 1 (KD = 130 lM) and its bluer emission at 300 nm
was less desirable. To assess the possibility that probe 1
is displaying changes solely due to environmental polar-
ity, Prodan, a well-known probe for micropolarity mea-
surements, was selected for titration with PBLG. Here,
only modest changes were observed with increasing
amounts of the synthetic peptide and indicate that probe
1’s ter-aryl morphology plays a role in protein
recognition.


In the present work, these fluorescent studies were limit-
ed to PBLG due to the solubility properties of the
probes under investigation. Attempts to include water-
soluble a-helical proteins such as polyleucine as well as
the non-helical polyisoleucine met with precipitation of
the fluorescent probe. Synthesis of water-soluble ver-
sions of the probe is currently underway. Nevertheless,
these in vitro studies on 1 should not preclude its poten-
tial value in biological systems as hydrophobic pockets
are commonly found features in protein-protein interac-
tions. The red-shifted emission (120 nm) of 1 relative to
5 indicates participation of the naphthalimide ring in the
photophysics as well as the fluorescence quenching upon
recognition of the helical secondary structure.


In short, this new fluorescent platform sets the stage for
additional luminescent proteomimetics of a-helical
structure. Despite dissociation constants in the micro-
molar region compared to Hamilton’s terphenyl systems
where nanomolar binding is observed, a preliminary
analysis of the data suggests that the shape and surface
area of 1 correlates well with the p–p stacking arrays
presented by the poly-c-benzyl-LL-glutamate. Future ver-
sions of this probe are planned that include recognition
components for the naphthalimide system along the 3 0


and 2 0 positions of the biphenyl for other biologically
relevant proteins. Such functionality should significantly
improve the KD values relative to the parent hydrocar-
bon system observed with compound 1. Finally, the
naphthalimide chromophore can be readily attenuated
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Figure 2. Stacked fluorescence spectra of N-4,4 0-biphenyl-1,8-naphthalenedicarboximide (1) at constant concentration of 10 lM with PBLG in


aliquots of 10 lM using kexc at 260 nm.


Table 1. Comparison of dissociation constants between PBLG and


fluorescent probes


Probe KD (lM)


1 80


2 230


5 130


Percent error for KD values is ±10%. Probes 3, 4, and 6 did not display


significant changes in fluorescence suitable for binding isotherm


analysis.
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(with substituents) to absorb at longer wavelengths
thereby removing protein autofluorescence from the
spectral window.
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Abstract—A simple, efficient, and new method has been developed for the synthesis of a-acetoxyphosphonates from aldehydes
through a one-pot reaction of aldehydes with diethylphosphite in the presence of acetic anhydride under solvent-free conditions
using magnesium oxide. This method is easy, rapid, and high yielding for the one-pot synthesis of a-acetoxyphosphonates from
aldehydes.
� 2006 Elsevier Ltd. All rights reserved.

Organophosphorus compounds have found a wide
range of application in the areas of industrial, agricul-
tural, and medicinal chemistry owing to their biological
and physical properties as well as their utility as synthet-
ic intermediates.1 a-Functionalized phosphonic acids are
valuable intermediates for the preparation of medicinal
compounds and synthetic intermediates.2–4 Among of
a-functional phosphonic acids, a-acetoxyphosphonates
and a-hydroxyphosphonates are an important class of
compounds that exhibit a variety of interesting and use-
ful properties. In recent years, the preparation of a-acet-
oxy and a-hydroxyphosphonates has attracted a great
deal of attention due to their potential biological activ-
ities with broad applications as enzyme inhibitors or
as dinucleotide analogues having antiviral properties.5


In addition, they are useful intermediates in the synthe-
sis of other phosphorus compounds.6 These compounds
may also be used as precursors for the synthesis of opti-
cally active a-hydroxyphosphonates.7 Indeed, a-acet-
oxyphosphonates are also used as precursors for the
synthesis of a variety of a-substituted phosphonates.
In contrast to the widely studied a-hydroxyphosphonic
acid derivatives,8–10 relatively few papers have been
reported on the chemistry of a-acetoxyphosphonates.5


Many effective methods for the preparation of

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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a-hydroxyphosphonates have been developed, but, to
the best of our knowledge, few synthetic routes to
a-acetoxyphosphonates have been reported. These
methods involve prolonged heating of acyl phosphates
with carbonyl compounds at 120 �C,11 direct acetylation
of a-hydroxyphosphonates with ketenes catalyzed by
BF3.OEt12 or H2SO4,13 and acetylation of a-hydrox-
yphosphonates with Ac2O or AcCl in the presence of
Et3N or pyridine as a base.5a,7,14 Recently, new methods
have been reported using copper triflate as a catalyst and
microwave irradiation for the preparation of a-acet-
oxyphosphonates from the reaction of a-hydroxy-
phosphonates with Ac2O.15 However, these methods
have problems, including harsh reaction conditions,
low yields, long reaction times, use of Lewis acids, and
side reactions. On the other hand in all methods, each
of the starting materials requires prior synthesis.
Surface-mediated solid-phase reactions are of growing
interest16 because of their advantages of ease of set up,
mild conditions, rapid reactions, selectivity, increased
yields of the products, and low cost compared with their
homogeneous counterpart. As part of our efforts to
explore the utility of solid-phase reactions for the syn-
thesis of organophosphorus compounds,17 we report a
new method for the one-pot synthesis of a-acet-
oxyphosphonates from the reaction of diethylphosphite
with aldehydes in the presence of Ac2O under solvent-
free conditions, using MgO as a solid phase producing
good to high yields of a-acetoxyphosphonates (Scheme 1,
Table 1).
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Table 1. Synthesis of a-acetoxyphosphonates from aldehydes using


MgO under solvent-free condition


Compound R Reaction time (h) Yielda (%), 2


1a C6H5– 2 90


1b p-CH3OC6H4– 2 86


1b p-CH3C6H4– 3 83


1c p-ClC6H4– 2 80


1d p-BrC6H4– 2 90


1c m-ClC6H4– 2 75


1d m-CH3OC6H4– 3 87


1e m-BrC6H4– 3 85


1f m-CH3C6H4– 3 81


1g o-ClC6H4– 2 83


1h o-CH3C6H4– 4 80


1i a-Naphthyl 3 65


1j b-Naphthyl 2 75


1k Ph–CH@CH– 3 72


a Isolated yields.


R C


O


H H P(OEt)2


O


Ac2O
MgO


R
H
C


OAc


P(OEt)2


O


+ +


1 2


2-4 h


Scheme 1.
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As shown in Scheme 1 and Table 1, the reaction of a
mixture of diethylphosphite and aromatic aldehydes
(1a–1h) with Ac2O under solvent-free condition using
MgO afforded the desired products in high yields
(2a–2h). Naphthalene carbaldehydes as polynuclear
aldehydes also reacted with diethylphosphite in the
presence of Ac2O using MgO, to give the desired com-
pounds in high yields (2i and 2j). Cinnamaldehyde
(1k) also reacted to give the desired compound 2k in
good yield.


In all the reactions we have reported in this paper
cleavage of C–P bond of the phosphonates was not
detected and the conversion of the substrates to their
corresponding acetyloxy compounds was clean.
Work-up of the reaction mixture is very easy and
gives highly pure products, which do not need further
purification.18


In summary, in this paper, we have described a simple
procedure for the high yielding synthesis of a variety
of diethyl a-acetoxyphosphonates by one-pot reaction
of aldehydes with diethylphosphite in the presence of
acetic anhydride using magnesia. Simple work-up,
solvent-free condition, fast reaction rates, mild reac-
tion conditions, good to high yields, and the clean
reactions with no tar formation make this method
an attractive and a useful contribution to present
methodologies.
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18. This solvent-free reaction is operationally simple. Magne-
sium oxide (1 g) was added to a stirred mixture of
diethylphosphite (0.01 mol) and aldehyde (0.01 mol) at
room temperature. Acetic anhydride (0.03 mol) was added
to this mixture which was then stirred for 2–4 h at room
temperature. The mixture was washed with ethyl acetate
(4· 50 mL), dried with CaCl2, and the solvent evaporated
to give crude product. Chromatography on silica gel with
EtOAc/n-hexane (3:7) and evaporation of the solvent
under reduced pressure gave the pure products in 65–90%
yields. All the products gave satisfactory spectral data in
accordance with the assigned structures. Diethyl 1-acet-
oxyphenylmethylphosphonate (2a).15 Colorless oil; 1H
NMR (CDCl3/TMS—250 MHz): 1.13–1.32 (6H, m), 2.09
(3H, d, J = 2 Hz), 3.75–4.10 (4H, m), 6.06 (1H, d,
J = 13.5 Hz), 7.21–7.43 (5H, m). 31P NMR (CDCl3/
H3PO4—101.2 MHz):17.82 ppm; 13C NMR (CDCl3/
TMS—62.9 MHz):16.2 (d, JPC = 6.3 Hz), 16.3 (d,
JPC = 6.3 Hz), 20.8, 63.1–63.3, 67.6 (d, JPC = 169.8 Hz),
127.8 (d, JPC = 5.7 Hz), 128.4 (d, JPC = 2.5 Hz), 128.6 (d,
JPC = 2.5 Hz), 133.4 (d, JPC = 1.9 Hz), 169.3 (d,
JPC = 9.0 Hz). Diethyl 1-acetoxy(4-methoxyphenyl)methyl
phosphonate (2b).15 Colorless oil; 1H NMR (CDCl3/
TMS—250 MHz): 1.13–1.22 (6H, m), 2.09 (3H, d,
J = 1.2 Hz), 3.77 (3H, d, J = 1.5 Hz), 3.85–4.15 (4H, m),
6.05 (1H, d, J = 13.0 Hz), 6.86 (2H, d, J = 7.7 Hz), 7.41
(2H, d, J = 7.7 Hz). 31P NMR (CDCl3/H3PO4—
101.2 MHz):18.22 ppm; 13C NMR (CDCl3/TMS—
62.9 MHz):16.2 (d, JPC = 5.8 Hz), 16.4 (d, JPC = 5.7 Hz),
20.9, 55.2, 63.1–63.3, 70.0 (d, JPC = 172.7 Hz), 113.9 (d,
JPC = 1.8 Hz), 125.4 (d, JPC = 1.8 Hz), 129.5 (d,
JPC = 6.1 Hz), 159.9 (d, JPC = 2.5 Hz), 169.3 (d,
JPC = 9.1 Hz). Diethyl 1-acetoxy(4-methylphenyl)methyl
phosphonate (2c).15 Colorless oil; 1H NMR (CDCl3/
TMS—250 MHz): 1.15–1.30 (6H, m), 2.14 (3H, s), 2.32
(3H, s), 3.85–4.15 (4H, m), 6.09 (1H, d, J = 13.2 Hz), 7.16
(2H, d, J = 8.0 Hz), 7.38 (2H, d, J = 8.0 Hz). 31P NMR
(CDCl3/H3PO4—101.2 MHz):18.09 ppm; 13C NMR
(CDCl3/TMS—62.9 MHz):16.2 (d, JPC = 5.8 Hz), 16.4 (d,
JPC = 5.7 Hz), 20.9, 21.2, 63.2 (d, JPC = 6.8 Hz), 70.3 (d,
JPC = 171.0 Hz), 127.9 (d, JPC = 6.0 Hz), 129.1 (d,
JPC = 2.1 Hz), 130.4 (d, JPC = 2.0 Hz), 138.6 (d,
JPC = 3.0 Hz), 169.3 (d, JPC = 9.0 Hz). Diethyl 1-acet-
oxy(4-chlorophenyl)methyl phosphonate (2d).15 Colorless
oil; 1H NMR (CDCl3/TMS—250 MHz): 1.13–1.30 (6 H,
m), 2.13 (3H, s), 3.85–4.18 (4H, m), 6.05 (1H, d,
J = 13.7 Hz), 7.30 (2H, d, J = 8.5 Hz), 7.39 (2H, d,
J = 8.5 Hz). 31P NMR (CDCl3/H3PO4—
101.2 MHz):17.20 ppm; 13C NMR (CDCl3/TMS—
62.9 MHz):16.2 (d, JPC = 6.3 Hz), 16.3 (d, JPC = 6.3 Hz),
20.6, 63.2–63.3, 69.8 (d, JPC = 171.1 Hz), 128.6 (d,
JPC = 1.9 Hz), 129.2 (d, JPC = 5.7 Hz), 132.2 (d,
JPC = 1.9 Hz), 134.6 (d, JPC = 3.1 Hz), 168.9 (d,
JPC = 8.8 Hz). Diethyl 1-acetoxy(4-bromophenyl)methyl
phosphonate (2e). Colorless oil; 1H NMR (CDCl3/
TMS—250 MHz): 1.15–1.30 (6H, m), 2.15 (3H, s), 3.80–
4.08 (4H, m), 6.03 (1H, d, J = 13.7 Hz), 7.33 (2H, d,
J = 8.2 Hz), 7.47 (2H, d, J = 8.2 Hz). 31P NMR (CDCl3/
H3PO4—101.2 MHz):17.15 ppm; 13C NMR (CDCl3/
TMS—62.9 MHz):16.3 (d, JPC = 6.3 Hz), 16.4 (d,

JPC = 6.3 Hz), 20.8, 63.3–63.4, 69.8 (d, JPC = 170.6 Hz),
122.9 (d,JPC = 3.6 Hz), 129.5 (d, JPC = 5.8 Hz), 131.6 (d,
JPC = 2.1 Hz), 132.6 (d, JPC = 2.0 Hz), 169.2 (d,
JPC = 9.0 Hz). Anal. Calcd for C13H18BrO5P: C, 42.74;
H, 4.93. Found: C, 42.8; H, 5.1. Diethyl 1-acetoxy(3-
chlorophenyl)methyl phosphonate (2f).15 Colorless oil; 1H
NMR (CDCl3/TMS—250 MHz): 1.10–1.25 (6H, m), 2.10
(3H, s), 3.85–4.18 (4H, m), 6.05 (1H, d, J = 14.0 Hz), 7.15–
7.45 (4H, m). 31P NMR (CDCl3/H3PO4—101.2 MHz):
16.92 ppm; 13C NMR (CDCl3/TMS—62.9 MHz): 16.1 (d,
JPC = 5.6 Hz), 16.2 (d, JPC = 5.6 Hz), 20.6, 63.2 (d,
JPC = 6.3 Hz), 63.3 (d, JPC = 6.3 Hz), 69.8 (d,
JPC = 169.8 Hz), 125.9 (d, JPC = 5.6 Hz), 127.7 (d,
JPC = 5.7 Hz), 128.7 (d, JPC = 2.5 Hz), 129.6, 134.3,
135.6, 168.9 (d, JPC = 8.2 Hz). Diethyl 1-acetoxy(3-meth-
oxyphenyl)methyl phosphonate (2g).7b Colorless oil; 1H
NMR (CDCl3/TMS—250 MHz): 1.15–1.29 (6H, m), 2.14
(3H,s), 3.78 (3H, d, J = 1.5 Hz), 3.85–4.15 (4H, m), 6.07
(1H, d, J = 13.7 Hz), 6.78–7.28 (4H, m). 31P NMR
(CDCl3/H3PO4—101.2 MHz): 17.76 ppm; 13C NMR
(CDCl3/TMS—62.9 MHz): 16.2 (d, JPC = 5.8 Hz), 16.4
(d, JPC = 5.9 Hz), 20.9, 55.2, 63.3 (d, JPC = 5.9 Hz), 70.3
(d, JPC = 170.1 Hz), 113.1 (d, JPC = 5.5 Hz), 114.3 (d,
JPC = 2.7 Hz), 120.1 (d, JPC = 5.8 Hz), 129.5, 134.8, 159.5,
169.2 (d, JPC = 9.1 Hz). Diethyl 1-acetoxy(3-bromophe-
nyl)methyl phosphonate (2h). Colorless oil; 1H NMR
(CDCl3/TMS—250 MHz): 1.10–1.25 (6H, m), 2.10 (2H, d,
J = 2.2 Hz), 3.85–4.18 (4H, m), 6.03 (1H, d, J = 13.7 Hz),
7.10–7.58 (4H, m). 31P NMR (CDCl3/H3PO4—
101.2 MHz):17.03 ppm; 13C NMR (CDCl3/TMS—
62.9 MHz):16.1 (d, JPC = 5.7 Hz), 16.2 (d, JPC = 5.7 Hz),
20.6, 63.2 (d, JPC = 7.0 Hz), 63.3 (d, JPC = 7.0 Hz), 69.4 (d,
JPC = 169.8 Hz), 122.2 (d, JPC = 2.5 Hz), 126.3 (d,
JPC = 5.0 Hz), 129.8 (d, JPC = 1.9 Hz), 130.4 (d,
JPC = 5.7 Hz), 131.5 (d, JPC = 2.5 Hz), 135.6 (d,
JPC = 1.9 Hz), 168.8 (d, JPC = 8.8 Hz). Anal. Calcd for
C13H18BrO5P: C, 42.74; H, 4.93. Found:C, 42.6; H, 5.1.
Diethyl 1-acetoxy(3-methylphenyl)methyl phosphonate
(2i). Colorless oil; 1H NMR (CDCl3/TMS—250 MHz):
1.15–1.30 (6H, m), 2.16 (3H, s), 2.34 (3H, s), 3.85–4.15
(4H, m), 6.09 (1H, d, J = 13.2 Hz), 7.10–7.45 (4H, m). 31P
NMR (CDCl3/H3PO4—101.2 MHz):18.00 ppm; 13C
NMR (CDCl3/TMS—62.9 MHz):16.2 (d, JPC = 5.9 Hz),
16.4 (d, JPC = 5.9 Hz), 20.9, 21.4, 63.1–63.3, 70.5 (d,
JPC = 170.1 Hz), 124.9 (d, JPC = 5.8 Hz), 128.3 (d,
JPC = 2.2 Hz), 128.5 (d, JPC = 5.9 Hz), 129.5 (d,
JPC = 2.8 Hz), 133.3, 138.1, 169.3 (d, JPC = 8.9 Hz). Anal.
Calcd for C14H21O5P: C, 56.00; H, 7.00. Found:C, 56.2;
H, 7.2. Diethyl 1-acetoxy(2-chlorophenyl)methyl phos-
phonate (2j).15 Colorless oil; 1H NMR (CDCl3/TMS—
250 MHz): 1.15 (3H, t, J = 7.0 Hz), 1.28 (3H, t,
J = 7.0 Hz), 2.12 (3H, s), 3.80–4.21 (4H, m), 6.58 (1H, d,
J = 13.8 Hz), 7.15–7.65 (4H, m). 31P NMR (CDCl3/
H3PO4—101.2 MHz):17.24 ppm; 13C NMR (CDCl3/
TMS—62.9 MHz):16.2 (d, JPC = 5.7 Hz), 16.3 (d,
JPC = 5.7 Hz), 20.7, 63.2 (d, JPC = 6.6 Hz), 66.8 (d,
JPC = 172.3 Hz), 127.0, 129.4, 129.6 (d, JPC = 3.8 Hz),
129.8 (d, JPC = 2.8 Hz), 131.9, 133.6 (d, JPC = 7.9 Hz),
168.9 (d, JPC = 9.6 Hz). Diethyl 1-acetoxy(2-methylphe-
nyl)methyl phosphonate (2k).7b Colorless oil; 1H NMR
(CDCl3/TMS—250 MHz): 1.10–1.35 (6H, m), 2.14 (3H, s),
2.48 (3H, s), 3.85–4.18 (4H, m), 6.36 (1H, d, J = 13.7 Hz),
7.10–7.65 (4H, m). 31P NMR (CDCl3/H3PO4—
101.2 MHz): 18.58 ppm; 13C NMR (CDCl3/TMS—
62.9 MHz): 16.2 (d, JPC = 5.6 Hz), 16.4 (d, JPC = 5.6 Hz),
19.6, 20.92, 63.2 (d, JPC = 6.9 Hz), 67.0 (d,
JPC = 171.7 Hz), 126.2, 128.1 (d, JPC = 4.4 Hz),
128.6130.3, 132.1, 136.7 (d, JPC = 7.5 Hz), 169.3 (d,
JPC = 10.0 Hz). Diethyl 1-acetoxy(1-naphthyl)methyl
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phosphonate (2l).15 Colorless oil; 1H NMR (CDCl3/
TMS—250 MHz): 0.95 (3H, t, J = 7.0 Hz), 1.15 (3H, t,
J = 7.0 Hz), 2.10 (3H, s), 3.58–4.21 (4H, m), 6.94 (1H, d,
J = 14.2 Hz), 7.35–8.0 (6H, m), 8.22 (1H, d, J = 8.5 Hz).
31P NMR (CDCl3/H3PO4—101.2 MHz): 18.13 ppm; 13C
NMR (CDCl3/TMS—62.9 MHz): 16.1 (d, JPC = 5.6 Hz),
16.3 (d, JPC = 5.6 Hz), 20.8, 63.2 (d, JPC = 6.6 Hz), 67.1 (d,
JPC = 172.0 Hz), 123.7, 125.2 (d, JPC = 3.8 Hz), 125.8,
126.5, 126.7 (d, JPC = 5.9 Hz), 128.6, 129.4, 129.7, 133.6
(d, JPC = 5.5 Hz), 133.6, 169.2 (d, JPC = 9.0 Hz). Diethyl
1-acetoxy(2-naphthyl)methyl phosphonate (2l).15,7b


Colorless oil; 1H NMR (CDCl3/TMS—250 MHz): 1.10
(3H, t, J = 7.0 Hz), 1.17 (3H, t, J = 7.0 Hz), 2.10 (3H, s),
3.75–4.15 (4H, m), 6.28 (1H, d, J = 13.7 Hz), 7.30–7.95
(7H, m). 31P NMR (CDCl3/H3PO4—101.2 MHz):
17.82 ppm; 13C NMR (CDCl3/TMS—62.9 MHz): 16.2

(d, JPC = 5.7 Hz), 16.3 (d, JPC = 5.7 Hz), 20.8, 63.2–63.3,
70.5 (d, JPC = 169.8 Hz), 125.2 (d, JPC = 4.4 Hz), 126.3,
126.5, 127.3 (d, JPC = 7.5 Hz), 127.6, 128.1, 128.2 (d,
JPC = 1.9 Hz), 130.9 (d, JPC = 2.5 Hz), 132.9 (d,
JPC = 2.5 Hz), 133.2 (d, JPC = 2.5 Hz), 169.2 (d,
JPC = 8.8 Hz). Diethyl 1-acetoxy(2-phenylethenyl)methyl
phosphonate (2j).15 Colorless oil; 1H NMR (CDCl3/
TMS—250 MHz): 1.15–1.35 (6H, m), 2.11 (3H, s), 3.95–
4.30 (4H, m), 5.80 (1H, ddd, J = 1.0, J = 7.2 and
J = 14.0 Hz), 6.10–6.25 (1H, m), 6.58 (1H, dd, J = 3.5
and J = 15.7 Hz), 7.15–7.45 (5H, m). 31P NMR (CDCl3/
H3PO4—101.2 MHz): 6.72 ppm; 13C NMR (CDCl3/
TMS—62.9 MHz): 16.2–16.3, 20.8, 63.1–63.4, 69.2 (d,
JPC = 171.4 Hz), 120.1 (d, JPC = 4.5 Hz) 126.7 (d,
JPC = 1.3 Hz), 128.6, 135.0, 135.6 (d, JPC = 2.8 Hz),
169.2 (d, JPC = 7.9 Hz).
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Abstract—The novel fibrinogen receptor antagonists containing fragments of 7-amino-1,2,3,4-tetrahydroisoquinoline and isophtha-
lic acids were synthesized and successfully tested for their ability to inhibit platelet aggregation in vitro and to block FITC-Fg bind-
ing to aIIbb3 on washed human platelets.
� 2006 Elsevier Ltd. All rights reserved.

One of the main causes of myocardial infarction, stroke,
peripheral ischemia, and paralysis is the process of
thrombus formation.1 Anticoagulants, fibrinolytics,
and antiaggregants are used for the therapeutic treat-
ment of thrombotic events. Fibrinogen receptor antago-
nists are the most interesting objects as antiaggregants.2


Formation of the supramolecular complexes of fibrino-
gen with its receptor (aIIbb3 integrin) leads to platelet
aggregation. Tripeptide fragment—RGD (Arg-
Gly-Asp) is responsible for this process.2 Binding of
fibrinogen to aIIbb3 may be blocked by various RGD
containing peptides. Consequently, RGD sequence has
become a base for the design of new aIIbb3 antagonists,
platelet aggregation inhibitors. Antagonists of aIIbb3


receptor are represented by monoclonal antibodies,
RGDF and RGDS containing peptides, RGD
mimetics.3 RGDF mimetics receive a great interest from
investigators as promising synthetic aIIbb3 antagonists
which may be obtained relatively easily.


It is considered4 that RGDF mimetics should incorpo-
rate both basic and acidic binding centers for the effec-
tive interaction with aIIbb3 receptor. The presence of
hydrophobic fragment in the linker which connects these
basic and acidic centers positively influences on the anti-
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aggregative properties of RGDF mimetics.4 The com-
pounds containing 2H-1,4-benzoxazine-3(4H)-one
scaffold were synthesized by the authors5,6 and found
to be potent aIIbb3 antagonists. The distance between
basic moiety (guanidino-, amidino-, amino-, etc.) and
carboxylic function in molecules of potent RGDF
mimetics is of 10–15 Å.4,7 The structure of peptidomi-
metic 1 developed by the authors7 through modification
of cyclopeptide 2 (Fig. 1) corresponds to all these
requirements. Insertion of the residue of m-aminobenzo-
ic acid makes a mimetic molecule fairly rigid and im-
proves its activity. The IC50 value of antiaggregative
activity for the compound 1 is 200 nM.7


(Aminobenzamidino)succinyl was proposed as Arg-Gly
surrogate for obtaining RGDF mimetics (ABAS series).8


The linear mimetics 3 and 4 based on the residues of
4-(isoindoline-5-yl)amino-4-oxobutyric9 and 4-(1,2,3,4-
tetrahydroisoquinoline-7-yl-amino)-4-oxobutyric10 acids
as Arg-Gly fragment surrogates were synthesized by us
earlier (Fig. 2). Asp-Phe motif was replaced by the resi-
dues of b-alanine and DD,LL-b-phenyl-b-alanine. Obtained
mimetics have demonstrated a high in vitro antiaggrega-
tive activity and a high affinity for aIIbb3 in suspension of
washed human platelets.9,10


Study in this paper concerns the possibility to use the
residue of 3-[(1,2,3,4-tetrahydroisoquinoline-7-yl-ami-
no)carbonyl]benzoic acid as Arg-Gly surrogate for
RGDF mimetic creation. b-Alanines containing various
substituents in b-position are successfully used for the
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Figure 1. Structures of mimetic 1 and cyclopeptide 2 (SK&F 106760).
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Figure 2. Structures of mimetics 3 and 4.
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synthesis of RGDF mimetics, fibrinogen receptor block-
ers. The residue of b-substituted b-alanine is considered
to mimic Asp-Phe motif.4,11 Aromatic substituent gives
a possibility for additional binding of a ligand to the
aIIbb3, and carboxylic group of b-alanine imitates the
side chain of aspartic acid residue.


7-Amino-2-Boc-1,2,3,4-tetrahydroisoquinoline10 (5)
was used as a initial compound (Scheme 1). Acylation
of the compound 5 by chloroanhydrides of monom-
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Table 1. Biological properties of RGDF mimetics 3a, 3b, 4a, 4b and 9a–9h


Compound Antiaggregative activity,


in vitro assays on human PRP, IC50
a (nM)


Inhibition of FITC-Fg binding to aIIbb3


on the surface of human activated platelets, IC50
a (nM)


3a 2750.0 (±370.0)9 14.0 (±2.1)9


3b 860.0 (±120.0)9 8.3 (±1.4)9


4a 30.0 (±1.6)10 1.2 (±0.14)10


4b 13.0 (±1.0)10 1.0 (±0.12)10


9a 78.0 (±6.5) 9.0 (±0.56)


9b 25.0 (±1.7) 1.0 (±0.41)


9c 17.0 (±1.6) 0.8 (±0.07)


9d 11.6 (±1.3) 0.7 (±0.07)


9e 2300.0 (±160.0) 32.0 (±2.2)


9f 710.0 (±39.0) 8.0 (±0.6)


9g 450.0 (±41.0) 5.0 (±0.4)


9h 340.0 (±23.0) 3.7 (±0.4)


a Values are means of three experiments, standard deviation is given in parentheses.
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The compounds 9 have demonstrated a high in vitro
antiaggregative activity in bioassays on a human
platelet-rich plasma (PRP) (Table 1) by Born’s meth-
od12,13 in blood obtained from at least three donors.
Platelet aggregation was induced by ADP. In order
to reveal the molecular mechanism of antiaggregatory
action of RGDF mimetics 9, their influence on spe-
cific binding of fluoresceinisothiocyanate-labeled
fibrinogen (FITC-Fg) to aIIbb3 (in a suspension of
human washed platelets) was examined by the proce-
dure.14,15 FITC-Fg obtained by the method16 specifi-
cally bound to platelet receptors with a dissociation
constant (Kd) of 1.02 lM. Experimental data (Table
1) evidently show high affinities of the compounds
9 for aIIbb3.


Earlier, it was demonstrated by us that incorporation
of phenyl in the b-position of b-alanine residue in the
compound 3a brought a 3-fold increase in antiaggre-
gative activity for the compound 3b and a 2-fold
increase in its affinity.9 For the derivatives of 4-
(1,2,3,4-tetrahydroisoquinoline-7-yl-amino)-4-oxobutyr-
ic acid, this structure modification, practically,
produced no effect on the affinity of mimetic 4b for
aIIbb3, while its antiaggregative activity had enhanced
almost twice corresponding to the compound 4a.10


Similar tendency could be traced also for the peers
mimetics 9a and 9b, 9e and 9f. In general, biological
activity of the compounds containing fragment of
isophthalic acid (mimetics 9a and 9b) was lower than
that of their analogs 4a and 4b. The presence of meth-
oxy substituents in para position of the phenyl groups
situated in b-alanine moieties of RGDF mimetics 9c
and 9g afforded a minor enhancement of indexes for
inhibition of FITC-Fg binding to aIIbb3 and antiag-
gregative activity of these compounds relative to their
analogs 9b and 9f, respectively. Introduction of second
methoxy group in the meta position of benzene ring
also insignificantly improved values of IC50 both for
binding to aIIbb3 and for platelet aggregation inhibi-
tion in in vitro assays for the compounds 9d and
9h, compared to their analogs 9c and 9g. Comparison
of biological properties of the mimetics 9a–9d without
nitro group in isophthalic acid fragment with those of
their analogs 9e–9h containing nitro groups makes it

possible to note negative influence of a nitro group
on inhibition of FITC-Fg binding to aIIbb3 and anti-
aggregative activity. RGDF mimetics 9c and 9d have
demonstrated maximum affinity for aIIbb3 receptors
on the surface of human washed platelets.


Experimental data obtained on antiaggregative activity
and inhibition of FITC-Fg binding to fibrinogen recep-
tor allow to consider the novel RGDF mimetics based
on 3-[(1,2,3,4-tetrahydroisoquinoline-7-yl-amino)car-
bonyl]benzoic acid and b-substituted b-alanines as po-
tent platelet aggregation inhibitors and aIIbb3 receptor
antagonists.
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Abstract—This article describes a new, convenient, improved synthesis of the 2-debenzoyl-2-m-methoxybenzoyl-7-triethylsilyl-13-
oxo-14b-hydroxybaccatin III 1,14-carbonate, the key intermediate in the synthesis of two new second-generation antitumor taxanes.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1.

The antimitotic drugs Taxol� (paclitaxel) and Taxotere�


(docetaxel) are two of the best anticancer agents in clin-
ical use today for the treatment of ovarian cancer, breast
cancer, and nonsmall cell lung cancer. Paclitaxel and
docetaxel suffer from a series of disadvantages, including
poor water solubility and the quick development of
resistance,1 that have fuelled the search for analogues
endowed with a better clinical profile.


In this context, we recently published the synthesis of
two new biologically active compounds (1 and 2,
Fig. 1),2 the methoxylated analogues of the norstatin
esters IDN5109 and IDN5390 (3 and 4, respectively;
Fig. 1)3 which have recently emerged as interesting clin-
ical candidates to overcome resistance to paclitaxel and
to allow oral administration.


The synthesis of both compounds 1 and 2 was accom-
plished starting from the naturally occurring 10-deace-
tylbaccatin III 5 (Scheme 1), through the key
intermediate 6.


The synthesis of 6 from 5 proceeded in an unsatisfactory
overall yield (7%), due to the presence of two critical
steps. In fact, since 10-deacetylbaccatin III lacks the b-
oxygen at C-14, the procedure required the diastereo-

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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selective b-hydroxylation, followed by carbonylation of
the crude 1,14-diol,4 with a low overall yield (30%). This
prompted us to explore an alternative synthesis for the
key compound 6, with the aim of avoiding the diastereo-
selective hydroxylation step and, in this way, to increase
the yield of the synthesis. The new approach started
from the readily available 14b-hydroxy-10-deacetylbacc-
atin III (7), a naturally occurring taxane isolated from
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Taxus wallichiana Zucc.5 which, compared to 10-deace-
tylbaccatin III, shows an additional b-hydroxyl group at
C-14.


The first step of our procedure was the selective acety-
lation of the 10-hydroxyl group, which was carried out
by treatment with Ac2O in the presence of CeCl3Æ7H2O,6


which gave compound 8 with a 98% yield, followed by
the selective silylation of the 7-hydroxyl group7


(Scheme 2) to give 9 (55%). The obtained compound
9 was then debenzoylated at C-2 by treatment with ben-
zyltrimethylammonium hydroxide (Triton B)8 giving
the polyhydroxylated compound 10. The crude 10
was then selectively carbonylated at 1,14 with triphos-
gene9 to yield compound 11 (56% from 9). The latter
was selectively oxidized at C-13 by treating with N-
methylmorpholine-N-oxide and a catalytic amount of
OsO4,10 to yield ketone 12 (93%, Scheme 2). Finally,
12 was benzoylated at C-2 with anisic acid,11 allowing
the target compound 6 to be obtained in an acceptable
yield of 40% (Scheme 2).12 It is worth noting that, as
far as we know, the benzoylation at C-2 of a taxane,
in the presence of the 1,14-carbonate, has never been
reported before. The limited yield of this step is proba-
bly due to the steric hindrance that the 1,14-carbonate
and the 4-acetate are exerting on the C-2 hydroxyl
group.


The overall yield of the synthesis was 11%, which repre-
sents a significant increase (>50%) compared to 7% of
the previous procedure. Additionally, the chance to have
two approaches for the synthesis of highly active antitu-
mor taxanes, from different naturally occurring com-
pounds, could be very useful since the restricted
availability of the starting material is, usually, one of
the main limiting factor.13


In summary, a convenient preparation of the key inter-
mediate 6 has been reported; the method includes the
first benzoylation at C-2 of a taxane carrying a 1,14 car-
bonate. This synthetic procedure starts from a different
precursor and involves simpler chemistry compared with
those from 10-deacetylbaccatin III. Moreover, a sub-
stantial increase of the yield (>50%) with respect to
the previous procedure is the crucial advantage of this
method. Further studies on the synthesis of antitumor
taxanes are in progress.
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164.3, 168.7, 170.2, 190.8, 199.0; MS (ESI) m/z 793
(M+Na+).


13. See for example: (a) Kingston, D. G. I. J. Nat. Prod. 2000,
63, 726; (b) Guéritte, F. Curr. Pharm. Des. 2001, 7, 1229;
(c) Tabata, H. D. Curr. Drug Targets 2006, 7, 453; (d)
Cusidó, B. R. M.; Palazón, J.; Bonfill, M.; Navia-Osorio,
A.; Morales, C.; Piñol, M. T. Biotechnol. Prog. 2002, 18,
418.
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András Horváth,a Zoltán Beck,b Thomas J. Bardos,c Joseph A. Dunnd and Janos Aradia,*


aDepartment of Biochemistry and Molecular Biology, Medical and Health Science Center, Faculty of Medicine University of Debrecen,


Life Science Building, Egyetem ter 1, Debrecen H-4010, Hungary
bDepartment of Medical Microbiology, Research Center for Molecular Medicine, Medical and Health Science Center,


Faculty of Medicine University of Debrecen, Nagyerdei krt. 98, Debrecen H-4012, Hungary
cDepartment of Chemistry, State University of New York, Buffalo, NY 14260, USA


dOmniPharm Inc. 255 Great Arrow Avenue, Buffalo, NY 14207, USA


Received 20 June 2006; revised 25 July 2006; accepted 26 July 2006


Available online 22 August 2006

Abstract—Suligovir is a 35-mer homo-oligonucleotide, containing exclusively 4-thio deoxyuridylate, proved to be a potent inhibitor
of HIV entry. In this paper, we described the effect of extent of thiolation and the introduction of nuclease-resistant phosphorothio-
ate linkages on the anti-HIV activity of Suligovir. We found that the decreased thiolated nucleotide content decreases the anti-HIV
potency of the compound and the introduction of phosphorothioate linkages does not improve its antiviral activity.
� 2006 Elsevier Ltd. All rights reserved.

A versatile and promising class of potential anti-HIV
agents is oligonucleotides affecting the life cycle of
HIV at various sites. Oligonucleotides may inhibit the
expression of viral genes,1,2 the reverse transcriptase,3


and/or viral entry.4 Recently we have published the
activity of a new potent and nontoxic oligonucleotide
inhibitor of HIV entry (3 ng/ml) designated as Suligo-
vir.5 It is a 35-mer, composed exclusively of 4-thio-
deoxyuridylates; its chemical formula is (s4dU)35. Suli-
govir inhibits the replication of wild type and some
drug-resistant viral strains. It does not penetrate into
the cells, but colocalizes on the cell surface with thiore-
doxin and CD4.


The promising activity of Suligovir prompted us to
study the antiviral activity of the less thiolated conge-
ners, which may be formed during the synthesis of Sul-
igovir. The Suligovir is prepared by H2S treatment of
(dC)35.5,6 This treatment is highly effective producing
near complete thiolation. However, a minute amount
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doi:10.1016/j.bmcl.2006.07.082


Keywords: Chemically modified oligonucleotides; 4-Thio-oligo-deoxy-


uridylate; Suligovir; HIV; HIV entry; Anti-HIV.
* Corresponding author. Tel.: +36 52 416432; fax: +36 52 314989;


e-mail: aradi@indi.biochem.dote.hu

of unmodified deoxycytidylate or deoxyuridylate (due
to incomplete thiolation and/or sulfur loss during isola-
tion) residues may be present in the oligonucleotide
affecting its antiviral activity. Another issue which may
significantly affect the biological activity of oligonucleo-
tides, including Suligovir, is the stability of the mole-
cules. Although we showed that the Suligovir is highly
stable, a further increase of its anti-HIV activity may
be expected by introducing nuclease-resistant phosp-
horothioate internucleotide linkages to both the 3 0 and
5 0 end7 (Fig. 1). In this note, we describe how the extent
of thiolation and the introduction of nuclease-resistant
linkages affect the antiviral activity of the molecule.


All of the methods applied in this paper were described
earlier;5,6,8 therefore we give here only a brief descrip-
tion of them. The antiviral assay was performed in
MT-4 cells measuring the RT activity in the culture fluid
after 96 h of infection.5 The partially thiolated oligonu-
cleotides were prepared by incomplete thiolation of
(dC)35 and their composition were determined by HPLC
analysis after degradation to nucleosides with phospho-
diesterase and phosphomonoesterase.6 To prepare Suli-
govir [(s4dU)35] with nuclease-resistant linkages, we
thiolated (dC)35, containing one, two or three phosp-







Figure 1. 3 0 end of Suligovir molecule with phosphorothioate inter-


nucleotide linkage.


Figure 2. Effect of the thiolated nucleotide content on the anti-HIV


activity of oligonucleotides with the structure of (dCX,s4dUY)35. The


anti-HIV activity was measured by the determination of the RT


activity in the supernatant of MT4 cells, 4 days after infection. The


inhibitors were added 30 min before infection (1 lg/ml, 88 nM). The


experiments were performed in triplicate; error bars represent standard


deviation. 1: control, no oligonucleotide was added. The average of


three experiments was: 78212 dpm; 100%; 2: (dC)35; 3:


(dC0.73,s4dU0.27)35; 4: (dC0.66,s4dU0.34)35; 5: (dC0.58,s4dU0.42)35; 6:


(dC0.50,s4dU0.50)35; 7: (dC0.26,s4dU0.74)35; 8: (dC0.11,s4dU0.89)35; 9:


(s4dU)35.


Figure 3. Effect of phosphorothioate internucleotide linkages on the


anti-HIV activity of (s4dU)35. FSU-00 represents (s4dU)35. FSU-01


represents (s4dU)35 with one phosphorothioate internucleotide linkage


at its 3 0 and one at its 5 0 ends. FSU-02 represents (s4dU)35 with two


phosphorothioate internucleotide linkages at its 3 0 and two at its 5 0


ends. FSU-03 represents (s4dU)35 with three phosphorothioate inter-


nucleotide linkages at its 3 0 and three at its 5 0 ends. The open bar


represents the controls without inhibitors (the average of three


experiments was: 67820 dpm; 100%, for all determinations only one


set of control was used). The gray bars indicate the RT activity in the


supernatant of treated and infected MT4 cells at the following


concentrations: 0.25, 0.50 and 1.00 lg/ml (from left to right). The


experiments were performed in triplicate; error bars represent standard


deviation.
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horothioate internucleotide9 linkages, using the stan-
dard thiolation procedure.5,6 All of the oligonucleotides
were purified as we described.8


Suligovir is a homo-oligonucleotide and exerts its antivi-
ral action by a sequence-independent manner. It is
important to know from both theoretical and practical
aspects how the antiviral activity is related to the extent
of thiolation; therefore we studied partially thiolated
congeners of Suligovir composed of 4-thio-deoxyuridy-
lates and deoxycytidylates in random distribution
(Fig. 2). The results indicated that the extent of thiola-
tion has a strong effect on the antiviral activity. The oli-
gonucleotide with only 51% of thiolated base (no. 6)
inhibits the HIV replication by 41%, while Suligovir,
essentially thiolated completely, inhibits by 92% under
our experimental conditions. As we reported, the Suligo-
vir is colocalized with cell surface thioredoxin and CD4
receptor. The interaction with these proteins may be
weakened by the decreased rate of thiolation. We have
also reported that the stability of Suligovir is about 40
times higher against nucleases than the stability of the
parent oligonucleotide, (dC)35, indicating the role of
the thiolated base in the stability of Suligovir. Conse-
quently, the lower degree of thiolation is yielding a less
stable oligonucleotide inhibitor, which may be degraded
during the 4-day long antiviral assay. However, it
should be noted that the no. 8 oligonucleotide, with
89% thiolation, is not significantly weaker inhibitor of
HIV replication than Suligovir (in the same molarity).
This observation is considerable in respect to large-scale
preparation of Suligovir and is in good agreement with
its nonsequence-specific mode of action.5


In the next experiment we studied the Suligovir deriva-
tives with increased nuclease-stability carrying one,

two or three phosphorothioate internucleotide linkages
at both ends. Since it was found that the predominant
nuclease activity, responsible for the degradation of oli-
gonucleotides, are exonucleases,10 we introduced the
nuclease-resistant linkages11 to the 3 0 and 5 0 end of the
molecule expecting more stable and more active Suligo-
vir analogues. Surprisingly, these derivatives were not
better inhibitors of HIV replication (Fig. 3), even a
slight decrease of antiviral efficacy was observed for
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the thio-phosphate containing derivatives. The result
indicated that the base modification (4-thiono-group)
alone converted the natural, nuclease-sensitive oligonu-
cleotide to a highly nuclease-resistant derivative and
introduction of nuclease-resistant linkages did not im-
prove the antiviral activity of Suligovir. It must be
emphasized that oligodeoxycytidylates with phosphoro-
thioate internucleotide linkages, without any base mod-
ification, are potent inhibitors of HIV replication
in vitro.7


Summarizing the above observations, we found that the
degree of base-thiolation strongly affects the antiviral
activity of the Suligovir. However, 100% thiolation is
not required for its full anti-HIV activity. The introduc-
tion of phosphorothioate internucleotide linkages did
not increase the antiviral activity of Suligovir indicating
that further effort should not be made for stabilization
of the molecule against nucleases.
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Abstract—Two series of 1-alkyl-2-aryl-4-(1-naphthoyl)pyrroles were synthesized and their affinities for the cannabinoid CB1 and
CB2 receptors were determined. In the 2-phenyl series (5) the N-alkyl group was varied from n-propyl to n-heptyl. A second series
of 23 1-pentyl-2-aryl-4-(1-naphthoyl)-pyrroles (6) was also prepared. Several compounds in both series have CB1 receptor affinities
in the 6–30 nM range. The high affinities of these pyrrole derivatives relative to JWH-030 (1, R = C5H11) support the hypothesis that
these pyrroles interact with the CB1 receptor primarily by aromatic stacking.
� 2006 Elsevier Ltd. All rights reserved.
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Several years ago we reported the synthesis, CB1 recep-
tor affinities, and in vivo pharmacology for a series of
1-alkyl-3-(1-naphthoyl)pyrroles (1, R = C3H7 to C7H15).1


The 1-propyl, 1-butyl and 1-heptyl analogs have little
affinity for the CB1 receptor, however, the 1-pentyl com-
pound (JWH-030, 1, R = C5H11) has moderate affinity
for the CB1 receptor with Ki = 87 ± 3 nM and is quite
potent in vivo in the spontaneous activity and tail flick
procedures. It is considerably less potent in the rectal
temperature and ring immobility protocols. The 1-hexyl-
pyrrole derivative (JWH-031, 1, R = C6H13) has little
affinity for the CB1 receptor (Ki = 399 ± 109 nM), but
has moderate potency in the spontaneous activity and
tail flick assays. Subsequently JWH-030 was found to
inhibit the electrically stimulated contractions of the iso-
lated mouse vas deferens.2


The design of these cannabimimetic pyrroles was based
upon a model for a general pharmacophore that related
the structures of the Sterling Winthrop aminoalkylin-
doles, in particular WIN-55,212-2 (2), with those of tra-
ditional cannabinoids such as D9-tetrahydrocannabinol
(D9-THC, 3).3 In this model the phenolic hydroxyl of
THC was assumed to align with the ketonic carbonyl
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of WIN-55,212-2 and the cyclohexene ring of THC
was overlaid upon the naphthalene portion of the amino-
alkylindole. In this alignment the aminoalkyl portion of
WIN-55,212-2 corresponded to the alkyl side chain of
THC. This suggested that the aminoalkyl portion
of 2 could be replaced by a simple alkyl group and a
series of 1-alkyl-2-methyl-3-(1-naphthoyl)indoles (4)
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Table 1. Receptor affinities (mean ± SEM) of 1-alkyl-2-phenyl-4-(1-


naphthoyl)pyrroles (5), WIN-55,212-2 (2), and D9-THC (3)


Ki (nM)
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was prepared; their affinities for the CB1 receptor and in vi-
vo pharmacology were determined. Several of these indole
derivatives have high affinity (Ki = 10–48 nM) for the CB1


receptor and are quite potent in vivo.3,4 2-Methyl-1-pen-
tyl-3-(1-naphthoyl)indole (JWH-007, 4, R = C5H11) has
the highest affinity for the CB1 receptor of this series of in-
dole derivatives (Ki = 10 ± 4 nM) and is quite potent in
the mouse model of cannabinoid activity.


Although the high CB1 receptor affinity and in vivo
potency of 4 (R = C5H11) and related indoles supported
the alignment that led to the development of these can-
nabimimetic indoles,3,4 subsequent studies indicate that
these compounds interact with the CB1 receptor primar-
ily by aromatic stacking.5–7 These observations suggest
that the addition of an aryl substituent to cannabimimet-
ic pyrroles similar to JWH-030 (1, R = C5H11) would
lead to compounds with enhanced affinity for the CB1


receptor. In order to test this hypothesis, we have pre-
pared two series of 1-alkyl-2-aryl-4-(1-naphthoyl)pyr-
roles. Initially a series of 1-alkyl-2-phenyl-4-(1-
naphthoyl)pyrroles (5, R = C3H7 to C7H15) was pre-
pared. Following the observation that four of these com-
pounds have from moderate to high affinity for the CB1


receptor, the effect upon receptor affinity of varying the
C-2 aryl substituent while maintaining a 1-pentyl group
was investigated (6, Ar = various aromatic groups).


N


R


O


C6H5 N


C5H11


O


Ar


5 6


The initial synthesis of 2-phenylpyrroles 5 was based
1


CB1 CB2


WIN-55,212-2 (2) 1.9 ± 0.1a 0.28 ± 0.16a


D9-THC (3) 41 ± 2b 36 ± 10a


1-Alkyl Group, R


Propyl, JWH-156 404 ± 18 104 ± 18


Butyl, JWH-150 60 ± 1 15 ± 2


Pentyl, JWH-145 14 ± 2 6.4 ± 0.4


Hexyl, JWH-147 11 ± 1 7.1 ± 0.2


Heptyl, JWH-146 21 ± 2 62 ± 5


a Ref. 13.
b Ref. 12.

upon that used for the preparation of pyrroles 1. 2-Phe-
nylpyrrole was prepared in poor (22%) yield from ace-
tophenone oxime and 1,2-dichloroethane by the
procedure of Korostova et al.8 and was converted to
the 1-p-toluenesulfonyl derivative with p-toluenesulfonyl
chloride in the presence of sodium hydride. Friedel–
Crafts acylation with 1-naphthoyl chloride in the pres-
ence of aluminum chloride provided 2-phenyl-1-p-tolu-
enesulfonyl-4-(1-naphthoyl)pyrrole (5, R = C7H7SO2).
Basic hydrolysis gave 2-phenyl-4-(1-naphthoyl)pyrrole
(5, R = H), which was converted to 1-pentyl- (JWH-
145, 5, R = C5H11), 1-hexyl- (JWH-147, 5, R = C6H13),

N


R


O


1


7


a


Scheme 1. Reagents and conditions: (a) NBS, or 1,3-dibromo-5,5-dimethylh


H2O, reflux; (c) Pd(OAc)2, (o-CH3C6H4)3P, K2CO3, (C4H9)4NBr, C6H5CH3

and 1-heptyl-2-phenyl-4-(1-naphthoyl)pyrrole (JWH-
146, 5, R = C7H15) upon treatment with sodium hydride
and the appropriate alkyl bromide.9


Due to inconsistent results and poor yields in the synthe-
sis of 2-phenylpyrrole, an alternative synthetic approach
to indoles 5 was developed (Scheme 1). Bromination of
1-propyl- (1, R = C3H7) or 1-butyl-3-(1-naphthoyl)pyr-
role (1, R = C4H9) with NBS, or better 1,3-dibromo-
5,5-dimethylhydantoin,10 provided the corresponding
2-bromopyrrole derivatives (7, R = C3H7 and C4H9),
which were used in the subsequent step without further
purification. Suzuki coupling11 with phenylboronic acid
under standard conditions using (Ph3P)4Pd and
Na2CO3, in a mixture of toluene, ethanol, and water,
provided 1-propyl- (JWH-156, 5, R = C3H7) and
1-butyl-2-phenyl-4-(1-naphthoyl)pyrrole (JWH-150, 5,
R = C4H9) in 59% and 52% yield, respectively.


The affinities of pyrroles 5 for the CB1 receptor were
determined by measuring their ability to displace
[3H]CP-55,940 from its binding site in a membrane prep-
aration from rat brain,12 and CB2 receptor affinities
were determined by measuring the ability of the com-
pounds to displace [3H]CP-55,940 from a cloned human
receptor preparation.13 The results of these determina-
tions are summarized in Table 1. Also included in Table
1 are the receptor affinities for WIN-55,212-2 (1) and D9-
THC (3).


Based upon the high CB1 and CB2 receptor affinities of
1-pentyl- (JWH-145, 5, R = C5H11) and 1-hexyl-2-phen-
yl-4-(1-naphthoyl)pyrrole (JWH-147, 5, R = C6H13) a
second series of 2-aryl-4-(1-naphthoyl)pyrroles was syn-

Br
b or c


5 or 6 


ydantoin, THF, �78 �C; (b) (Ph3P)4Pd, Na2CO3, C6H5CH3, C2H5OH,


, H2O, reflux.







Table 2. Receptor affinities (mean ± SEM) of 1-pentyl-2-aryl-4-(1-


naphthoyl)pyrroles (6)


Aryl group, Ar Ki (nM)


CB1 CB2


Phenyl, JWH-145 14 ± 2 6.4 ± 0.4


ortho-isomers


o-Methylphenyl, JWH-370 5.6 ± 0.4 4.0 ± 0.5


o-Ethylphenyl, JWH-365 17 ± 1 3.4 ± 0.2


o-Butylphenyl, JWH-373 60 ± 3 69 ± 2


o-Methoxyphenyl, JWH-292 29 ± 1 20 ± 1


o-Fluorophenyl, JWH-307 7.7 ± 1.8 3.3 ± 0.2


o-Chlorophenyl, JWH-369 7.9 ± 0.4 5.2 ± 0.3


o-Trifluoromethylphenyl, JWH-372 77 ± 2 8.2 ± 0.2


meta-isomers


m-Methylphenyl, JWH-346 67 ± 6 39 ± 2


m-Methoxyphenyl, JWH-367 53 ± 2 23 ± 1


m-Fluorophenyl, JWH-368 16 ± 1 9.1 ± 0.7


m-Chlorophenyl, JWH-246 70 ± 4 16 ± 1


m-Trifluoromethylphenyl, JWH-363 245 ± 5 71 ± 1


m-Nitrophenyl, JWH-293 100 ± 5 41 ± 4


para-isomers


p-Methylphenyl, JWH-244 130 ± 6 18 ± 1


p-Ethylphenyl, JWH-364 34 ± 3 29 ± 1


p-Butylphenyl, JWH-371 42 ± 1 64 ± 2


p-Methoxyphenyl, JWH-243 285 ± 40 41 ± 3


p-Fluorophenyl, JWH-308 41 ± 1 33 ± 2


p-Chlorophenyl, JWH-245 276 ± 4 25 ± 2


p-Trifluoromethylphenyl, JWH-348 218 ± 19 53 ± 1


Others


1-Naphthyl, JWH-309 41 ± 3 49 ± 7


2-Naphthyl, JWH-347 333 ± 17 169 ± 17


3-Pyridyl, JWH-366 191 ± 12 24 ± 1
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thesized in order to obtain data regarding the structure–
activity relationships of this class of cannabinoids at
both receptors. For this series of compounds an N-pentyl
substituent was employed and the aryl group was varied.
The pentyl group was selected since JWH-030 (1,
R = C5H11) has the highest CB1 receptor affinity in the
original series of cannabimimetic pyrroles and JWH-
145 (5, R = C5H11) has high affinity for both receptors.


The original synthetic design for pyrroles 6 was based
upon the route initially employed for the synthesis of
the 2-phenylpyrroles (5), but was to employ an efficient
alternative synthesis of 1-p-toluenesulfonyl-2-arylpyr-
roles.14 However, with the exception of 1-p-toluene-
sulfonyl-2-phenylpyrrole (5, R = C7H7SO2), Friedel–
Crafts reaction of other 1-p-toluenesulfonyl-2-aryl-
pyrroles with 1-naphthoyl chloride under a variety of
conditions afforded either complex mixtures of regioi-
somers or the undesired 2-aryl-5-(1-naphthoyl) com-
pound.15 Pyrroles 6 were successfully synthesized by a
modification of the procedure outlined in Scheme 1
using JWH-030 (1, R = C5H11) as the starting material.
Bromination with 1,3-dibromo-5,5-dimethylhydantoin
gave 1-pentyl-2-bromo-4-(1-naphthoyl)pyrrole (7, R =
C5H11) plus a small amount of the 3-bromo-4-(1-naph-
thoyl) isomer, from which 7, R = C5H11 was isolated
in 70% yield.


Suzuki coupling of 7, R = C5H11 with four substituted
arylboronic acids (p-methoxyphenyl, p-methylphenyl, p-
chlorophenyl, and m-chlorophenyl) under the conditions
used for the preparation of JWH-156, (5, R = C3H7) and
JWH-150 (5, R = C4H9) gave poor (10–26%) yields of
pyrroles 6. A modified Suzuki procedure reported by Ba-
done, which employs Pd(OAc)2, tri-o-tolylphosphine,
and K2CO3 in aqueous toluene with a phase transfer cat-
alyst,16 was used to prepare 19 additional substituted pyr-
roles in yields of 24–83%. With one exception these
compounds were synthesized using commercially avail-
able boronic acids, however o-butylphenylboronic acid
is not commercially available and was prepared in four
steps from o-bromobenzaldehyde.15 For purification the
boronic acid was converted to the potassium tetrafluoro-
borate salt.17 Coupling of 7, R = C5H11 with this tetra-
fluoroborate salt was carried out by the modified
Suzuki procedure, with (Ph3P)4Pd as catalyst to give 6,
Ar = o-butylphenyl (JWH-373) in 76% yield.


The affinities of 2-arylpyrroles 6 for the CB1 and CB2


receptors were determined by the same methods that
were employed for the series of 2-phenylpyrroles (5)
and are listed in Table 2.12,13 Those 2-arylpyrroles (6)
with small ortho-substituents on the 2-aryl group
(JWH-370, JWH-365, JWH-292, JWH-307, and JWH-
369) and the unsubstituted analog (JWH-145, 5,
R = C5H11) have uniformly high affinity for the CB1


receptor (Ki = 5.6–29 nM). An exception is the o-trifluo-
romethylphenyl derivative, JWH-372 (6, Ar = o-trifluo-
romethylphenyl), which has Ki = 77 ± 2 nM. The
trifluoromethyl group is inductively a strong electron-
withdrawing substituent with approximately the same
van der Waals radius as a methyl group, Thus, this de-
creased CB1 receptor affinity would appear to be due

to electronic effects rather than steric effects. 1-Pentyl-
2-(2-butylphenyl)-4-(1-naphthoyl)pyrrole (JWH-373, 6,
Ar = o-butylphenyl) has decreased CB1 receptor affinity
(Ki = 60 ± 3 nM). This effect is probably due to the steric
bulk of the butyl group. With the exception of the o-tri-
fluoromethylphenyl analog (JWH-372) there is little
difference in the CB1 and CB2 receptor affinities of the
2-arylpyrroles with an ortho-substituted phenyl group.
At the CB2 receptor, JWH-372 is an exception with
greater than 9-fold selectivity for the CB2 receptor.


Other than the meta-fluoro analog (JWH-368, 6,
Ar = m-fluorophenyl, Ki = 16 ± 1 nM) those pyrroles
with a meta-substituted phenyl substituent in the 2-posi-
tion have from somewhat to significantly lower CB1


receptor affinities than the ortho-substituted analogs.
The two compounds with strongly electron-withdrawing
substituents, m-trifluoromethylphenyl (JWH-363) and
m-nitrophenyl (JWH-293) pyrroles, both have very
modest CB1 receptor affinities (Ki = 245 ± 5 nM and
100 ± 5 nM, respectively). The two compounds with
electron-releasing groups (JWH-346 and JWH-367)
and the m-chloro analog (JWH-246) have somewhat
attenuated CB1 receptor affinities relative to the ortho-
substituted compounds. This entire series of pyrroles
with a m-substituted phenyl group in the 2-position
exhibit some (1.7- to 4.4-fold) selectivity for the CB2


receptor.
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For those pyrroles 6 with a para-substituted phenyl sub-
stituent, the compounds with small electron donating
substituents (JWH-244 and JWH-243) as well as the
p-chloro (JWH-245) and p-trifluoromethyl (JWH-348)
analogs have little affinity for the CB1 receptor with
Ki = 130–276 nM. However, the p-ethyl (JWH-244),
p-butyl (JWH-371), and p-fluoro (JWH-308) analogs
have considerably greater and nearly equal affinity with
Ki = 34–42 nM. The CB2 receptor affinities of this group
of 1-pentyl-2-aryl-4-(1-naphthoyl)pyrroles (6) fall in a
relatively narrow range with Ki = 18–64 nM.


Three examples of pyrroles 6 containing aromatic sub-
stituents at C-2 other than phenyl were also prepared.
The analog with a 1-naphthyl moiety (JWH-309) has
relatively high affinity for the CB1 receptor with
K1 = 41 ± 3 nM, while the 2-naphthyl analog (JWH-
347) has little affinity with Ki = 333 ± 17 nM. The 2-(3-
pyridyl) compound (JWH-366) also has modest affinity
for the CB1 receptor with Ki = 191 ± 12 nM. The pyridyl
(JWH-366) and the 1-naphthyl (JWH-309) compounds
have relatively high affinity for the CB2 receptor with
Ki = 24 ± 1 and 49 ± 7 nM, respectively. The 2-naphthyl
compound (JWH-347) has little affinity for the CB2


receptor (Ki = 169 ± 17 nM).


The enhanced CB1 receptor affinities of pyrroles 5
(R = C5H11 to C7H15) and 6 containing various aryl
substituents, relative to JWH-030 (1, R = C5H11), pro-
vide additional evidence in support of the hypothesis
that cannabimimetic pyrroles as well as their indole
counterparts interact with the CB1 receptor primarily
by aromatic stacking.5–7 In pyrroles 6 a small ortho
electron-releasing substituent slightly enhances CB1


receptor affinity relative to JWH-145 (5, R = C5H11)
with an unsubstituted phenyl group. An inductively
electron withdrawing, but electron releasing by reso-
nance, fluoro or chloro substituent also enhances CB1


receptor affinity.18 Larger or strongly electron-with-
drawing groups attenuate affinity. Other than fluorine
a meta- or para-substituent diminishes CB1 receptor
affinity, however a p-ethyl or p-butylphenyl group has
only a slight effect. This would tend to indicate that
at least some of the decrease in affinity for the meta-
and para-substituted compounds is due to steric effects
inasmuch as a fluorine atom is only slightly larger than
a hydrogen. The variation in CB1 receptor affinities of
pyrroles 6 would appear to be due to a subtle combina-
tion of steric and electronic effects. With the exception
of the 2-naphthyl analog (JWH-347) there is relatively
little variation in CB2 receptor affinities for pyrroles 6,
with Ki = 3.4–71 nM.
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Abstract—A series of purine LL-ribonucleosides 2a–2i bearing diverse C-substituents (alkyl, aryl, hetaryl or hydroxymethyl) in the
position 6 were prepared by Pd-catalyzed cross-coupling reactions of 6-chloro-9-(2,3,5-tri-O-acetyl-b-LL-ribofuranosyl)purine with
the corresponding organometallics followed by deprotection. Unlike their DD-ribonucleoside enantiomers that possess strong cyto-
static and anti-HCV activity, the LL-ribonucleosides were inactive except for 6-benzylpurine nucleoside 2h showing moderate anti-
HCV effect in replicon assay. A triphosphate of 2h did not inhibit HCV RNA polymerase.
� 2006 Elsevier Ltd. All rights reserved.
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Purine nucleosides 1 bearing C-substituents in position 6
are an important class of biologically active compounds.
6-Methyl- and 6-ethylpurine nucleosides are cytotoxic.1


6-(hydroxymethyl)-,2 6-(fluoromethyl)-,3 6-(difluorom-
ethyl)-4, and 6-(trifluoromethyl)purine5 ribonucleosides
are all strongly cytostatic. 6-Aryl-, 6-hetaryl-, and 6-ben-
zylpurine ribonucleosides were also found6 to possess
significant cytostatic effects. A subclass of them, purine
ribonucleosides bearing 5-membered heterocycles in po-
sition 6, have recently been reported to exert7 strong
anti-HCV activities. Though the mechanism of action
of the latter class of compounds is not yet fully under-
stood, they all inhibit RNA synthesis. In order to
achieve selective inhibition of HCV RNA polymerase,
some additional sugar modifications may be pursued.
From the previous studies it is known that 2 0- and 5 0-
deoxyribonucleosides,8 as well as 2 0-C-methyl-ribonu-
cleosides9 of the 6-aryl- or 6-hetarylpurine series are
inactive, while some carbocyclic homonucleosides still
exert10 cytostatic effects.


LL-Nucleosides, enantiomers of the natural nucleosides,
were first reported11 in the 1960s. Much later some

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


doi:10.1016/j.bmcl.2006.07.092


Keywords: Purines; Nucleosides; Antivirals; HCV.
q Part 6, see Ref. 7.
* Corresponding author. Tel.: +420 220183324; fax: +420


220183559; e-mail: hocek@uochb.cas.cz

LL-nucleosides were found12 to possess strong antiviral
activity, lower toxicity and higher metabolic stability
compared to their DD-counterparts. Several of them are
clinically used antiviral drugs and some other ones are
in final stages of clinical trials.13 These findings prompt-
ed extensive research of nucleobase- as well as sugar-
modified LL-nucleosides in recent years.14


Combining the structural features of the two above-
mentioned classes of biologically active compounds,
we report here on the synthesis and biological activity
of LL-ribonucleosides 2 (Fig. 1) derived from purines
bearing diverse C-substituents in position 6. The selec-
tion of substituents was based both on diversity and
on analogy to the most active compounds of the DD-ribo

O


OH OH


Anti-HCV:
R = hetaryl
(5-membered)


O


OHOH
1 2


Figure 1. Structures of biologically active purine DD-ribonucleosides 1


and the title LL-nucleosides 2.
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series: two examples of phenyl groups, three hetaryl,
three alkyl groups and one functionalized, hydroxy-
methyl group.


All the title LL-ribonucleosides 2 were prepared by cross-
coupling reactions15 of the corresponding protected
6-chloropurine nucleoside 3. This intermediate was pre-
pared16 in 61% yield by glycosidation of 6-chloropurine
by commercially available 1,2,3,5-tetra-O-acetyl-b-LL-ri-
bose in presence of SnCl4.


The 6-chloropurine nucleoside 3 was then subjected to a
series of cross-coupling reactions with organometallics
(Scheme 1, Table 1). The Suzuki–Miyaura coupling with
phenyl-, 4-methoxyphenyl-, and 3-thienylboronic acid in
toluene catalyzed by Pd(PPh3)4 gave 6-phenyl-, 6-(4-
methoxyphenyl)-, and 6-(3-thienyl)purine nucleosides
4a–4c (analogy to Ref. 6a,7). The Stille reactions with
2-thienyl- and 2-furyl(tributyl)stannanes in DMF cata-
lyzed by PdCl2(PPh3)2 gave 6-(2-thienyl)- and 6-(2-
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Scheme 1. Synthesis of the title LL-nucleosides 2.


Table 1. Cross-coupling reactions of 3 with organometallics


Entry Reagent Catalyst


1 PhB(OH)2 Pd(PPh3)4


2 4-MeOPhB(OH)2 Pd(PPh3)4


3 3-ThienylB(OH)2 Pd(PPh3)4


4 2-ThienylSnBu3 PdCl2(PPh3)2


5 2-FurylSnBu3 PdCl2(PPh3)2


6 Me3Al Pd(PPh3)4


7 Et3Al Pd(PPh3)4


8 BnZnCl Pd(PPh3)4


9 BzOCH2ZnI Pd(PPh3)4

furyl)purine nucleosides 4d and 4e (analogy to Ref.
6b). Cross-coupling reactions with trimethylaluminum,
triethylaluminum (analogy to Ref. 17), and benzylzinc
chloride (analogy to Ref. 6b) in the presence of
Pd(PPh3)4 in THF at 70 �C gave the corresponding
6-methyl-, 6-ethyl-, and 6-benzylpurines 4f–4h. Cross-
coupling with (benzoyloxymethyl)zinc iodide in presence
of Pd(PPh3)4 in THF at rt gave 6-(benzoyloxymeth-
yl)purine 4i (analogy to Ref. 2). All the acylated nucleo-
sides 4 were deprotected using standard treatment with
NaOMe in methanol to give the series of LL-ribonucleo-
sides 2a–2i in good yields.18


Title LL-nucleosides 2a–2i were subjected to biological
activity screening. In vitro cytostatic activity tests (inhi-
bition of cell growth) were performed using the follow-
ing cell cultures: mouse leukemia L1210 cells (ATCC
CCL 219); human promyelocytic leukemia HL60 cells
(ATCC CCL 240); human cervix carcinoma HeLa S3
cells (ATCC CCL 2.2); and human T lymphoblastoid
CCRF-CEM cell line (ATCC CCL 119). None of these
compounds showed any significant cytostatic effect at
10 lM concentration.


Antiviral activity of LL-nucleosides 2a–2i was evaluated
in an HCV subgenomic replicon assay19 and the results
are presented in Table 2. Analogs, 2d and 2h, displayed
antiviral activity with no detectable cytotoxicity in Huh-
7 or MT-4 cells. Close structural analogs of 2d, for
example 3-thienyl (2c) and 2-furyl (2e), were inactive

Product (yield) Deprotection (yield)


4a (88%) 2a (75%)


4b (85%) 2b (87%)


4c (90%) 2c (79%)


4d (93%) 2d (72%)


4e (92%) 2e (76%)


4f (66%) 2f (88%)


4g (68%) 2g (73%)


4h (62%) 2h (62%)


4i (88%) 2i (80%)


Table 2. HCV antiviral activity, cytotoxicity, and HCV NS5B


inhibition


Compound HCV replicona


EC50 (lM)


Huh7b


CC50 (lM)


MT-4c


CC50 (lM)


NS5Bd


IC50 (lM)


2a >100 >50 — —


2b >50 >100 — —


2c >50 >50 — —


2d 56 >100 >100 —


2e >100 >100 — —


2f >500 >500 — —


2g >500 >500 — —


2h 41 >500 >500 >100


2i >500 >500 — —


a Antiviral activity in HCV con1 replicon (N = 2).
b Cellular toxicity in Huh-7 cells harboring con-1 replicon (N = 2).
c Cellular toxicity in MT-4 cells (N = 2).
d In vitro inhibition toward purified HCV NS5B (N = 2).
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indicating that the antiviral structure–activity relation-
ships for 6-modified purine LL-ribonucleosides are quite
narrow.


To verify the antiviral mode of action, the triphos-
phate of 2h was prepared20 and the in vitro inhibi-
tion of HCV NS5B polymerase evaluated.21


Inhibition was determined using recombinant NS5B
derived from HCV con1 strain (1b), with a C-termi-
nal hexahistidine tag and the last 21 amino acids
deleted, and a heteropolymeric RNA template.22 No
inhibition of the NS5B polymerase activity was
observed up to 100 lM concentration of inhibitor
(Table 2). In addition, the ability of 2h triphosphate
to serve as a NS5B polymerase substrate in a single-
nucleotide incorporation assay was determined.23 The
incorporation assay was performed using recombinant
NS5B from HCV con1 strain (1b), with a C-terminal
hexahistidine tag and the last 55 amino acids deleted,
a dinucleotide primer (GpC), and a RNA oligonu-
cleotide template (5 0-CAAAAAAAUGC-3 0).24 No
incorporation of 2h triphosphate by NS5B was
observed up to concentrations of 1 mM. Further-
more, the triphosphate of LL-adenosine was also not
incorporated by NS5B polymerase under the same
conditions. Taken together, these results suggest that
purine LL-ribonucleosides are not substrates of the vir-
al polymerase and that the antiviral activity of 2h
was not due to incorporation by NS5B polymerase
into the viral RNA and subsequent termination of
further synthesis, but most likely inhibition of other
cellular or viral targets.
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Abstract—A novel series of C-3 urea, amide, and carbamate fused dihydroindazolocarbazole (DHI) analogs are reported as highly
potent dual inhibitors of TIE-2 and VEGF-R2 receptor tyrosine kinases with excellent cellular potency. Structure–activity relation-
ship (SAR) studies indicate the optimal N-13 alkyl substitutions are n-propyl and i-butyl. The isopropyl carbamate 39 displayed
good dual enzyme, cell potency, and rat pharmacokinetic properties for advancement to in vivo evaluation.
� 2006 Elsevier Ltd. All rights reserved.

Antiangiogenic therapy—inhibition of the generation
and growth of new blood vessels from the endotheli-
um of an existing vascular, an essential process re-
quired to support solid tumor growth and
metastasis—remains an area of intense drug discovery
research.1 Vascular endothelial growth factor (VEGF)
and its corresponding receptor tyrosine kinases, princi-
pally VEGF-R2, plays a key role in regulating vascu-
lar endothelial cells during embryonic development
and tumor angiogenesis.1 A significant body of clinical
evidence has now accumulated demonstrating the
association of tumor VEGF expression with disease
progression in a wide range of solid malignancies.
As a result, anti-angiogenesis therapies directed
against VEGF-R kinases have been under active eval-
uation in clinical trials.2,3 In addition to VEGF, the
angiopoietins (Ang-1 and Ang-2) with its receptor
tyrosine kinases, particularly TIE-2, also play an
important role in angiogenesis and in vascular mainte-
nance and stabilization.4–6 A body of published litera-
ture provides evidence in support of a dynamic
interaction between VEGF and Ang mediated signal-
ing events in normal physiological angiogenesis and
tumor-associated angiogenesis, vessel regression and
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remodeling.6,7 Thus, optimal anti-angiogenic kinase
therapy may require blocking multiple targets such
as VEGFR-2 and TIE-2 concurrently. A combination
approach simultaneously inhibiting both mechanisms
may result in more dramatic effects on the integrity
and stability of both the normal vasculature and the
tumor-associated vasculature than inhibition of either
pathway alone.4,8


The dual inhibitor strategy against VEGF-R2 and
TIE-2 has been under active evaluation in clinical trials
and in pre-clinical development (Fig. 1). The Pfizer
thiazole compound 1 (TIE-2 IC50 = 48 nM, VEGF-R2
IC50 = 11 nM) is currently in phase II clinical
trial.9 Pre-clinical compounds include the Abbott pyr-
rolo[2,3-d]pyrimidine 2 (TIE-2 IC50 = 3 nM, VEGF-
R2 IC50 = 340 nM),10 and the GlaxoSmithKline
furo[2,3-d]pyrimidine 3 (TIE-2 IC50 = 2 nM, VEGF-
R2 IC50 = 3 nM).11 Previously we reported on our
first-generation pan-VEGF-R anti-angiogenic clinical
candidate 4 (CEP-7055).3 The objective for a second-
generation compound superior to CEP-7055 (in terms
of biochemical, pharmacokinetic, pharmacodynamic,
and anti-tumor efficacy profiles) was to apply the dual
TIE-2/VEGF-R2 approach by building in TIE-2
activity.


Our goal was to identify a dual TIE-2/VEGF-R2 inhib-
itor with IC50 values less than 50 nM with good cell
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potency and pharmacokinetic properties for in vivo
evaluation. As a starting point, structural modification
to the E- and F-rings identified the dihydroindazole core
5 (DHI) with improved TIE-2 activity (R, R 0 = H;
IC50 = 1.3 lM) and pharmacokinetic properties com-
pared to the indenocarbazole core. This paper describes
optimization of the C-3 and N-13 positions and the
identification of potent N-amide, urea, and carbamate
derivatives as potent dual inhibitors.


Synthesis of dihydroindazole scaffold 5 is shown in
Scheme 1. The cyano-ester carbazole intermediate 6
was prepared utilizing our published patented proce-
dure.12 N-Alkylation of carbazole 6 with alkyl iodides
and NaOH as base produced the N-alkylated intermedi-
ates 7 in good yield. Selective C-3 nitration to 8 was
accomplished by careful control of the reaction condi-
tions (2 equiv HNO3, AcOH, 80 �C, 1 h). The amino-
lactam 9 was obtained in a one-pot reductive cyclization
of 8 (Raney-Ni/H2/DMF/MeOH). Reaction of the inter-
mediate amines 9 with various isocyanates and carbonyl
chlorides gave the target N-amide, urea, and carbamate
compounds 5.


Introduction of the 3-amino group dramatically im-
proved the TIE-2 activity (Table 1). The n-propyl deriv-
ative 10 and i-butyl derivative 11 showed excellent dual
inhibitory activity with IC50 values <50 nM. The n-butyl
compound 12 displayed dual inhibition potencies that
were 5- and 8-fold weaker against TIE-2 and VEGF-
R2 kinases, respectively. Incorporation of a 4-methoxy-
phenyl urea substituent did not have a dramatic effect on
the VEGF-R2 activity with the n-butyl group being the
weakest compound (compare 10–11 with 13–15). How-

ever, single digit nanomolar activity for TIE-2 was
obtained regardless of the N-alkyl substitution. Com-
pounds 13–15 met the program requirement for dual
IC50 values <50 nM, however the cellular inhibition
score for the ethyl analog 13 was 3 compared to a 4
for the n-propyl and i-butyl analogs. The cell activity
was assessed using a VEGF-R autophosphorylation as-
say and scored as described previously (see footnote Ta-
ble 1 for a description of scoring system).12a,13 Thus,
from these data the optimal alkyl groups for the N-13
nitrogen (R 0) appeared to be n-propyl or i-butyl.
Although compounds 14 and 15 displayed excellent en-
zyme and cellular inhibition, their poor pharmacokinetic
(PK) properties (low oral AUC values, high clearance,
and short half-life) prevented them from further
advancement. Replacement of 4-methoxyphenyl (14)
with 4-S-methylphenyl (17), 4-N,N-dimethylphenyl
(18), 4-methylphenyl (19), or 2-thienyl urea (20) retained
potent dual TIE-2/VEGF-R2 potencies, however their
cellular activities were poor possibly due to low cell per-
meability resulting from the urea N–H group. Methyla-
tion of the outer N–H in phenyl urea 23 to give 24
improved the cell score from 2 to 4 while retaining the
dual TIE-2/VEGF-R2 potency. The disubstituted 2-flu-
oro-5-methylphenyl urea derivative 21 displayed good
dual TIE-2/VEGF-R2 activity with excellent cellular
activity; however changing the methyl to a CF3 (22)
resulted in a 5-fold decrease in VEGF-R2 activity. Both
steric and electronic effects on cellular activity could be
observed in the phenyl urea SAR. An electron-donating
p-methoxy group provided good cellular activity (14; cell
score of 4). However, the cell activity decreased to a
score of 1 as the methoxy group was moved from the
para- to the ortho-position (14, 25, and 26). The reverse
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Table 1. TIE-2 and VEGF-R2 kinase inhibition data


N
H


N
N
N


O


R'


N
H


R


13


3


Compound R R 0 TIE-2a


IC50 (nM)


VEGF-R2a


IC50 (nM)


VEGF-R2b


cell score


10 H CH2CH2CH3 36 9 N/D


11 H CH2CH(CH3)2 48 11 N/D


12 H CH2CH2CH2CH3 230 88 N/D


13 4-OMe–phenylNHCO CH2CH3 4 11 3


14 4-OMe–phenylNHCO CH2CH2CH3 2 16 4


15 4-OMe–phenylNHCO CH2CH(CH3)2 3 18 4


16 4-OMe–phenylNHCO CH2CH2CH2CH3 7 101 N/D


17 4-SMe–phenylNHCO CH2CH2CH3 3 14 1


18 4-NMe2–phenylNHCO CH2CH2CH3 6 24 2


19 4-Me–phenylNHCO CH2CH2CH3 3 8 2


20 2-ThienylNHCO CH2CH2CH3 19 21 0


21 2-F-5-Me–phenylNHCO CH2CH2CH3 1 29 4


22 2-F-5-CF3–phenylNHCO CH2CH2CH3 4 159 N/D


23 PhenylNHCO CH2CH2CH3 5 16 2


24 Phenyl(Me)NCO CH2CH2CH3 2 7 4


25 3-OMe–phenylNHCO CH2CH(CH3)2 4 25 2


26 2-OMe–phenylNHCO CH2CH(CH3)2 8 41 1


27 4-F-phenylNHCO CH2CH2CH3 2 12 2


28 3-F-phenylNHCO CH2CH2CH3 2 12 2


29 2-F-phenylNHCO CH2CH2CH3 2 9 4


30 4-Cl-phenylNHCO CH2CH2CH3 6 48 2


31 2-Cl-phenylNHCO CH2CH2CH3 3 9 4


32 2-Br-phenylNHCO CH2CH2CH3 4 10 4


a The IC50 values were reported as the average of at least two separate determinations.
b The data were scored based on decrease in protein band density at 50 nM concentration compared to VEGF-stimulated control (no inhibitor) as


follows: 0 = no decrease; 1 = 1–25%; 2 = 26–50%; 3 = 51–75%; 4 = 76–100%.13
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trend was observed for the electron-withdrawing fluoro
group where the cellular inhibition increased to a score
of 4 as the fluoro group was moved from the para- to
the ortho-position (27–29). Good cell activity was also
observed for the 2-chloro (31) and the 2-bromo (32) ure-
as. Unfortunately, dual inhibitors 29, 31, and 32 dis-
played unacceptable pharmacokinetic properties in the
rat.

To further address the PK issues, additional C-3 func-
tionality was investigated. The SAR provided by 24 sug-
gested that the outer urea N–H may not be required for
dual TIE-2/VEGF-R2 activity. Moreover, since the cel-
lular activity was greatly enhanced by blocking the outer
N–H, additional series such as amides and carbamates
were prepared and evaluated (Table 2). The 2-thienyl
(33–34) and 2-furanyl (35–36) amides displayed good







Table 2. TIE-2 and VEGF-R2 kinase inhibition of the C-3 amino analogs of DHI


N
H


N
N
N


O


R'


N
H


R


13


3


Compound R R0 TIE-2a


IC50 (nM)


VEGF-R2a


IC50 (nM)


VEGF-R2b


cell score


33 2-ThienylCO CH2CH2CH3 12 4 4


34 2-ThienylCO CH2CH(CH3)2 10 7 4


35 2-FuranylCO CH2CH2CH3 29 3 4


36 2-FuranylCO CH2CH(CH3)2 20 5 4


37 4-OMe–phenylOCO CH2CH2CH3 5 12 4


38 4-F-phenylOCO CH2CH2CH3 11 46 4


39 i-PrOCO CH2CH2CH3 11 5 4


40 EtOCO CH2CH2CH3 18 2 4


41 PrOCO CH2CH2CH3 7 3 4


a The IC50 values were reported as the average of at least two separate determinations.
b The data were scored based on decrease in protein band density at 50 nM concentration compared to VEGF-stimulated control (no inhibitor) as


follows: 0 = no decrease; 1 = 1–25%; 2 = 26–50%; 3 = 51–75%; 4 = 76–100%.13
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dual TIE-2/VEGF-R2 activity along with excellent cel-
lular activity (cell score of 4). Similarly, aryl (37–38)
and alkyl (39–41) carbamates also displayed excellent
dual inhibition and cellular activity.


Among these compounds, the isopropyl carbamate 39
showed good PK properties in the rat with good oral
bioavailability (Table 3). The iv t1/2 was 2.8 h with an
AUC0–1 of 1710 ng h/mL and a low clearance of
10.5 mL/min/kg. The oral bioavailability in the rat was
estimated to be greater than 44% (based on 6 h AUC).
Compound 39 was evaluated for dose-related oral
anti-tumor efficacy against murine SVR angiosarcomas
in nude mice. A significant anti-tumor efficacy was
observed at oral doses of 0.3 mg/kg and 1.0 mg/kg
BID beginning at day 4 and extending to day 10 of
the study with a maximum inhibition of 62%. However,
at higher doses toxicity was observed precluding 39 from
further studies and advancement.14 Based on this find-
ing, chemistry efforts were prioritized to other series to
address the toxicity and metabolic stability of the side-
chain, which will be reported in due course.

Table 3. PK data for compound 39


iv 1 mg/kg


t1/2 (h) 2.84


AUC0–t (ng h/mL) 1423


AUC0–1 (ng h/mL) 1710


V (L/kg) 2.34


CL (mL/min/kg) 10.5


po 5 mg/kg


tmax (h) 4.00


AUC0–t (ng h/mL) 2416


AUC0–1 (ng h/mL) 3769


Cmax (ng/mL) 552


Bioavailability (estimated) >44%

In conclusion, we report on a novel class of C-3 urea,
amide, and carbamate fused dihydroindazolocarbazole
analogs as highly potent dual inhibitors of TIE-2 and
VEGF-R2 receptor tyrosine kinases with excellent cellu-
lar potency. The SAR of the urea compounds revealed
that optimal alkyl N-13 substitution was n-propyl or
i-butyl. The outer urea N–H function was not required
for dual potency, leading to the synthesis of a series of
amide and carbamate analogs, also displaying potent
dual activity. The isopropyl carbamate 39 was identified
as a potent dual inhibitor (VEGF-R2 IC50 = 5 nM;
TIE-2 IC50 = 11 nM) with good cell potency and rat
pharmacokinetic properties for in vivo evaluation.
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Abstract—Three novel (1–3) and two known (4–5) scalarane sesterterpenes were isolated from a marine sponge of the genus
Spongia. The isolated compounds showed potent inhibition of transactivation for the nuclear hormone receptor, FXR (farnesoid
X-activated receptor), which is a promising drug target to treat hypercholesterolemia in humans.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Z-guggulsterone and structure of compounds 1–5.

Hypercholesterolemia is one of the important risk fac-
tors for coronary heart disease and atherosclerosis.1


The most well-known drugs for reducing blood choles-
terol level are statins. Statins have been proven to reduce
the blood cholesterol level by inhibiting the cholesterol
biosynthesis enzyme HMG-CoA reductase. However,
statins are reported to cause muscle damage, pharyngi-
tis, headaches, and other pains.2 In addition, statins
do not remove accumulated cholesterol in the human
body. Research is urgently needed to discover new
molecular targets, as well as new therapeutic agents, to
complement existing therapies. An excellent example
of a new molecular target for hypercholesterolemia is
the nuclear hormone receptor, FXR. Cholesterol is re-
moved from the liver in the form of bile acids. The main
bile acid biosynthetic pathway is initiated by cholesterol
7a-hydroxylase (CYP7A1), which is the rate-limiting en-
zyme of the bile acid biosynthetic pathway in the liver.3


The CYP7A1 gene is suppressed by the bile-acid nuclear
receptor FXR. A recent study found that Z-guggulster-
one isolated from the guggul tree Commiphora mukul
has directly decreased hepatic cholesterol levels through
antagonizing FXR (Fig. 1).


Z-guggulsterone is the main ingredient of guggulipid,
used in treating hyperlipidemia in humans.4 However,
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Z-guggulsterone also activates the other nuclear recep-
tor like pregnane X receptor. The pregnane X receptor
activated by guggulsterone induces the expression of
CYP3A genes, which encode the cytochrome p450s in
the human liver. The CYP3A are the drug-metabolizing
isoenzymes and play key roles in the biotransformation
of xenobiotics and drugs.5 This suggests that patients
being treated with guggulsterone should not continue
taking medications metabolized by the CYP3A isoen-
zymes. Novel antagonists for FXR are thus needed to
treat hypercholesterolemia in new ways other than the
inhibition of HMG-CoA reductase in de novo cholester-
ol biosynthesis.


In continuing the investigation of FXR antagonists
from marine organisms, five sesterterpenes 1–5 of
scalarane class, including three novel compounds, were
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isolated from a Korean sponge of the genus Spongia
(Fig. 1).


Many scalarane sesterterpenes have been isolated from
marine sponges and many of these compounds are
particularly interesting from the point of view of their
pharmacological properties. In fact, these scalarane
sesterterpenes have been reported to exhibit biological
activities such as anti-inflammatory,6 platelet aggre-
gation inhibitory,7 antimycobacterial,8 cytotoxic,9


mammalian phospholipase A2 inhibitory,10 HIV
inhibitory,11 and antineoplastic activities.12 However,
there is no report of biological activity of scalaranes in
regard to metabolic disorders. In this communication,
we have detailed the isolation and structural elucidation
of these novel scalaranes and their FXR inhibitory
activities.


A species of marine sponge of the genus Spongia was
collected using SCUBA near Tong-Yong City in the
South Sea, Korea. The wet animal (23 kg) was extract-
ed three times with 50% MeOH in DCM. These ex-
tracts were combined and partitioned three times
between hexane and MeOH. Then the MeOH soluble
layer was further partitioned between ethyl acetate
(10 g) and water three times. The EtOAc-soluble part
was found to decrease FXR transactivation by nearly
90% at 100 lg/ml. The EtOAc-soluble part was subject-
ed to silica flash chromatography using stepped gradi-
ent mixtures of EtOAc and hexane as eluents to
provide 21 fractions. Among them, active fractions
(90% inhibition at 25 lg/ml) against FXR were further
separated by using reversed-phase HPLC (Optimapak,
250 · 10 mm, 5 lm, 100 Å, UV = 210 nm), eluting with
85% acetonitrile in H2O to afford compounds 1
(41.8 mg), 2 (1.5 mg), 3 (3.5 mg), 4 (88.1 mg), and 5
(31.4 mg), as colorless oils.


The molecular formula of compound 1, ½a�25


D �5.0�
(c 0.002, CHCl3), was deduced as C29H44O6 based on
the fragmentation at m/z 470.3034 [M�H2O]+ in HRE-
IMS and 13C NMR data. The IR spectrum showed the
presence of a hydroxyl group at 3392 cm�1 and an
ester at 1737 cm�1 and 1238 cm�1. The 13C NMR spec-
trum of 1 showed the presence of 29 carbon signals. At
90� and 135� DEPT spectra, six methyls, nine methyl-
enes, seven methines (one olefin and two bearing oxy-
gen), and seven quaternary carbons were revealed.
Thus, compound 1 has an exchangeable proton13


and, as indicated by the molecular formula, eight de-
grees of unsaturation. The 1H NMR spectrum revealed
the presence of one olefinic proton at d 5.47 (H-16)
together with an acetal hydrogen at d 5.39 (H-19),
two downfield methylene systems at d 4.31 and d
4.51 (H-24s), and d 4.13 and d 4.41 (H-20s). The 1H
NMR spectrum of 1 also featured a downfield methy-
lene proton at d 4.69 (H-12), four methyl groups with
singlets at d 0.85 (H-21), d 0.79 (H-22), d 0.88 (H-23),
and d 0.95 (H-25). Analysis of 2D NMR data (COSY,
HSQC, and HMBC) revealed that compound 1 is
based on the scalarane skeleton, having acetate groups
at C-12 and C-24. The position of the acetyl group was
assigned at C-12 (d 82.3) by an HMBC cross-peak

between H-12 (d 4.69) and d 170.8 (12-OAc). The pres-
ence of the remaining acetyl group at C-24 (d 64.9) was
also evident from an HMBC cross-peak between the
methylene protons at d 4.51 and d 4.31 (H-24s) and
carbons at d 36.6 (C-7), d 54.7 (C-14), and the carbonyl
carbon at d 171.1 (24-OAc). Complete assignment of
the NMR data is given in Table 1.


The relative stereochemistry of 1 was established by
analysis of coupling constants and NOSEY spectra
(Fig. 2). The cross-peaks between H-23 (d 0.88) and
H-24 (d 4.51), H-24 (d 4.31) and H-25 (d 0.95), and
H-25 and H-19 (d 5.39) indicated that C-23 (d 16.3),
C-24 (d 64.9), C-25 (d 9.3), and C-19 (d 99.1) all have
the same orientation on the molecular plane. In particu-
lar, a coupling constant (4.6 Hz) between H-19 (d 5.39)
and H-18 (d 2.28), as well as a cross-peak between
H-19 (d 5.39) and H-25 (d 0.95) in the NOESY spectra,
supported unambiguously the trans relationship
between H-18 (d 2.28) and H-19 (d 5.39). Alternatively,
H-12 (d 4.69) is coupled to H-11 (d 1.88) with
J = 11.3 Hz, and also correlates with H-18 (d 2.28)
strongly in the NOESY spectra, which suggest the cis
relationship between H-12 (d 4.69) and H-18 (d 2.28).
The gross structure of 12,24-diacetoxy-deoxoscalarin 1
was thus determined.


The molecular formula of 2, ½a�25


D +9.0� (c 0.002,
CHCl3), was deduced as C25H40O4 based on the frag-
mentation at m/z 427.2809 [M+Na]+ in HRFABMS
in combination with 13C NMR data. The IR spectrum
showed the presence of a hydroxyl group at 3392 cm�1.
At 90� and 135� DEPT spectra, four methyls, nine
methylenes, seven methines (one olefin and two bearing
oxygen), and five quaternary carbons were revealed.
Thus, compound 2 has three exchangeable protons
and, as indicated by the molecular formula, six degrees
of unsaturation. The spectral data for this compound
were very similar to those of 1, with the loss of signals
for the two acetoxyl groups in compound 1. Analysis
of 2D NMR revealed that compound 2 possesses the
carbon skeleton identical to that of 1. The structural
difference is that the two acetoxyl groups at d 82.7
(C-12) and d 62.4 (C-24) are replaced by two hydroxyl
groups, as evidenced by the significant upfield shifts of
H-12 (d 3.53), two methylene proton at d 3.89 and d
3.97 (H-24) in 1H NMR spectrum, which was demon-
strated by its acetylation.14 Therefore, the structure of
2 was determined as 12-O-deacetoxyl-24-hydroxyl-deo-
xoscalarin (Table 2).


Compound 3, ½a�25


D +2.0� (c 0.002, CHCl3), possessed
the molecular formula C26H42O3 on the basis of
HRFABMS [obsd m/z 401.3048 [M+Na]+]. The spec-
tral data for this compound were very similar to those
of 2, with an additional methoxy peak and the loss of
signals for downfield methylene protons in 1H and 13C
NMR data (Table 2). Analysis of 2D NMR also con-
firmed that compound 3 possesses the same carbon
skeleton as that of 2. The structural difference is that
the hydroxyl group at C-24 is replaced by a proton, as
evidenced by the appearance of a singlet methyl signal
(d 0.85) as well as the loss of two downfield proton







Table 1. NMR data of compound 1 (CDCl3)a


Compound dC, mb dH, m, J (Hz) COSY HMBC


1 40.3 t 0.85 C-2, 5, 9, 10


1.66 dt 12.5 1.5


2 18.4 t 1.38 m, 1.57 m 3


3 41.8 t 1.15 m C-21, 22


1.33 m 2


4 33.1 s


5 56.5 d 0.85s


6 18.6 t 1.57 m


2.14 dt 13.2 1.5


7 36.6 t 0.89 m


2.14 m


8 39.8 s


9 58.1 d 1.12 br d 12.1 11 C-5, 7, 8, 11, 12, 14, 23, 24


10 37.2 s


11 23.2 t 1.43 m 9, 12 C-9, 12, 13


1.88 dd 12.7 3.4 12 C-9, 12, 10, 13


12 82.3 d 4.69 dd 11.2 4.2 11 C-11, 18, 25


13 38.0 s


14 54.7 d 1.39 15 C-7, 9, 12, 15, 16, 18, 24, 25


15 23.3 t 2.20 m 14, 16


2.40 m 14


16 116.6 d 5.47 br s 15 C-20


17 135.9 s


18 61.5 d 2.28 br s 19


19 99.1 d 5.39 t 2.4 18 C-18


20 68.2 t 4.13 d 11.3 C-16, 17, 18


4.41 d 11.3


21 33.2 q 0.85 s C-3, 4, 5, 22


22 21.8 q 0.79 s C-3, 4, 5, 21


23 16.3 q 0.88 s


24 64.9 t 4.31 d 12.5 C-7, 14, Carbonyl (24)


4.51 d 12.5


25 9.3 q 0.95 s


12-OAc 170.8 s


21.4 q 2.05 s


24-OAc 171.1 s


21.1 q 2.08 s


OH 3.61 br s


a 600 MHz for 1H NMR and 150 MHz for 13C NMR.
b Multiplicity was determined by analysis of DEPT spectra.
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Figure 2. Key NOESY correlations of compound 1.
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signals in 1H NMR spectrum. An additional methoxy
group (d 3.50) also shows a strong long range correla-
tion with C-19 (d 106.1) in HMBC spectra. Therefore,
the structure of 3 was assigned as 12-O-deacetoxyl-19-
O-methydeoxoscalarin.15


Together with 1–3, the two previously reported scalara-
ne-based sesterterpenes (4–5) were also isolated.16,17


To investigate the FXR antagonistic effect of com-
pounds 1–5, a co-transfection assay was performed

using a full length FXR receptor and a reporter.18


The plasmids containing human FXR and luciferase
reporter were transfected into CV-1 cells, monkey kid-
ney cells. The transfected cells were treated with or
without the tested compounds 1–5 in the presence of
50 lM chenodeoxycholic acid (CDCA, a natural
ligand for FXR). As a result, the compounds 1–5
showed inhibitory activities against FXR transactiva-
tion. In particular, 12,24-diacetoxy-deoxoscalarin 1
showed the most potent inhibitory activity against
FXR transactivation with an IC50 value of 8.1 lM
without any significant cytotoxicity. Interestingly,
12,24-diacetoxy-deoxoscalarin 1 with two acetyl
groups at C-12 and C-24 showed a marked inhibitory
transactivation against FXR compared with scalarane
sesterterpenes 2–4, as shown in Table 3. These results
suggest that the acetyl groups at C-12 and C-24 are
critical for the FXR antagonistic activity. Further
study into the structure and activity relationship based
on a molecular modeling experiment is in progress in
our laboratory.







Table 2. 1H, 13C data of 2 (methanol-d4) and 3 (CDCl3)


Compound 2a 3a


dC, mb dH, m, J (Hz) dC, mb dH, m, J (Hz)


1 41.6 t 1.18 42.0 t 1.13


1.73 1.36


2 20.1 t 1.43 m, 1.54 m 18.5 t 1.40 m, 1.61 m


3 41.9 t 1.12 m 41.6 t 0.92 m


1.36 m 1.72 m


4 34.3 s 33.2 s


5 58.2 d 0.89 56.4 d 0.78 s


6 19.8 t 1.45 m, 1.54 m 18.1 t 1.36 m, 1.51 m


7 37.7 t 0.75 m 39.8 t 0.87 m


2.35 dd 12.0 2.9 1.74 m


8 43.2 s 37.4 s


9 60.2 d 1.01 d 11.5 58.8 d 0.91


10 38.6 s 37.3 s


11 26.8 t 1.44 m 25.5 t 1.41 m


1.64 m 1.70 m


12 82.7 d 3.53 dd 11.4 4.5 81.1 d 3.47 dd 11.2 3.6


13 44.0 s 39.8 s


14 56.3 d 1.25 d 12.1 53.2 d 1.11 d 12.1


15 25.1 t 2.18 m 21.9 t 1.77 m


2.65 m 2.04 dd 12.1 1.1


16 118.9 d 5.48 s 117.1 d 5.51 t


17 136.3 s 134.9 s


18 62.6 d 2.20 br s 59.0 d 2.29 br s


19 100.8 d 5.28 d 6.0 106.1 d 4.91 dt 3.2 1.4


20 69.1 t 4.41 dd 11.7 1.7 68.6 t 4.45 dd 11.8 1.4


4.13 dd 11.7 1.7 4.20 dd 11.8 1.4


21 33.9 q 0.86 s 33.2 q 0.83 s


22 21.9 q 0.83 s 21.2 q 0.82 s


23 17.2 q 0.92 s 16.5 q 0.92 s


24 62.4 t 3.89 d 12.1 17.0 q 0.85 s


3.97 d 12.1


25 9.7 q 0.91 s 8.7 q 0.80 s


19-OMe 56.2 q 3.50 s


OH 3.27 br s


a Assignments were aided by a combination of COSY, HSQC, and


HMBC experiments.
b Multiplicity was determined by analysis of DEPT spectra.


Table 3. Inhibition of FXR transactivation and cytotoxicity for


compounds 1–5


Compound Inhibition of


FXR transactivation


IC50
a (lM)


Cytotoxicity IC50
a,b


(lM) (CV-1 cell)


1 8.1 32.7


2 64.5 >100


3 24.8 86.9


4 25.3 29.2


5 81.1 98.5


Z-Guggulsterone 10.0 Not determined


a Each experiment was repeated more than three times.
b Cytotoxicity was measured by using MTT method.
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Abstract—A novel class of inhibitors of pestiviruses (5-substituted 2-phenyl-5H-imidazo[4,5-c]pyridines) is described. Modification
of the substituent in position 5 resulted in analogues with high activity (EC50 < 100 nM) and selectivity (SI > 1000) against the
pestivirus BVDV (bovine viral diarrhea virus).
� 2006 Elsevier Ltd. All rights reserved.

The bovine viral diarrhea virus (BVDV) belongs togeth-
er with viruses such as the classical swine fever virus
(CSFV) and the border disease virus (BDV) to the
genus Pestivirus that is classified along with the genus
Hepacivirus and Flavivirus in the family of the
Flaviviridae.1


Pestiviruses cause important diseases of livestock such
as bovine viral diarrhea in cattle,2 classical swine fever
in pigs,3 and border disease in sheep. Regardless of
the availability of vaccines against BVDV and CSFV,
and the implementation of eradication or control pro-
grams,4,5 both viruses remain an agronomical burden.
An alternative approach to combat BVDV and CSFV
infections could be the use of antiviral agents that specif-
ically inhibit the replication of the virus. Although likely
not suited to treat large herds, it may be important to
have selective anti-pestivirus compounds at hand. Possi-
ble uses for anti-pestivirus drugs could be (i) to treat
valuable animals in zoologic collections, (ii) to treat
expensive animals in breeding programs and in vitro
embryo production,6 (iii) to cure established cell lines
from contaminating pestiviruses,7,8 or (iv) as a means
to rapidly control outbreaks of classical swine fever.
Current control measures in case of an CSF outbreak
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consist of massive culling of healthy animals in farms
surrounding the infected farm. Although emergency
vaccination could be considered, it takes about 2 weeks
before the animals have mounted a protective immune
response. BVDV is also considered to be a surrogate
virus for hepatitis C virus (HCV),9 although adequate
HCV replicon and HCV cell culture systems are now
available.10–12


Worldwide 170 million people are chronic carriers of
HCV. This virus is a major cause of cirrhosis and pri-
mary hepatocellular carcinoma, and the main reason
for liver transplantations among adults in Western
countries.13 The current standard therapy for hepatitis
C, that is, the combination of pegylated interferon-a
and the nucleoside analogue ribavirin, is only effective
in about 50–60% of patients that suffer from chronic
HCV infection, and is associated with important side-
effects.14 Consequently, there is an urgent need for high-
ly effective and selective inhibitors of HCV replication.


In the course of a screening effort dedicated to the search
for new classes of inhibitors of BVDV (as a surrogate
for HCV) compound 1 was found to elicit antiviral
activity.15 It was obtained as the main product from
the reaction of 2-(2,6-difluorophenyl)-1(3)H-imidazo-
[4,5-c]pyridine with 2,6-difluorobenzyl bromide in 65%
yield together with the isomers 2 and 3 (15% yield each;
Fig. 1). The crude product mixture was separated by
column chromatography (silica gel; eluent: dichloro-
methane/methanol = 12:1). Alternatively, pure 1 can be
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Figure 1. Synthesis of compounds 1, 2, and 3. Structures of compounds 4 and 5.


Table 2. Anti-BVDV activity and cytotoxicity for compounds 6–8


Compound EC50
a (lM) CC50


a (lM) S.I.b


6 4 ± 1 >100 >25


7 0.23 ± 0.02 >100 >435


8 0.25 ± 0.05 >100 >400


a Values are means of four independent experiments ± standard


deviation.
b In vitro selectivity index (CC50/EC50).


Table 3. Anti-BVDV activity and cytotoxicity for compounds 9–35


N N


N


R 9-35


Compound R EC50
a (lM) CC50


a (lM) S.I.b


9 2-CH3 0.3 ± 0.1 >100 >333


10 3-CH3 0.6 ± 0.2 >100 >167


11 4-CH3 0.13 ± 0.02 >100 >769
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obtained by recrystallization of the crude isomer
mixture from a mixture of diisopropyl ether and ethyl
acetate. The assignment of the structures of the three
products was achieved by one-dimensional NOE differ-
ence spectroscopy (irradiation at the resonance frequen-
cies of the CH2 linkers). Compounds 2 and 3 showed
reduced anti-BVDV (NADL) activities in MDBK cells,
as did the imidazo[4,5-b]pyridine analogues 4 and 5
(Table 1). Therefore, compound 1 was selected as the
lead compound.


In a first attempt to understand the structural require-
ments for the antiviral activity, the defluorinated
analogues 6, 7 and 8 were prepared (Fig. 2). The biolog-
ical results showed that removal of the 2 fluorines on the
2-phenyl results in more active antiviral compounds
(Table 2).


To further investigate the influence of substituents on the
benzyl group on the anti-BVDV activity, a set of 26
analogues was prepared (compounds 9–35, see Table 3).

Table 1. Anti-BVDV activity and cytotoxicity for compounds 1–5


Compound EC50
a (lM) CC50


a (lM) S.I.b


1 1.5 ± 0.7 >100 >65


2 16.20 >100 >6


3 P48 99 ± 2 62


4 P32 >100 63


5 P88 >100 61.1


a Values are means of six independent experiments ± standard


deviation.
b In vitro selectivity index (CC50/EC50).
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Figure 2. Structures of compounds 6, 7, and 8.


12 2-OCH3 0.27 ± 0.05 >100 >370


13 3-OCH3 0.5 ± 0.2 >100 >200


14 4-OCH3 0.14 ± 0.05 >100 >714


15 2-F 0.10 ± 0.01 >100 >1000


16 3-F 0.15 ± 0.07 >100 >667


17 4-F 0.12 ± 0.04 >100 >833


18 2-Cl 0.19 ± 0.04 >100 >526


19 3-Cl 0.21 ± 0.05 >100 >476


20 4-Cl 0.08 ± 0.05 >100 >1250


21 2-Br 0.28 ± 0.06 >100 >357


22 3-Br 0.28 ± 0.08 85 ± 13 304


23 4-Br 0.07 ± 0.02 83 ± 20 1186


24 2-CN 0.76 ± 0.12 >100 >132


25 3-CN 4 ± 2 >100 >25


26 4-CN 0.23 ± 0.03 >100 >435


27 2-CF3 1.5 ± 0.3 >100 >67


28 3-CF3 0.24 ± 0.05 98 ± 4 408


29 4-CF3 0.22 ± 0.04 84 ± 13 455


30 4-tert-Butyl 0.49 ± 0.20 22 ± 1 45


31 4-Ph 0.08 ± 0.02 18 ± 3 225


32 4-I 0.12 ± 0.04 22 ± 4 183


33 3,4-Cl2 0.11 ± 0.04 71 ± 8 645


34 4-OCF3 0.27 ± 0.06 66 ± 7 244


35 4-COOH >100 >100 n.a.


a Values are means of four independent experiments ± standard


deviation.
b In vitro selectivity index (CC50/EC50).
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In general, all prepared analogues showed activity with
the exception of the 4-carboxy derivative 35, but this
can probably be contributed to the inability of the car-
boxylic acid to penetrate cell membrane rather than loss
of intrinsic binding ability. With respect to the position
of the substituents ortho- and para-substitution is pre-
ferred. Halogen substituents result in the best improve-
ments of activity and selectivity, in particular chlorine
and bromine in position 4 (20 and 23,16,17 respectively).
Also, the 2-monofluoro analogue 15 showed high
activity and selectivity. Methyl and methoxy substitu-
ents were tolerated in all three positions, whereas intro-
duction of a cyano substituent in position 3 or of a
trifluoromethyl group in position 2 results in reduced
activity (25 and 27, respectively). A bulky substituent
(tert-butyl, Ph or I) in position 4 resulted in analogues
with increased toxicity (compounds 30, 31, and 32,
respectively).


To further explore the structure–activity relationship of
the 5-substituent in this class of compounds a set of ana-
logues was prepared, where (the length of) the linker was
modified (36–39, 47, and 48), where the benzyl group
was replaced by alkyl or alkenyl (41–46) or where the
phenyl ring of the benzyl substituent was replaced by
other (heterocyclic) ring(system)s (49–54) (Table 4).


Increasing the length of the linker to 2 or 4 carbons
resulted in compounds with reduced antiviral activity
(36 vs 6 and 38 vs 8, respectively), whereas a 3-atom
linker was better tolerated (37, 47, and 48). Replacing
one hydrogen of the methylene linker by methyl
(compound 39) resulted in reduced activity. The alkyl

Table 4. Anti-BVDV activity and cytotoxicity for compounds 36-54


N N


N
F


F


36


Compound R


36 —


37 3-Ph–1-propyl


38 4-Ph–1-butyl


39 (±)-1–Ph-ethyl


40 H


41 Ethyl


42 3-Methyl-1-butyl


43 2-Ethyl-1-butyl


44 2-(Diisopropyl-amino)-ethyl


45 3,3-Dimethylallyl


46 Cyclohexylmethyl


47 2-Phenoxy-ethyl


48 (E)-3-Ph–allyl


49 1-Naphthylmethyl


50 2-Naphthylmethyl


51 2-Pyridylmethyl


52 3-Pyridylmethyl


53 4-Pyridylmethyl


54 5-Cl–2-thienylmethyl


a Values are means of four experiments ± standard deviation.
b In vitro selectivity index (CC50/EC50).

or alkenyl analogues exhibited reduced activity with
the cyclohexylmethyl analogue being the most active
(41–46). The two naphthyl analogues showed different
effects: the 1-naphthyl analogue 49 elicited excellent
activity, but the 2-naphthyl analogue 50 proved almost
inactive. All three pyridine analogues (51–53) had re-
duced activity, but replacing the phenyl by 5-chloro-2-
thienyl resulted in an analogue (54) with high activity
and selectivity. The 5-unsubstituted intermediate 40
proved only slightly active.


The compounds (as exemplified by 23 (BPIP)16) target
the viral RNA-dependent RNA polymerase and induce
the same mutation (F224S in the fingertip of the
polymerase) as the structurally unrelated compound
(3-[((2-dipropylamino)ethyl)thio]-5H-1,2,4-triazino[5,6-
b]indole).18


All 54 analogues were also tested against HCV in a
genotype 1a subgenomic replicon system,19 but proved
inactive against this virus.


In conclusion, 5-substituted 2-phenyl-5H-imidazo[4,5-c]
pyridines represent a class of highly active and selective
anti-BVDV compounds with activities down to below
100 nM and antiviral selectivities >1000. These com-
pounds lack activity against the HCV.
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Abstract—A series of 2-aminoquinoline compounds was prepared and evaluated in MCH1R binding and functional antagonist
assays. Small dialkyl, methylalkyl, methylcycloalkyl, and cyclic amines were tolerated at the quinoline 2-position. The in vivo effi-
cacy of compound 12 was explored and compared to that of a related inactive analog to determine their effects on food intake and
body weight in rodents.
� 2006 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a cyclic pep-
tide present in the lateral hypothalamus that is believed
to be involved in energy homeostasis and feeding behav-
ior.1 The phenotypes of MCH KO2 and MCH1R KO3


mice along with rodent pharmacological studies in vivo
using MCH1R agonists4 and antagonists5 have
increased interest in MCH1R as an important central
nervous system G-protein coupled receptor (GPCR)
drug target. These biology and pharmacology results
generated great interest in the development of MCH1R
antagonists for the possible treatment of obesity6 and
depression or anxiety.7 Many non-peptidyl MCH1R
antagonists have appeared in the patent literature in re-
cent years8 in an effort to obtain compounds viable for
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clinical validation of MCH1R antagonism as a thera-
peutic target for human health.


In the previous letter, we described our initial work in
the area of 4-aminoquinoline MCH1R antagonists.9


Significant improvements of the original lead were made
by modifications of the quinoline 2- and 6-positions to
identify MCH1R antagonists exemplified by compound
1 (Fig. 1). However, we were unable to obtain further
improvements on the series by modification of the
4-amino group. We subsequently proposed transposing
the 4-amino group to the isoelectronic 2-amino position
in the hope that modifications of the amino group at
2-position would be better tolerated for MCH1R
antagonist activity. To our delight, the 2-dimethylami-
noquinoline compound 2 was found to have equal
MCH1R binding affinity as the related 4-aminoquino-
line compound 1.


This letter will describe the structure–activity relation-
ships (SAR) of the isoelectronic 2-aminoquinoline-6-
carboxamide MCH1R antagonists and in vivo rodent
pharmacology of an optimized compound from this lead
class. After the initial publication of 4-aminoquinoline10



mailto:robert_devita@merck.com





N N


H
N


Me


Me


O


F3C


N


H
N


O


F3C
4


N
MeMe


Me
2


MCH-1R Binding IC50 = 12nM


H


MCH-1R Binding IC50 = 13nM


compound 1 compound 2


Figure 1. 4-Aminoquinoline (compound 1) and 2-aminoquinoline (compound 2) MCH1R antagonists.
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and 2-aminoquinoline11 MCH antagonist patent appli-
cations from these laboratories, related aminoquinoline
MCH1R antagonists have been reported by other
laboratories.12


The synthesis of 2-aminoquinoline-6-carboxamide
derivatives11 is outlined in Scheme 1. Dihydroquinoli-
none 3 was converted according to literature procedures
to the 6-nitro compound 4 under standard conditions
followed by treatment with POCl3 to provide 2-chloro-
6-nitroquinoline 5.13 A variety of amines 6 could be added
to the 2-position of the quinoline by refluxing with an
excess of the amine in ethanol. The resulting 2-amino
derivatives 7 were subsequently converted to 6-amino
derivatives 8 by reduction of the 6-nitro group using
FeCl3–NH2NH2 system.14 Simple carboxamide forma-
tion using acid chlorides 9 or carboxylic acids 10 provided
the desired 2-aminoquinoline-6-carboxamide derivatives
11.


Compounds were evaluated for their binding affinity to
cloned human MCH1R in a competition binding assay
with [125I]-[Phe13,Tyr19]-hMCH as the radioligand
(Binding in Tables).15 Functional activation of rat
MCH1R was also assessed by stimulation of IP3-cou-
pled mobilization of intracellular calcium in human
HEK-293 cells expressing rat MCH1R (rAeq in Ta-
bles).15 Compounds from the 2-aminoquinoline class
were also screened on MCH2R and found to exhibit less
than 50% inhibition at a screening dose of 4 lM, show-
ing good selectivity for MCH1R over MCH2R.16


The MCH1R binding affinities and functional activities
for analogs with a variety of amine substituents are
shown in Table 1. The primary amine (entry 1) is much
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Scheme 1. Standard synthesis of 2-aminoquinoline-6-carboxamide MCH1R

less active than the mono- and dimethyl amine analogs;
results which are in contrast to those of the 4-amino-
quinoline designs, where the more active analogs con-
tained the primary amino group. This result allowed
for further elaboration of the structure–activity relation-
ships of the 2-aminoquinoline series. A series of dialkyl
amine analogs showed that smaller dialkyl groups were
preferred, for example, dimethylamino compound (en-
try 3) had superior binding affinity as compared to the
diethyl and di-n-propyl analogs (entries 6 and 7). How-
ever, the unsymmetrical combination of a larger alkyl
group with a methyl group on the amine afforded com-
pounds with excellent binding affinity and functional
antagonist activity. N-Propyl-N-methylamino (entry 4),
N-i-propyl-N-methylamino (entry 5) groups were partic-
ularly active analogs. Cycloalkyl groups were also toler-
ated such as N-methylcyclopentyl amine and N-methyl-
cyclohexyl amine, while the N-methyl-N-phenyl amino
compound (entry 10) had significantly reduced MCH1R
binding affinity. A series of cyclic amines were evaluated
to complete the simple amino group SAR. Analogs con-
taining small cyclic amines such as azetidine, pyrrolidine
and piperidine rings (entries 11–13) were superior to the
analog possessing the larger azepine ring (entry 14). In
addition, the bridged bicyclic amino analog (entry 15)
had comparable MCH1R binding affinity and function-
al activity as compared to the small ring analogs. These
results allowed for the exploration of substituents on the
cyclic amine analogs in order to find functional groups
that might modulate the physical–chemical properties
of the 2-aminoquinoline series of MCH1R antagonists.


The pyrrolidine ring was chosen for further functionali-
zation with the subset of analogs prepared shown in Ta-
ble 2. Simple methyl substitution of the pyrrolidine 2- or

N
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N


N N


H
N
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R1
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AP


DDQ, 
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N N
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antagonist analogs. For full experimental details, see Ref. 11.







Table 1. In vitro biological activity of 2-amino substituents of


2-aminoquinoline-6-carboxamide MCH1R antagonistsa


N R


H
N


O


F3C


Entry R hBinding IC50 rAeq. EC50


1 N
H


H
240 720


2 N
H


Me
20 330


3 N
Me


Me
13 110


4 N
Me


Me
10 140


5 N
Me


Me


Me


2 140


6 N
Et


Et
88 830


7 N
Pr


Pr
490 nd


8 N
Me


2 350


9 N
Me


18 1200


10


Me
N 3700 nd


11 N 4 56


12 N 3 320


13b N
12 110


14
N


36 1800


15 N 3 190


a In vitro data in nM are the average of at least two experiments.
b Cinnamide analog.


Table 2. In vitro biological activity of pyrrolidine substitutents of


2-pyrrolidine quinoline-6-carboxamide MCH1R antagonistsa


N R


H
N


O


F3C


Entry R hBinding IC50 rAeq. EC50


1 N 3 320


2 N


Me
5 270


3 N
Me 2 400


4 N


CO2Me
800 580


5 N
Ph 25 1770


6 N
NH2


12 200


7 N
N
H


Me


O
5 44


8 N
N
H


Ph


O
10 110


9 N
N
H


O
Me


Me


1 90


10 N
N
H


N
H


O
Me 6 30


11 N H
N SO2Me 3 50


12 N 1 150


13
O


N 13 70


14
N
H


N 210 490


15
N


NH
0.5 140


a In vitro data in nM are the average of at least two experiments.


5272 J. Jiang et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5270–5274

3-positions (entries 2 and 3) had minimal effect on
MCH1R binding affinity and functional activity as com-
pared to the unsubstituted pyrrolidine. The prolinate
analog (entry 4), with a methyl carboxylate group at
the 2-position, showed a significant decrease in binding

affinity, while addition of the phenyl group to the 3-po-
sition was also deleterious to MCH1R antagonist activ-
ity. The addition of a 3-amino group (entry 6) was well
tolerated and allowed for the further elaboration of the
amino group into other functionalized analogs. For
example, N-acetyl, N-benzoyl, and N-isobutyryl carbox-
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amides (entries 7–9) possessed excellent binding affinities
and functional MCH1R antagonist activity of near or
below 100 nM. Other small functionalized amino groups
such as the N-methyl urea (entry 10) and methanesulf-
onamide (entry 11) also showed low nanomolar
MCH1R binding affinity and excellent functional antag-
onist activity. A series of bicyclic amine analogs (entries
11–15) was similarly active in the binding assay and
demonstrated the variety of functionalized pyrrolidines
that were useful in defining the SAR of the 2-amino-
quinoline lead series.


The 2-aminoquinoline series had been sufficiently
developed to provide many compounds with low
nanomolar binding affinities and functional antagonist
activity useful for proof-of-concept studies in vivo.
The usefulness of peptidyl MCH antagonists for the
reduction of food intake and body weight had been
previously demonstrated5 but the need to establish
similar in vivo effects with the 2-aminoquinoline
MCH antagonist series remained. Table 3 shows the
profiles of two compounds chosen for intravenous
infusion studies for the reduction of food intake and
modulation of body weight in rats. Compound 12,
the 2-azabicyclo[2.2.2]quinoline MCH1R antagonist
analog possessing the (2-trifluoromethylpyridin-5-
yl)propionamide, was paired in a study with less active
analog compound 13 containing a shortened (2-triflu-
oromethylpyridin-5-yl)carboxamide at the quinoline
6-position. Inclusion of the pyridyl group improved
vehicle solubility for iv dosing as compared to the
phenyl series of analogs.


Compound 12 possesses low nanomolar binding affin-
ity on the human and rat MCH1R, and an EC50 of
25 nM in the rat functional assay. The related com-
pound 13 has very poor binding affinity and function-
al activity making it a useful tool to determine if any
impact on feeding is mechanism-based and not due to
inherent toxicity of the structure class. The com-
pounds were also matched with respect to rat pharma-

Table 3. Biological profile of 2-azabicyclo[2.2.2]-quinoline-6-carbox-


amide MCH1R antagonist compounds 12 and 13a


N N


H
N


O


N


F3C
n


Compound 12 (n = 12) 13 (n = 0)


MCH1R binding IC50 IC50


Human 5 nM 30%I at 5 lM


Rat 13 nM 20%I at 5 lM


MCH1R function EC50 EC50


Rat 25 nM >10 lM


Rat Pharmacokinetics


Clp (mL/min/kg) 36 57


Vdss (L/kg) 1.0 3.92


t1/2 (h) 0.6 1.1


a In vitro data in nM are the average of at least two experiments.

cokinetics, with similar half-lives and clearances, such
that continuous iv infusion was determined as the
optimal method of compound delivery.


Male Sprague–Dawley rats were used to assess acute
effects of an MCH1R antagonist on energy homeosta-
sis. In order to obtain constant circulating levels of
compound, lean male Sprague–Dawley rats were
implanted with indwelling infusion pumps (Kent Sci-
entific, Torrington, CT) and given an iv bolus of
either compound,5 followed by a continuous com-
pound infusion (iv bolus 1.6 mg/kg followed by ip
infusion of 1.33 mg/kg/h in 30% HPCD) for 18 h
(overnight with lights out) with access to a palatable
moderate high-fat diet (32% kcal fat). Compound 12
decreased overnight food intake by 26% (p = 0.049
vs. vehicle) with a non-significant reduction in body
weight gain (p = 0.065) as compared to vehicle-treated
controls. In a separate study, the related inactive ana-
log, compound 13, administered at a molar equivalent
(iv bolus 5.8 mg/kg followed by ip infusion of 1.2 mg/
kg/h in 30% HPCD) had no significant effects on food
intake or body weight gain during the overnight
study. These results indicate that the 2-aminoquinoline
MCH1R antagonists, exemplified by compound 12, re-
duce food intake in rodents. These feeding effects are
most likely mechanism-based by antagonism of
MCH1R and not due to structure-based toxicity, since
the closely related inactive analog compound 13 had
no effect on food intake in the parallel study.


We have described the structure–activity relationships
of the 2-aminoquinoline series of MCH1R antago-
nists. A variety of 2-amino groups were explored with
small dialkyl, methylalkyl, and methyl-cycloalkylam-
ines providing MCH1R antagonists with high binding
affinity. In addition, small cyclic, bridged, and spirocy-
clic amines were well tolerated at the quinoline 2-posi-
tion. It was also found that aminoquinolines with
2-position pyrrolidines functionalized at the C-3 with
amino, urea, carboxamide, and sulfonamide groups
afforded compounds with exceptional binding and
functional antagonist activity. In vivo efficacy studies
showed that compound 12 from this class of MCH1R
antagonists is useful for the inhibition of food intake
but not body weight gain after iv bolus followed by
continuous iv infusion. These effects were most likely
mechanism-based since the control experiment with a
closely related analog failed to have any effects on
food in take and body weight thereby diminishing
the possibility that non-mechanism-based toxicity or
off-target activities accounted for these biological ef-
fects. These results indicate the potential of the 2-ami-
noquinoline class for the reduction of food intake in
mammals and contribute to the ongoing validation
of MCH1R as a potential target for obesity.
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Abstract—Cu(II) complexes with 4,6-di(tert-butyl)-2-aminophenol (I) and 2-anilino-4,6-di(tert-butyl)phenol (II) have been synthe-
sized and characterized by means of elemental analysis, TG/DTA, FT-IR, UV–vis, ESR, and conductance measurements. The com-
pounds I and II can coordinate in their singly deprotonated forms and behave as bidentate O,N-coordinated ligands; their CuL2


complexes are characterized by CuN2O2 coordination modes and square planar geometry. In vitro antimicrobial screening against
Gram-positive and Gram-negative bacteria, yeasts, and moulds indicated that the compound I and its Cu(II) complex were more
active than Questiomycin B, the compound II, and its Cu(II) complex.
� 2006 Elsevier Ltd. All rights reserved.

Although several classes of antimicrobial compounds
are presently available, microorganisms’ resistance to
these drugs constantly emerges. In order to prevent this
serious medical problem, the elaboration of new types of
antibacterial agents or the expansion of bioactivity of
the previously known drugs is a very actual task.1 The
synthesis and characterization of metal complexes with
organic bioactive ligands is one of the promising fields
for the search, in particular, of metal complexes with
derivatives of sterically hindered o-aminophenols. Cell-
and animal-based testing allowed to reveal a set of
promising pharmacological properties for sterically
hindered o-aminophenols, for example, antioxidant,
antihypoxic, anti-inflammatory and antiviral proper-
ties.2 In particular, an antiherpetic medicine has been
developed from 2-anilino-4,6-di(tert-butyl)phenol and
is currently available.3 Non-substituted o-aminophenol
is known as Questiomycin B antibiotic with specific anti-
fungal (antimycobacterial) activity.4 However, alkylated
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o-aminophenol derivatives, particularly those which
contain tert-butyl groups, are known to be substantially
less toxic.5 On the other hand, complexation with metals
is known to enhance the pharmacological activity of
drugs due perhaps to resulting higher liposolubilities
leading to greater intracellular accumulations.6 In some
cases, metal complexes are less toxic than the parent
drugs.6d These data provide a good platform for
attempts to use sterically hindered o-aminophenols as
ligands in synthesis of new bioactive metal complexes.


According to the results presented in a series of papers,7


sterically hindered o-aminophenol molecules are redox
noninnocent when O,N-coordinated to some transition
metal ions, and can exist in different protonation and
oxidation forms (the o-aminophenol or o-iminosemiqui-
none) in coordination compounds.


As for the coordination chemistry of transitional metal
complexes formed by O,N-coordinated ligands of this
sort, it is quite possible that synthetic difficulties have
inhibited the study of complexes of that kind, since the
attempts to isolate metal complexes with ligands of this
type were often unsuccessful and resulted in recovering
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of the ligand without coordination.8 This has prompted
us to investigate the peculiarities of complexation of
some di-tert-butylated o-aminophenolate ligands with
transition metal ions. In the course of these studies, we
have investigated the acid-base properties and the inter-
action of a series of sterically hindered o-diphenols with
transition metal ions in aqueous ethanol solutions.9


Selecting Cu(II) complexes as the main subjects for this
study, we had in mind that this biometal is vital to
human as a component of many enzymes and metallo-
proteins, and is able to take part in redox processes, thus
affecting the properties of the ligands of the phenolic or
quinoid types.10 In our studies the experimental data on
the quantitative aspects of complexation equilibria for
Cu(II) ions forming complexes with the above-men-
tioned ligands in aqueous ethanol solutions were
obtained from potentiometric titration, thus allowing
us to select the best conditions for synthesizing ML2


complexes (where M = metal (II) ion; L = ligand). It
has been established that the modification of the ligand
molecule may drastically change the coordination equi-
libria and stabilities of the respective species.9 In order
to limit the amount of information for this paper, we
have chosen only two sterically hindered o-aminophe-
nols which were used to synthesize copper (II) complex-
es. We report herein the synthesis, characterization, and
antimicrobial activities of Cu(II) complexes with 4,6-
di(tert-butyl)-2-aminophenol (I, see the scheme above
R = H) and 2-anilino-4,6-di(tert-butyl)phenol (II,
R = Ph). We also estimated the antimicrobial activities
of o-aminophenol (III) as compared with those of
above-mentioned compounds.


Bis(o-iminobenzosemiquinonato)copper (II) complex,
which is formed upon the interaction of Cu(II) ions with
ligand II, has been reported in the paper,7b where the
neutral square planar Cu(II) complex of the stoichiom-
etry ML2 (L = o-iminosemiquinone) has been shown to
be a diradical with a singlet ground state. In order to
increase understanding of transition metal (II) interac-
tions with sterically hindered o-aminophenols, we have
examined the possibility of the formation of tert-butyl-
substituted o-aminophenolates in the aforesaid systems,
which may be less toxic than the redox (radical) forms of
respective ligands.11


Two sterically hindered o-aminophenols were prepared
as described elsewhere.2e,12 Based on our previous find-
ings,9 the conditions were created to purposefully pro-
vide the preferential formation of the complex with M
(II):L=1:2: a solution of Cu(II) salt was added in small
portions to the ligand solution under continuous stir-
ring, so that the complexation always took place with
the excess ligand present. A solution of 0.050 mmol
Cu(CH3COO)2ÆH2O in 10 ml of water was added drop-
wise to a colorless solution of 0.100 mmol of I or II dis-
solved in 10 ml of ethanol (molar ratio M(II):L=1:2). As
these ligands can be readily oxidized by oxygen, it is to
be taken into account when producing their complexes
with transition metal ions, especially with copper (II),
in order to prevent the production of oxidized forms
of ligands (in particular, o-iminosemiquinones, as it
was shown in7,8a). Because of this, argon was bubbled

through the solutions (pH 66) during the synthesis to
ensure the absence of oxygen. Colored precipitates of
Cu(II) complexes formed instantaneously. After 1.5 h
stirring, they were collected on membrane filters (JG
0.2 lm), washed with ethanol and water, and dried in
vacuo (yield > 70–80%).


The solid products resulting from the interaction of
Cu(II) ions with the ligands I and II were well character-
ized by means of elemental analysis, TG/DTA, FT-IR,
UV–vis, ESR and conductance measurements.13,14 The
complexes demonstrated X-ray patterns of their own,
differing significantly from those of respective ligands.
However, a full structural analysis could not be per-
formed, because no crystals suitable for single-crystal
X-ray analysis were obtained. It has been reported that
some metal complexes with sterically hindered ligands
were hard or impossible to crystallize.8 In order to
obtain some structural information in solid state of the
complexes, IR, electronic absorption, and ESR spectra
have been examined.


The elemental analysis data for the complexes Cu(II)
with ligands I and II are in agreement with the general
formula ML2.13,14 Thermal analysis in air flow with
identification of the final products by X-ray powder dif-
fraction has shown all the complexes to be anhydrous
and unsolvated.13,14 The agreement between the experi-
mental and theoretical weight losses for the above pro-
cesses confirms the above-mentioned general formula
of the Cu(II) complexes. The conductivity data indicate
their being essentially non-electrolytes in acetonitrile,15


and suggest that the bidentate ligands I and II may be
coordinated to Cu(II) ions as uninegatively charged
ligands.13,14


IR spectra of Cu(II) complexes as against those of free I
and II ligands are distinguished by the following fea-
tures:13,14 (i) the bands corresponding to m(OH) vibra-
tions in the free I and II ligands (respectively, at 3366
and 3552 cm�1) disappear, suggesting that the ligands
lose the hydroxyl proton on coordination; (ii) the bands
at 1230–1140 cm�1 assigned to C–O stretching vibra-
tions are shifted toward lower wave numbers as com-
pared to their positions in the spectra of respective
ligands; (iii) the position of the bands assigned to N–H
and C–N stretching vibrations is changed; (iv) bands
of moderate intensity appear at 580–420 cm�1, which
can be assigned to m(Cu–N) and m(Cu–O). The above-
listed facts suggest that protonated amino groups and
deprotonated hydroxyls take part in forming the
CuN2O2 coordination core in Cu(II) complexes.16 The
UV–vis spectra of the complexes in the solid state exhib-
it absorption bands in the high-energy region at 300–
400 nm which can be assigned to intra-ligand bands
and the ligand to copper (II) charge transfer transi-
tions.17a The absorption band attributable to a d–d tran-
sition in the spectra of Cu(II) complexes is observed as a
broad shoulder centered at about 535 nm which is due
to the square planar CuN2O2 chromophore.17 In aceto-
nitrile solution the spectra of Cu(II) complexes are sim-
ilar to those observed in the solid state, indicating that
the structures of the complexes are retained in solution.
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In agreement with the proposed coordination core in
Cu(II) complexes, the solid-state ESR spectra of the
both Cu(II) complexes at 77 K exhibit an axially sym-
metric g-tensor parameter with gk > g? > 2.0023.13


These data indicate that the copper site has a dx2�y2


ground state characteristic of square planar stereochem-
istry.18 No signal of stabilized radicals present in ESR
spectra, as well as the m(C@O) and m(C@N) stretching
vibrations lacking in IR spectra of Cu(II) complexes,
respectively, in the ranges of 1400–1500 and 1690–
1640 cm�1, confirms the phenolate character of the
ligands. In the light of the physico-chemical data and
elemental analysis results the mode of bonding in the
Cu(II) complexes can be represented schematically as
shown above.


The possibility of separating the respective individual
complexes becomes conjectural upon changing the con-
ditions of the synthesis, free ligands in oxidized forms
being generally obtained in abundance along with them.


Antimicrobial activities of the compounds were estimat-
ed by a minimum inhibitory concentration (MIC, lg/ml)
in the usual fashion.19 The test microorganisms (the col-
lection of Department of Microbiology, Belarusian
State University) are listed in Table 1. Standard anti-
fungal agent like Questiomycin B (III) was also screened
under the same conditions for comparison.


Compounds II, III and Cu(LII)2 complex virtually lack
any noticeable antimicrobial activities: a detectable
growth inhibition is observed at concentrations above

Table 1. Antimicrobial activities of the compounds tested as evaluated by th


Test organisms I Cu(L


Pseudomonas aeruginosa >50 >50


Serratia marcescens >50 >50


Escherichia coli >50 >50


Bacilus subtilis 25 6.2


Sarcina lutea 12.5 3.1


Staphylococcus saprophyticus 12.5 3.1


Candida utilis >50 50


Candida albicans >50 >50


Candida boidinii >50 >50


Pichia pastoris 6.25 3.1


Cryptococcus laurentiive 6.25 12.5


Lypomyces lipofer 6.25 3.1


Hansenula sp. 6.25 3.1


Saccharomyces cerevisiae 6.25 3.1


Rhodotorula rubra 50 >50


Aspergilus niger >50 >50

50 lg mL�1; and it was only the compound III that
showed a moderate activity against Bacillus subtilis.


Evaluating the antimicrobial activities of the ligand I
and Cu(LI)2 complex, we can note that they also demon-
strated a low inhibiting ability toward Gram-negative
bacteria: MIC > 50 lg mL�1. The results of estimating
their antimicrobial activities against Gram-positive bac-
teria are informative enough. First, Gram-positive bac-
teria are more sensitive to Cu(LI)2 complex and give
no growth if concentrations of the latter are above
3.125–6.25 lg mL�1. Second, the complexation with
Cu(II) ions can somewhat increase the activities of the
ligand I against Gram-positive bacteria. It is well known
that the bacterial cell wall is a good target for antimicro-
bial agents, metal complexes among them. In general,
we have revealed a significant difference of MIC for
the ligand I and its Cu(II) complex under study against
Gram-positive and Gram-negative bacteria. The latter
finding is accounted for by the fact that the first barrier
capable of limiting antimicrobial activities is the outer
membrane of Gram-negative bacteria. This fact is wide-
ly known and referred to as ‘intrinsic resistance’ of
Gram-negative bacteria.


However, we could not reveal any clear differences in
activities of the compounds in hand against yeasts and
moulds. In particular, Cu(LI)2 complex is more active
against Pichia pastoris, Lypomyces lipofer, Saccharomy-
ces cerevisiae, and Hansenula sp. than the respective
igand I. Furthermore, Cu(II) ions present may decrease
the toxic effect of the ligand I against Cryptococcus laur-

e minimum inhibitory concentration (MIC, lg mL�1)


I)2 II Cu(LII)2 III


>50 >50 >50


>50 >50 >50


>50 >50 >50


5 >50 >50 >25


25 >50 >50 —


25 >50 >50 >50


>50 >50 >50


>50 >50 >50


>50 >50 >50


25 >50 >50 >50


>50 >50 —


25 >50 >50 —


25 >50 >50 >50


25 >50 >50 >50


>50 >50 —


>50 >50 >50
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entiive. At the same time the ligand I does not show any
appreciable activity against Aspergilus niger, Rhodotoru-
la rubra, Candida utilis, Candida albicans, and Candida
boidinii (MIC > 50 lg mL�1), the complexation of this
ligand with Cu(II) ions leaves MIC virtually unaffected.


Estimating the effect of complexation with Cu(II) ions
on the antimicrobial activities of the test derivatives of
sterically hindered o-aminophenols, we may assume that
one of the likely reasons for the different activities of the
complexes is related to the nature of the substitute in the
ring and to a substitute being present at the nitrogen
atom of the amino group. However, further experiments
should be performed to bring this issue to a close.


Thus, our investigation showed that we had managed to
avoid oxidation of the ligands upon their complexation
with Cu(II) ions. We synthesized Cu(II) complexes with
two derivatives of sterically hindered o-aminophenols,
which seemed to be promising for studying their antimi-
crobial activities. It should be emphasized that the anti-
microbial tests of the ligands and their Cu(II) complexes
were first performed here. Antimicrobial screening in
vitro indicated that the compound I and its Cu(II)
complex were more active than Questiomycin B antibi-
otic tested. These facts may be of interest in designing
new drugs.
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Abstract—A series of novel aminobenzimidazoles was prepared and evaluated for h-MCH-R1 antagonist properties. Most of the
compounds showed excellent h-MCH-R1 binding affinity as well as mouse ex vivo binding. Compounds 9 and 18 were active in
mouse DIO studies at 30 mpk.
� 2006 Elsevier Ltd. All rights reserved.
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Melanin-concentrating hormone (MCH) is a 19-mem-
bered neuropeptide that is found in the lateral hypothal-
amus and regulates food intake.1,2 There is evidence for
involvement of MCH in feeding and obesity. Hypotha-
lamic MCH peptide levels increase during fasting in
ob/ob and WT mice.3 ICV administration of MCH or
analogs stimulates feeding in rodents and MCH�/�
mice, while otherwise healthy, are hypophagic and lean-
er than WT mice.4 MCH receptor knock-out mice are
lean, hypophagic, hyperactive, have reduced fat mass,
have increased metabolic rate, and they are resistant to
diet-induced obesity (DIO).5 Evidence from knock-outs
suggests an MCH receptor antagonist should be benefi-
cial for treatment of obesity and related disorders.6,7


Several classes of small molecule MCH-R1 antagonists
have recently been disclosed.8–10


Recent publications from our laboratories have demon-
strated that compounds such as 1 and 2 are very selec-
tive MCH-R1 antagonists useful for the treatment of
obesity and related disorders.11–16 The potential Ames
liability associated with the embedded biarylamine moi-
ety present in 1 was addressed by the use of novel phenyl
isosteres such as bicyclo[4.1.0]heptane and bicy-
clo[3.1.0]hexane units.15,16 Compounds of this urea ser-
ies had been hampered by moderate pharmacological
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properties ascribed primarily to urea hydrolysis. In
order to minimize these issues, we investigated the use
of urea isosteres such as aminobenzimidazoles 3 which
share key pharmacophores (Fig. 1).


Structure–activity relationship (SAR) studies reported
herein focus on all four regions of the inhibitor: amino-
benzimidazoles, N-alkylamino sidechains, substitution
of the pendant aromatic ring, and modifications of the
central core structure.


A general synthesis of aminobenzimidazoles is shown in
Scheme 1. Reductive amination of bicyclo[4.1.0] heptyl

N N N
NH


N


H
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Figure 1. Evolution of aminobenzimidazole h-MCH-R1 antagonists.
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Scheme 1. Reagents and conditions: (a) 1-(3-aminopropyl)-4-methyl-piperazine, Ti(OiPr)4, then MeOH, NaBH4, 85%; (b) arylisothiocyanate,


CH2Cl2, rt, 70%; (c) SnCl2 Æ H2O, EtOAc, rt, 68%; (d) DIC, EtOAc, rt, 33%.
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ketone17 4 with aminopropyl-N-methylpiperazine affor-
ded compound 5. The trans/cis selectivity of the reduc-
tive amination was highest at 9:1 using sodium
borohydride in methanol solution.


The relative stereochemistry was assigned based on the
2D-NOESY analysis and X-ray crystallography of the
fully elaborated urea analogs.15,16 Compound 5 was
treated with aryl isothiocyanate followed by SnCl2
reduction of the nitro group to afford the aminothiourea
7 in moderate yields. The final cyclization to the amino-
benzimidazoles proved difficult in most cases, however,
best results were obtained when aminothiourea 7 was
treated with diisopropyl carbodiimide at room tempera-
ture to afford compound 8. Compounds 9–15 were sim-
ilarly synthesized.


Analogous chemistry was employed to synthesize the
bicyclo[3.1.0]hexane aminobenzimidazole series, as
shown in Scheme 2. Reductive amination of 3-bromo-
phenyl bicyclohexane-1-one18 16 followed by cyana-
tion19 provided compound 17. Further derivatization
as above afforded the final target molecules 18–20.
Aminobenzimidazoles 3, 21, and 22 were similarly syn-
thesized according to Scheme 2 starting from 4-cyano-
phenyl bicyclohexanone 16a.


Receptor affinities for the compounds described have
been determined in binding assays for the human

16 (X = Br, Y = H)
16a (X = H, Y = CN)


HN


X


N


N


X


O


17 (X = CN, Y = H)
17a (X = H, Y = CN)
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Y Y


H


c-e


Scheme 2. Reagents and conditions: (a) 1-(3-aminopropyl)-4-methyl-piperazin


DMF, H2O, 120 �C, 94%; (c) arylisothiocyanate, CH2Cl2, rt, 63%; (d) SnCl2

MCH-R1 receptor.20 The MCH-R1 inhibitory potency
of the newly synthesized aminobenzimidazole com-
pounds in the bicyclo[4.1.0]heptane series is summa-
rized in Table 1. Initially, we focused on studying the
SAR of the side chain portion of the molecule. Com-
pounds bearing an aminopropyl-N-methylpiperazine
sidechain exhibited excellent MCH-R1 binding affini-
ties. Compound 8 with a 5,6-difluoro benzimidazole
moiety showed a Ki of 8.4 nM, whereas compound 9
with 5,6-dichloro substitution on the benzimidazole
ring showed a Ki of 2.2 nM. 6-Cl, 5-F substitution on
the benzimidazole moiety was also well tolerated (10,
Ki = 6.2 nM).


Next, we turned our attention to the aminomethyl
piperidine sidechain as a replacement for the amino-
propyl-N-methylpiperazine unit. The synthesis of mol-
ecule 12 was carried out using similar chemistry
described in Scheme 1 starting with ketone 4 or 16
and 1-aminomethyl-N-Boc piperidine. The N-Boc-pro-
tected aminomethylpiperidine compound 11 showed
only micromolar activity in the MCH-R1 assay,
whereas the deprotected piperidine compound 12
showed excellent potency (Ki = 2.5 nM). The introduc-
tion of a methane sulfonyl group on the piperidine
nitrogen of 12 produced an extremely potent com-
pound 13 with a MCH-R1 Ki of 1.5 nM. Other meth-
ane sulfonamides such as 14 and 15 also showed good
MCH-R1 potency (Table 1).
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Table 1. MCH receptor binding for compounds 8–15


NNC
R2


NH
N


R1


(8-15)H


Compound R1 R2 h-MCH-R1 Ki
a (nM)


8 5, 6-Di-F (CH2)3(4-methyl-1-piperazinyl) 8.4


9 5, 6-Di-Cl (CH2)3(4-methyl-1-piperazinyl) 2.2


10 6-Cl, 5-F (CH2)3(4-methyl-1-piperazinyl) 6.2


11 5, 6-Di-Cl (CH2)(4-Boc-piperidinyl) 1145


12 5, 6-Di-Cl (CH2)(4-H-piperidinyl) 2.5


13 5, 6-Di-Cl (CH2)(4-methylsulfonylpiperidinyl) 1.5


14 5, 6-Di-F (CH2)(4-methylsulfonylpiperidinyl) 27


15 6-Cl, 5-F (CH2)(4-methylsulfonylpiperidinyl) 6.7


a Values are means of three experiments. h-MCH-R2 Ki > 3 lM.
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The MCH-R1 inhibitory potency of the amino benz-
imidazole compounds in the bicyclo [3.1.0]hexane series
is summarized in Table 2. Compounds in bicyclohexane

Table 2. MCH receptor binding for compounds 3, 18–22


N N N


(3, 18-22)


R2 NH
N


R1


H


Compound R1 R2 h-MCH-R1


Ki
a (nM)


h-MCH-R1


Kb (nM)b


3 5-F, 6-CF3 4-CN 8.6 43


18 6-Cl, 5-F 3-CN 5.6 10


19 5, 6-Di-Cl 3-CN 6.8 20


20 5, 6-Di-F 3-CN 20.7


21 5, 6-Di-Cl 4-CN 11.4


22 6-Cl, 5-F 4-CN 4.9


a Values are means of three experiments. h-MCH-R2 Ki > 3 lM.
b Inhibition of MCH-mediated Ca2+ influx into cells expressing


h-MCH-R1 via FLIPR assay.
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Scheme 3. Reagents and conditions: (a) DIBAL-H, CH2Cl2, �78 �C rt, 60


NaBH(OAc)3, MeOH, 50–82%.

series are very well tolerated for both 3- and 4-cyano
substitution on the phenyl ring. Compound 3 showed
a MCH-R1 Ki of 8.6 nM. The most potent compound
in this series was 22 with MCH-R1 Ki of 4.9 nM. Bicy-
clo[3.1.0]hexane aminobenzimidazoles 18 and 19 exhib-
ited high affinity at the MCH-R1 receptor with Ki


values of 5.6 and 6.8 nM, respectively. The most active
compounds in the binding assay were evaluated for
functional antagonism in a FLIPRTM assay. The Kb val-
ues were generally 2- to 5-fold higher than the corre-
sponding Ki values. It should also be noted that all
new aminobenzimidazole compounds were inactive in
a similar MCH-R2 binding assay, suggesting high
subtype selectivity.


We briefly investigated the effect of aromatic substitu-
tion on the phenyl ring attached to the bicycloheptane
system. Reduction of the cyano group of compound
19 with DIBAL afforded the aldehyde 23. Reductive
amination using various secondary amines gave a range
of 3-substituted aminomethyl derivatives 27–35 as
shown in Scheme 3. Similar chemistry was also per-
formed on the difluoro analog 20. Replacement of the
3-cyano group with formyl 23, O-methyloxime 25,
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%; (b) MeONH2, CH2Cl2, 40%; (c) NaBH4, MeOH, 55%; (d) amine,







Table 3. MCH receptor binding for compounds 23–35


NR2
NH


N


R1


(23-35)


N N
H


Compound R1 R2 h-MCH-R1 Ki
a (nM)


23 5, 6-Di-Cl –CHO 13.7


24 5, 6-Di-F –CHO 16.3


25 5, 6-Di-F –C@N–OMe 28.2


26 5, 6-Di-F –CH2–OH 70.8


27 5, 6-Di-Cl Dimethylaminomethyl 4.9


28 5, 6-Di-F Dimethylaminomethyl 327.6


29 5, 6-Di-F Pyrrolidinylmethyl 25.7


30 5, 6-Di-F (S)-3-OH-Pyrrolidinylmethyl 441


31 5, 6-Di-F (S)-2-Hydroxymethyl-pyrrolidinylmethyl 3000


32 5, 6-Di-F Piperidinylmethyl 405


33 5, 6-Di-Cl Morpholinylmethyl 14.2


34 5, 6-Di-F Morpholinylmethyl 21.3


35 5, 6-Di-F 4-Methylpiperazinylmethyl 321


a Values are means of three experiments. h-MCH-R2 Ki > 3 lM.


Table 4. MCH receptor ex vivo binding and rat PK


Compound h-MCH-R1


Ki
a (nM)


Mouse ex vivob


binding


rat PK, (10 mpk),


AUC (ng h/mL)c


6 h (%) 24 h (%)


3 8.6 100 94 2796


8 8.4 37 17 293


9 2.2 81 97 965


12 2.5 0 0 114


13 1.5 12 0 0


14 27 0 0 350


18 5.6 92 77 1925


19 6.8 97 51 na


20 20.7 75 33 1487


22 4.9 100 81 na


a Values are means of three experiments.
b Expressed as a percentage inhibition of MCH-ADO binding relative


to vehicle control ± SEM (n = 3, dosed at 30 mpk, po).
c Data from pooled samples, dosed at 10 mpk, po. See Ref. 24 for


procedure. na, not available.
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pyrrolidinomethyl 29, and morpholinomethyl 33 and 34
resulted in a moderate retention of the MCH-R1 bind-
ing affinity. However, dimethyl aminomethyl compound
27 showed excellent binding affinity (Ki = 4.9 nM)
(Table 3). Overall, the tolerance for substitution on the
phenyl ring was very limited and 3-cyanophenyl was
optimal for in vitro and in vivo activity.


Additionally, the receptor tolerance for N-alkylation of
benzimidazole nitrogen of 18 was also explored. The
N-methylated compound 3621 is substantially less potent
than compound 18 indicating that the benzimidazole
NH plays a key role in inhibitor binding to the MCH-
R1 receptor (Fig. 2).


Having achieved excellent potency against MCH-R1
receptors, we shifted our attention toward measuring
the mouse ex vivo binding22,23 and pharmacokinetics.24


The ex vivo binding and rapid rat analysis of some of
the aminobenzimidazole derivatives are summarized in
Table 4. The aminoalkyl sidechains play an important
role in pharmacokinetics. Compounds 12, 13, and 14
bearing a methyl piperidine-based sidechain showed lit-
tle or no ex vivo binding as well as low exposure in the
rat pk. However, compounds with an aminopropyl
N-methylpiperazine sidechain showed excellent ex vivo
binding and rat pk. Examples are compounds 3, 9, 18,

N
N


N


F


Cl


H
NC N N


R


18, R = H, MCH-R1 Ki = 5.6 nM


36, R = Me, MCH-R1 Ki = 1186 nM


Figure 2. Effect of N-methylation of benzimidazole on MCH-R1 Ki.

and 20. Typically, compounds displaying ex vivo bind-
ing >60% were active in the mouse DIO model. Com-
pounds 9 and 18 were active in the DIO model at
30 mpk inhibiting food intake as seen in Table 5.25


In summary, a series of new aminobenzimidazole deriv-
atives were prepared and found to be potent and selec-

Table 5. In vivo efficacy in DIO micea


Compound % Inhibition at indicated time


2 h 4 h 6 h 24 h


9 12 ± 8 19 ± 6 18 ± 6 9 ± 4


18 13 ± 4 19 ± 4 21 ± 4 5 ± 4


a All values are significantly different (p < 0.05) from vehicle control


animals and represent the % inhibition of cumulative food intake at


the indicated times in fasted DIO mice. There are 15 mice per group.
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tive antagonists of the h-MCH-R1 receptors. Their in
vitro activities were comparable with those of the corre-
sponding urea compounds, while some representatives
of the benzimidazole class showed outstanding activity
in vivo. Compounds with greater than 80% receptor
occupancy in mouse at 6 h and some with greater than
50% receptor occupancy after 24 h have been identified
(compounds 3, 9, 18, 19, and 22). Activity in DIO mouse
is predicted by receptor occupancy as seen for the effica-
cious analogs 9 and 18.
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Abstract—The in vitro activity of newly synthesized bis-(chlorophenyl)-azabicyclo[3.2.2]nonanes and bis-(chlorophenyl)-bicy-
clo[2.2.2]octanes against Plasmodium falciparum K1 (resistant to chloroquine and pyrimethamine) and Trypanosoma brucei rhodes-
iense was investigated. Especially the bis-(chlorophenyl)-azabicyclo[3.2.2]nonanes exhibit promising antitrypanosomal activity and
were tested in vivo against Trypanosoma brucei brucei featuring moderate activities.
� 2006 Elsevier Ltd. All rights reserved.

Human African Trypanosomiasis is caused by the two
protozoan parasites Trypanosoma brucei gambiense
and T. b. rhodesiense. This disease is invariably fatal,
if untreated1, and a serious problem in sub-Saharan
Africa with an estimated 100,000 deaths each year.2


The drugs in use suffer from a number of disadvantag-
es, including toxic side effects, poor clinical efficacy,
partially painful parenteral administration and increas-
ing problems with resistance.3 Eflornithine is for 50
years the only new drug, but is ineffective against
T. b. rhodesiense.4 Therefore, there is an urgent need
for new drugs against this protozoal parasite with less
side effects.


At present malaria is considered to be the world’s most
important tropical parasitic disease, afflicting 300–500
million and killing 1–2 million people annually.5 It is
estimated that nearly 40% of the world’s population
lives in malaria endemic regions. Plasmodium falciparum
is the most dangerous form of the disease-causing para-
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sites, accounting for up to 95% of malaria-related
deaths.6


A main problem in this species is drug resistance.7


Drugs which were once highly effective such as chloro-
quine and the combination sulfadoxine-pyrimethamine
are almost useless in many parts of the world.8,9 Loss
of sensitivity has been observed even for the most
recently introduced artemisinine derivatives.10–14


Therefore, there is great demand for new antimalarial
drugs.


4-Dialkylaminobicyclo[2.2.2]octanones 1 which are
available in a one-pot synthesis from cheap starting
materials15 and their alcohol analogues 2 have been
screened for their activities against some causative
organisms of tropical diseases such as malaria, leish-
maniasis, Chagas’ disease, and sleeping sickness.16 Some
of them exhibit antiplasmodial activity against the K1
strain of P. falciparum which is resistant to chloroquine
and pyrimethamine. Additionally, those compounds
show moderate potency against T. b. rhodesiense.
Recently, we have synthesized 2-azabicyclo[3.2.2]no-
nan-3-ones 3 via a Beckmann rearrangement of 1. Non-
anes 4 which have been obtained by hydrogenation of 3
have promising antiprotozoal activities and low
cytotoxicity.17
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We decided to prepare analogues of 1–4 with varying
electronic and lipophilic properties. The additional
�r effect in position 4 of the phenyl rings of bis-
(4-methoxyphenyl) analogues 5 and 6 did not signifi-
cantly change the antiprotozoal activities.18,19 Since
activity usually increases with increasing p-values we
synthesized the more lipophilic p-chloro analogues
7–10 as suggested by Topliss20 (Scheme 1). The oxi-
mes 11 exhibit antiplasmodial activity which is com-
parable to that of chloroquine against sensitive
strains.21 Therefore, we prepared their 4-chlorophenyl
analogues 12 from ketones 7. The latter were avail-
able from 4-chlorobenzylidene acetone and dialkylam-
monium isothiocyanates24 following a reported
procedure.15


The alcohols 8 were obtained from a stereoselective
reduction of 7 using LiAlH4 as catalyst.25 Ring
enlargement to cyclic amides 9 succeeded by means
of a Beckmann-rearrangement of ketones 7 with
hydroxylamine-o-sulfonic acid26 and the reduction of
9 with LiAlH4 yielded diamines 10.27 The oximes
12 were prepared from 7 with hydroxylamine hydro-
chloride in the presence of sodium.28 The structures
of the new compounds were established using NMR
spectroscopy. The structure of parent compounds 1
has been elucidated using a single crystal structure
analysis.15 The configuration in position 2 of com-
pounds 2 has been determined by NOE
measurements.16


Compounds 8, 10 and 12 were investigated for their
antiplasmodial and antitrypanosomal activities as well
as for their cytotoxicity following reported proce-
dures.22 T. b. rhodesiense (STIB900) and P. falciparum
K1 (resistant to chloroquine and pyrimethamine) were
used for the determination of the antitrypanosomal
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Scheme 1. Reagents and conditions: (a) NH2OSO3H, glacial acetic


acid, reflux, 18 h; (b) LiAlH4, diethyl ether, reflux, 48 h; (c)


NH2OHÆHCl, C2H5ONa, EtOH, reflux, 18 h; (d) LiAlH4, diethyl


ether, reflux, 18 h.

and antiplasmodial properties and L-6 cells for the
cytotoxicity. Compounds 7 and 9 were not tested be-
cause of the poor antiprotozoal activity of their
unsubstituted analogues 1 and 3. The results are pre-
sented in Table 1.


The bis-chlorophenyl alcohols 8 exhibit a distinctly
higher activity against P. falciparum K1 than their
unsubstituted analogues 2. The antiplasmodial activity
of 10 is comparable with that of the unsubstituted ana-
logues 4 but unfortunately their selectivity is distinctly
decreased. The antiplasmodial activity and the selectivi-
ty index of chlorophenyl-substituted oximes 12 are
worse than those of their unsubstituted analogues 11.
The most active compound of this group is 12b 0


(IC50 = 0.19 lM) showing Z configuration in the oxime
function.


All of the 4-chlorophenyl derivatives have higher
activity against T. b. rhodesiense than their unsubsti-
tuted analogues. Compared to their unsubstituted ana-
logues 2 and 4 the alcohols 8 (IC50 = 0.32–0.44 lM)
and the diamines 10 (IC50 = 0.061–0.066 lM) show a
10-fold increase of potency. Besides the selectivity in-
dex of the pyrrolidino and piperidino compounds
8b,c and 10b,c has improved. Compounds 10 show
the highest antitrypanosomal activity (IC50 = 0.061–
0.066 lM) of all so far synthesized bicyclo[2.2.2]octane
and 2-azabicyclo[3.2.2]nonane derivatives. Besides,
their selectivity (SI = 124–152) is distinctly pro-
nounced.


Compounds 10 were tested in vivo against Trypanosoma
brucei brucei using the following assay:


Female mice (NMRI), four mice per group, weighing
20–25 g were infected ip with 1 · 105 bloodstream
forms of T. b. brucei. These bloodstream forms come
from a stock of cryopreserved stabilates containing
10% glycerol. The stabilate was suspended in PSG
(phosphate-saline-glucose) 6:423 to obtain a trypano-
some concentration of 4 · 105/ml. Each mouse was
injected with 0.25 ml. Compounds were prepared at
appropriate concentrations in 100% DMSO and fur-
ther diluted in distilled H2O. They were daily admin-
istered ip in a total volume of 0.01 ml per g of body
weight from day +3 to day +6 of the experiment.
The day of death was recorded and the mean
survival time calculated. The results are presented in
Table 2.


Compounds 10a and 10c show moderate in vivo activity.
In the case of the most active compound 10c 75% of the
mice lived at least 11 days.


Viewing at the increase of antitrypanosomal activity
and selectivity of compounds 10b,c compared to
4b,c the insertion of chloro substituents in position
4 of the phenyl rings is advantageous and
should be applied to other derivatives of the 2-aza-
bicyclo[3.2.2]nonane and the bicyclo[2.2.2]octane
series.







Table 1. Antiprotozoal activities of compounds 1–12


Compound Ar R1, R2 T.b. rhodesiense


IC50
a (lM) ± SDc


SI = IC50


(Cytotox.)/ IC50


(T.b. rhodesiense)


P. falciparum K1


IC50
a (lM) ± SDc


SI = IC50


(Cytotox.)/IC50


(P. falciparum)


Cytotoxicity


IC50
a (lM) ± SDc


1a Ph R1 = R2 = CH3 9.99 2.46 >10.57 2.32 24.57


1b Ph R1 + R2 = –(CH2)4– 8.03 3.29 1.19 22.22 26.45


1c Ph R1 + R2 = –(CH2)5– 8.12 5.78 3.95 11.88 46.92


2a Ph R1 = R2 = CH3 2.95 44.91 >15.55 8.52 132.5


2b Ph R1 + R2 = –(CH2)4– 4.26 6.28 2.39 11.20 26.76


2c Ph R1 + R2 = –(CH2)5– 5.34 6.99 0.84 44.45 37.34


3a Ph R1 = R2 = CH3 37.97 7.09 1.40 192.2 >269.1


3b Ph R1 + R2 = –(CH2)4– 37.94 6.58 8.76 28.43 >249.7


3c Ph R1 + R2 = –(CH2)5– 36.60 6.38 13.00 17.97 233.6


4a Ph R1 = R2 = CH3 0.60 181.3 0.28 388.6 108.8


4b Ph R1 + R2 = –(CH2)4– 1.16 103.8 0.56 215.0 120.4


4c Ph R1 + R2 = –(CH2)5– 6.57 13.66 0.64 140.22 89.74


5a 4-MeO–Ph R1 = R2 = CH3 5.01 10.47 5.43 9.66 52.44


5b 4-MeO–Ph R1 + R2 = –(CH2)4– 3.70 11.34 3.37 12.44 41.92


5c 4-MeO–Ph R1 + R2 = –(CH2)5– 10.01 — 4.36 — nt


6a 4-MeO–Ph R1 = R2 = CH3 2.15 29.50 5.50 11.53 63.43


6b 4-MeO–Ph R1 + R2 = –(CH2)4– 7.61 2.35 2.72 6.58 17.91


6c 4-MeO–Ph R1 + R2 = –(CH2)5– 14.23 3.13 4.98 8.95 44.59


7a 4-Cl–Ph R1 = R2 = CH3 nt — nt — nt


7b 4-Cl–Ph R1 + R2 = –(CH2)4– nt — nt — nt


7c 4-Cl–Ph R1 + R2 = –(CH2)5– nt — nt — nt


8a 4-Cl–Ph R1 = R2 = CH3 0.32 ± 0.10 27.41 0.98 ± 0.20 8.95 8.77 ± 0.51


8b 4-Cl–Ph R1 + R2 = –(CH2)4– 0.37 ± 0.09 9.70 0.53 ± 0.13 6.77 3.59 ± 0.47


8c 4-Cl–Ph R1 + R2 = –(CH2)5– 0.44 ± 0.12 26.34 0.37 ± 0.09 31.32 11.59 ± 0.69


9a 4-Cl–Ph R1 = R2 = CH3 nt — nt — nt


9b 4-Cl–Ph R1 + R2 = –(CH2)4– nt — nt — nt


9c 4-Cl–Ph R1 + R2 = –(CH2)5– nt — nt — nt


10a 4-Cl–Ph R1 = R2 = CH3 0.061 ± 0.007 143.3 0.41 ± 0.050 21.32 8.74 ± 0.48


10b 4-Cl–Ph R1 + R2 = –(CH2)4– 0.066 ± 0.018 152.4 0.25 ± 0.035 40.24 10.06 ± 1.53


10c 4-Cl–Ph R1 + R2 = –(CH2)5– 0.065 ± 0.017 124.6 0.46 ± 0.034 17.61 8.10 ± 0.48


11a Ph R1 = R2 = CH3 7.67 19.61 1.26 119.4 150.4


11b Ph R1 + R2 = –(CH2)4– 1.84 7.31 0.08 168.1 13.45


11c Ph R1 + R2 = –(CH2)5– 3.66 6.60 0.15 161.1 24.16


12a 4-Cl–Ph R1 = R2 = CH3 1.50 ± 0.09 5.21 1.00 ± 0.10 7.82 7.82 ± 1.17


12b 4-Cl–Ph R1 + R2 = –(CH2)4– 1.69 ± 0.55 7.49 0.51 ± 0.14 24.82 12.66 ± 1.25


12b 0 4-Cl–Ph R1 + R2 = –(CH2)4– 1.51 ± 0.41 3.85 0.19 ± 0.07 27.26 5.81 ± 0.90


12c 4-Cl–Ph R1 + R2 = –(CH2)5– 3.34 ± 0.22 2.62 0.50 ± 0.20 17.5 8.75 ± 0.08


mel — — 0.0039 1995 nt — 7.78


sur — — 0.0075 629933 nt — 4724.5


art — — nt — 0.0064 70390 450.5


chl — — nt — 0.12b 1570 188.5


mef — — nt — nt — 11.37


a Values represent the average of four determinations (two determinations of two independent experiments); art, artemisinin; chl, chloroquine; mel,


melarsoprol; sur, suramine; mef, mefloquine; nt, not tested.
b Against sensitive P. falciparum strains.
c Standard deviation.


Table 2. In vivo antitrypanosomal activity of compounds 10a–c against Trypanosoma brucei brucei


Compound Appl. Dose (mg/kg) MSD SD


10a ip 4 · 50 9.00 3.5


10b ip 4 · 50 5.75 0.6


10c ip 4 · 50 10.25 2.9


ctrl ip — 6.00 0.6


mel ip 4 · 0.5 42.50 —


ip, intraperitoneal; ctrl, control; mel, melarsoprol; MSD, mean survival days; SD, standard deviation.
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CH2Cl2 using total amount of 250 mL. The combined
organic layers were washed two times with water and dried
with sodium sulfate, filtered and the solvent evaporated in
vacuo. The residue crystallized from CH2Cl2 or CHCl3.
Analytical data of 8a: white crystals, yield 57%. mp (�C)
101; IR KBr (mcm�1) 2976, 2876, 2839, 1492, 1093, 1060,
1012, 828, 818, 783, 755; UV CH2Cl2 (k (log e) nm) 231
(3.956), 270 (2.819); 1H NMR (d) ppm 1.32 (br s, 1H,
OH), 1.70 (dd, J = 13.8, 1.9 Hz, 1H, 3-H), 1.82 (ddd,
J = 12.6, 9.1, 2.6 Hz, 1H, 5-H), 1.95–2.02 (m, 2H, 3-H, 5-
H), 2.05–2.09 (m, 2H, 8-H), 2.32 (d, J = 4.2 Hz, 1H, 1-H),
2.36 (s, 6H, N(CH3)2), 2.86 (br t, J = 9.3 Hz, 1H, 6-H),
3.06 (br t, J = 9.9 Hz, 1H, 7-H), 4.33 (dd, J = 8.5, 4.2 Hz,
1H, 2-H), 7.13–7.36 (m, 8 aromatic H); 13C NMR (d) ppm
30.94 (C-8), 31.56 (C-5), 34.69 (C-7), 37.29 (C-3), 38.38
(N(CH3)2), 38.93 (C-6), 44.16 (C-1), 56.33 (C-4), 71.64 (C-
2), 128.22, 128.69 (aromatic C), 131.41, 132.12, 141.70,
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143.55 (aromatic Cq); HRMS (EI+): calcd
(C22H25Cl2NO): 389.13132; found: 389.13214.


26. General procedure for the synthesis of (7RS,8RS)-
(±)-5-dimethylamino-7,8-bis-(4-chlorophenyl)-2-azabicy-
clo[3.2.2]nonan-3-ones (9a–c). Ketones 7a–c (12 mmol)
and hydroxylamine-O-sulfonic acid (36 mmol) were sus-
pended in 30 mL of glacial acetic acid and refluxed at
145 �C overnight. The brown solution was poured on ice,
alkalized with 2 N NaOH and extracted five times with
CH2Cl2. The combined organic layers were washed three
times with water, dried over Na2SO4 and filtered. After
evaporation of the solvent in vacuo, the residue was
dissolved in the minimum amount of hot ethanol. The
products crystallized overnight. Analytical data of 9a:
beige precipitate, yield 21%. mp (�C) 132; IR KBr (mcm�1)
2950, 2874, 1650, 1492, 1466, 1413, 1330, 1109, 1091, 1013,
816, 794; UV CH2Cl2 (k (log e) nm) 230 (4.107); 1H NMR
(d) ppm 1.91–2.02 (m, 2H, 6-H, 9-H), 2.19 (ddd, J = 13.7,
9.9, 1.4 Hz, 1H, 9-H), 2.30 (s, 6H, N(CH3)2), 2.36 (dd,
J = 13.1, 8.0 Hz, 1H, 6-H), 2.65 (dd, J = 17.8, 1.7 Hz, 1H,
4-H), 2.87 (d, J = 17.8 Hz, 1H, 4-H), 3.16 (d, J = 6.8 Hz,
1H, 1-H), 3.22 (br t, J = 9.6 Hz, 1H, 8-H), 3.42 (dd,
J = 11.2, 8.2 Hz, 1H, 7-H), 6.89 (d, J = 6.8 Hz, 1H, N–H),
7.13–7.37 (m, 8 aromatic H); 13C NMR (d) ppm 35.51
(C-6, C-9), 37.84 (N(CH3)2), 40.68 (C-4), 40.88 (C-8),
45.78 (C-7), 54.95 (C-5), 57.49 (C-1), 128.08, 128.73,
129.14 (aromatic C) 132.89, 132.92, 140.19, 141.20 (aro-
matic Cq), 174.00 (C-3); HRMS (MALDI): calcd
(C22H24Cl2N2ONa): 425.1163; found: 425.1147.


27. General procedure for the synthesis of (7RS,8RS)-(±)-
(7,8-bis(4-chlorophenyl)-2-azabicyclo[3.2.2]non-5-yl)-dial-
kylamines 10a–c: 2 mmol of (7RS,8RS)-(±)-5-dialkylami-
no-7,8-diphenyl-2-azabicyclo[3.2.2]nonan-3-ones 9a–c was
suspended in 40 mL of dry ether. Under cooling on an ice
bath, LiAlH4 (8 mmol) was added in portions. The
reaction mixture was refluxed at 55 �C for 2 days. After
cooling to room temperature, the reaction mixture was
cooled with an ice bath and quenched carefully with ice
water and 2 N NaOH. The mixture was extracted five
times with ether, the combined organic layers were washed
three times with water, dried over Na2SO4, filtered and the
solvent evaporated. The dihydrochlorides were prepared
by treatment of a solution of the base in CH2Cl2 with

etheral HCl (2 M) and subsequent evaporation of the
solvents in vacuo. The residue crystallized from ethanol/
ethyl acetate or CH2Cl2/ethyl acetate. Analytical data of
10a: white crystals, yield 81%. mp (�C) 251; IR KBr
(mcm�1) 3423, 2960, 2677, 2467, 1586, 1494, 1412, 1094,
1012, 830; UV CH3OH (k (log e) nm) 223 (4.239); 1H
NMR (d) ppm 1.80–1.91 (m, 3H, 4-H, 6-H), 2.10 (dd,
J = 13.3, 10.9 Hz, 1H, 9-H), 2.17 (ddd, J = 13.3, 8.9,
2.4 Hz, 1H, 9-H), 2.30 (s, 6H, N(CH3)2), 2.34 (ddd,
J = 13.0, 9.2, 2.1 Hz, 1H, 6- H), 3.01 (d, J = 2.4 Hz, 1H, 1-
H), 3.08–3.13 (m, 2H, 3-H), 3.15 (ddd, J = 11.1, 8.4,
2.7 Hz, 1H, 8-H), 3.40 (br t, J = 9.4 Hz, 1H, 7-H), 7.22–
7.32 (m, 8 aromatic H); 13C NMR (d) ppm 31.61 (C-4),
36.23 (C-9), 36.35 (C-6), 37.97 (N(CH3)2), 38.85 (C-8),
41.75 (C-3), 46.61 (C-7), 57.92 (C-5), 61.54 (C-1), 128.50,
128.51, 128.71, 128.84, 129.21 (aromatic C) 131.89, 142.62,
143.80 (aromatic Cq); HRMS (EI+): calcd (C22H26Cl2N2):
388.14730; found: 388.14811.


28. General procedure for the synthesis of (6RS,7RS)-(±)-4-
dialkylamino-6,7-bis(4-chlorophenyl)bicyclo[2.2.2]octan-
2-one oximes 12a–c: sodium (10 mmol) was dissolved in
30 mL of dry EtOH and hydroxylamine hydrochloride
(10 mmol) was added. The solution was refluxed for 1 h
and ketones 7a–c (3.4 mmol) were added. The mixture was
refluxed overnight, the sodium chloride was filtered off and
the solvent evaporated in vacuo. The residue was purified
by means of CC using CH2Cl2/MeOH = 9:1 giving oximes
12a–c as white resins. Analytical data of 12a: yield: 10%.
mp CH2Cl2 (�C) 234; IR (KBr) (mcm�1) 2987, 2961, 2910,
2877, 2796, 1492, 1352, 1092, 1037, 1011, 948, 906, 852,
828, 798, 786; UV CH2Cl2(k (log e) nm) 231 (4.124); 1H
NMR (d) ppm 1.58 (ddd, J = 12.5, 8.7, 2.4 Hz, 1H, 8-H),
1.95 (ddd, J = 13.0, 8.2, 2.7 Hz, 1H, 5-H), 2.18–2.29 (m,
2H, 5-H, 8-H), 2.38 (s, 6H, N(CH3)2), 2.54 (dd, J = 18.1,
3.4 Hz, 1H, 3-H), 2.58 (s, 1H, 1-H), 2.77 (dd, J = 18.1,
2.7 Hz, 1H, 3-H), 3.10 (br t, J = 9.4 Hz, 1H, 7-H), 3.23 (br
t, J = 9.4 Hz, 1H, 6-H), 6.98–7.32 (m, 8 aromatic H), 9.22
(br s, 1H, NH); 13C NMR (d) ppm 30.57 (C-3), 31.63 (C-
5), 35.74 (C-7), 36.62 (C-8), 38.39 (N(CH3)2), 39.98 (C-6),
43.68 (C-1), 56.89 (C-4), 128.40, 128.73, 128.79, 128.86
(aromatic C), 132.04, 132.38, 140.70, 142.92 (aromatic
Cq), 159.73 (C-2); HRMS (EI+): calcd (C22H24Cl2N2O):
402.12657; found: 402.12597.
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Abstract—Structure–activity relationships of a 4-aminoquinoline MCH1R antagonist lead series were explored by synthesis of
analogs with modifications at the 2-, 4-, and 6-positions of the original HTS hit. Improvements to the original screening lead
included lipophilic groups at the 2-position and biphenyl, cyclohexyl phenyl, and hydrocinnamyl carboxamides at the 6-position.
Modifications of the 4-amino group were not well tolerated.
� 2006 Elsevier Ltd. All rights reserved.

Melanin-concentrating hormone (MCH) is a cyclic pep-
tide present in the lateral hypothalamus that is believed
to be involved in energy homeostasis, feeding behavior
as well as other potential functions.1 Pre-prohormone
MCH KO mice were shown to have reduced food in-
take.2 In addition, MCH has been shown to stimulate
feeding in rodents,3 while MCH1R KO mice are hyper-
phagic and lean.4 Development of MCH1R antagonists
has been of interest for the possible treatment of obesi-
ty5 and depression or anxiety.6 To that end, peptidyl
MCH1R antagonists have been identified by modifica-
tion of MCH7a and chronic infusion of peptidyl agonists
or antagonists altered appetite, body weight, and adi-
posity in rats.7b Many non-peptidyl MCH1R antago-
nists have appeared in the literature in recent years8


but human clinical data to validate MCH1R antagonists
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as viable therapeutic agents for the treatment of human
disease remain elusive.


In this letter, we describe our initial work in the area of
aminoquinoline MCH 1R antagonists.9,10a This letter
will focus on our early high-throughput screening hit
from the 4-aminoquinoline MCH antagonist class, while
the subsequent letter10b will describe the isoelectronic 2-
aminoquinoline series. Related aminoquinoline
MCH1R antagonists have been reported by other labo-
ratories after the initial publication of patent applica-
tions from these laboratories.11


Our initial high-throughput screening hit was a 4-ami-
noquinoline derived from an earlier medicinal chemistry
program (see entry 1, Table 1).12 Early analog synthesis
to optimize the 2-substituent, as well as to prepare
2-propyl substituted intermediates for optimization of
the 6-amino substituent closely followed the literature
synthesis. Treatment of 4-acetylaminoaniline (1) with
the appropriately substituted ketonylacetates 2 in the
presence of catalytic acid provided the vinylogous ure-
thane intermediates 3. Alternatively, alkyl substituted
acetylene carboxylates 4 were also used to prepare the
vinylogous urethane quinoline precursors 3 from aniline



mailto:robert_devita@merck.com





Table 1. In vitro biological activity of substituted cinnamyl carbox-


amidesa


N


NH2H
N


CH3
O


X


Entry X Binding IC50 Aeq. EC50


1 2-Ci 120 500


2 H 1000 nd


3 3-Ci 1100 nd


4 4-Ci 6 96


5 4-F 130 200


6 4-Br 4 93


7 4-I 2.3 280


8 4-Me 9 71


9 4-CF3 1.3 61


10 4-Et 1.4 160


11 4-n-Pr 4 3600


12 4-n-Bu 45 740


13 4-i-Pr 2.9 520


14 4-t-Bu 22 910


15 4-SMe 9 71


16 4-Ph 1.1 118


17 2,4-DiCi 6.6 904


18 3,4-DiCi 60 990


19 4-NO2 20 310


20 4-NH2 790 nd


21 4-OAc 95 630


22 4-OH 1100 nd


nd, not determined.
a In vitro data in nM are the average of at least two experiments.
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Scheme 2. Standard synthesis of 2-propyl-4-substituted aminoquino-


line MCH1R antagonist analogs. For full experimental details, see


Ref. 9.
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1 in good yields. Heating the intermediates 3 at high
temperature in diphenyl ether resulted in the smooth
cyclization to 2-alkyl-4-hydroxy-6-acetamido quinoline
intermediates 5. Subsequent alkylation with dimethyl
sulfate provided ether intermediates 6. Heating with
ammonium acetate at 150 �C followed by hydrolysis of
the acetamide provided the 4,6-diaminoquinolines.
Selective derivatization at the more reactive 6-position
using standard reaction protocols to execute, for exam-
ple, amide bond formation, provided the 2-alkyl-4-ami-
noquinoline-6-aminocarboxamide analogs 7 Scheme 1.
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Scheme 1. Standard synthesis of 2-alkyl-4-amino quinoline MCH1R


antagonist analogs. For full experimental details, see Ref. 9.

A more versatile intermediate, from which selective reac-
tions at the 4- and 6-positions could be achieved, was
prepared as outlined in Scheme 2. Condensation of
4-nitroaniline (8) with ethyl 3-oxohexanoate (9) provid-
ed the intermediate vinylogous urethanes 10, which
upon heating in diphenyl ether gave 2-propyl-4-
hydroxy-6-nitroquinoline (11). Treatment with POCl3
at 80 �C provided 4-chloroquinoline intermediate 12,
suitable for selective amination of the 4-position. Treat-
ment with a variety of amines provided analogs to
explore the 4-position structure–activity relationships
for MCH1R binding affinity. Later, clean reduction of
the 6-nitro group with FeCl3-hydrazine system,13 fol-
lowed by derivatization of the intermediate 6-amino
group, afforded the 6-acylamino quinoline analogs 14
with alkyl substituents on the 4-amino group.


Compounds were evaluated for their binding affinity to
cloned human MCH1R in a competition binding assay
with [125I]-[Phe13,Tyr19]-hMCH as the radioligand
(binding in Tables).7a Functional activation of MCH1R
was also assessed by stimulation of IP3-coupled mobili-
zation of intracellular calcium in human HEK-293 cells
expressing MCH1R (Aeq. In Tables).7a This series of
compounds had good selectivity over MCH2R; most
compounds had less than 50% inhibition at a screening
dose of 2 lM.


The HTS hit, from a C5a-receptor antagonist program,
the 2-chlorocinnamide shown in Table 1, entry 1, had
MCH1R binding affinity of 120 nM. We initially ex-
plored the structure–activity relationships of the cinna-
mide group and rapidly found that substitution at the
4-position was preferred. No 4-substituent, entry 2 or
3-Cl substituted analog, entry 3, provided compounds
with 10-fold decreased binding affinity, while the 4-Cl
analog, entry 4, showed 19-fold improved binding affin-
ity and functional activity of 96 nM as compared to the
2-Cl HTS hit. We rapidly expanded the SAR and found
that a wide variety of lipophilic 4-substituents including
bromide, iodide, alkyl, trifluoroalkyl, and phenyl groups
provided compounds with binding affinities less than
10 nM with good functional antagonist activity. 4-Fluo-
ro substituent, disubstituted phenyl, and more polar







Table 2. In vitro biological activity of 6-substituted-4-aminoquino-


linesa


N


NH2
R


CH3


Entry R Binding IC50 Aeq. EC50


1


O


H
N na nd


2


O


H
N


F3C


4.5 310


3


O


H
N


Cl


0.7 75


4


O


H
N


Cl


4.4 370


5


O


H
N


F3C


10,000 nd


6


H
N


O
F3C


4000 nd


7


O


H
N 8300 nd


8


O


H
N


F3C


13 120


9


O


N


F3C
Me


1700 nd


10
H
N


O


H
N


F3C


38 380


11 H
N


F3C
180 1000


12
N
H


F3C
O


2700 nd


na, not active; <50%I at 10 lM. nd, not determined. Synthesis of


entries 10–12 described in Ref. 9.
a In vitro data in nM are the average of at least two experiments.
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4-substituents such as nitro, amino, acetoxy, and hydro-
xy were deleterious to MCH1R binding affinity and
functional activity. The trifluoromethyl group (entry 9)
was selected for future analog work due to its excellent
binding and functional activity, presumed metabolic sta-
bility, and lipophilicity which might positively impact
access to MCH1R in the brain.


We were interested in removing the cinnamide group
due to its potential reactivity with nucleophiles at the
b-position of the olefin. Table 2 shows analogs in which
the cinnamide has been replaced with other carboxa-
mides. A simple benzamide leads to an inactive analog
(entry 1). Incorporation of the biphenyl scaffold signifi-
cantly improves MCH1R activity (see Table 1, entry 16).
The 4 0-trifluoromethyl biphenyl carboxamide (entry 2)
had comparable binding affinity but reduced functional
activity as compared to the unsubstituted biphenyl ana-
log. The 4 0-chloro-biphenyl carboxamide (entry 3) had
subnanomolar binding affinity and improved functional
activity, while the 4-chlorophenyl-4-cyclohexyl analog
had somewhat reduced binding affinity. The 4-trifluoro-
methyl substituted benzamide and phenylacetamide
(entries 5, 6) were also much less active. The hydrocin-
namide entry 7 had improved binding affinity, however,
incorporation of the 4-CF3 group (entry 8) provided a
compound with binding affinity of 13 nM and functional
activity of 110 nM. Other functional groups were ex-
plored as a linkage from the quinoline 6-position to
the preferred 4-trifluoromethylated phenyl pharmaco-
phore. For example, N-methylated carboxamide,
trifluoromethyl benzyl urea, 4-trifluoromethyl-
phenylpropylamine (removal of the carboxamide
carbonyl), and the ‘reversed’ carboxamide groups (en-
tries 9–12, respectively) were modifications that provid-
ed less active MCH1R antagonist analogs. These
structure–activity relationships demonstrate that rigid
scaffolds such as a trans-olefin, 4-4 0-biphenyl, cyclo-
hexylphenyl or the proper alkyl chain length to the
phenyl substituent, linked to the quinoline 6-position,
are desired for improved MCH1R binding affinity and
functional antagonist activity.


The analogs with modifications of the quinoline 2-sub-
stituent are shown in Table 3. Straight-chain and
branched alkyl groups are well tolerated and lead to
compounds with high binding affinities and less than
100 nM functional antagonist activities. Optimal ana-
logs included substituents such as the n-propyl (of the
original lead, entry 3), isobutyl (entry 7), and cyclopen-
tyl (entry 11) groups. The cyclohexyl group was also well
tolerated; however installation of a phenyl ring (entry
13) provided a compound with reduced binding affinity
and minimal functional antagonist activity (albeit from
the 4-chlorocinnamide series—compare entries 3 and 9
from Table 1).


The last area of structure modification to be explored
was the 4-position of the quinoline. The amine of the
original lead series was important for MCH1R binding
affinity as shown by lack of activity for the 4-hydroxy
analog (entry 2). The methyl ether analog (entry 3)
was much improved over the hydroxyl analog but still

possessed reduced binding affinity and functional activ-
ity as compared to the isosteric but basic N-methylamine
analog entry 4. Incorporation of larger monoalkyl
groups and dialkyl substituted amines led to analogs
with much reduced binding affinity and functional activ-







Table 3. In vitro biological activity of 2-substituted-4-aminoquino-


linesa


N


NH2


R


H
N


O


F3C


Entry R Binding IC50 Aeq. EC50


1 Me 8 140


2 Me 1.2 110


3 Me 2 40


4 Me 1.5 210


5 Me 1.2 90


6
Me


Me
2.1 160


7 Me
Me


0.3 44


8
Me


Me
Me


0.3 29


9


Me


Me
Me 5.8 110


10 2.0 250


11 0.8 68


12 1.2 96


13b 18.5 6600


a In vitro data in nM are the average of at least two experiments.
b Entry 13, 4-chloro not 4-trifluoromethyl cinnamide.


Table 4. In vitro biological activity of 4-substituted quinolinesa


N


RH
N


CH3
O


F3C


Entry R Binding IC50 Aeq. EC50


1
H


N
H


1.3 60


2 O
H


na nd


3 O
Me


26 360


4
H


N
Me


1.5 150


5
H


N
Et


4.8 340


6 H
N 40 nd


7 H
N 18 2700


8
Me


N
Me


43 300


9
Et


N
Et


1100 nd


10 N 2.8 2500


11 N 17 2800


12
N


>4000 nd


na, not active; <50I at 10 lM; nd, not determined. Entry 7, MCH2R


binding IC50 = 960 nM.
a In vitro data in nM are the average of at least two experiments.
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ity. In addition, cyclic amines such as azetidine, pyrrol-
idine, and piperidine were not advantageous for
MCH1R binding affinity. The analogs in Table 4 dem-
onstrate minimal tolerance for modifications at the
4-position with optimal substituents limited to the
unsubstituted amino group or small N-alkyl amines.


The structure–activity relationships of 4-aminoquinoline
MCH1R antagonist lead series were explored by synthesis
of analogs with modifications at the 2-, 4-, and 6-positions
of the original HTS hit. Lipophilic groups were well toler-
ated at the 2-position, with n-propyl, tert-butyl, and
cyclopentyl groups being optimal. 6-Aminocarboxamides
of the original lead were moderately improved upon, but

more importantly, replacements for the potentially reac-
tive cinnamide moiety were identified such as biphenyl,
cyclohexyl phenyl, and hydrocinnamyl carboxamides.
Modifications of the 4-amino group were not well tolerat-
ed with the optimal substituent being the unsubstituted
amine identified from the original lead.


The inability to substantially modify this initial amino
quinoline MCH1R antagonist lead class, especially for
physical chemical properties, led us to explore other
permutations of the aminoquinoline substructure.
Ultimately, this led to the design of the isoelectronic
2-aminoquinoline series of MCH1R antagonists. The
development of this lead class is described in the subse-
quent paper.10b
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Abstract—Selective inhibition of cyclooxygenase-2 (COX-2) inhibitors is an important strategy in design of potent anti-inflamma-
tory compounds with significantly reduced side effects. Therefore, QSAR studies of 2-acetoxyphenyl alkyl sulfides were performed
using Bioloom, CAChe 6.1, and Dragon 3.0 for the COX-2 and COX-1 inhibition. The analyses have produced good predictive and
statistically significant QSAR models. These studies suggest that lipophilicity affects both COX-1 and COX-2 inhibition in different
manner and indicator variables like presence of aromatic ring and triple bond play an important role in COX-2 selectivity. Branch-
ing in the molecule, higher path length 6 rich in polarizability, and lesser number of carbonyl groups would be favorable for COX-2
inhibition. Fourth highest eigenvalue of burden matrix corresponding to atomic mass would be favorable for COX-2 inhibition and
sixth lowest eigenvalue of burden matrix corresponding to Sanderson electronegativities is conducive for COX-1 inhibition. Lower
path length 3 rich in atomic mass and lesser degree of unsaturation in the molecule would be favorable for COX-1 inhibition.
� 2006 Elsevier Ltd. All rights reserved.

Non-steroidal anti-inflammatory drugs (NSAIDs) are
widely used for treatment of pain, pyrexia, inflamma-
tion, rheumatoid arthritis, and osteoarthritis. NSAIDs
block biosynthesis of prostaglandins by inhibiting
enzyme prostaglandin H2 endoperoxide synthase
(PGHS) or cyclooxygenase (COX).1 COX enzyme exists
as two related but distinct isoforms designated as COX-
1 and COX-2.2–4 COX-1 is a constitutive enzyme and
produces ‘housekeeping’ prostaglandins critical to the
maintenance of normal renal function, gastric mucosal
integrity, vascular hemostasis, and the autocrine re-
sponse to circulating hormones. On the other hand,
COX-2 is the induced in response to inflammatory stim-
uli.5 Selective inhibition of COX-2 provides a new class
of anti-inflammatory and analgesic compounds with sig-
nificantly reduced side effects such as gastrointestinal
ulcer and renal dysfunction.6 New therapeutic targets
of COX-2 inhibitors are colon cancer and Alzheimer’s
disease.2,7–9
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Several classes of compounds have been developed as
selective COX-2 inhibitors: (1) diarylheterocycles such
as celecoxib, Dup-697, and diarylisoxazoles, (2) acidic
sulfonamides such as NS-398, and (3) modified NSAIDs
(traditional) such as indomethacin analogues.10–17


QSAR studies of meclofenamic acid analogues, oxaz-
oles, pyrazoles, imidazole, thiophenes, and furanones
as selective COX-2 inhibitors, have also been report-
ed.18–21 No QSAR work has been reported so far for
2-acetoxyphenyl alkyl sulfides.


In a series of 2-acetoxyphenyl alkyl sulfides, most potent
compound selectively inactivates COX-2 by acetylating
the same serine residue that aspirin acetylates and has
ability to attenuate growth of COX-2 expressing colon
cancer cells.22 Therefore, quantitative structure–activity
relationship (QSAR) studies have been done, in order
to explore the substitutional requirement of S-alkyl
chain and carbonyl moiety of 2-acetoxyphenyl alkyl sul-
fides. Structures of these compounds are presented in
Table 1.


The COX-1 and COX-2 inhibition of 2-acetoxyphenyl
alkyl sulfides has been reported in terms of 50% inhibi-
tory concentration of enzyme (IC50 in lM). The enzyme
inhibition data have been converted to negative loga-
rithmic value (concentration in M) and then used for
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Table 1. Structural features of 2-acetoxyphenyl alkyl sulfide deriva-


tives


01–29 


X


R1


O O


R2


Compound R1a R2b X


01 CH3 CH3 S


02 CH3 CF3 S


03 CH3 CH2Cl S


04 CH3 CH2Br S


05 C2H5 CH3 S


06 (CH2)2CH3 CH3 S


07 (CH2)3CH3 CH3 S


08 (CH2)4CH3 CH3 S


09 (CH2)5CH3 CH3 S


10 (CH2)6CH3 CH3 S


11 (CH2)6CH3 CH3 Se


12 CH2C6H5 CH3 S


13 (CH2)2C6H5 CH3 S


14 (CH2)6I CH3 S


15 (CH2)6Br CH3 S


16 (CH2)5Br CH3 S


17 (CH2)5COOH CH3 S


18 (CH2)5OCOCH3 CH3 S


19 (CH2)2O(CH2)3CH3 CH3 S


20 CH2CH@CH(CH2)3CH3 CH3 S


21 CH2C„CH CH3 S


22 CH2C„CCH3 CH3 S


23 CH2C„CCH2CH3 CH3 S


24 CH2C„C(CH2)2CH3 CH3 S


25 CH2C„C(CH2)3CH3 CH3 S


26 (CH2)2C„C(CH2)2CH3 CH3 S


27 CH(CH3)C„C(CH2)3CH3 CH3 S


28 CH2C„C(CH2)4CH3 CH3 S


29 CH2C„C(CH2)3CH3 CH2Br S


a S-Alkyl chain.
b Carbonyl moiety.
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subsequent QSAR analyses as response variable. COX-2
inhibitory data have been available for 29 compounds
and COX-1 inhibitory data have been available for 26
compounds. This compound set was first divided into

Table 2. Definitions of molecular descriptors present in the models


Descriptorsa Definition (descriptor class)


CLOGP Calculated logarithm of partition


SI2 a topological index that quantifie


DE Dielectric energy is a portion of t


I1 Indicator variable having value 1


I2 Indicator variable having value 1


X2A Average connectivity index chi-2


O-058 O = (atom-centered fragments)


BEHm4 Highest eigenvalue no. 4 of burd


BELe6 Lowest eigenvalue no. 6 of burde


Ui Unsaturation index (empirical de


GATS3m Geary autocorrelation-lag 3/weig


a Refs. 23–25.

two subsets based on hierarchical clustering of biologi-
cal data to cover the whole activity range for training
and test set. Models were constructed based on the
training set and the generated models were then validat-
ed: internally (using the leave-one-out technique) and
externally (predicting the activities of the test set). All
of the Molecular Modeling studies, reported herein,
and descriptors’ calculation were performed running
on a Pentium 4 processor (CPU 3.00 GHz HT) using
Bioloom (BioByte Corporation),23,27 CAChe 6.1 (Fujit-
su Limited)24,27 and Dragon 3.0 (Milano Chemomet-
rics).25–29 The descriptors present in the model along
with definition are presented in Table 2.


The relationship between response variable (pC1 and
pC2 as dependent variables for COX-1 and COX-2 inhi-
bition, respectively) and various physicochemical and
structural descriptors (as independent variables) is
established by step-wise linear multiple regression anal-
ysis using Systat 10.2 and Valstat.30,31 Significant
descriptors were chosen on the basis of statistical data
of analysis. Inter-correlation between these descriptors
was checked for independence of the variables. The pre-
dictive power of equations was validated by leave-one-
out (LOO) cross-validation method,32 standard devia-
tion based on predicted residual sum of squares
(SPRESS), and standard deviation of error of prediction
(SDEP).


The statistical quality of the developed equations was
judged by the parameters like explained variance
(%EV), correlation coefficient (r), standard error of esti-
mate (s), variance ratio (F) at specified degrees of free-
dom (df), 95% confidence intervals of the regression
coefficients, LOO cross-validation r2 (Q2), SPRESS, and
SDEP. The number of developed equations was high,
so further analysis was based on statistically significant
parameters viz. r, s, Q2, F, and inter-correlation among
parameters used in the generation of an equation
(jICAPj). Among several generated models, six best
QSAR models were selected for discussion, which are
presented in Table 3, and their calculated and predicted
biological activity are presented in Tables 4 and 5.


Here, we are reporting QSAR study of COX-1 and
COX-2 inhibition using Hansch analysis and then
mixed approach based on Hansch and Fujita-Ban anal-

coefficient (lipophilicity)


s shape of the chemical sample (shape index)


he total energy of a molecule embedded in a dielectric (energy)


if aromatic ring is present at S-alkyl chain, value 0 otherwise


if triple bond is present at S-alkyl chain, value 0 otherwise


(topological)


en matrix/weighted by atomic masses (BCUT)


n matrix/weighted by atomic Sanderson electronegativities (BCUT)


scriptors)


hted by atomic masses (2D autocorrelation)







Table 3. The data of the statistically significant modelsa,b, c


No. Equation statistics Inter. valid.d Exter. valid.e


n r s F Q2 SPRESS n r2


COX-1 inhibition


1 20 0.83 0.31 19.22 0.59 0.36 6 0.70


2 20 0.83 0.32 18.48 0.60 0.38 6 0.54


3 20 0.91 0.24 26.80 0.74 0.30 6 0.89


COX-2 inhibition


4 22 0.93 0.34 25.35 0.76 0.43 7 0.72


5 22 0.93 0.32 28.22 0.79 0.41 7 0.53


6 22 0.93 0.31 39.13 0.69 0.36 7 0.90


a Chance < 0.001.
b Number of outliers = 0.
c jICAPj 6 0.42.
d Internal validation in the training set.
e External validation using test set.


Table 4. Observed, calculated, and predicted COX-1 inhibition of 2-


acetoxyphenyl alkyl sulfides


Compound Obs.a,b Cal.c Pred.d Cal.e. Pred.f Calc.g Pred.h


02 3.59 3.83 — 4.16 — 3.56 —


03i 3.41 — 3.42 3.82 — 3.66


04 3.49 3.55 — 3.70 — 3.42 —


05 3.43 3.80 — 3.76 — 3.71 —


06 4.18 4.21 — 4.02 — 4.59 —


07i 4.40 — 4.53 — 4.32 — 4.87


08 5.30 4.74 — 4.76 — 4.97 —


09 5.10 4.87 — 4.81 — 4.98 —


10 5.22 4.89 — 5.23 — 5.00 —


11 4.92 4.82 — 4.92 — 5.00 —


14 4.15 4.81 — 4.60 — 4.04 —


15 4.60 4.84 — 4.80 — 4.60 —


16 4.47 4.69 — 4.35 — 4.59 —


17i 4.30 — 3.95 — 3.82 — 4.71


18 4.30 4.23 — 4.29 — 4.79 —


19i 4.66 — 4.29 — 4.74 — 4.99


20 4.66 4.89 — 4.94 — 4.72 —


21 4.40 3.86 — 3.96 — 4.01 —


22 4.46 4.26 — 4.14 — 4.54 —


23 4.70 4.56 — 4.34 — 4.73 —


24 4.85 4.77 — 4.70 — 4.77 —


25 4.77 4.87 — 4.86 — 4.77 —


26 4.74 4.76 — 4.94 — 4.71 —


27 4.82 4.89 — 4.86 — 4.67 —


28i 4.48 — 4.90 — 5.10 — 4.85


29i 4.70 — 4.90 — 4.97 — 4.71


a Negative logarithmic value of IC50 (in moles) [pC1 = �log10IC50 (for


COX-1)].
b Ref. 22.
c Calculated (Cal.) from Eq. 1
d Predicted (Pred.) from Eq. 1.
e Calculated (Cal.). from Eq. 2
f Predicted (Pred.) from Eq. 2.
g Calculated (Cal.). from Eq. 3.
h Predicted (Pred.) from Eq. 3.
i Compounds of test set.


Table 5. Observed, calculated, and predicted COX-2 inhibition of 2-


acetoxyphenyl alkyl sulfides


Compound Obs.a,b Cal.c Pred.d Cal.e Pred.f Cal.g Pred.h


01i 3.60 — 3.15 — 3.35 — 3.48


02 3.59 3.88 — 3.86 — 3.51 —


03 3.44 3.32 — 3.67 — 3.10 —


04 3.29 3.51 — 3.58 — 3.45 —


05 3.70 3.84 — 3.62 — 3.84 —


06 4.18 4.40 — 3.97 — 4.42 —


07 4.47 4.81 — 4.34 — 4.78 —


08i 5.30 — 5.08 — 5.02 — 5.09


09 5.46 5.22 — 5.01 — 5.23 —


10 5.70 5.22 — 5.48 — 5.32 —


11i 4.92 — 5.08 — 5.26 — 5.32


12 3.60 3.66 — 3.69 — 3.80 —


13 4.00 3.94 — 3.91 — 3.96 —


14i 5.00 — 5.16 — 5.02 — 5.38


15 4.92 5.20 — 5.16 — 5.38 —


16 5.02 5.02 — 4.67 — 5.27 —


17 4.30 4.04 — 4.43 — 4.30 —


18i 4.30 — 4.41 — 4.94 — 4.38


19 5.15 4.49 — 5.12 — 5.32 —


20 4.96 5.22 — 5.27 — 5.32 —


21 4.60 4.30 — 4.39 — 4.44 —


22 4.70 4.84 — 4.68 — 4.79 —


23 5.30 5.23 — 4.98 — 5.08 —


24 5.52 5.49 — 5.41 — 5.22 —


25 6.10 5.61 — 5.68 — 5.32 —


26 5.19 5.48 — 5.74 — 5.32 —


27 5.15 5.61 — 5.68 — 5.18 —


28i 5.15 — 5.58 — 6.03 — 5.41


29i 4.59 — 5.61 — 5.93 — 4.69


a Negative logarithmic value of IC50 (in moles) [pC2 = �log10IC50 (for


COX-2)].
b Ref. 22.
c Calculated (Cal.). from Eq. 4.
d Predicted (Pred.) from Eq. 4.
e Calculated (Cal.). from Eq. 5.
f Predicted (Pred.) from Eq. 5.
g Calculated (Cal.). from Eq. 6.
h Predicted (Pred.) from Eq. 6.
i Compounds of test set.
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ysis. The statistically significant equation (Eq. 1), which
contains calculated log of partition coefficient, is as
follows.


pC1 ¼ 1:050ð�0:951Þ þ 1:624ð�1:150ÞCLOGP


� 0:171ð�0:160ÞðCLOGPÞ2 ð1Þ

n = 20, r = 0.83, s = 0.31, F = 19.22, Chance < 0.001,
Q2 = 0.59, SPRESS = 0.36, and SDEP = 0.33


Eq. 1 is capable to predict 59.0% and explain 69.3% of
variance of COX-1 inhibition. This model suggests that
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there is a non-linear relationship with CLOGP, which is
related to molecules’ trend to partition into bilayers. It
is most interesting and a well-known free energy related
parameter.


When other relationships were searched with other
descriptors obtained from CAChe, a significant Eq. 2
was developed that contains shape index (basic kappa,
order 2) and dielectric energy, which is able to explain
81.0% of variance of COX-1 inhibition. This equation
is having internal predictivity as shown by good Q2 val-
ue of 0.54. The parameters used in the equation are al-
most independent [inter-correlation among the
parameters (jICAPj) 6 0.42].


pC1 ¼ 3:775ð�1:019Þ þ 0:278ð�0:098ÞSI2


þ 3:679ð�2:275ÞDE ð2Þ
n = 20, r = 0.83, s = 0.32, F = 18.48, Chance < 0.001,
Q2 = 0.54, SPRESS = 0.38, and SDEP = 0.35


SI2 [shape index (basic kappa, order 2)] is a topological
parameter. DE [dielectric energy] is a portion of the total
energy of a molecule embedded in a dielectric. It is the ener-
gy of stabilization arising from the interaction of the charg-
es in the solute with the induced charges on the solvent
accessible surface (SAS) plus the electrostatic energy due
to the charges on the SAS zinteracting with each other.


When other relationships were searched with the descrip-
tors obtained from Dragon, a highly significant equation
containing BELe6, GATS3m, and Ui was found, which is
able to explain 83.4% of variance of COX-1 inhibition.
This equation is having high internal predictivity as
shown by good Q2 value of 0.74. The parameters used
in the equation are almost independent (jICAPj 6 0.40).


pC1 ¼ 9:466ð�5:197Þ þ 2:573ð�0:632ÞBELe6


� 62:753ð�33:604ÞGATS3m


� 1:961ð�1:691ÞUi ð3Þ
n = 20, r = 0.91, s = 0.24, F = 26.80, Chance < 0.001,
Q2 = 0.74, SPRESS = 0.30, and SDEP = 0.27


Sixth lowest eigenvalue of burden matrix corresponding
to Sanderson electronegativities is conducive for COX-1
inhibition. Lower path length 3 rich in atomic mass and
lower unsaturation index of the molecule would be
favorable for COX-1 inhibition. Prediction of COX-1
inhibition of test set compounds using this equation
shows the robustness of the models 1, 2, and 3 (Table 4)


The relationship of lipophilicity with COX-2 inhibition
is different from COX-1 inhibition, as suggested by fol-
lowing model (Eq. 4). Eq. 4 is capable to predict 76.0%
and explain 85.6% of variance of COX-2 inhibition.


pC2 ¼ 0:043ð�0:20Þ þ 2:265ð�1:401ÞCLOGP


� 0:247ð�0:204ÞðCLOGPÞ2


� 1:138ð�0:587ÞI1 þ 0:377ð�0:354ÞI2 ð4Þ


n = 22, r = 0.93, s = 0.34, F = 25.35, Chance < 0.001,
Q2 = 0.76, SPRESS = 0.43, and SDEP = 0.38

This equation having significant values of coefficient of
CLOGP, (CLOGP)2, I1, and I2 suggests that as the value
of CLOGP and I2 increases COX-2 inhibition increases
and the values of I1 and (CLOGP)2 increase COX-2
inhibition decreases. The parameters used in the equa-
tion are almost independent (jICAPj 6 0.22). When
other relationships were searched with other descriptors
obtained from CAChe, a highly significant Eq. 5 con-
taining shape index (basic kappa, order 2), dielectric
energy, and indicator variables was found, which is able
to explain 86.9% of variance of COX-2 inhibition. This
equation is having high internal predictivity as shown by
good Q2 value of 0.79.


pC2 ¼ 2:600ð�0:979Þ þ 0:390ð�0:097ÞSI2


þ 2:739ð�2:063ÞDE� 0:708ð�0:517ÞI1


þ 0:475ð�0:326ÞI2 ð5Þ
n = 22, r = 0.93, s = 0.32, F = 28.22, Chance < 0.001,
Q2 = 0.79, SPRESS = 0.41, and SDEP = 0.36


Similar coefficients of SI2 and DE in the Eqs. (2) and (5)
suggest that these parameters influence COX-1 and
COX-2 inhibition, similarly.


This equation having significant values of coefficient of
SI2, DE, I1, and I2 suggests that as the value of SI2,
DE, and I2 increases COX-2 inhibition increases and
as the value of I1 increases COX-2 inhibition decreases.
Presence of triple bond at S alkyl chain is favorable for
COX-2 inhibition. Presence of aromatic ring at S alkyl
chain is not favorable for COX-2 inhibition. The param-
eters used in the equation are almost independent
(jICAPj 6 0.36). Models 4 and 5 suggest indicator vari-
ables (I1 and I2) account for selective COX-2 inhibition
because lipophilicity, SI2, and DE also correlated with
pC1.


When other relationships were searched with other
descriptors obtained from Dragon, a highly significant
equation containing X2A, O-058, and BEHm4 was
found, which is able to predict 69.3% and explain
92.7% variance of COX-2 inhibition. The parameters
used in the equation are almost independent
(jICAPj 6 0.34).


pC2 ¼ �23:951ð�5:878Þ þ 75:897ð�19:313ÞX2A


� 1:561ð�0:721ÞO-058


þ 1:685ð�0:886ÞBEHm4 ð6Þ


n = 22, r = 0.93, s = 0.31, F = 39.13, Chance < 0.001,
Q2 = 0.693, SPRESS = 0.364, and SDEP = 0.353


Correlation with X2A indicates that branching in the
molecule would be better; O-058 indicates that lesser
number of carbonyl groups is conducive for COX-2
inhibition. Fourth highest eigenvalue of burden matrix
corresponding to atomic mass is conducive for COX-2
inhibition. These descriptors influence anti-inflammato-
ry activity. Prediction of COX-2 inhibition of test set
compounds using this equation shows the robustness
of the models 4, 5, and 6 (Table 5).
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The studies suggest that lipophilicity affects both COX-1
and COX-2 inhibition in different manner and indicator
variables like aromatic ring and triple bond play an
important role in COX-2 selectivity. Branching in the
molecule, higher path length 6 rich in polarizability,
and lesser number of carbonyl groups would be favor-
able for COX-2 inhibition. Fourth highest eigenvalue
of burden matrix corresponding to atomic mass would
be favorable for COX-2 inhibition and sixth lowest
eigenvalue of burden matrix corresponding to Sander-
son electronegativities is conducive for COX-1 inhibi-
tion. Lower path length 3 rich in atomic mass and
lesser degree of unsaturation in the molecule would be
favorable for COX-1 inhibition. These studies are prom-
ising for development of novel compounds, which are
having potent anti-inflammatory activity devoid of side
effects.

Supplementary data


SMILES notation of all compounds, Pearson correla-
tion matrix, and other supplementary data associated
with this article can be found in the online version. Sup-
plementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.08.002.
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Abstract—We report the generation of peptide ligands for silver nanowires using a linear 12-mer peptide phage display random
library technique. Phage clones that specifically bind the silver nanowires are sequenced after three rounds of biopanning, and
obtained DNA sequences suggest that there are a few conserved amino acid residues which may be critical for binding. A selected
binding peptide, together with two mutant peptide sequences, were subsequently synthesized on Tentagel resins to examine the
importance of both the identities and positions of the conserved amino acid residues.
� 2006 Elsevier Ltd. All rights reserved.

Phage display random library is an established and use-
ful tool to rapidly generate binding peptide ligands
against a wide variety of targets in biomedical, physical,
and chemical research.1–7 A particularly exciting field is
the application of the phage library against nano- and
microparticles. In specific, there have been a series of
elegant work by Belcher and co-workers regarding the
generation of peptide sequences for the self-assembly
of semi-conducting nanoparticles.8–11 In addition, Stone
and co-workers have reported the usage of phage dis-
play library against acid-etched AgNP for in vitro bio-
synthesis of AgNP through Ag-binding peptides.12,13


As our long-term interest lies in the usage of biomole-
cules for patterning and/or self-assembly of metallic
nanowires, we seek to address the ‘universality’ of pep-
tide sequences against Ag structures with different mor-
phologies, for example, spherical particles versus wires.


AgNW are obtained from Nanoplex Technologies Inc.
(Mountain View, CA), in which their dimensions are
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250 nm in diameter and 6 lm in length. The AgNW
are supplied in H2O, with a concentration of �109 nano-
wires per milliliter. The linear 12-mer phage display pep-
tides library kit is obtained from New England Biolabs
(Medford, MA). The library is generated from filamen-
tous Escherichia coli phage M13, with the random pep-
tide portion being fused to N-terminal of the minor coat
proteins pIII. The complexity of the library is reported
to contain �1.28 · 109 independent sequences. The
library was maintained and amplified with E. coli strain
ER2738, which was provided along with the phage
display library kit.


As for the biopanning process, �103 AgNW are being
placed in a microfuge tube, washed twice, and resus-
pended in 100 lL of binding buffer (100 lL TBS–0.1%
Tween 20). Subsequently, 10–20 lL of the library stock
solution (�2 · 1012 phage) in 1 mL of binding buffer was
added, and incubated, with mixing, for 1 h at room tem-
perature. The microfuge tube was then centrifuged at
5000 rpm for 1 min to pellet the AgNW, and the un-
bound phage was carefully removed along with the
supernatant. The AgNW-phage pellet was then washed
five times by repeated resuspension and centrifugation
of AgNW in 500 lL of washing buffer (TBS–0.1%
Tween 20). Finally, the bound phage was eluted by add-
ing 100 lL of 0.2 M glycine–HCl, pH 2.2, containing
0.1% BSA. After 10 min of incubation at room temper-
ature, the mixture was neutralized with 15 lL of 1 M
Tris–HCl, pH 9.1. The neutralized mixture containing
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the bound phage was then titered and amplified. Two
more additional rounds of biopanning were performed
with procedures as described above, except with the
washing buffer being changed to TBS containing 0.5%
Tween 20. After the third round of biopanning, the final
eluted phage was infected with E. coli ER2537 host cells
and plated on Luria Broth plates containing X-Gal
(Invitrogen, Carlsbad, CA) and IPTG (Invitrogen,
Carlsbad, CA). Approximately 35 independent blue pla-
ques phage clones were randomly selected for
sequencing.


To monitor the enrichment of the AgNW biopanning
process, the input and output phage of each biopanning
rounds were titered. The titering process was performed
according to the manufacturer’s protocol without any
modifications. With the above information, the recovery
percentage of each round can be derived via dividing the
quantity of eluted phage by the quantity of input phage.
The recovery % was observed to improve from
3.6 · 10�7 to 9.5 · 10�3, from rounds 1 to 3, which is
�3700-fold (see Table 1).


Upon obtaining the DNA sequences, the identities of
the binding peptide sequences can be elucidated. After
aligning the obtained AgNW-binding peptide sequences,
it was realized that there are a few repeating conserved
amino acid residues. In specific, it was observed for eight
of the obtained peptide sequences that serine residues
are either singly, or contiguously, present at the 3rd to
6th positions. In addition, the proline residues are also
either singly, or contiguously, present at both the 8th
and 9th positions. Sequences from four representative
peptides are shown in Figure 1. Also, it is important
to note that nearly �77% of peptide sequences, that is,

Table 1. Enrichment of the phage library from rounds 1 to 3 expressed


in recovery percentage (%)


Rounds Input phage (pfu) Eluted phage (pfu) Recovery %


1 2.01 · 1012 7.21 · 103 3.58 · 10�7


2 8.27 · 1011 8.44 · 103 1.02 · 10�6


3 1.04 · 1012 9.83 · 107 9.45 · 10�3


a  Four representative AgNP binding peptide sequences:


1  5  10
JT4:   NH2-Gly-Pro-Gly-Val-Ser-Ser-Ala-Pro-Pro-Phe-Ser-Lys-CO2H


JT21: NH2-Leu-Lys-Ser-Ser-Gly-Ser-Ala-Pro-Pro-Gly-Pro- Phe-CO2H


JT12: NH2-Ala-Gly-Lys-Ala-Ser-Lys-Ile-Pro-Asp-Pro-Gly-Phe-CO2H


JT17: NH2-Val-Pro-Leu-Ser-Ala-Gly-Ala-Pro-Pro-Leu-Met-Ala-CO2H 


b  AgNP  mutant binding peptide sequences:


1 5   10
JT4M1: NH2-Gly-Pro-Gly-Val-Ala-Ala-Ala-Ala-Ala-Phe-Ser-Lys-CO2H


JT4M2: NH2-Gly-Pro-Ser-Ser-Gly-Val-Ala-Pro-Pro-Phe-Ser-Lys-CO2H


Figure 1. (a) Selected AgNP peptide sequences showing consensus


amino acid residues (underlined) after three rounds of biopanning. (b)


Two mutant peptide sequences without the hypothesized (underlined)


consensus residues.

27 sequences do not demonstrate any homology to the
above-mentioned conserved residues. Nonetheless, upon
comparing our obtained sequences with the results pre-
viously obtained by Stone and co-workers against
AgNP via regular panning approach, the sequences
showed high similarity to a few of their obtained amino
acid residues.12,13 However, the positions of the identi-
fied amino acid residues do differ slightly. Upon calcula-
tion of the isoelectric pH (pI) for the four representative
AgNW binding peptides, it was realized that the pIs for
the peptides are all within the range 5.50–8.88
(JT4 = 8.88, JT21 = 8.88, JT12 = 6.25, and
JT17 = 5.55). These values seem to also fall in the range
for the AgNP-binding peptides obtained by Stone and
co-workers.12,13


Encouraged by these findings, we proceed to ensure that
the selected peptides do indeed bind the AgNW. Among
the peptides that showed certain degree of homology in
their binding sequences, we decide to pursue JT4 as it
contained the highest degree of conserved residues
(Fig. 1). Two other mutant peptide sequences were also
designed to probe the factors required for Ag nanowire
binding. First, the four identified conserved residues,
namely serines at 5th and 6th position, and prolines at
8th and 9th positions, were all rendered non-functional
by conversion to an alanine (peptide JT4M1). Second,
locations of the serines at 5th and 6th position were
shifted to the 3th and 4th position, respectively (peptide
JT4M2). This was designed to understand if the location
of the serine residues is important in their AgNW-bind-
ing capacity. Furthermore, both the mutant peptides
were also calculated to have pIs at 8.88, which is consis-
tent to JT4.


All the peptides, namely JT4, JT4M1 and JT4M2,
were synthesized on Tentagel S–NH2 solid resins (Pep-
tides International Inc., Louisville, KY), which are
polyethylene glycol-grafted copolymers consisting of a
low crosslinked polystyrene matrix. The Tentagel resins
utilized have a diameter of �90 lm and a loading
capacity of �0.2 to 0.3 mmol/g. The resins have previ-
ously been reported to be widely used for solid-phase
‘one-bead one-compound’ peptide library synthesis.
Accordingly, the detailed synthetic procedures of the
three peptides on Tentagel resins were accomplished
according to previously published procedures.14,15


Briefly, Fmoc-protected amino acids were coupled in
a sequential basis onto overnight DMF-swollen Tenta-
gel beads. The progress of the peptide coupling steps
was monitored via the ninhydrin test. Upon comple-
tion of the 12-mer peptide synthesis, sidechains of the
incorporated residues were subsequently deprotected
with 95% TFA. The peptide-conjugated Tentagel resins
were then washed and stored in PBS. The exact peptide
sequences were confirmed via peptide sequencing.


For the binding studies, we first perform a control
study to see if underivatized Tentagel resins will bind
to the Ag nanowires. In a microfuge tube, �10 to 20
underivatized binding-buffer equilibrated Tentagel
resins were incubated with �103 AgNW for 30 min at
room temperature. The microfuge tube was then







Figure 2. Micrographs of (a) underivatized 90 lm Tentagel S–NH2


resins, which do not bind to the AgNW; (b) JT4-conjugated Tentagel


resins, which binds and is coated with AgNW; (c) JT4M2-conjugated


Tentagel resins, which also binds to the AgNW; but to a lesser extent.
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centrifuged (7000 rpm) for 1 min to pellet both the res-
ins and nanowires. After removal of the supernatant,
the pellet was thoroughly washed 3· with 500 lL
PBS, and finally resuspended in 200 lL of PBS. The
suspension was then placed in a glass Petri-dish and
imaged using an Olympus SZX12 stereomicroscope at
144· magnification. As shown in Figure 2a, the ob-
tained micrograph showed that the underivatized Ten-
tagel resins do not exhibit any binding to the AgNP.
Using the same approach, after incubating �10 to 20
JT4-conjugated Tentagel resins with �103 AgNW, we
observed that there is a significant increase in the
amount of coating of the JT4-conjugated Tentagel res-
ins (Fig. 2b). This observation lends strong evidence
that the peptide JT4 is indeed binding to the AgNW.


Last, we also incubated �103 of both JT4M1- and
JT4M2-conjugated Tentagel resins with �10 to 20

AgNW. After 30 min of incubation, it was observed that
while there is no binding of JT4M1 to the AgNW
(micrographs not shown), JT4M2 does exhibit binding
to the AgNW, albeit to a lesser quantity compared to
JT4 (Fig. 2c). These results indicate that serines at 5th
and 6th position while important for binding, can be
shifted to the 3rd and 4th position without drastically
affecting their AgNW-binding capabilities. However,
upon the replacement of the serines to alanine, binding
is abolished. Furthermore, we speculate that while pro-
lines at both 8th and 9th positions do not participate
directly in binding to the AgNW, the residues may be
important to ensure a robust structural conformation
for optimized AgNW binding.


Finally, we also investigated if our selected peptide has
the ability to synthesize AgNP according to the previ-
ously published procedure by Stone and co-workers.12,13


Again, we chose to study both peptides JT4 and JT4M2
as they were observed to demonstrate AgNW-binding
properties. Additionally, we also included JT4M1 to
function as a negative control. A fourth vial, which does
not contain any peptide, was also included in the exper-
iment to function as a negative control. Approximately
5 mg of the above three peptides (obtained commercially
form Anaspec, San Jose, CA) was incubated in a 0.1 M
HEPES buffer, pH 7.5, supplemented with 0.2 mM silver
nitrate, at rt for 48 h. After the incubation period, we
did not observe any visible color changes and/or differ-
ences between the four vials. This result indicates that
the all the studied peptides, namely JT4, JT4M1 and
JT4M2, do not possess any AgNP-synthesizing
properties.


In conclusion, we have employed the phage display
technique to successfully enable novel peptidic ligands
against AgNW. The phage display random library
technique is both rapid and efficient, in which the en-
tire biopanning, cloning, and sequencing processes
can be accomplished in <4 weeks. Our generated
binding peptide sequences indicate that both serine
and proline residues are important for binding to
AgNW, and the obtained sequences bear strong
resemblance to the sequences previously obtained
against AgNP. Taken together, these observations
suggest that amino acid residues may be binding to
the Ag atoms, and is indiscriminate of their structural
morphologies. Finally, it was of interest to note that
the peptide JT4 generated in our experiment,
although able to bind to AgNW, fails to serve as pos-
sible agent for controlled nucleation and growth of
AgNP. The mechanism and sites for peptide binding
on the AgNW are currently being investigated and
will be reported in due time.
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bInstitute of Oncology Sremska Kamenica, Institutski put 4, 21204 Sremska Kamenica, Serbia


Received 17 July 2006; revised 27 July 2006; accepted 27 July 2006

Abstract—A new tiazofurin analogue, 2-(3-amino-3-deoxy-b-DD-xylofuranosyl)thiazole-4-carboxamide (3), was synthesized starting
from DD-glucose and evaluated for its in vitro antiproliferative activity against a panel of human tumour cell lines. Compound 3
exhibited the most powerful cytotoxicity against K562 cells, being approximately 100-fold more potent than tiazofurin. This
analogue was also active against Jurkat, HT-29 and HeLa malignant cells, with respective IC50 values being ca. 2-, 27- and 17-fold
lower than those observed for tiazofurin. Remarkably, compound 3 did not exhibit any significant cytotoxicity towards normal
foetal lung MRC-5 cell line.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Tiazofurin (1) and analogues 2 and 3.

Tiazofurin (2-b-DD-ribofuranosylthiazole-4-carboxamide;
NSC 286193; 1, Fig. 1), a synthetic nucleoside ana-
logue first described in 1977,1 is a potent inhibitor of
inosine 5 0-monophosphate dehydrogenase (IMPDH),
a rate-limiting enzyme of the de novo guanine nucleo-
tide synthesis.2 In 1982 it was reported that 1 repre-
sents a high-priority antitumour agent candidate for
clinical trials with potential importance for treatment
of lung tumours and metastases.3 Since that time, this
compound has been the subject of numerous biological
studies4,5 and it has been recently approved as an
orphan-drug for treatment of chronic myelogenous leu-
kaemia in accelerated phase or blast crisis. In phase I/II
clinical trials, tiazofurin has shown a significant reduc-
tion in leukaemic cell burden in acute myelogenous leu-
kaemia patients.6 Despite the efficacy achieved in the
clinical trials of tiazofurin, lack of specificity and occa-
sional neuro- and cardiovascular toxicity remain a
problem in its clinical use.4a,7 To improve its biological
properties, many analogues of 1 have been prepared,
including a number of those with variations in the
furanose ring.8 However, none of the reported exam-
ples have shown favourable biological effects.9 As a
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part of our ongoing project in the synthesis of new
C-nucleosides as potential antitumour agents from
2,5-anhydro sugars,10–14 we have recently reported on
the synthesis of several tiazofurin analogues with mod-
ified sugar segments that showed increased antitumour
activities with respect to the lead compound 1.12–14


Notable among them is 2-(3-acetamido-3-deoxy-b-DD-
xylofuranosyl)thiazole-4-carboxamide (2), the first bio-
logically active tiazofurin analogue lacking the ribofur-
anosyl moiety. Compound 2 showed remarkable
antiproliferative activity against K562 cells, being over
40-fold more potent than tiazofurin, but was devoid of
any significant cytotoxicity towards the normal MRC-5
cell line.12 Based upon these findings, but also bearing
in mind that certain amino-sugar nucleosides possess
antiviral and anticancer activities,15,16 it was of interest
to prepare the DD-xylo-tiazofurin analogue 3 with a free
amino group at the C-3 0 position, in order to compare
its antiproliferative activity with that observed for both
lead compounds 1 and 2.
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The synthesis of 3 is presented in Schemes 1 and 2.
The 2,5-anhydro-DD-glucose derivative 4, readily avail-
able from DD-glucose,17 was used as a starting material
in this work. Treatment of 4 with potassium benzoate
in N,N-dimethylformamide afforded the epoxide 5,
through a sequential 3,4-anhydro ring closure—pri-
mary mesyloxy group displacement process. Reaction
of 5 with sodium azide in dimethyl sulfoxide yielded
a mixture of the corresponding 3- and 4-azido deriva-
tives (not shown in the reaction scheme), which could
not be separated by chromatographic methods due to
their close structural similarity. Therefore, the crude
mixture of regioisomers was subsequently treated with
benzoyl chloride in pyridine to produce the corre-
sponding O-benzoyl derivatives 6 and 7, which were
readily separated by column chromatography. Eluted
first was the 4-azido-4-deoxy derivative 6 (23% from
5), with physical and spectral data in full agreement
with those reported in our previous paper.11 Eluted
second was the minor product 7, which was isolated
in 16% overall yield with respect to the epoxide 5.
The intermediate 6 was previously prepared starting
from 4 in 21.5% overall yield in five synthetic steps.11

Scheme 1. Reagents and conditions: (a) KOBz, DMF, 100 �C, 8 h, 67%; (b) i—


of 7; (c) Me3SiN3, BF3ÆOEt2, CH2Cl2, rt, 24 h; (d) BzCl, Py, rt, 24 h, 34% o


Scheme 2. Reagents and conditions: (a) H2, 10% Pd/C, CHCl3 (cat.), EtOH,


(c) 4:1 TFA–6 M HCl, 4 �C, 72 h; (d) NH2OHÆHCl, NaOAc, EtOH, rt, 2 h, 3


rt, 4 h, 99%; (g) BrCH2COCO2Et, EtOH, 80 �C, 50 min, 32%; (h) NH3, Me

The procedure for preparation of 6 developed in the
present work resulted in somewhat lower overall yield
(15.4% from 4), but it was carried out through a
three-step sequence that provided a faster access to
the intermediate.


In the next step, we have focused on the ring opening of
epoxide 5 by Me3SiN3/BF3ÆOEt2. This reagent system
sometimes gives a different regioselectivity compared
to NaN3 in DMF, as observed recently in the ring open-
ing reaction of benzyl 2-acetamido-3,4-anhydro-2,6-
dideoxy-a-LL-talopyranoside.18 However, it has been
shown that the reaction of 5 with Me3SiN3/BF3ÆOEt2


in CH2Cl2 (rt, 24 h) was not so straightforward and
afforded a mixture of 8a and 9a. The crude reaction mix-
ture was not purified but was treated with benzoyl chlo-
ride in pyridine to give the 6-azido derivative 8 (34%) as
the major product, accompanied by the tri-O-benzoyl
derivative 9 (16%). Both rearranged products 8a and
9a were formed by the migration of the benzoyloxy
group via a regioselective cleavage of oxirane ring at
the C-4 position. The stereoselectivity in the case of
the formation of 2,5-anhydro-DD-gulose systems 8a and

NaN3, DMSO, 108–112 �C, 26 h, ii—BzCl, Py, rt, 24 h, 23% of 6, 16%


f 8, 16% of 9.


rt, 24 h; (b) TFAA, Py, CH2Cl2, �10 �C, 0.5 h, 4 �C, 72 h, 62% from 6;


3% from 11; (e) MsCl, Py, �18 �C, 144 h, then rt 1 h, 59%; (f) H2S, Py,


OH, rt, 8 days, 69%.







Table 1. In vitro cytotoxicity of 1, 2 and 3


Compounds IC50
a (lM)


K562 Jurkat HT-29 HeLa MRC-5


1 5.29 (0.25) 0.14 (0.006) 1.01 (0.002) 4.76 (0.054) 0.85 (0.01)


2 0.095b (0.003) 0.45 (0.01) 1.0b (0.02) >100 (1.56) 89.70b (0.29)


3 0.052 (0.001) 0.06 (0.002) 0.037 (0.002) 0.28 (0.01) >100 (2.61)


a IC50 is the concentration of compound required to inhibit the cell growth by 50% compared to an untreated control. Values are means of three


independent experiments, standard deviation is given in parentheses.
b Results taken from Ref. 11.
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9a arises from the trapping of the cyclic oxonium ion
5a, derived from neighbouring group participation of
the 6-benzoyloxy group in 5, by azide anion or water.


Catalytic reduction of 6 over 10% Pd/C, according to
the procedure developed by Secrist and Logue,19 gave
the corresponding amine hydrochloride 10. Treatment
of crude 10 with trifluoroacetic anhydride in pyridine
gave the expected trifluoroacetamido derivative 11 in
62% yield. Hydrolytic removal of the dioxolane pro-
tection in 11 was achieved with a mixture of trifluoro-
acetic acid and 6 M hydrochloric acid at +4 �C. The
resulting unstable aldehyde 12 was not purified, but
was rather immediately treated with hydroxylamine
hydrochloride to yield the corresponding oxime 13
as a 5:1 mixture of the corresponding E- and Z-iso-
mers. The mixture was not separated (except for the
characterisation purpose), but was rather further treat-
ed with mesyl chloride in pyridine to give a 59% yield
of the corresponding nitrile 14. Treatment of 14 with
hydrogen sulfide in dry pyridine gave a quantitative
yield of the corresponding thioamide 15. The final
conversion of the intermediate 15 into the target C-
nucleoside 3 was achieved by using a modified Han-
tzsch thiazole synthesis.20 Accordingly, treatment of
15 with ethyl bromopyruvate in refluxing ethanol gave
the required thiazole 16, which upon final exposure to
the saturated solution of ammonia in dry methanol
provided the target tiazofurin analogue 321 in 69%
yield.


The newly synthesized tiazofurin analogue 3 was evalu-
ated for its antiproliferative activity against human mye-
logenous leukaemia K562, Jurkat T cell leukaemia,
colon adenocarcinoma HT-29, cervix carcinoma HeLa
and normal foetal lung fibroblasts, MRC-5. In vitro
cytotoxicity was evaluated after 24-h cell treatment by
the MTT assay.22 The results, including the data for
the reference compounds, tiazofurin (1) and the
known12 analogue 2, are presented in Table 1.


Remarkably, the analogue 3 exhibits sub-micromolar
cytotoxicity against all malignant cells, with IC50 val-
ues ranging from 0.052 to 0.28 lM. Additionally, this
compound is significantly more active than the corre-
sponding acetamido derivative 2, as well as tiazofurin
itself, but was devoid of any cytotoxicity against the
normal foetal lung fibroblasts MRC-5. The most pro-
nounced antiproliferative activity of compound 3 was
found to be against the K562 cells, being ca. 100-fold
more potent than tiazofurin. Moreover, compound 3

was approximately 2-fold more active than the acet-
amido derivative 2 against the K562 cell line. Tiazofu-
rin was the most potent compound towards the
human Jurkat T cell line and was over 3-fold more
potent than the acetamido derivative 2. Analogue 3
demonstrated a 2- and 7-fold greater cytotoxicity in
the same cell line when compared to 1 and 2, respec-
tively. As reported in our previous paper, the 3 0-acet-
amido derivative 2 as well as tiazofurin showed equal
and potent antiproliferative activities towards the
colon adenocarcinoma HT-29 cells.12 The title com-
pound 3 exhibited even more pronounced cytotoxicity
against this cell line, being approximately 27-fold
more active with respect to both parent compounds
1 and 2. The analogue 3 also inhibited the growth
of HeLa cells being 17-fold more efficient with respect
to tiazofurin, while the 3 0-acetamido derivative 2 was
completely inactive against this malignant cell line.
These results agree well with our previous findings12


that the introduction of 3 0-functionalities into the tia-
zofurin sugar moiety, in spite of the changes to its ori-
ginal stereochemistry, may provide an access to
analogues of improved antiproliferative effects towards
selected neoplastic cells.


In conclusion, a new tiazofurin analogue, 2-(3-amino-
3-deoxy-b-DD-xylofuranosyl)thiazole-4-carboxamide (3),
was synthesized starting from DD-glucose and evaluated
for its in vitro antiproliferative activity against a panel
of human tumour cell lines. Compound 3 exhibited
the most powerful cytotoxicity against K562 cells,
being approximately 100-fold more potent than tia-
zofurin. To the best of our knowledge, none of tia-
zofurin analogues were hitherto reported to exhibit
such a potent antileukaemic activity. This analogue
was also active against Jurkat, HT-29 and HeLa
malignant cells, with respective IC50 values being ca.
2-, 27- and 17-fold lower than those observed for tia-
zofurin, but did not exhibit any cytotoxicity towards
normal foetal lung MRC-5 cells. Based upon these re-
sults, we believe that the analogue 3 may serve as an
important lead in the synthesis of more potent and
selective antitumour agents derived from the parent
compound 1.
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Abstract—Horseradish peroxidase (HRP) inhibition and glutathione peroxidase (GPx) activities of ebselen and some related deriv-
atives are described. These studies show that ebselen and ebselen ditelluride (EbTe2) with significant antioxidant activity, inhibit the
HRP-catalyzed oxidation reactions. In addition, inhibition of lipid peroxidation and singlet oxygen quenching studies were carried
out. Although the inhibition of HRP by ebselen is comparable with that of EbTe2, the inhibitory effect on c-radiation induced lipid
peroxidation and the GPx activity of ebselen is found to be much higher than that of EbTe2.
� 2006 Elsevier Ltd. All rights reserved.
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Ebselen (2-phenyl-1,2-benzisoselazol-3(2H)-one), an
organoselenium compound, has been shown to protect
tissue against oxidative damage by reducing hydrogen
peroxide and other hydroperoxides.1 The hydrogen per-
oxide reducing ability of ebselen, therefore, mimics the
antioxidant selenoenzyme, glutathione peroxidase
(GPx).2 The catalytically active selenium in ebselen
reduces hydroperoxides at the expense of thiol. Similarly
to the GPx catalytic cycle, the selenol form of ebselen re-
acts with hydroperoxides to form a selenenic acid, which
reacts with thiol to produce the corresponding selenenyl
sulfide intermediate. This intermediate further reacts
with an additional thiol to reproduce the selenol. There-
fore, ebselen, when combined with suitable thiol com-
pounds such as glutathione (GSH), dithioerythritol, N-
acetyl cysteine, dihydrolipoate, etc.,3 can reduce hydro-
gen peroxide to water and attenuate lipid peroxidation
by reducing organic, cholestrol, cholesterol ester- and
phospholipid peroxides.4 In contrast to this reductive
detoxification of hydroperoxides, ebselen is a poor free
radical scavenger and consequently this is not regarded
as a significant component of its pharmacodynamic
activity.5
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Although the biological activity of ebselen has been
extensively studied,6 the effect of ebselen and its deriva-
tives on metalloproteins have not been studied in detail.
However, a few reports have appeared in the literature,
which show that some organoselenium compounds with
reactive selenolate moiety can inhibit certain metallo-
proteins.7 Recently, the role of metal coordination in
the antioxidant activity of selenium has been reported.8


Ebselen and other related compounds have been report-
ed to be inhibitors of constitutive endothelial nitric
oxide synthase (ceNOS),9 lipoxygenases,10 and c-Jun
N-terminal kinase.11 In this paper, we report the effect
of ebselen on horseradish peroxidase (HRP) activity.
In addition, we report the GPx-like antioxidant activity
and the effect of ebselen and related derivatives on sin-
glet oxygen and lipid peroxidation (see Scheme 1).
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Scheme 1. Ebselen and related derivatives.
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Figure 1. Absorbance at 645 nm (ABTS��) in presence of different


concentration of ebselen and its derivatives (a, Eb; b, EbMe; c, EbBz;


d, EbTe2).
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Figure 2. Lineweaver–Burk plots for the reduction of H2O2 by ebselen


and its derivatives (a, Eb; b, EbMe; c, EbBz).
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The inhibition of horseradish peroxidase (HRP) was
studied by using spectrophotometric method.12 The
IC50 values for the inhibition of HRP by ebselen and
other related compounds are summarized in Table 1.
Interestingly, ebselen inhibited the HRP activity with
an IC50 value of 16.9 ± 1.4 lM, indicating that ebselen
may strongly inhibit peroxidase-catalyzed oxidation
reactions. The Se-methylated and Se-benzylated deriva-
tives of ebselen (EbMe and EbBz, respectively), on the
other hand, do not show any significant inhibition.
The ditelluride (EbTe2) was found to be almost as po-
tent as ebselen in the inhibition. These observations re-
veal that the oxidation of selenium or tellurium centres
in ebselen and ditelluride (EbTe2) may be responsible
for the inhibition. At a concentration of 100 lM, the
methyl and the benzyl derivatives inhibited only 25.5%
and 33.1%, of the HRP activity, respectively. On the
other hand, the diselenide (EbSe2) exhibited a significant
inhibition, although the inhibitory activity of this com-
pound was found to be much lower than that of ebselen
and the ditelluride (see Fig. 1).


To understand the effect of H2O2 and ABTS2� on the
HRP inhibition, we carried out some experiments in
which the concentration of one of the substrates (perox-
ide or ABTS2�) was varied while keeping other one con-
stant (Figs. S1 and S2, supporting information). The
Lineweaver–Burk plots obtained by increasing the
H2O2 concentration reveal that the inhibition of HRP
by ebselen is different from that of EbSe2 and EbTe2.
While the H2O2 concentration does not have much effect
on the inhibition of HRP by ebselen, the inhibition by
EbSe2 and EbTe2 appears to be reversed by increasing
the peroxide concentration.


Recently, it has been shown that Fe-containing peroxi-
dases such as lactoperoxidase can be inhibited by orga-
noselenium compounds that exhibit significant
glutathione peroxidase-like antioxidant activities.7


Therefore, ebselen may inhibit HRP by reducing hydro-
gen peroxide or by reacting with the oxidized enzyme,
because ebselen is a well-known GPx mimic that reduces
hydrogen peroxide and organic peroxides by using thiol
co-substrates.2,3 To this end, we have investigated the
GPx activity13 of ebselen and related derivatives
(Fig. 2) and correlated the GPx activity of these com-
pounds with their HRP inhibitory activities. While the
HRP inhibition activities of ebselen and EbTe2 correlate
well with their GPx activities, the methyl (EbMe) and
benzylic (EbBz) compounds, which show significant
GPx activity, do not show any appreciable HRP inhibi-

Table 1. Antioxidant profile of ebselen and its related derivatives


1O2+substrate k (·106 M�1 s�1) Lipid peroxidation


IC50, 280 Gy


G


K


Eb 4.16 ± 0.12 25 lM 13


MeEb 14.7 ± 3.3 100 lM 5


BzEb 6.65 ± 0.25 75 lM 2


EbSe2 Does not scavenge at 1 mM 19% at 200 lM —


EbTe2 9.9 ± 0.41 175 lM 2


a The IC50 value is the concentration at which lipid peroxidation is inhibited

tion. This indicates that the HRP inhibition by selenium
or tellurium compounds cannot be directly correlated
with their GPx-like behaviour, since the GPx activity
of selenium/tellurium compounds also depend on the
reactivity of these compounds with thiols in addition
to their reactions with peroxide. It has been shown that
the GPx activity of selenium compounds not only de-
pends on the reactivity of the selenol intermediates to-
wards hydrogen peroxide, but also depends on the
reactivity of the selenenyl sulfide intermediates towards
thiols.3a As there is no thiol present in the HRP inhibi-
tion experiments, only the reactivity of the selenium/tel-
lurium compounds towards hydrogen peroxide may
determine the HRP inhibition potency of the test
compounds.

Px activity


m (·10�3)


GPx activity


Vmax (lM min�1)


HRP inhibition (IC50)a (lM)


.15 182.9 16.9 ± 1.4


.25 37.5 >100


.2 39.5 >100


— 50.0 ± 1.0


.3 31.2 17.3 ± 1.7


by 50%.
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In order to find out the effect of ebselen and related
derivatives on lipid peroxidation and singlet oxygen,
we have carried out singlet oxygen quenching and lipid
peroxidation experiments.14,15 The extent of c-radia-
tion-induced lipid peroxidation in liposomes was moni-
tored as thiobarbituric acid reactive substances
(TBARS) in the absence and the presence of different
concentration of ebselen and its derivatives. The perox-
idation was found to be inhibited in the presence of
ebselen and related compounds. At a constant c-radia-
tion dose of 280 Gy, inhibition of peroxidation was fol-
lowed at different concentration (0.025–0.150 mM) of
ebselen and its derivatives. The TBARS formation was
found to decrease with increasing concentration of ebse-
len and its derivatives. As shown in Figure 3, ebselen is
found to be the most potent antioxidant having IC50 val-
ue of 25 lM. In the series, ebselen diselenide (EbSe2)
was found to be the least effective. It showed only 19%
protection to the liposomes at 200 lM. The IC50 values
for EbMe, EbBz and EbTe2 were found to be 100, 75,
and 175 lM, respectively. When aqueous liposomal
solutions were exposed to c-radiation, the hydroxyl rad-
icals produced during water radiolysis, induced lipid
peroxidation in the liposomes.16 Inhibition by ebselen
derivatives may be due to the reaction with either
hydroxyl radicals or peroxyl radicals produced during
lipid peroxidation. Figure 3 shows the inhibition of
TBARS formation by ebselen and its derivatives at a
given concentration (50 lM).


The higher activity of the organotellurium compound
(EbTe2) as compared to the ebselen diselenide derivative
(EbSe2) indicates that peroxide-decomposing capacity as
well as chain-breaking ability play role to inhibit c-radi-
ation induced lipid peroxidation in liposomes under the
conditions used. These observations are further support-
ed by the singlet oxygen quenching studies. Although
replacement of sulfur by selenium is known to modify
the biological activities considerably, a similar role of
tellurium in biosystems has not been discovered proba-

0.00 0.05 0.10 0.15 0.20


1.0


1.5


2.0


2.5


3.0


3.5


blank a b c d
0


30


60


90


d


c


b
a


T
B


A
R


S
, n


m
o


l/m
g


 li
p


o


Ebselen derivatives, mM


 %
P


ro
te


ct
io


n 


Figure 3. Effect of different concentration of ebselen and its derivative


(0.025–0.15 mM) on the amount of TBARS formed on c-irradiation-


induced lipid peroxidation of liposomes at 280 Gy. Inset shows the


relative protection of 50 lM of ebselen and its derivative on the c-


radiation-induced lipid peroxidation (a, Eb; b, EbMe; c, EbBz; d,


EbTe2).

bly due to their great sensitivity to light and air. Howev-
er, in recent years, the biological importance of
tellurium has attracted considerable attention, as evi-
denced by several model studies on the antioxidant
and photochemotherapeutic properties of synthetic
organotellurium compounds.17


The higher efficiency of ebselen as compared to that of
its sulfur analogue in the prevention of lipid peroxida-
tion initiated via radicals, on the thiol reduction of ferric
cytochrome c and reduction of peroxynitrite are signifi-
cant examples where, the redox properties of selenium
plays an important role.6a However, basic structural
modification in organoselenium compound can also al-
ter their redox activity. Therefore, we carried out singlet
oxygen quenching studies in the presence of different
ebselen derivatives. The energy of the singlet oxygen is
22.5 kcal/mol above the ground state of the triplet oxy-
gen.18 Depending upon the substrates, singlet oxygen re-
acts either by electron transfer or by addition across the
double bond to form endoperoxides.18 The latter reac-
tion is found to be crucial step in lipid peroxidation. Sin-
glet oxygen in absence of any quencher has a lifetime of
66.0 ± 1.0 ls in dicholoroethane. However, in the pres-
ence of different concentration of ebselen and its deriva-
tives, the lifetime of the singlet oxygen was found to
decrease. The bimolecular rate constant for the reaction
between singlet oxygen and ebselen derivatives (Eq. 2)
was calculated from the Stern–Volmer plots (Fig. 4).


1O2 ! 3O2 þ hm ð1270 nmÞ ð1Þ


1O2 þ Ebselen-derivative!
kq


Product ð2Þ
In these studies, methyl ebselen (EbMe) was found to be
the most active compound with a bimolecular rate con-
stant of 1.47 ± 0.33 · 107 M�1 s�1 and ebselen diselenide
was found to be the least active, which did not show any
noticeable activity even at 1 mM concentration. Thus,
all the derivatives except ebselen diselenide (EbSe2)
showed singlet oxygen quenching ability and the
quenching rate constant was in the order of
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�107–106 M�1 s�1. It has been reported that singlet oxy-
gen reacts with selenium compounds to form the corre-
sponding selenoxide.17 This observation is consistent
with the involvement of a charge transfer complex in
the deactivation of singlet oxygen.19 The singlet oxygen
reacts mainly with the selenium atom and the reactivity
of ebselen and its derivative with singlet oxygen mainly
depends upon the electron density on the chalcogen
atom. In the case of methyl derivative, due to the elec-
tron-donating effect of methyl group, the density on
the selenium atom increases, while in case of the benzyl
derivative the electron-withdrawing effect on the benzyl
group decreases the electron density on the selenium
atom. The rate constant also depends upon the one elec-
tron reduction potential of the radical. In the series,
methyl ebselen has the lowest reduction potential
(E = 1.43 V vs NHE)20 and has high reactivity with the
singlet oxygen, whereas ebselen diselenide has high
reduction potential and has least reactivity. Although
ebselen and its derivatives seem to react with free radi-
cals or singlet oxygen at different rates, their contribu-
tion to the total antioxidant capacity should be
proportional to their respective physiological concentra-
tions. Thus from the rate constant it can be inferred that
very high concentration (�10�3 M) of the compounds
are required to scavenge the singlet oxygen efficiently
inside the cells.


n summary, we have shown that ebselen and ebselen
ditelluride (EbTe2) inhibit the HRP activity and their
inhibitory potency was found to be much higher than
that of the corresponding methyl and benzyl derivatives.
The oxidation of selenium or tellurium in these com-
pounds may account for their efficient inhibition
properties.

Supplementary data


Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.bmcl.2006.07.085.
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Abstract—A series of N1-arylidene-N2-quinolyl- and N2-acrydinylhydrazones were synthesized and tested for their antimalarial
properties. These compounds showed remarkable anti-plasmodial activity in vitro especially against chloroquine-resistant strains.
Their potent biological activity makes them promising lead structures for the development of new antimalarial drugs.
� 2006 Elsevier Ltd. All rights reserved.

N


HN


Me
NEt2


Cl
CQ, 1


N


HN


Me
NEt2


Mepacrine, 2


N


HN


Cl


OH


NEt2


Amodiaquine, 3


MeO


Cl


N


NH-N=CH-Ar


R


4a-g


X


N


NH-N=CH-Ar
MeO


Cl
5a-c


Figure 1. Reference and title compounds.

Malaria is a disease caused by parasitic protozoa of the
genus Plasmodium which afflicts more than 500 million
people worldwide, causing approximately 2 million
deaths each year. Despite significant advances in under-
standing the disease and the parasite, malaria still remains
one of the leading causes of morbidity and mortality, par-
ticularly in malaria-endemic regions of the world.1,2 For
decades, chloroquine (CQ, 1, Fig. 1) provided reliable
prophylaxis for travelers and therapy for those with estab-
lished infection. However, the emergence in the early
1960s and subsequent spread of CQ-resistant parasites
created a tremendous therapeutic void.3 As a result, there
is an urgent need for the rapid development of effective,
safe, and affordable chemotherapeutics.


The exact mode of action of CQ and other 4-amino
quinoline antimalarials, such as mepacrine 2 and amodi-
aquine 3, remains to be elucidated,4 but most investiga-
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tors accept that a crucial step in their mechanism of
action is the interference with the detoxification of free
heme,5–7 which is needed for the uninterrupted growth
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and proliferation of the parasite.8 Although the molecu-
lar basis of CQ resistance is not fully understood, it is
clear from biochemical studies that the CQ-resistant
parasites accumulate fewer drugs than sensitive
strains.9,10 The fact that CQ resistance emerged after
decades of widespread use suggests that CQ activity is
not related to the interaction with a unique protein tar-
get.11–13 In fact, unlike inhibitors of parasite-encoded
enzymes and transporters that are currently under inves-
tigation and that may lead to the rapid appearance of
resistance under drug-pressure, the parasite has difficul-
ty in developing resistance to drugs that interfere with
the heme detoxification process as it seems not to be
dependent on any specific enzyme.14 Therefore, the met-
abolic functions related to hemoglobin digestion and
heme detoxification pathways still represent a valid tar-
get for the discovery of new antimalarial drugs.


The compounds reported here were designed to investi-
gate novel chemical entities characterized by high activ-
ity against CQ-resistant Plasmodium falciparum (Pf)
strains and by a low resistance potential due to a mech-
anism of action that may be similar to that of 4-amino-
quinoline antimalarials. Accordingly, taking into
account that CQ analogues incorporating a hydrazone
or a hydrazine moiety in the side chain showed moder-
ate antimalarial activity,15 we developed a small series
of hydrazones characterized by the presence of different-
ly substituted quinolines (4a–g, Fig. 1) and acridines
(5a–c), structurally related to CQ and mepacrine, respec-
tively. These compounds were designed to interact with
iron III FPIX (hematin), possibly generating toxic radi-
cal species capable of interfering with the crucial reduc-
ing milieu of the parasite.16


Compounds 4a–g and 5a–c were obtained starting from
suitable 4-chloroquinolines 6a–d,17–20 2,9-dichloro-6-
methoxyacridine 7a, and 7,10-dichloro-2-methoxyben-
zo[b][1,5]naphthyridine 7b,21 as described in Scheme 1.
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Scheme 1. Reagents and conditions: (a) NH2NH2ÆH2O, MeOH, reflux


or NH2NH2ÆH2O, MW radiation, 200 W, 5 min, sealed tube; (b)


ArCHO, EtOH, reflux.

These compounds were then heated under reflux for sev-
eral hours in the presence of hydrazine monohydrate with
methanol as the solvent.


Some of the 4-quinolylhydrazines were prepared using
an alternative procedure in which microwave radiation
was used as the heating source and the reaction was per-
formed in neat hydrazine monohydrate under pressure.
This latter method afforded corresponding hydrazines
in 80–90% yields, generally higher than that obtained
using the standard methods. In the next step of the syn-
thesis, hydrazines 8a–d and 9a,b were reacted with one
equivalent of the appropriate carboxaldehyde in boiling
ethanol and in the presence of an equimolar amount of
sodium acetate.22 Most of carboxaldehydes used for the
synthesis of final compounds were commercially
available except for aldehydes 12a and 12b which were
synthesized from the bromoester 10 as described in
Scheme 2. Alkylation of diethylamine or pyrrolidine
with bromide 10 was performed in refluxing acetone in
the presence of potassium carbonate and of a catalytic
amount of 18-crown-6. The resulting tertiary amines
11a,b were reacted with lithium aluminum hydride in
THF and the alcohols thus obtained were oxidized to
aldehydes 12a,b using manganese dioxide in refluxing
dioxane.


All synthesized compounds were tested in vitro against a
series of Pf strains, namely the CQ-sensitive D10 and
3D7, and the CQ-resistant W2 and K1 strains of Pf.
The antimalarial activity (IC50, nM) was quantified as
inhibition of parasite growth, measured with the pro-
duction of parasite lactate dehydrogenase23 (D10 and
W2 strains) or the incorporation of [3H]-hypoxanthines
(3D7 and K1 strains).24


The results are presented in Table 1. Among the new
compounds synthesized 4d–g and 5a–c showed an anti-
plasmodial activity against the CQ-sensitive D10 strain
in the same range of CQ. Similarly, 4f and 4g displayed
the same activity of CQ against CQ-sensitive 3D7 strain,
while compound 5b was 10 times more potent than CQ.
Additionally, the data showed that most of the tested
compounds were highly active against CQ-resistant
strains, two analogues (5b and 5c) being more active
against W2 CQ-resistant than D10 CQ-sensitive strains.
In the quinoline series (4a–g), the 8-OMe and 6,7-meth-
ylendioxy substituents gave rise to compounds generally
less active than the corresponding 6-OMe and 7-Cl
derivatives. These structure–activity relationships
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Table 1. Anti-plasmodial activity of compounds 4a–g and 5a–c


Compound R Ar X Ionic forma %b at


pH 7.2


% b at


pH 5.5


D10c


IC50
e (nM)


W2d


IC50
e (nM)


3D7c


IC50
e (nM)


K1d


IC50
e (nM)


4a 8-OMe — P 3.50 64.54 519 254 5703 NTf


N 96.48 35.46


A 0.02 —


4b 8-OMe
NMe2


— DP — 2.08 337 356 NT NT


P 3.74 64.02


N 96.26 33.90


4c 6,7-(OCH2O)
OMe


— P 75.97 99.37 210 163 155 467


N 24.03 0.63


A — —


4d 6-OMe
NMe2


— DP 0.05 3.20 83 104 NT NT


P 67.07 95.86


N 32.88 0.94


4e 6-OMe
OMe


— P 60.77 98.73 99 128 NT NT


N 39.22 1.27


A 0.01 —


4f 6-OMe
NEt2 — DP 59.11 98.64 39.2 79.0 11.0 55.1


P 40.68 1.36


N 0.21 —


4g 7-Cl
N


— DP 4.00 67.63 28.8 58.3 19.1 16.4


P 95.41 32.37


N 0.59 —


5a — N CH DP 16.00 90.52 97 137 112 NT


P 83.46 9.48


N 0.54 —


5b —
HN


N
CH DP 0.05 12.64 62.6 30.8 1.0 4.5


P/ZW 16.90 79.59


N 83.00 7.77


A 0.05 —


5c —
HN


N
N DP — 1.03 72 26.9 283 198


P/ZW 24.87 93.29


ZW 74.35 5.68


A 0.78 —


CQ — — — DP 12.12 87.37 22.5 280 10.1 258


P 87.83 12.63


N 0.05 —


a DP, di-protonated form; P, protonated form; ZW, zwitterionic form; N, neutral form; A, anionic form.
b ACD/pKa DB verson 9.00 software (Advanced Chemistry Development Inc., Toronto, Canada).
c CQ-sensitive clone.
d CQ-resistant clone.
e IC50s are the mean of at least three determinations. Standard errors were all within 10% of the mean.
f NT, not tested.
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(SARs) can be explained by taking into account the ste-
ric hindrance of the substituent at C-8 of the quinoline
ring (4a,b vs 4d–f) with respect to the capability of the
quinoline nitrogen to coordinate hematin.


Potency is also influenced by the arylidene substituent at
the hydrazine N1. Electron-donating groups, such as the
weakly basic dimethylamino (4b) (still not protonated at
vacuole pH of 5.5, Table 1), do not improve antimalarial
activity versus the unsubstituted aromatic ring (4a). On
the contrary, a significant increase of potency against
CQ-sensitive and CQ-resistant strains can be observed
when the aromatic ring presents a diethylaminomethyl
group, already protonated at pH 7.2 (4f vs 4d). The
extra basic group was introduced to mimic the distal
nitrogen of CQ and amodiaquine, critical for drug
sequestration into the acidic food vacuole of Pf.6 SARs
were also exploited by varying the bi-cyclic system of 4
introducing an acridine group (5a–c). The mepacrine

tri-cyclic system, combined with the hydrazone moiety,
was used to investigate the effects of the 7-chloro substi-
tuent of 4g and of the 6-methoxy group of 4f. The acri-
dine analogues 5a–c were synthesized and tested. The
different activity against the panel of CQ-resistant
strains seems to be dependent upon the ionization state
of the molecule (Table 1). In fact, the introduction of an
extra basic nitrogen (4f and 4g), resulting into a di-pro-
tonated state at the Pf vacuole pH 5.5, increased activity
on CQ-resistant strains. However, when the extra basic
nitrogen was introduced in the acridine series (5a), the
resulting compound did not show antimalarial activity
comparable to the di-protonated analogues of the quin-
oline series (4f and 4g vs 5a). Interestingly, when the pyr-
rolidinylmethylphenyl moiety of 5a was replaced with an
imidazole ring, the resulting compound 5b showed an in-
creased potency profile against all tested Pf strains,
becoming particularly active against CQ-resistant
strains. Imidazoles are known to be excellent heme







Figure 2. b-Hematin inhibitory activity assay of compounds 4g, CQ,


and 3 (AQ).
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ligands; moreover, as evidenced by pKa calculations and
confirmed by computational studies (data not shown),
the imidazole ring drives the formation of an intramo-
lecular zwitterion due to the exchange of a proton from
the imidazole nitrogen to the hydrazine nitrogen. Con-
trastingly, introduction of an extra nitrogen atom at po-
sition 5 of the acridine nucleus gave an analogue (5c)
that retained the activity against D10 and W2 strains,
being poorly active on 3D7 and K1 strains.


Compound 4g was screened for inhibition of b-hematin
(hemozoin) formation by using the BHIA (b-hematin
inhibitory activity) assay (hemin in dimethylsulfoxide-
acetate buffer at pH 5.0, 37 �C, 18 h).25 Compound 4g
showed a dose-dependent inhibition in the BHIA assay
(IC50 = 0.53 ± 0.09) and became more potent than CQ
(IC50 = 0.91 ± 0.23) and amodiaquine (IC50 = 0.79 ±
0.01) in inhibiting hemozoin formation (Fig. 2), suggest-
ing that its antimalarial activity was related to the inhibi-
tion of the heme detoxification process.


Compounds 5b and 5c, bearing an imidazole ring known
to have heme binding properties (e.g., azoles antifungal),
are among the most promising analogues of the series.
Further studies are in progress to understand the mech-
anism of action of these compounds and in particular to
know whether the activity profile of 5b and 5c could be
related to improved heme binding. Cytotoxicity on mur-
ine fibrosarcoma cells WEHI, clone 13, was assayed on
the most active compounds 4g and 5b using the MTT
test.23 While 5b showed an ED50 of 5.1 lM similar to
that one of CQ (ED50 = 9.7 lM), compound 4g
(ED50 = 19.4 lM) proved to be much less toxic than
5b and CQ.


To summarize, a series of novel and highly active anti-
malarial agents were synthesized. In particular, com-
pounds 4f–g and 5b–c showed remarkable antimalarial
activity especially against CQ-resistant Pf strains and
they represent promising lead structures for the develop-
ment of new antimalarial drugs. Inhibition of the heme
detoxification process seems to be the basis of their
mechanism of action. Notably, the synthesis of these
compounds involves few steps with commercially avail-
able products and has low production costs. Stability of
4g (over 2 h) in acidic conditions was proven by NMR
techniques.26 Further pharmacological characterization

and in vivo studies to evaluate bioavailability are cur-
rently in progress.
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Abstract—A series of metabolically stable adamantane amide 11b-HSD1 inhibitors have been synthesized and biologically evaluat-
ed. These compounds exhibit excellent HSD1 potency and HSD2 selectivity and good pharmacokinetic and pharmacodynamic
profiles.
� 2006 Elsevier Ltd. All rights reserved.

H
NO


H2N O
O


Cl


in vitro profiles:
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Clp: 4.2 L/h/Kg
F: 20%
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Figure 1. Adamantane amide 11b-HSD inhibitor.

11b-Hydroxysteroid dehydrogenase type 1 (11b-HSD1)
has attracted significant attention from the pharmaceu-
tical research community as a target for the treatment of
metabolic syndrome.1 This endoplasmic reticulum-asso-
ciated enzyme converts the glucocorticoid receptor (GR)
inactive cortisone (dehydrocorticosterone in rodents)
into the GR active hormone cortisol (corticosterone in
rodents). In the liver, cortisol stimulates gluconeogenesis
through upregulation of enzymes such as phosphoenol-
pyruvate carboxykinase and glucose 6-phosphatase, and
in adipose tissue, cortisol promotes adipogenesis and
lipolysis.2 A related enzyme, 11b-HSD2, catalyzes the
reverse reaction which in tissues like kidney protects
the mineralocorticoid receptor from activation by corti-
sol.3 The current hypothesis is that a small molecule
therapeutic that selectively targets 11b-HSD1 can be a
viable strategy for the treatment of metabolic syndrome.


We have identified adamantane amides exemplified by
14 from initial hit to lead work, which are potent
inhibitors of human and mouse 11b-HSD1 with selec-
tivity over 11b-HSD2 (Fig. 1). Although 1 has an
excellent in vitro activity against the targeted enzymes,
it has a poor pharmacokinetic (PK) profile in mice.
This is due to metabolism of the phenoxy side chain,
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as determined by in vitro mouse liver microsomal sta-
bility studies, and primary amide hydrolysis in mouse
serum. The primary carboxamide on the adamantane
contributes to its potent activity as well as the meta-
bolic stability of the adamantane head group. Easily
accessible secondary and tertiary adamantane carbox-
amide analogs were either not active or lacked accept-
able PK profiles. Moreover, analogs related to 1 that
contain non-polar aromatic phenoxy groups have lim-
ited metabolic stability.


Our goal is to discover compounds that will provide
long enough coverage for BID dosing for in vivo efficacy
studies in rodents. Hence, desirable compounds should
have a PK profile with greater bioavailability and lower
clearance. We attempted to address these challenges via
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two concerted approaches: (1) identify hydrolytically
stable carboxamide bioisosteres that maintain high
potency and selectivity; (2) prepare compounds contain-
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Scheme 2. Reagents and conditions: (a) 3, 2-amino-malononitrile, EDCI, py


(c) 4, glyoxal, NH3, MeOH, rt; (d) 6, NH2OH, DBU, DMF, 80 �C; (e) 5


TOSMIC, KOtBu, DME, MeOH; (h) ZnBr2, NaN3, H2O, 150 �C; (i) 1 N H
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Scheme 1. Reagents and conditions: (a) KOTMS, THF, rt; (b) i—LiAlH4, TH


THF, 0 �C; ii—Dess–Martin periodinane, CH2Cl2; (d) i—EDCI, HOBT, i-P

ing more polar heteroaromatic side chains which exhibit
metabolic stability and improvements in PK profile. In
this paper, we report our initial results.
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Ester 2 was converted into compounds 3–6 using stan-
dard functional group transformations (Scheme 1).
Compounds 3–6 served as starting materials for the syn-
theses of a number heterocycle bioisosteres of the pri-
mary amide.


Acid 3 was converted into amino oxazole 75 and amino
triazole 8 (see Scheme 2 and Table 1). Aldehyde 4 was
transformed into imidazole 9. Isoxazole 10 was derived
from alkynone 6. Addition of hydroxylamine to cyanide
5 gave hydroxyamidine 11, which was then converted
into 12. In addition, we also explored the possibility of
extending the polar group 1 or 2 carbons away from
the adamantane head group. The syntheses of homolo-
gated analogs utilized either TOSMIC or stabilized Wit-
tig reagents on aldehyde 4 (Scheme 2), followed by
tetrazole synthesis (14) or hydrolysis to give the corre-
sponding acids 13 and 15.


Modification of the side chain was achieved by replacing
the phenoxy group of 1 by a pyridyl group. The heteroa-
romatic group can either be linked through an oxygen
spacer, such as 22, or be directly attached to the quater-
nary carbon bearing the gem-dimethyl groups, such as

Table 1. In vitro inhibition and metabolic stability data for 6–14


R


H
N


O


Compound R I


h-HSD1/h-HSD2 m-


7 N


O


NC


H2N
146/>100,000 205


8


NN


N
H


H2N 35/55,000 53/


9


N


N
H


10/11,000 11/


10
ON


105/15,000 71/


11
N


H2N


HO


39/100,000 26/


12


NO


N
H


O 358/35,000 101


13 HO2C 45/52,000 92/


14


NN


N
N
H


41/>100,000 87/


15 H2OC 89/100,000 74/


a Values are means of two experiments.
b % remaining after a 30 min incubation with mouse liver microsome.

27 (Table 2). The syntheses of these side chains are
depicted in Schemes 3 and 4.


The O-linked hetroaryl analogs were prepared by nucle-
ophilic aromatic substitution of a chloropyridine by hy-
droxy ester 16 followed by the attachment of
adamantane 214 and conversion to primary carboxam-
ide (Scheme 3). Pyridyl bromide 22 was further elaborat-
ed via copper (I) catalyzed C–N coupling6 to give 24–26.


The C-linked analogs such as 28 were synthesized by a
palladium catalyzed coupling7 of silyl ketene acetal 19
with a pyridyl bromide such as 18 followed by acylation
with adamantane 21 and conversion to the correspond-
ing carboxamide by similar methods as those described
for 22 (Scheme 4). The amino substituents of 28 and
29 were attached by nucleophilic substitution reactions.


These compounds were tested against both human and
mouse 11b-HSD1 and 11b-HSD2 enzymes as well as a
cell based assay with 11b-HSD1 overexpressed in hu-
man embryonic kidney cells (HEK).8 In addition, meta-
bolic stability of these compounds was determined using
mouse liver microsomal incubation studies.

O


Cl


C50
a (nM) Microsomal stabilityb


(% remaining)
HSD1/m-HSD2 h-HSD1 HEK


/ 50,000 306 25


>100,000 476 41


100,000 110 3


15,000 31 30


>100,000 124 64


/100,000 532 Not determined


20,700 82 94


7,000 119 79


28,000 455 78







Table 2. In vitro inhibition and metabolic stability data for 22–29
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a Values are means of two experiments.
b % remaining after a 30 min incubation with mouse liver microsomes.
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Table 4. Mouse PK dataa


Compound nAUC (lg*h/mL) CLp (L/h/Kg) t1/2 (h) F (%)


11 1.35 4.6 0.4 61.6


13 46.7 0.2 2.0 96.1


14 3.4 1.2 2.3 39.7


15 11.4 0.8 2.6 86.3


a Calculated from 10 mg/kg iv and oral po dosing. Measured in


plasma.
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Data for compounds from the adamantane head group
modification are shown in Table 1. Polar heterocycles
such as 8 and 9 were found to be potent and selective
for the 11b-HSD1 enzymes. However, most of these
compounds generally showed a shift in potency in the
HEK assays. Currently, we do not fully understand
the cause for the differences in the magnitude of potency
shifts between compounds. Presumably, it is due to sub-
tle differences in ionization of these polar groups which
led to poorer cell penetration. The cellular assay was
used to give us rough estimates on the ability of these
compounds to inhibit 11b-HSD1 in vivo, therefore,
potency shifts up to 10-fold were considered acceptable
in this assay. A better predictor of in vivo performance
is the metabolic stability assay, unfortunately, heterocy-
cles 7–10 were rapidly metabolized in microsomal stabil-
ity screen. Hydroxyamidine 11 was a potent and
selective inhibitor which exhibited better metabolic sta-
bility than the above heterocyclic compounds. On the
other hand, the homologated analogs 13–15 performed
very well in all the in vitro assays, including remarkably
improved metabolic stability.


Table 2 shows the biological results of compounds with
polar heteroaromatic side chains. Several of these com-
pounds are potent with pyrazolyl analog 26 reaching
5 nM with excellent selectivity against HSD2. Many of
these compounds also possess good metabolic stability.
Similar to our earlier observation in Table 1, com-
pounds with fully basic groups at the side chain such
as 25 suffered poor cellular penetration as determined
by the HEK assay. In order to identify compounds suit-
able for in vivo efficacy studies in rodent models, select-
ed compounds from Tables 1 and 2 were further
examined in mouse ex vivo pharmacodynamic (PD)9


as well as PK studies and the results are summarized
in Tables 3 and 4. We were interested in compounds that
exhibit robust inhibition of 11b-HSD1 in liver and fat
tissues at extended time points (i.e., 7 and 16 h) post-
dose. We hypothesize that compounds with such charac-
teristics will allow sufficient coverage using a BID dosing
regiment. The inhibition of 11b-HSD1 in brain has been
implicated in enhancing memory and learning.10 There-
fore, inhibition of the target enzyme was also measured
in brain tissue to help us determine the ability of these
compounds to either enter or be excluded from the
brain.


Hydroxyamidine 11 showed robust inhibition of
11b-HSD1 in liver, fat, and brain tissues through 16 h.
However, it showed rapid clearance and a short half-life

Table 3. Ex vivo pharmacodynamic dataa


Compound % inhibition in


liver 7 h/16 h


% inhibition in


fat 7 h/16 h


% inhibition in


brain 7 h/16 h


11 89/84 92/67 85/79


13 40/0 70/35 ND


14 62/37 17/20 11/9


15 99/93 50/37 67/18


22 57/0 47/23 ND


ND, not determined.
a See Ref. 9 for a description of the assay.

(Table 4, entry 1). This observation might be attributed
to an active metabolite. The one carbon homologated
acid 13 displayed long-acting PD activity in fat tissue,
but shorter activity in the liver. The PK profile of 13 fea-
tures low clearance, long half-life, and excellent bio-
availability. Tetrazole 14 gives good inhibition of 11b-
HSD1 in both liver and fat tissues, and it is mostly
excluded from brain. The two carbon homologated acid
15 showed robust activity in fat, liver, and brain. Com-
pound 15 is also accompanied with excellent PK data.
Compound 22 showed moderate activity at 7 h (Table
3), but no activity in liver at 16 h. This might be due
to extensive primary amide hydrolysis to the corre-
sponding inactive acid at longer time points. In fat 22
shows higher activity than liver. All the compounds that
we have evaluated in PK studies showed significantly
improved bioavailability as compared to 1.


In conclusion, we have identified a series of modifica-
tions to the 11b-HSD inhibitor 1 that resulted in im-
proved PD and PK profiles. Efforts are currently
underway to combine a favorable functional group at
the adamantane head group with a polar heterocycle
containing side chain that we have identified over the
course of this work into one molecule. We anticipate
that these hybrid molecules will have good combined
PK and PD profiles in addition to other desirable prop-
erties such as increased water solubility. The results
from this effort will be reported in due course.
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1 mM EDTA. The final enzyme concentration was
0.015 mg/mL to keep the substrate consumption rate
below 25% at the end of the reaction. To ensure the
reaction proceeds in the reductase direction, a NADPH
regeneration system with 1 mM G-6-P and 1 U/mL G-6-
PDH was included in the reaction. After incubating at
room temperature for 30 min, the reaction was terminat-

ed by adding the non-selective 11b-HSD-1 inhibitor 18b-
GA. The radioactive cortisol generated in the assay was
captured by a monoclonal anti-cortisol antibody and
SPA beads coated with anti-mouse antibodies. The plate
was read using a Microbeta Liquid Scintillation Counter
(Perkin-Elmer Life Sciences). The percent inhibition was
calculated relative to a non-inhibited control and plotted
against compound concentration to generate the IC50


results. HEK assays: cellular activity of the compounds
was evaluated in HEK293 cells which were stably
transfected with full-length human 11b- HSD-1 cDNA.
Cells were plated on poly-DD lysine-coated plates (Becton–
Dickinson Biocoat 35-4461) in DMEM containing 10%
FBS, 300 lg/mL geneticin, 100 U/mL penicillin, 100 lg/
mL streptomycin, and 0.25 lg/mL Fungizone. The cells
were pretreated with compounds for 30 min, followed by
incubation with 1 lM of substrate (cortisone) in dPBS
buffer for 2 h at 37 �C in a 5% CO2 atmosphere. The cell
media were harvested and the cortisol concentration in
the media was determined by fluorescence polarization
immuno-assay (FPIA). A mixture of fluorescein-labeled
cortisol and monoclonal anti-cortisol antibody was added
to the well in the FPIA diluent buffer (Abbott Labora-
tories) to a final concentration 4 nM (cortisol) and 10 nM
(mAb). The resulting fluorescent signal was read using an
Analyst plate reader (LJL). The percent inhibition was
calculated relative to a non-inhibited control and plotted
against compound concentration to generate the IC50


results.
9. Compounds were dissolved in 1% Tween 80 in 0.2%


hydroxypropyl methylcellulose and administered to DIO
mice as a single oral dose at 30 mpk. At 1, 7, and 16 h
post-dose, fresh tissues including liver, epididymal fat pad
(EFP), and brain were removed, immersed in PBS buffer,
and weighed (3 mice per data point were used). The total
volume of PBS buffer added was equivalent to approxi-
mately five times the mass of tissue. Tissues were minced
into 2–3 mm pieces and the substrate (cortisone) was
added to a final concentration of 10 lM. The tissues were
then incubated at 37 �C in a 5% CO2 atmosphere for
20 min for liver and three hours for brain and adipose
tissue. The cortisol concentration in the media was
determined by LC-MS detection. The percent inhibition
of 11b-HSD-1 activity was calculated relative to a vehicle
control treated group. Ex vivo 11b-HSD-1 assays in ob/ob
mice and other strains of rodents were conducted
similarly.


10. Sandeep, T. C.; Yau, J. L.; MacLullich, A. M., et al. Proc.
Natl. Acad. Sci. U.S.A. 2004, 101, 6734.
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Abstract—Previously, we discovered a series of novel benzodithiazines-dioxides with both antiviral and anticancer activities. In
order to design compounds with distinct antiviral properties, we prepared new compounds with modifications on the imidazole
and pyrimidine rings. Herein, we present the synthesis and antiviral activity of 8-chloro-2,3-dihydroimidazo[1,2-b][1,4,2]benzodithi-
azine 5,5-dioxides (22, 23, 30, and 31) and 9-chloro-2,3,4-trihydropyrimido[1,2-b][1,4,2]benzodithiazine 6,6-dioxides (14, 24, 25, and
27). We successfully identified a lead compound with remarkable anti-HIV-1 activity (EC50 = 0.09 lM). These compounds showed
minimal cytotoxicity and are therefore suitable for antiviral development.
� 2006 Elsevier Ltd. All rights reserved.

Cl


Me


SH


S


H
N


O O


R


Cl


R1


S


S
N


O O


Ar


O


R2


Cl


R1


S


S
N


O OR2


N


Me


I (MBSAs) II III

Because of the recent increase of HIV-1 infection world-
wide and the lack of cost-effective treatment for many of
the economically disadvantaged patients, there is an ur-
gent need to prepare novel antiviral drugs that are effec-
tive and inexpensive. Currently used antiretroviral drugs
show serious side effects and the transmission of drug-
resistance viruses is on the rise. It is now very clear that
effective treatment against HIV infection requires a com-
bination of highly active antiretroviral drugs. Therefore,
developing drugs with novel mechanism of action is of
paramount importance.


During the past several years we have discovered novel
small-molecule sulfonamides with remarkable antican-
cer and antiviral activities. Selected examples showed
significant cytotoxicity in cell-based assays even though
they were very effective in HIV-1 integrase-based assays.
Therefore, these compounds were subsequently modi-
fied for their antiviral properties. To separate these
two properties it required the development of a coherent
structure–activity relationship among several classes of
closely related sulfonamides. Our interest in sulfona-
mides stems from several recent observations in our lab-
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oratories with these compounds and a growing body of
literature detailing their different biological properties.1,2


In general, these molecules are drug-like and numerous
clinically used drugs broadly speaking belong to the sul-
fonamide class of drugs. In many cases they are readily
synthesizable from very inexpensive starting materials.
Moreover, their biological safety and efficacy are well
documented.


Previously, we described the syntheses and anti-HIV
activities of various 4-chloro-2-mercapto-5-methylben-
zenesufonamide derivatives (I, Fig. 1) with a variety of
heteroaromatic ring system substituted on the nitrogen
atom of the sulfonamide moiety.3–8 Some of these com-
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pounds inhibited purified HIV-1 integrase in the low
micormolar range.9,10 For example, the cyclic analogues
of 2-mercaptobenzenesulfonamides (II and III, Fig. 1)
inhibited integrase in vitro and a clear structure–activity
relationship was then established among these conge-
ners.11,12 Interestingly, some of the compounds with
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Scheme 1. Synthesis of the N-(6-chloro-1,1-dioxo-1,4,2-benzodithia-


zin-3-yl)aminopropanol derivatives 4–9. Reagents and conditions: (a)


2-amino-1,3-propanediol (1.03 molar equiv), dry MeOH, rt, 54 h, 89%;


(b) 3-aminopropanol or 3-amino-2,2-dimethylpropanol (1.1 molar


equiv), dry MeOH, rt, 72 h, 89–93%.
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Scheme 2. Synthesis and proposed mechanism of the formation of the 2,3-d


3-(chloroalkylamino)-1,4,2-benzodithiazines 17, 18.

antiviral activity in cell-based assays were inactive
against purified integrase. These findings, therefore,
prompted us to prepare new analogues and to develop
new methodologies for the syntheses of the benzodithia-
zines of general formulas IV and V as potential
anti-HIV agents. Herein, we show that several of these
compounds are endowed with remarkable anti-HIV
activity with minimal cytotoxicity.


The previously described methods were employed for
the synthesis of 3-methylthio-1,4,2-benzodithiazines 1a-
c13,14 and N-(1,2,4-benzodithiazin-3-yl)aminoalkanoles
2-315. In a similar fashion we prepared the novel N-(6-
chloro-1,1-dioxo-1,4,2-benzodithiazin-3-yl)aminoalkan-
oles 4-9 (Scheme 1).


The syntheses of target compounds were achieved by a
convenient two- or three-step procedure starting from
N-(1,4,2-benzodithiazin-3-yl)aminoalkanoles 2–9 as
shown in Schemes 2–5. First, the reaction of 2–9 with
thionyl chloride carried out in tetrahydrofuran at elevat-
ed temperature led to the formation of 2,3-dihydroimi-
dazo[1,2-b][1,4,2]benzodithiazine hydrochlorides (10–
11, Scheme 2) and 2,3,4-trihydropyrimidine[1,2-
b][1,4,2]benzodithiazine hydrochlorides (12–16, Scheme
3). We also isolated and characterized the 6-chloro-3-
(chloroalkylamino)-1,4,2-benzodithiazine 1,1-dioxides
that were formed as by products (17–21, Schemes 2
and 3) or the main product (29, Scheme 5). Second,
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Scheme 3. Synthesis of the 2,3,4-trihydropyrimidino[1,2-b][1,4,2]ben-


zodithiazine hydrochlorides 12–16 and 3-(3-chloropropylamino)-1,4,2-


benzodithiazines 19–21.
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Scheme 5. Synthesis of the 2-substituted 8-chloro-2,3-dihydro-7-meth-


yl-5,5-dioxoimidazo [1,2-b][1,4,2]benzodithiazines 30–32. Reagents


and conditions: (a) SOCl2 (large excess), THF, rt 1 h and reflux 15 h,


90%; (b) K2CO3 (1.13 molar equiv), anhydrous acetone, rt 2 h and


reflux 6 h, 90%; (c) phenylmethanethiol or 2-mercaptoethanol (1.08


molar equiv), K2CO3 (1.25 molar equiv), anhydrous acetone, rt 2 h,


reflux 12 h, 70–72%.
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upon treatment of the hydrochlorides 10–16 with NaOH
in water at pH 8 the desired free benzodithiazines 22–28
were obtained in 90–98% yields (Scheme 4, Method A).
The benzodithiazines 22–26 and 30 were also obtained
in 70–90% yields by the reaction of corresponding
3-(chloroalkylamino)-1,4,2-benzodithiazines 17–21
(Scheme 4, Method B) 29 (Scheme 5) with K2CO3 in
acetone. Third, the subsequent reactions of 2-(chloro-
methyl)-2,3-dihydroimidazo[1,2-b][1,4,2]benzodithiazine
30 with K2CO3 and phenylmethanethiol or 2-mercap-
toethanol in anhydrous acetone afforded the expected
thioesters 31 and 32, respectively (Scheme 5). Structures
of the compounds described in this paper were con-
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Scheme 4. Preparation of the imidazobenzodithiazines 22–23 and pyrimidobe


or from 3-(chloroalkylamino)-1,4,2-benzodithiazines 17–21 (Method B). Rea


1 h; (b) K2CO3 (1.25 molar equiv), acetone, rt, 2 h and reflux 5 h.

firmed by elemental analyses, IR and NMR spectro-
scopic data16 (Supporting Information).


Compounds 14, 22–25, 27, 30, and 31 were tested for
their anti-HIV activities in cell-based assays. The antivi-
ral assay performed at the National Cancer Institute is
based on a protocol described by Wieslow et al.17 The
following is to be noted regarding the anti-HIV activity
data with the tested compounds: (i) compound 31 was
inactive (EC50 > 200.0 lM), whereas the other com-
pounds exhibited weak (27), moderate (22) or high
(14, 23–25, and 30) activity (Table 1); (ii) the most active
compounds were 4-chloro-2,3,4-trihydropyrimido[1,2-
b][1,4,2]benzodithiazines 14, 24, and 25 (EC50 = 0.09–
4.75 lM) (Table 1); (iii) pyrimido[1,2-b][1,4,2]benzodi-
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Table 1. In vitro anti-HIV-1 drug screening results for 2,3-dihydroimidazo[1,2-b][1,4,2]benzodithiazines (22, 23, 30, 31) and 2,3,4-trihydropyrimido


[1,2-b][1,4,2]benzodithiazines (14, 24, 25, 27)a


S
N


SCl


R1


O OR2


14, 24, 25, 27


N


R3


R3S
N


SCl


R1


O O


N


R2


22, 23, 30, 31


R3  nHCl


Compound R1 R2 R3 n EC50
b (lM) IC50


c (lM) TI50
d


22 Me H H 16.50 134.7 8.2


23 Me Me H 8.52 107.0 12.6


30 Me H CH2Cl 4.04 28.0 6.4


31 Me H CH2SCH2Ph >200.0 >200.0 —


14 H H H 1 4.75 >200.0 >42.1


24 Me H H 0 0.98 >200.0 >204.1


25 H Me H 0 0.09 106.0 1177.7


27 Me H Me 0 162.50 >200.0 >1.23


a Data obtained from the NCI’s in vitro anti-HIV primary screen.
b Effective concentration 50% (protection of HIV-1 infected CEM cells).
c Cytotoxic concentration 50% (toxicity to uninfected CEM cells).
d Therapeutic index = IC50/EC50.
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thiazine 25 bearing an electron-donating methyl group
at position 7 showed the highest anti-HIV activity
(EC50 = 0.09 lM) and a very high therapeutic index
(TI = 1177.7); (iv) the 8-methyl analogue 24 was less ac-
tive (EC50 = 0.98 lM) and further loss of activity
was observed for the unsubstituted analogue 14
(EC50 = 4.75 lM) and for compound 27 bearing three
methyl groups at positions 3, 3 and 7 (EC50 =
162.50 lM).
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Abstract—We describe a novel class of benzocycloheptanone derived oxazolidinone antibacterial agents. The synthesis and antibac-
terial activities with structure variation is discussed.
� 2006 Elsevier Ltd. All rights reserved.
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Oxazolidinones are a new class of totally synthetic
antibiotics with excellent activity against Gram-positive
organisms including methicillin-resistant Staphylococcus
aureus (MRSA), Staphylococcus epidermidis (MRSE),
and vancomycin-resistant enterococci (VRE).1 This class
of compounds (e.g., 1, Dup-721) was initially discovered
at E.I. du Pont Nemours & Company in the 1980s.2


Later, extensive structure–activity relationship (SAR)
efforts at Pharmacia and Upjohn led to eperezolid (2)
and linezolid (3) as clinical candidates.3 Subsequently,
the food and drug administration (FDA) approved
linezolid (ZYVOX�) for the treatment of community-
acquired and nosocomial pneumonia, complicated and
uncomplicated skin and soft-tissue infections, and
infections caused by MRSA and VRE.


Previous SAR studies at Du Pont and Pharmacia
also led to the indanone analog (PNU-82965, 4)4 pos-
sessing Gram-positive antibacterial activity. Herein,
we report the synthesis and antibacterial activities
of ketone analogs of various ring sizes, including
benzocycloheptane analogs possessing functional
groups at various positions on the seven-membered
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ring and also substitutions on the phenyl ring. Nota-
bly, these compounds lack the typical C-ring as pres-
ent in linezolid.


4
PNU-82965


N O


O


N
H


O


O


The oxazolidinone containing a tetralone moiety (5)
was synthesized in two steps as shown in Scheme 1.
The first step is a copper catalyzed coupling5 of oxazo-
lidinone fragment 7 with 7-bromo-3,4-dihydro-2H-
naphthalene-1-one 6, followed by deprotection of the
dimethoxybenzyl group in 8 to afford the oxazolidi-
none 5.
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Benzoheptanone oxazolidinones (9) were synthesized in
a multi-step procedure as shown in Scheme 4.6 The
intermediates required for Sonogashira coupling were
synthesized as shown in Schemes 2 and 3. The remaining
nitro compounds are commercially available.


4-Pentynoic acid (16) on treatment with methanol in
the presence of acid gave its methyl ester 17. Coupling
with the corresponding 1-iodo- or 1-bromo-3-nitroben-
zene under Sonogashira coupling conditions7 afforded
compound 18. The nitro group in 18 was reduced to
the amine moiety (19), followed by reaction with ethyl
chloroformate to afford the corresponding ethyl carba-
mate 20. The ester group in 20 was saponified to the
corresponding acid 21. Intramolecular cyclization of
21 under acidic conditions furnished benzocyclohepta-
none 22. Next, the C-5 acetamidomethyl oxazolidi-
none side chain in 9 was installed in a single step
by using (1S)-2-(acetylamino)-1-(chloromethyl)ethyl
acetate.8 Some of these intermediates (22) were synthe-
sized in multi-gram (20–200 g) quantities without any
scale-up issues.


An oxazolidinone possessing a benzooctanone moiety
(23) was synthesized using hex-5-ynoic acid 24 as the
starting material (Scheme 5). The methyl ester of 25,
on coupling with 1-iodo-3-bromobenzene, afforded the
compound 26. Triple bond reduction in 26, then sapon-
ification of the ester group in 27 followed by conversion
of the acid to the acid chloride afforded compound 28.
Intramolecular cyclization of 28 in the presence of
aluminum chloride under high dilution conditions, as
described by Allinger et al., gave 29.9 Coupling of 29
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with 7 yielded 30, followed by deprotection, giving the
final oxazolidinone 23.


Pyridylbenzoheptanone analog (31) was synthesized as
shown in Scheme 6 starting from N-methylpyridone
(32). The first step was nitration to 33. Condensation
with heptanone yielded 34,10 which on further treat-
ment with MCPBA afforded the corresponding N-oxide
(35). Pummerer-like rearrangement of 35 gave 36.11


Reduction of the nitro group, followed by amino group
protection, yielded the corresponding ethyl carbamate
38. Saponification of the acetate group and protection
of the alcohol group as a THP ether gave 40. Oxazolid-
inone ring formation was accomplished in one step
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Scheme 6. Reagents: (a) nitric acid, sulfuric acid; (b) cycloheptanone, ammon


chloroformate, pyridine; (g) K2CO3, MeOH, H2O; (h) dihydropyran, PTS; (i)


CH2Cl2.

under basic conditions by treating 40 with (1S)-2-
(acetylamino)-1-(chloromethyl)ethyl acetate. Deprotec-
tion of the THP ether (41) to the corresponding
alcohol (42), followed by oxidation, furnished the final
ketone 31.


Oxazolidinones containing a substituted benzocyclohep-
tane moiety were synthesized as shown in Scheme 7.


These novel oxazolidinone analogs were tested against
a panel of Gram-positive and fastidious Gram-nega-
tive bacteria.12 Minimum inhibitory concentration
(MIC) of the test compounds was determined by
micro broth methodology according to the Clinical
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and Laboratory Standards Institute Guidelines (For-
merly, National Committee for Clinical Laboratory
Standards, NCCLS). The Escherichia coli in vitro
transcription and translation (TnT) assay was per-
formed in 96-well microtiter plates using a luciferase
reporter system.13

Table 2. Minimum inhibitory concentrations (MICs) for ketones possessing


Compound EC TnT IC50 (lM) S. a. MIC (lg/mL) S. p


3 linezolid 3.3 ± 0.46 2 2


9a 3.9 ± 0.18 1 0.5


9b 9.4 ± 1.2 8 2


9c 8.9 ± 0.73 16 4


9d 90 ± 5.5 64 32


9e 14 ± 1.5 32 8


31 13 ± 1.2 8 16


Strains: S. a., Staphylococcus aureus UC-76 SA-1; S. p., Streptococcus pneu


Enterococcus faecalis MGH-2 EF1-1.


Table 1. Minimum inhibitory concentrations (MICs) for ketones possessing


Compound EC TnT IC50 (lM) S. a. MIC (lg/mL) S. p


3 linezolid 3.3 ± 0.46 2 2


1 (Dup-721) 7.5 ± 0.83 2 2


4 21 ± 2.9 8 2


5 4 ± 0.29 32 8


9a 3.9 ± 0.18 1 0.5


23 5.9 ± 0.72 4 4


Strains: S. a., Staphylococcus aureus UC-76 SA-1; S. p., Streptococcus pneu


Enterococcus faecalis MGH-2 EF1-1.

Table 1 shows the effect of ring size on antibacterial
activities. Analogs possessing a seven-membered ring
system, for example, 9a showed better antibacterial
activities than their five (4), six (5), and eight (23) mem-
bered ring congeners. Compound 9a also showed better
antibacterial activities compared to the acyclic system

various substitutions on the phenyl ring
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Table 4. Minimum inhibitory concentrations (MICs) for a,b-unsaturated ketones


Compound EC TnT IC50 (lM) S. a. MIC (lg/mL) S. p. MIC (lg/mL) E. f. MIC (lg/mL) H.i. MIC (lg/mL) M. c. MIC (lg/mL)


3 linezolid 3.3 ± 0.46 2 2 1 16 8


47a 2.7 ± 0.4 1 0.25 0.5 16 4


47b 2.7 ± 0.13 0.5 0.25 0.5 2 2


47c 0.95 ± 0.13 0.5 0.125 0.5 8 2


47d 2.6 ± 0.4 1 0.25 0.5 16 4


47e 1.2 ± 0.11 1 0.125 0.5 16 4


47f 1.5 ± 0.07 2 0.25 2 32 8


47g 2.8 ± 0.24 1 0.25 0.5 16 4


47h 1.7 ± 0.1 0.5 0.25 0.25 32 2


47i 1.6 ± 0.08 0.5 0.25 0.25 8 1


47j 1.6 ± 0.27 1 0.25 0.5 16 4


47k 1.1 ± 0.22 2 0.125 0.5 2 1


47l 1.1 ± 0.16 1 0.25 0.5 16 4


47m 1.7 ± 0.2 1 0.5 1 16 8


Strains: S. a., Staphylococcus aureus UC-76 SA-1; S. p., Streptococcus pneumoniae SVI SP-3; E. f., Enterococcus faecalis MGH-2 EF1-1; H.i.


Haemophilus influenzae HI-3542; M. c., Moraxella catarrhalis BC-3531.


Table 3. Minimum inhibitory concentrations (MICs) for Benzocycloheptane analogs


Compound EC TnT IC50 (lM) S. a. MIC (lg/mL) S. p. MIC (lg/mL) S. py. MIC (lg/mL) E. f. MIC (lg/mL)


3 linezolid 3.3 ± 0.46 2 2 1 2


45 (X = H) 1.3 ± 0.07 1 0.5 0.5 1


45 (X = F) 9.3 ± 0.59 2 1 1 2


46 (X = H) 8 ± 0.33 64 8 2 >64


Strains: S. a., Staphylococcus aureus UC-76 SA-1; S. p., Streptococcus pneumoniae SVI SP-3; S. py., Streptococcus pyogenes C-203, SP1-1; E. f.,


Enterococcus faecalis MGH-2 EF1-1.
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(1) as well as linezolid (3). These analogs did not show
fastidious Gram-negative activity when tested up to
the maximum concentration of 64 lg/mL.


The phenyl ring of 9 was substituted with fluorine atoms
at various positions, because such substitutions have
showed enhanced activities in other series.1,5 Various
fluoro substitutions on the phenyl ring (series 9), as well
as replacing the phenyl ring with a pyridyl ring (31), did
not enhance antibacterial activities (Table 2). Among
the various benzocycloheptane analogs tested, com-
pound 45 showed antibacterial activities similar to 9a
(Table 3).


Various analogs of 47 showed improved Gram-positive
activities compared to linezolid. More significantly,
47b and 47k showed surprisingly potent activity against
the fastidious Gram-negative organisms (Table 4). These
results are a major improvement compared to the activ-
ities of linezolid versus fastidious Gram-negative bacte-
ria. All of these analogs in Table 4 showed activities
similar to or better than linezolid in the translation as-
say, thereby confirming the mechanism of action, that
is, similar to linezolid.


In summary, novel oxazolidinones possessing various
benzocycloalkyl rings were prepared and evaluated for
antimicrobial activity. The analog possessing a benzocy-
cloheptanone ring (9a) showed better antibacterial activ-
ities compared to other cycloketone analogs. More
importantly, oxazolidinones of structure 47 also showed

fastidious Gram-negative activities. The improved
spectrum of antibacterial activities and novel analogs
such as 47b and 47k represent promising new leads in
the oxazolidinone area.
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Abstract—A group of tri and tetrasubstituted urea derivatives have been found to be hH3-antagonists. The most potent compounds
were found in the class of (piperazine-1-yl)-(piperidine-1-yl)-methanones which in addition showed negligible hERG inhibition.
� 2006 Elsevier Ltd. All rights reserved.

During the past few years, a plethora of novel structures
with histamine H3-interactions have been published.1 In
contrast to early generations of H3-ligands which are de-
rived from histamine itself and still contain an imidazole
moiety, these new compounds are much more drug-like
and hold some promise to also be of use in a clinical
setting, for indications such as obesity and cognitive
disorders.2


However, while the H3-receptor is a target, for which
selective and in vitro potent ligands have been detected
quite readily, overcoming ADMET-issues is still a chal-
lenge for many of these substances,3 and only a few can-
didates have yet reached clinical phases of development.


An earlier detected structural class of H3-antagonists,
the cinnamic acid amides, exemplified by NNC 0038-
0000-1202,4 bears the potential risk of chemical and
metabolic instability due to the reactivity of the double
bond. Moreover, many of these compounds have shown
substantial hERG-channel inhibition.
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In an attempt to overcome the hERG-channel inhibi-
tion related to the cinnamic acid amides, we decided
to explore the possibilities of scaffold-hopping from
this series. Information about the SAR from the old
series provided a good basis for the design of new
compounds. Since hERG inhibition is known to corre-
late with lipophilicity5,6 we proposed the replacement
of the C@C in the cinnamic acid amide with an
N–C fragment leading to a more polar scaffold
possessing a urea moiety.


Previously, urea containing H3-antagonists were report-
ed. However, the presence of the imidazole moiety was
crucial for H3-activity.7 During the preparation of this
manuscript two patent applications describing imidaz-
ole-free urea derivatives as H3-antagonists were
published.8


To facilitate high throughput chemistry, a solid-phase
parallel synthesis protocol was developed to generate li-
braries of trisubstituted ureas, bearing similar substitu-
tion as the original cinnamic acid amides.9


Commercially available 2-(3,5-dimethoxy-4-formyl-
phenoxy)ethoxymethyl polystyrene was treated with a
variety of amines under standard reductive amination
conditions10 to give the resin bound secondary amine
1 (Scheme 1). Subsequent treatment with triphosgene
and base followed by reaction with a secondary amine
yielded the resin bound urea 2. The products were
cleaved from the resin using trifluoroacetic acid, to give
the crude urea derivatives 3 in an average purity of
92%.11 The crude products were purified by preparative
HPLC to give the final products as their respective triflu-
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oroacetic acid salts in overall yields typically between 35
and 75%.


Already in the first library, compounds with moderate
H3-potency12 were found. Early indications after com-
parison of the ureas and cinnamic acid amides data
showed the generally poorer potency of the ureas.
Hence, the most potent urea derivative 3d (Ki = 87 nM)
is 24 times less potent than the corresponding cinnamic
amide analog 9 (Ki = 3.7 nM) (Table 1).


We were however encouraged by the relative low
hERG-channel inhibition of the 4-trifluoromethyl
substituted urea derivative 3a (20%)13 compared to the
respective cinnamic acid amide analog NNC-0038-
0000-1202 (73%), therefore it was decided to further
explore this new series of H3-antagonists.


More than 300 trisubstituted urea derivatives were made
but only minor improvement in H3-potency was ob-
tained. The SAR suggests a slight preference of 3- versus
4-substituted benzyl groups as exemplified by the 3-
methoxy-, 3-aminomethyl-, and 3-trifluoromethylbenzyl
derivatives that are all slightly more potent than the cor-
responding 4-substituted analogs (Table 2).


The presence of the aromatic ring is essential in this
series, as most of the H3-potency is lost when benzyl
is replaced by a cyclohexyl methyl group in 3m. Replac-
ing the benzyl (3e, 196 nM) with a 2-phenylethyl

Table 1. Comparison of hH3-potency and hERG inhibition of cinnamic aci


N


ON


R


;


R Entry Ki (nM) ± SEMa hERG-inhibit


–CF3 NNC 0038-0000-1201 4.7 (±0.4) 73


–Cl 7 11.2 (±1.4) n.d.


–OCF3 8 13.4 (±1.9) n.d.


–Ph 9 3.7 (±1.3) n.d.


a hH3-[35S]GTPc[S] binding assay (n = 3).
b Astemizol binding, % inhibition (mean, n = 3) at 10 lM.

substituent (3n, 226 nM) did not change the H3-potency
significantly, but constraining the phenylethyl group as
in the indanyl analog 3o gives rise to a more potent
compound (Ki = 52 nM). The most potent ureas of
pyrrolidinylmethylpyrrolidines were compounds 3k
and 3l with Ki of 34 and 47 nM, respectively. Unfortu-
nately, both showed unacceptable high inhibition of
the hERG-channel, which was assessed to be 62 and
40%, respectively.


We have previously been working on a series of piper-
azine amides14 represented by 0038-0000-1049. This
prompted us to incorporate an alkylpiperazine moiety
instead of the pyrrolidinylmethylpyrrolidine building
block. Representative examples of the second series
of ureas, bearing alkylpiperazine instead of pyrrolidi-
nylmethylpyrrolidine, are shown in Table 3. A com-
parison of these two series shows that the
alkylpiperazines generally are slightly more potent
than their equally substituted counterparts. Hence,
the two 3,4-dichlorobenzyl substituted cyclopentyl-
and isopropylpiperazine derivatives 3x and 3y (15
and 20 nM, respectively) are more potent than the pyr-
rolidinylmethylpyrrolidine bearing the same 3,4-dichlo-
ro-benzyl group (47 nM). Another observation was
that in all the piperazine ureas investigated, the poten-
cy is only minimally affected by various alkyl substitu-
tions on the piperazine ring.


To further explore the scope of urea derivatives as
H3-antagonists, a parallel protocol for the synthesis of
tetrasubstituted ureas was established (Scheme 2). A
secondary amine was treated with CDI in DCM to give
the carbamoylimidazole 4.15 Methylation using methyl-
iodide gave the reactive intermediate 5 that subsequently
was treated with a secondary amine to give the tetrasub-
stituted urea derivative 6. Purification by HPLC yielded
the final products as their trifluoroacetate salts in yields
typically between 70 and 75%.16


The simple introduction of an N-methyl group gave less
potent compounds, as exemplified by entry 6a (281 nM)
(Table 4) versus the non-methylated analog 3d (87 nM).
However, incorporation of both urea nitrogens in rings
showed promising results, especially in the piperazine
series. Consequently, efforts were concentrated around

d amides and the corresponding urea analogs20


N N
H


ON


R


ionb (%) Entry Ki (nM) ± SEMa hERG-inhibitionb (%)


3a 162 (±14) 20


3b 165 (±24) n.d.


3c 121 (±17) n.d.


3d 87 (±15) n.d.
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Scheme 2. Reagents and conditions: (i) 1.1 equiv CDI, DCM; (ii)


10 equiv MeI, MeCN, (iii) 1 equiv HNR3R4, DIPEA, DCM.


Table 3. hH3-potency of alkylpiperazine-ureas20


Entry Ki
a (nM)


3p N N
H


O


N
94 (±3)


3q N N
H


O


N


29 (±4)


3r N N
H


O


N


30 (±6)


3s
N N


H


O


N


44 (±10)


3t N N
H


O


N


40 (±9)


3u


N N
H


O


N
O 38 (±6)


3v


N N
H


O


N
O 34 (±8)


3x
Cl


N N
H


O


N
Cl


15 (±4)


3y N N
H


O


N
Cl


Cl
20 (±2)


a hH3-[35S]GTPc[S] binding assay.


Table 2. hH3-potency of pyrrolidinylmethylpyrrolidine-ureas20


N N
H


ON


R


Entry R Ki
a (nM)


3a
CF3


162 (±14)


3e 196 (±29)


3f
O


295 (±19)


3g


O


188 (±31)


3h
CF3


117 (±11)


3i
NH2 78 (±9)


3j
NH2


109 (±10)


3k


O
34 (±4)


3l


Cl


Cl
47 (±7)


3m 458 (±23)


3n 226 (±8)


3o 52 (±10)


a hH3-[35S]GTPc[S] binding assay.
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this scaffold. A small series of compounds bearing a
dihydroindole moiety, entries 6d, 6e, and 6f, showed
notable increase in potency when incorporating the
alkylpiperazine moiety. H3-potency is highest with the
more lipophilic cyclopentyl substituted derivative 6f,
but much more important is the finding, that the cyclo-
propyl group causes 6e to be the one with the lowest
hERG-channel inhibition (16% inhibition). Since hERG

inhibition is also known to decrease with decreasing
basicity the observed effect is probably caused by the
lower basicity of the N-cyclopropylpiperazine.17,18


A group of quite potent ureas were the (piperazine-1-yl)-
(piperidine-1-yl)-methanones. Surprisingly some of these
show potent H3-activity despite the lack of an aromatic
group, as exemplified in entries 6h and 6i (Ki = 17 and







Table 4. hH3-potency and hERG inhibition of tetrasubstituted ureas20


Entry Ki
a (nM) hERG % inhibitionb


6a N N


ON


281 (±49) 66


6b


N N
N


N N


ON


37 (±8) 55


6c 94 (±14) 26


6d N N


O


N
59 (±11) 34


6e N N


O


N
45 (±5) 16


6f N N


O


N
23 (±5) 45


6h N N
N


N
H


O


O


17 (±3) 6


6i
N N


O


N


O


N
14 (±3) 8


6j
N N


O


N


O


O
25 (±5) 9


6k N N


O


N
14 (±3) 21


6l N N


O


N
47 (±10) 13


6m N N


O


N
73 (±18) 8


6n N N


O


N


O


O


16 (±3) 8


6o
N N


O


N
86 (±16) 16


6p
N N


O


N
27 (±7) 31


a hH3-[35S]GTPc[S] binding assay (n = 3).
b Astemizol binding, % inhibition (mean, n = 3) at 10 lM.
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14 nM, respectively). Moreover, all aliphatic derivatives
had a low propensity of hERG- as well as CYP-inhibi-
tion. Hence the aliphatic derivatives 6h, 6i, 6j, and 6l
show 6, 8, 9, and 13% hERG-channel inhibition, respec-
tively, at 10 lM. The same compounds all gave IC50 val-
ues >25 lM on CYP1A2, CYP3A4, and CYP2D6.19


The only exceptions were 6h and 6l that gave IC50 values
of 17 and 7 lM, respectively, on CYP2D6.


In conclusion, we have developed a new series of urea
H3-antagonists. The most potent compounds are found
in the class of (piperazine-1-yl)-(piperidine-1-yl)-metha-
nones which in addition give negligible hERG
interaction.
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Abstract—A substituted 4-aminopiperidine was identified as showing activity in an MCH assay from an HTS effort. Subsequent
structural modification of the scaffold led to the identification of a number of active MCH antagonists. 3,5-Dimethoxy-N-(1-(naph-
thalen-2-ylmethyl)piperidin-4-yl)benzamide (5c) was among those with the highest binding affinity to the MCH receptor
(Ki = 27 nM), when variations were made at benzoyl and naphthylmethyl substitution sites from the initial HTS hit. Further opti-
mization via piperidine ring contraction resulted in enhanced MCH activity in a 3-aminopyrrolidine series, where (R)-3,5-dime-
thoxy-N-(1-(naphthalen-2-ylmethyl)-pyrrolidin-3-yl)benzamide (10i) was found to be an excellent MCH antagonist (Ki = 7 nM).
� 2006 Elsevier Ltd. All rights reserved.

Obesity and overweight account for greater than 50% of
the US population and western countries.1 The epidemic
is also increasing in children and adolescents. The com-
plications of obesity and overweight include diabetes,
cardiac diseases, and certain forms of cancer.2 While
there is a significant effort at identifying effective phar-
macotherapies for obesity, there is currently no good
obesity drug on the market and the currently available
therapies are limited due to variable efficacies and unde-
sirable side effects.3 Over the past decade, multiple phar-
maceutical companies have focused on central nervous
system (CNS) targets, including the melanocortin,4


endocannabinoid,5 and melanin concentrating hormone
receptors.6


Melanin concentrating hormone (MCH) is a cyclic 19
amino acid CNS neuropeptide that is highly conserved
in vertebrates.7 MCH is implicated in diverse physiolog-
ical processes and, importantly, in feeding behavior and
energy balance.8 The MCH producing neurons in the

0960-894X/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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CNS are located in the lateral hypothalamus and zona
incerta with neuronal connections to widespread regions
in the brain.9 When injected intracerebroventricularly in
rats, MCH stimulates food intake.10 MCH levels are
found to increase during fasting and in leptin-deficient
obese mice.11 Transgenic MCH over-expression in the
brain leads to overweight mice with hyperphagia. In
contrast, MCH-deficient mice have reduced body weight
and leanness due to reduced feeding and an increased
metabolic rate.12 Finally, MCH-R1 deficient mice are
lean and hyperactive. Based on this evidence in mice,
there is a wide interest in modulating this ligand receptor
system as a mechanism to induce weight loss or as a
long-term weight maintenance therapy in treating the
obesity epidemic.


Structure 1 was identified as one of the hits from our
in-house high-throughput screening effort13 and showed
good MCH binding activity (Ki 125 nM).14 This scaffold
possessed a variety of attractive attributes like a potent
in vitro activity, low molecular weight, a number of
H-bonding acceptors/donors, and various sites for struc-
tural modifications for the optimization. Our strategy
included a three-component approach as delineated in
Figure 1: benzoyl (Section A), 4-aminopiperidine (Sec-
tion B), and naphthalene (Section C) moieties. In this
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context, we wish to report our SAR results from the
structural modification of the 4-aminopiperidine series,
as well as the identification of the more potent 3-amino-
pyrrolidine series.


Our initial interest was to modify the benzoyl moiety to
examine the substitution impact on MCH in vitro activ-
ity by introducing various groups to the aryl ring (Sec-
tion A in Fig. 1). The chemistry for the preparation of
5a–n is outlined in Scheme 1. Starting from tert-butyl
piperidin-4-ylcarbamate, alkylation with 2-(bromometh-
yl)naphthalene and deprotection of the Boc group fol-
lowed by coupling gave the final products. The robust
chemistry procedure allowed us to quickly generate a
pool of analogs for the in vitro MCH screening, and
the results are tabulated in Table 1.


Structural modification at the benzoyl moiety in the 4-
aminopiperidine scaffold had shown significant substitu-
ent effects impacting the MCH-R1-binding affinity. It
was found that an electron-rich alkoxy group at meta
positions resulted in an increase of binding activity in
5b–d, compared to the non-substituted parent 5a. Inter-
estingly, para substitution of methoxy in 5e–f was detri-
mental to the activity. In addition, incorporation of
fluorine atom(s) to the phenyl proved to be beneficial
as seen in 5g–j. In this case, the substitution position
does not seem to influence binding results. Since both
methoxy and fluoro groups were contributing to in vitro
activity, the combination of 3-methoxy and 4-fluoro in
5k exhibited more pronounced binding activity relative
to its mono-substituted counterparts (5b and 5g) as
expected. The great potency of the fluorinated analogs
coupled with potential metabolic stability warrants fur-
ther investigation of these compounds in in vivo testing.
In contrast, other halogen substitution such as 4-chloro
in 5l showed a decrease in the binding affinity. Similar
results were observed in 3-hydroxy and 3-dimethylami-
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Scheme 1. Reagents: (a) 2-(bromomethyl)naphthalene, TEA, CH2Cl2; (b) TF

no analogs (5m–n), in which an H-bond donor or accep-
tor group negatively impacted the MCH activity.


The 3,5-dimethoxybenzoyl moiety in the 4-aminopiperi-
dine was found to be among the most promising substit-
uents based on the SAR profile for the modification in
Section A. Therefore, this moiety was chosen during
the course of our SAR investigation in Section C of
the 4-aminopiperidine scaffold. The chemistry for pre-
paring these analogs in Scheme 2 includes a 3-step se-
quence starting from commercially available 1-benzyl-
4-aminopiperidine 6. Coupling with substituted 3,5-
dimethoxybenzoyl acid followed by hydrogenation
afforded a key intermediate 8. The alkylation with
naphthylmethylbromide finished the synthesis of
compound 9.


A part of our interest in developing SAR was to explore
an alternative group for the naphthalyl moiety to im-
prove the solubility property of analogs in the series.
Substitution of the naphthalene with fluoro (9b) showed
basically no effect in binding affinity compared to the
parent 5c, whereas methoxy analog (9c) was about
3-fold less active. Interestingly, a-substitution of the
naphthalenylmethyl in 9d (a racemate) retained the in vi-
tro activity. This implies that a space tolerance at this
particular site is present in the MCH-R1-binding
pocket. Although heteroaryl substitution was, in gener-
al, less favored, an indole analog (9f) was found to be
about 4-fold more active than a quinoline counterpart
(9e). Partial saturation of the naphthalene in analog 9g
(a racemate) resulted in a slight loss of the in vitro
activity.


These compelling data suggest the outer benzene ring is
likely more important for the MCH binding activity.
This was further illustrated in cinnamyl analogs 9h
exhibiting excellent binding affinity.15 In contrast, 9i

Boc N


NH2


4


b


A, CH2Cl2; (c) HOBT, EDCI, NMM, THF.







Table 1. MCH-R1-binding for 4-aminopiperidines with various ben-


zoyl moietiesa


N


H
N R


O


5a-r


Compound Moiety (R) Ki (nM)


5a 347


5b
OMe


29


5c


OMe


OMe


27


5d


OEt


OEt


56


5e


OMe


OMe
1000


5f


OMe


OMe
OMe


286


5g
F


36


5h


F


F
18


5i
F


F


F


9


5j


F


F


65


5k


OMe


F
13


5l
Cl


232


5m
OH


570


5n
N


125


a The data represent means of at least two experiments, unless other-


wise indicated.
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showed little activity in the MCH binding assay due to
lack of conformational rigidity. However, adding a
hydroxyl group a to the benzene in 9l regained consider-
able in vitro activity, which may be rationalized by
re-positioning of the phenyl group through a directing
effect from the hydroxyl group in the binding pocket.
Moreover, substitution with only the inner benzene ring
also produced some in vitro activity as shown in analog
9k–l, however these compounds were still 7-fold less
active compared to the parent 5c and �20-fold less to
the cinnamyl analog 9h.


With the encouraging SAR results from the modification
in the Sections A and C, we turned our attention to
expand SAR to the aminopiperidine core portion (Sec-
tion B) to further improve the in vitro activity. Initially,
we substituted the 4-aminopiperidine with alkyl
functionality at different positions to see how these
changes might impact the MCH in vitro activity.
N-Methyl-4-aminopiperidine 10a showed about a 7-fold
decrease in binding activity compared to the unsubstitut-
ed 5c, whereas 4-methyl-4-aminopiperidine 10b showed a
3-fold loss in the activity. Interestingly, stereochemical
bias did not seem to be a factor governing thein vitro
activity as shown in cis and trans 3-methyl isomers 10c
and 10d. It was also found that a heavily substituted
piperidine near the ring nitrogen in 10e resulted in a sig-
nificant loss of the in vitro activity, which suggests the
basic nitrogen may play an important role for the bind-
ing affinity. In addition, 3-amido benzoyl piperidine ana-
log 10f exhibited essentially no MCH activity,
presumably due largely to the positional distortion of
the benzoyl moiety in the MCH-R1-binding pocket.
We then focused our attention on the modification of
the ring size and opened ring system to evaluate SAR
outcomes. Intriguingly, fused bicyclic analogs showed a
great stereochemical preference, excellent MCH activity
in trans isomer 10g over its counterpart 10h. We hypoth-
esized the trans isomer adapts the requisite structural
conformation accommodated in the receptor for tight
binding. The most promising finding in the structural
modification in Section B was the identification of pyr-
rolidine 10i showing single digit nano-molar activity.16


We suspect this compelling result reveals a key confor-
mational requirement needed to allow MCH antagonists
to fit into the receptor pocket tightly. The fine tuning of
the conformational orientation of the benzamide group
defined the activity in the following order of activity: 3-
aminopyrrolidine (10i, Ki 7 nM) > 4-aminopiperidine
(5c, Ki 27 nM) > 3-aminopiperidine (10f, Ki > 10,000 nM).
Finally, an open ring form in 10j was found to be com-
pletely inactive because of missing ring rigidity.


As a follow-up to the modification of the 4-aminopiperi-
dine series, the 3-aminopyrrolidine was identified to be
the most active MCH antagonist series. Therefore, we
focused on additional iteration of analogs for the
3-aminopyrrolidine to further optimize MCH activity.
Using the SAR information from Tables 1 and 2, a num-
ber of aminopyrrolidine analogs were assembled and
screened for in vitro data (Tables 3 and 4). The
3-aminopyrrolidine analogs clearly demonstrated a
conformational preference, in which the (R)-isomer 10i
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Table 2. MCH-R1-binding for 4-(3,5-dimethoxybenzamido)peridines
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Scheme 2. Reagents: (a) HOBT, EDCI, NMM, THF; (b) Pd/C, H2, MeOH; (c) 2-(bromomethyl)naphthylene, TEA, CH2Cl2.
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Table 4. MCH-R1-binding for 3-aminopyrrolidine analogsa


10j and 11a-d


N
R'


NH


O


OMe


R


(R)- or (S)-


Compound Moiety (R 0 = 2-naphthyl) Config. Ki (nM)


10i 5-MeO (R)- 7


11a 5-MeO (S)- 484


11b H (R)- 67


11c 4-F (R)- 62


11d (R)- 12


11e (R)- 17


11f (R)- 23


11g (R)- 8070


a The data represent means of at least two experiments, unless other-


wise indicated.
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was significantly more active (�70-fold) than the (S)-iso-
mer 11a. Therefore, SAR was focused in the (R)-series in
this subclass. The mono-substituted 3-methoxybenza-
mide (11b) showed about 10-fold diminution in binding

Table 5. MCH-R1-binding and function data for 4-aminopiperidine and (3R
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a The data represent means of at least two experiments, unless otherwise ind

activity. In contrast to 5k in the 4-aminopiperidine ser-
ies, mixed substitution of 4-fluoro-3-methoxybenzamide
in 11c was not preferred in the 3-aminopyrrolidine ser-
ies. In this case, the SAR trend did not correlate well
when we duplicated the substitution patterns from the
4-aminopiperidine series to the 3-aminopyrrolidine
series. Moreover, replacement of a cinnamyl group for
the naphthalene in 11e resulted in improved MCH activ-
ity consistent with that in the 4-aminopiperidine series.
a-Methyl substitution in analogs 11d and 11f also
retained the MCH in vitro activity. Again, a smaller aryl
group in 11g for the naphthalene showed a significant
decrease of the binding affinity.


We used MCH-R1-induced Ca2+ release from CHO
cells transfected with human MCH-R1 to measure the
functional antagonism.17 To confirm our binding affini-
ty relative to functional antagonism at MCH-R1, a
group of selected compounds are tabulated in Table 5.
Most of compounds tested in our in vitro assays showed
good correlation between binding activity and function
potency. The discrepancy within a 3-fold range between
the assays indicates the compounds bind to the MCH
receptor as well as display functional antagonism.


In summary, our HTS finding led us to explore SAR in a
4-aminopiperidine scaffold, which resulted in the identi-
fication of a number of highly potent MCH antagonists.
The combination of a 3,5-dimethoxybenzamide or a 3,4-
difluorobenzamide with a 2-naphthylmethyl moiety
proved to be the optimal substituents for MCH binding

)-aminopyrrolidine analogsa


MCH binding Ki (nM) MCH function IC50 (nM)


125 109


347 948


27 62


18 52


7 18


17 42


icated.
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activity. In addition, modification on the piperidine ring
enabled us to discover the 3-aminopyrrolidine series,
leading to further enhancement in the MCH in vitro
activity (to nano-molar values). Further optimization
and in vivo activity of these compounds will be reported
in due course.
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Abstract—A series of structurally novel and metabolically stable bridged bicyclic carbocycle and heterocycle adamantane replace-
ments have been synthesized and biologically evaluated. Several of these compounds exhibit excellent human and mouse 11b-HSD1
potency and 11b-HSD2 selectivity.
� 2006 Elsevier Ltd. All rights reserved.

H
NO


H2N O
O


Cl
H
N


O
N


N


N
N


2


3


1


Figure 1. Adamantane-based 11b-HSD1 inhibitors.

In the preceding communication, the synthesis and bio-
logical evaluation of heterocycle-containing adaman-
tane-based 11b-hydroxysteroid dehydrogenase type 1
(11b-HSD1) inhibitors were described.1 A number of
modifications were made on adamantane amide lead
structure 1 (Fig. 1) which led to compounds with signif-
icant improvements in pharmacokinetic (PK) profiles.
One structural commonality with the described inhibi-
tors is the adamantane head group. Adamantane-based
11b-HSD1 inhibitors have also been reported by several
groups working in this area (Fig. 1).2 Due to its hydro-
phobic nature, the unsubstituted adamantane group is
metabolically unstable in vivo. We have improved the
metabolic stability issue by placing a polar group such
as a primary carboxamide at the 1 position of the ada-
mantane. We are intrigued by the possibility of intro-
ducing other ring systems in our structural activity
studies based on 1. In this communication, we describe
our efforts in discovering a number of potent and meta-
bolically stable 11b-HSD1 inhibitors with structurally
novel adamantane replacements.


Our strategy is to synthesize a number of carbocycles
and heterocycles of various ring shapes and sizes to ex-
plore the hydrophobic binding pocket of the enzyme.
These carbocycles and heterocycles are substituted with
a polar group at different positions and spatial orienta-
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tions on the ring to stabilize the hydrophobic ring from
metabolism, to increase water solubility and increase
potency by polar interactions with the enzyme.


We designed these rings with C2 symmetry to simplify
stereochemical issues. We explored the structures of
these rings in increasing complexity going from monocy-
clic to bicyclic to bridged bicyclic.


We initially targeted a mono-cyclic eight-membered ring
which was synthesized from commercially available diol
4. Mono-protection of 4, followed by oxidation of the
alcohol, gave ketone 5 which was converted into nitrile
6 by TOSMIC homologation3 followed by deprotection.
The alcohol 6 was then transformed into the amine 7 by
oxidation followed by reductive amination (Scheme 1).
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Scheme 1. Reagents and conditions: (a) i—NaH, THF, rt, 3 h; ii—


TBSCl, 0 �C to rt, 5 h, 90%; (b) TPAP (5 mol%), NMO, molecular


sieves, CH2Cl2, rt, 3 h, 80%; (c) TOSMIC, KO-t-Bu, DME, MeOH,


50 �C, 3 h, 74%; (d) TBAF, THF, rt, 2 h, 90%; (e) TPAP (5 mol%),


NMO, molecular sieves, CH2Cl2, rt, 3 h, 75%; (f) NH4OAc, NaC-


NBH3, MeOH, rt, 12 h, 90%.
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Amine 7 was isolated and used as a mixture of two syn
and anti isomers.


A bicyclo[5.1.0]octane ring system was synthesized from
known diene 8 (Scheme 2).4 Ring closing metathesis,
using first generation Grubb’s catalyst5 gave a good yield
of the desired seven-membered ring 9. Rh (I)-catalyzed6


[2 + 1] cyclopropanation gave the bicyclo[5.1.0]octane
ring, and after removal of the protecting group, the iso-
mers were separated. The major isomer is the all trans iso-
mer shown (10) as determined by NOE studies. Alcohol
10 was then converted into amine 11 as a near 1:1 mixture
of isomers from unselective reductive amination.


The bicyclo[3.3.1]nonane system was synthesized from
adamantan-2-one 12 (Scheme 3). Bayer–Villeger oxida-
tion7 followed by methanolysis gave ester 13 which

OH OTBDPS OH
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H H
H


NH2


CO2Et


H H
H
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e, f


8 9 10


11


Scheme 2. Reagents and conditions: (a) Cl2(PCy3)2Ru@CHPh


(5 mol%), CH2Cl2, 45 �C, 5 h, 80%; (b) TBDPSCl, imidazole, THF,


rt, 5 h, 90%; (c) ethyl diazoacetate (syringe pump), Rh2(OAc)4,


CH2Cl2, rt, 6 h, 75%; (d) TBAF, THF, 2 h, 85%; (e) (COCl)2, DMSO,


Et3N, CH2Cl2, �78 �C to rt, (Swern oxidation), 83%; (f) NH4OAc,


NaCNBH3, MeOH, rt, 12 h, 90%.
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Scheme 3. Reagents and conditions: (a) MCPBA, CH2Cl2, rt, 5 h; (b)


NaOMe, MeOH, rt, 72%, two steps; (c) Swern oxidation; (d) NH4OAc,


NaCNBH3, MeOH, rt, 85%, two steps.

was then converted into a mixture of syn and anti iso-
mers of amine 14 using standard conditions.


With the above ring systems in hand, we then set to
synthesize several 1,4-disubstituted bridged bicyclic
six-membered rings which more closely resemble the
adamantane carboxamide lead 1 in terms of the distance
between the polar head group and the acyl side chain.
We utilized an efficient double annulation reaction of
enamines with dibromide 18 to synthesize the following
three bridged bicycles (Scheme 4). The bicyclo[3.2.1]-
octane system was derived from enamine 15 to give
the endo ketoester 19.8 Ketone 19 was converted into
amine 22 via reductive amination which gave a 5:1
mixture of isomers favoring the shown anti isomer.


In a similar fashion, the bicyclo[3.3.1]nonane 20 was ob-
tained from enamine 16 in good yields.9 Reductive ami-
nation of ketone 20 gave a 3:1 mixture of amines 23 and
24 favoring the syn isomer 23. The 3-oxa-bicy-
clo[3.3.1]nonane 21 was synthesized following the same
strategy.10 Enamine 17 was found to be substantially
less stable than the carbocyclic counterparts 15 and 16,
hence affecting the yield of 21.


Scheme 5 shows the conversion of bridged bicyclic
ketones 20 and 21 into anti-substituted amines 27 and
28. Ketone 20 was protected as a dimethyl ketal and
the ester group was epimerized under basic condition
to give the exo isomer 25 (Scheme 5). After deprotection
and imine formation, the trans amine was installed via a
highly selective hydrogenation of methoxy imine 26
using Raney nickel to give 27 in good overall yields.
Ketone 21 was epimerized and converted to amine 28
following the same reaction sequence as shown for
amine 27. The selectivity in the methoxy imine hydroge-
nation step was noticeably lower than the carbocylic
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Scheme 4. Reagents and conditions: (a) i—Et3N, CH3CN, reflux, 12 h;


ii—AcOH, water, reflux, 1 h, 75% for 19 and 20, 55% for 21; (b)


NH4OAc (10 equiv), NaCNBH3 (4 equiv), MeOH, rt, 92%.
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acetone, Amberlyst 15, reflux, 3 h: (d) MeONH3Cl, Et3N, EtOH,


(90%, two steps); (e) Raney nickel, H2 (1 atm), EtOH, 92%.
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analog giving a ratio of only 2:1 favoring the trans
isomer.


The oxa-adamantane was synthesized from the known
di-ketone 29 (Scheme 6).11 Reduction of 29 followed
by acid catalyzed removal of dioxolane gave a stable
hemiketal 30 which was converted into amine through
hydrogenation of in situ generated imine giving amine
31 in 5:1 ratio.


The known bicyclo[2.2.2]octane acid 33 was synthesized
from commercially available 32 following literature pro-
cedures.12 Curtius rearrangement followed by debenzy-
lation gave amine 34 in good overall yield (Scheme 7).


Scheme 8 shows the reaction sequence that was used for
the completion of the 11b-HSD1 inhibitors. Amine 34
was acylated with aryl piperazine acid 3513 to give an
intermediate ester 37. The ester was hydrolyzed to the

O


O


O


HOa, b
O


c


O


HO


H


NH2


dr = 5:129 30 31
O


O


Scheme 6. Reagents and conditions: (a) NaBH4, MeOH, rt, 3 h, 71%;


(b) 6 N HCl, dioxane, 70 �C, 48 h, 57%; (c) H2, 7 N NH3/MeOH, 5%


Pd/C, 12 h, 98%.
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Scheme 7. Reagents and conditions: (a) DPPA, Et3N, BnOH, tol,


reflux, 12 h, 80%; (b) H2, Pd(OH)2/C, MeOH, 3 h, 99%.

corresponding acid and then converted into the primary
amide 38 to give the aryl piperazine series of inhibitors.
Similarly, amine 34 can was also acylated with aryl ether
acid 36 and further converted into primary amide 39 to
give the aryl ether series of inhibitors.


Both series of inhibitors were evaluated in both human
and mouse 11b-HSD1 and 11b-HSD2 enzymatic as-
says.14 Cellular 11b-HSD1 inhibition was measured in
human embryonic kidney (HEK) cells that overexpress
the enzyme.14 The in vitro metabolic stability of these
compounds was determined in mouse liver microsome
incubation assays. The data for the aryl piperazines
38–47 are summarized in Table 1.


Several general observations can be made upon exami-
nation of the data. Nearly all of the carbocyclic adaman-
tane replacements gave potent and selective aryl
piperazine inhibitors against human 11b-HSD1 with
compounds 38 and 41 reaching 20 nM IC50 (Table 1).
In addition, a few of these compounds are very metabol-
ically stable (43, 45–47). With these potent inhibitors
featuring structurally different carbocycle head groups,
we are able to expand our understanding of human
11b-HSD1 SAR. Moreover, the metabolically stable
compounds can be used in vivo studies. Contrary to
the human enzyme, it was much more difficult to obtain
active molecules against mouse 11b-HSD1. For exam-
ple, the cyclooctane compound 40 and bicyclo[5.1.0]oc-
tane amide 41 are both potent against the human
enzyme but much weaker against the mouse enzyme.
Compound 40 is metabolically unstable. Both acid (43
and 46) or primary amide polar head groups are tolerat-
ed by the human enzyme, but the mouse enzyme prefers
primary amides over acid groups (46 vs 47). It is interest-
ing to note that the geometrical isomers 44 and 45 not
only differ in enzymatic activities, but they also showed
significant differences in metabolic stability. The mouse
11b-HSD1 active compound 47 has a [3.3.1] carbocyclic
group that closely mimics the topology and polar group
orientations of the original adamantane carboxamide
lead 1.


The in vitro biological data for the aryl ether series of
inhibitors are presented in Table 2. Unlike the aryl
piperazine inhibitors, several compounds in Table 2







Table 1. In vitro inhibition and metabolic stability data for aryl piperazine inhibitors 38–47


R


O
N


N N


CF3


Compound R IC50
a (nM) Microsomal stability (% remaining)b


h-HSD1/h-HSD2 m-HSD1/m-HSD2 h-HSD1 HEK


40


NC


N
H


66/>30,000 4780/>100,000 219 8


41 NHH2NOC


H


H


H
24/>30,000 119/>100,000 185 NDc


42


H2NOC


N
H


269/ND >10,000/ND ND ND


43


HO2C


H


HN


H 97/>30,000 >10,000/>10,000 75 97


44
H2NOC


H
HN


H
164/>30,000 10,000/>30,000 1000 17


45
H2NOC


H
H


N
H


88/>30,000 4000/>30,000 73 75


46 HO2C N
H


H


H


44/>100,000 1150/15,000 606 91


47 H2NOC N
H


H


H


62/>100,000 62/85,000 65 85


38


H2NOC


N
H


23/90,000 2000/>100,000 442 ND


a Values are means of two experiments.
b % remaining after a 30-min incubation with mouse liver microsomes.
c Not determined.
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achieved excellent potency and selectivity for both hu-
man and mouse 11b-HSD1 enzymes. Compounds 39,
51, 53, and 55 are highlighted for their potency with
compound 53 reaching IC50 of 5 nM. A number of com-
pounds in Table 2 also feature excellent metabolic stabil-
ity. In this series, acid head group is well tolerated in
both species (50 and 52). 50 is also highly metabolically
stable and it might offer different in vivo profiles than
the primary carboxamides. Bicyclo[3.3.1]nonane 51 is
particularly interesting since it is both potent and meta-
bolically stable, and it contains a more polar heteroaryl
side chain (described in the preceding communication)1


that might offer other desirable characteristics such as
increased water solubility. Oxabicyclic inhibitors such

as 54 and 55 are also very potent and selective. More-
over, oxygen substitution in the bridge ring provided
significant improvement in metabolic stability as com-
pared to the all carbon analog (53 vs 54). Compound
39, which features a rigid bicycle[2.2.2]octane head
group, also shows excellent potency and metabolic sta-
bility. It is interesting to note that although compounds
such as 53 and 39 do not differ significantly in physical
properties, they showed large differences in their cellular
activities (HEK, 8 nM vs 450 nM) and metabolic stabil-
ities (21% vs 85% remaining). We examined compounds
55 and 39 in our pharmacodynamic assay (Table 3).14


The inhibition of 11b-HSD1 was measured ex vivo in
liver, epidydimal fat pad, and brain of DIO mice at 1,







Table 2. In vitro inhibition and metabolic stability data for aryl ether inhibitors 39, 48–55


R


O
O


Cl


Compound R IC50
a (nM) Microsomal stability (% remaining)b


h-HSD1/h-HSD2 m-HSD1/m-HSD2 h-HSD1 HEK


48


NC


N
H


54/>100,000 255/>100,000 637 0.1


49 NHEtO2C


H


H


H
587/ND >10,000/ND ND ND


50
HO2C


H
H


N
H


22/16,000 32/1820 80 90


51c
H2NOC


H
H


N
H


11/>100,000 28/>100,000 22 89


52 HO2C N
H


H


H


149/ND 164/ND ND ND


53 H2NOC N
H


H


H


5/>100,000 3/100,000 8 21


54


O


H2NOC


H


N
H


H


25/>100,000 23/>100,000 2400 88


55


O


HO


H


N
H


15/70,000 24/>100,000 199 98


39


H2NOC


N
H


13/100,000 28/>100,000 450 85


a Values are means of two experiments.
b % remaining after a 30-min incubation with mouse liver microsomes.
c Compound 51 has the following acyl side chain.


R


O
O N


CN


Table 3. Ex vivo pharmacodynamic dataa


Compound % inhibition in


liver 7 h/16 h


% inhibition in


fat 7 h/16 h


% inhibition in


brain 7 h/16 h


55 43/0 ND ND


39 80/70 40/20 60/72


a See Ref. 1 for assay details.
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7 and 16 h postdose. We hypothesize that long acting
compounds would allow sufficient coverage in BID
dosing scheme in long-term efficacy studies. Therefore,
Table 3 highlights the data for the longer time points.
The inhibition of 11b-HSD1 was measured in brain to

help us establish the effect of the ability of these com-
pounds to cross the blood–brain barrier. Compound
55 displayed 43% inhibition of the target enzyme in liver
at 7 h and none at 16 h. Compound 39 showed robust
inhibition in liver and brain at 16 h with weaker activity
in fat.


In conclusion, a number of structurally novel and meta-
bolically stable adamantane replacements have been
indentified. Several of these bridged carbocycles and het-
erocycles showed good potency against both human and
mouse 11b-HSD1 and excellent selectivity against 11b-
HSD2 in both species in the aryl ether inhibitor series.
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Compound 39 showed significant 11b-HSD1 inhibition
in liver, fat, and brain in ex vivo assay.
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Abstract—Structure–activity relationships of the 3,5-diamino-piperidinyl triazine series, a novel class of bacterial translation
inhibitors, are described. Optimization was focused on the triazine C-4 position in which aromatic substituents that contained
electron-withdrawing groups led to potent inhibitors. The initial lack of antibacterial activity was correlated with poor cellular
penetration. Whole cell antibacterial activity was achieved by linking additional aromatic moieties at the triazine C-4 position.
� 2006 Elsevier Ltd. All rights reserved.

Bacterial infections are a leading cause of morbidity and
are major contributors toward top causes of mortality in
the United States, including lower respiratory diseases,
pneumonia, and sepsis.1 Coupled with mounting bacte-
rial resistance, an aging population, and a dearth of nov-
el therapeutics, there is an important unmet clinical need
to develop new antibiotics.2 One challenge in antibiotic
discovery is developing compounds with broad-spec-
trum activity. A proven drug target against diverse bac-
terial groups is the ribosome, where a number of
clinically important antibiotic classes bind including
macrolides, tetracyclines, aminoglycosides, and oxazo-
lidinones. Importantly, all of these antibiotics, which
were identified in whole cell screens, specifically target
rRNA, which represents a macromolecule class that
has largely been ignored in target driven drug discovery
programs.3 The recently solved co-structures of antibiot-
ics bound to the ribosome have opened structure-guided
strategies to discover small molecules that bind rRNA.4


Emerging from such an approach we have reported on a
novel series of synthetic aminoglycoside mimetics that
inhibit bacterial translation, presumably by interfering
with the ribosomal decoding site (A-site).5 Here we
expand on the series structure–activity relationships
(SAR).
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The aminoglycosides are currently the best character-
ized class of small molecules that interact specifically
with RNA. In prior studies the two-amine groups of
the 2-deoxy-streptamine (2-DOS) scaffold, which is
conserved among aminoglycoside antibiotics, have
been identified as a key pharmacophore for binding
rRNA.6 Medicinal chemistry efforts to improve the
toxicological, microbiological, and pharmacological
properties of aminoglycosides have been hindered by
their complex chemistry. To circumvent this problem,
we have previously developed a synthetic mimetic of
2-DOS, the cis-3,5-diamino-piperidine (DAP).5 The
DAP ring retains the characteristic cis-1,3-diamine
configuration of 2-DOS which is an important feature
for RNA recognition via hydrogen bonding to base
edges.6 In contrast to aminoglycosides, the reduced
chemical complexity of the DAP heterocycle renders
this series amenable to rapid parallel synthesis. In
one optimal configuration two symmetrically posi-
tioned DAP moieties are directly linked to a triazine
core to form the di-DAP substituted triazine (DAPT)
(1) (Scheme 1). Similar to aminoglycosides, DAPT
molecules have been shown to bind the A-site within
16S rRNA, inhibit translation in vitro, promote trans-
lational miscoding in vivo, act as cidal agents and
protect mice from bacterial infections.5 Molecular
modeling studies based on crystal structures of amino-
glycosides bound to the A-site suggest that the DAP
groups serve as a key pharmacophore for rRNA bind-
ing. Here we describe the optimization of the DAPT
series around R1 (1), which plays a critical role for
obtaining antibacterial activity.
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Scheme 1. Parallel synthesis of DAPT (1) compounds.


Table 1. Bacterial protein synthesis inhibitory activity for compounds 1


Compounda R1 IC50 (lM)b


2 Cl 42


3 NH2 92


4 NHOH 45


5 NHCH3 62


6 NHNH2 170


7 N(CH3)2 290


8 N 180


9 HN 63


10 N NH 23


11
H
N NH 36


12 HN N 32


13 HN
N O


9


14 HN 7


15 HN NH2 8


Kan 0.4


Gent 0.03


Tet 2.8


Cm 1.5


a Kan, kanamycin; Gent, gentamicin; Tet, tetracycline; and Cm,


chloramphenicol.
b Coupled in vitro transcription–translation assay using Escherichia


coli extracts.5
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In these studies, lead optimization was focused on sub-
stitutions at the triazine C-4 position (1), which for con-
venience of discussion, this region of the molecule was
termed tailpiece. Scheme 1 shows a general route for
parallel synthesis of DAPT library compounds. In this
method, cyanuric chloride (A) was treated with an
amine (e.g., aromatic amine) at low temperature to form
intermediate B, followed by treatment with Boc-protect-
ed DAP (C) under heating conditions to give the
tri-substituted 1,3,5-triazine derivative D. Removal of
the Boc-protecting group with HCl in dioxane yielded
compound 1.7 Early library compounds showed that
halide, hydroxyl, amine or alkyl tailpieces (compounds
2–11) resulted in poor to modest activity in a bacterial
in vitro translation assay (Table 1). In contrast, aromatic
tailpieces, as exemplified by compounds 14 and 15,
resulted in potent translation inhibitors. Compounds
with aromatic heterocyclic tailpieces had mixed activi-
ties; an isoxazole tailpiece (13) exhibited potent inhibito-
ry activity, while a pyridine tailpiece (12) had moderate
activity (Table 1). These combined data suggest that pla-
nar aromatic amine tailpieces (R1) improved rRNA
binding. We hypothesize that stacking interactions with
rRNA base residues could account for improved activity.


Although compound 14 was a reasonable inhibitor of
bacterial translation, it did not inhibit bacterial growth
(Table 2). To improve potency and establish antibacteri-
al activity, optimization was focused around the phenyl
tailpiece of compound 14. The results in Table 2 show
that electron-withdrawing substitution on the phenyl
ring of R2 improved inhibitory potency against bacterial
translation as exemplified in compounds 16–21. In
contrast, electron-donating substitutions, including
compounds 22–26, resulted in reduced potency com-
pared to the parent molecule (14). We hypothesize that
substituent-modulated changes in electronic properties
of the phenyl ring likely influence the stacking interac-
tions with rRNA bases.


Importantly, certain compounds (16, 18, and 20) that
were potent protein synthesis inhibitors in vitro showed
modest antibacterial activity on standard test strains of

Escherichia coli and Staphylococcus aureus (Table 2). To
determine if the weak antibacterial activity was caused
by poor cellular penetration, this series of compounds
was tested against an imp� permeability mutant.8


Indeed, the MIC values of a number of the potent trans-
lation inhibitors (16, 17, 18, and 20) were significantly







Table 2. Antibacterial activitya and protein synthesis inhibitory


activity


NH


DAPT


R2


Compound R2 IC50


(lM)


Sa Ec Ec imp+ Ec


imp�


14 7 >64 >64 >64 >64


16 N+


O


O-


4 32 32 32 4


17 Br 4 >64 >64 >64 4


18 FNH 3 16 64 32 4


19
HN


F


5 >64 >64 >64 >64


20


F


F


F 5 16 32 32 4


21
O


S NH2


O


4 >64 >64 >64 >64


22 13 32 64 >64 >64


23 15 32 >64 64 8


24 OH 11 >64 >64 >64 >64


25 O 14 >64 >64 >64 >64


26
N


11 >64 >64 >64 >64


Sa, Staphylococcus aureus ATCC 25923; Ec, Escherichia coli ATCC


25922; Ec imp+, E. coli LMG194 (wild type); Ec imp�, E. coli LMG194


(isogenic permeable mutant).
a MIC (minimum inhibitory concentration) lg/mL.5
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lowered when tested on the imp� mutant as compared to
the isogenic imp+ strain (Table 2). These results suggest
that the poor antibacterial activity of this series was
caused by poor cell penetration or efflux.


To improve the antibacterial activity of this series, sub-
sequent libraries were made focusing on the modifica-
tion of the R2 phenyl ring. Initially, sample libraries of
about 30 compounds were synthesized with substitu-
tions at the ortho (R3), meta (R4) or para (R5) positions
of the phenyl ring that is directly linked to the triazine
core (Table 3). The synthesis of these compounds was

accomplished by first coupling the aniline linker with
R5 followed by the same triazine chemistry shown in
Scheme 1.7 SAR of these library compounds revealed
that ortho substitutions universally correlated with weak
antibacterial activity, while substitutions at the meta and
para positions often resulted in compounds with sub-
stantially improved MIC values. Table 3 illustrates that
a para substitution (27) is more potent than an identical
ortho substitution (28). Similar antibacterial differences
can be seen between compounds 18 and 19 (Table 2).
In contrast, substituents in the meta or para position
often offer little discernable differences in potencies as
seen between compounds 29 and 30 (Table 3).


The SAR in Table 3 suggested that longer tailpieces,
which contained two aromatic rings, could improve
antibacterial activity on a standard test strain (e.g., 27,
29, and 30). To further test this SAR, the role of the
phenyl ‘linker’ was examined. Using a similar synthetic
route,7 Table 4 shows a comparison of the antibacterial
activity between compounds with and without an aro-
matic linker (X). In all cases the inclusion of an aromatic
linker (compounds 31, 33, 35, and 37) results in
improved antibacterial activity. These results are consis-
tent with the prior SAR suggesting the phenyl linker in
the tailpiece plays an important role in bacterial cell
penetration.


Based on the established SAR small focused libraries
were synthesized around the DAPT series containing
a phenyl linker. In most cases substituents were
attached in the para position. Table 5 shows represen-
tative compounds from focused libraries where the
phenyl linker substituents (R5) consisted of aromatic
heterocycles (38), sulfonamides (39), a-ketoamides
(40), b-ketoamides (41–45), and amides (46, 47).
Again, these compounds were prepared using a similar
synthetic approach described above.7 As shown in
Table 5 the expansion of the tailpiece resulted in a
set of compounds that exhibited favorable antimicro-
bial activity. The MICs against E. coli were typically
in the range of 1–4 lg/mL, while activity against
Pseudomonas aeruginosa was generally more potent
(MICs frequently <1 lg/mL). In general, activity
against S. aureus and other Gram-positive bacteria
was less potent, with exceptions of compounds 38
and 46, suggesting that there is room for further opti-
mization. The IC50 values for in vitro translation inhi-
bition remained in a similar single digit lM range,
and these compounds generally exhibited low toxicity
towards human cells.


In summary, the DAPT series described here originat-
ed from a structure-guided approach to discover novel
aminoglycoside mimetics that bind rRNA and act as
bacterial protein synthesis inhibitors. This series
evolved through an iterative process of high through-
put library synthesis and testing, in part described
here, which discovered promising leads. To date over
1000 compounds have been synthesized and utility
has been shown in a mouse septicemia model.5 An
important feature of this series is the potent antimi-
crobial activity against a number of Gram-negative







Table 4. Antibacterial activity and protein synthesis inhibitory activity


X


DAPT


Y


Compound Xa Y IC50 (lM) Escherichia colib


14 NH 7 >64


31
N
H


9 16


32 NH
Cl


Cl


7 32


33


HN


N
H


OH


O
Cl


Cl


10 2


34 NH
H
N


N


14 64


35


HN


N
H


OH


O
H
N


N


4 8


36 —


Br


N


5 16


37
HN


OH


O
Br


N
9 2


a Left sides of the molecules are bonded to DAPT via the designated N atom and the right sides are bonded to Y.
b MIC (lg/mL) of strain ATCC 25922.


Table 3. Antibacterial activity and protein synthesis inhibitory activity


NH
DAPT


R3


R4


R5


Linker


Compound R3
ðorthoÞ R4


ðmetaÞ R5
ðparaÞ IC50 (lM) Escherichia colia


27 H OCH3 HN


O OH


Cl


8 4


28 HN


O OH


Cl


OCH3 H 30 >64


29 H H
NH


O


HO OH


5 8


30 H
NH


O


HO OH


H 4 8


a MIC (lg/mL) of strain ATCC 25922.
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pathogens with especially striking activity against
P. aeruginosa, a pathogen for which there is a clear
unmet clinical need to develop new antibiotics.2

Further attractions of this novel class include activity
against aminoglycoside-resistant bacteria and the rela-
tive ease in which the series can be synthesized.







Table 5. Antibacterial activity, protein synthesis inhibitory activity, and eukaryotic cytotoxicitya


R4


NH


DAPT


R5


Compound R4 R5 IC50 (lM) MIC (lg/mL) CC50 (lM)a


Escherichia coli


ATCC 25922


Staphylococcus


aureus ATCC 25923


Pseudomonas


aeruginosa ATCC 27853


38 H
N


S
10 2 2 ND 33


39 OH N


O


S


O


4 4 16 16 68


40 OH
O


H
N


NH


O 4 1 16 60.5 92


41 H


N
H


O O 6 4 16 61 24


42 H
O


N
H


O


C l


4 4 16 61 71


43 H
N
H


F


F


O O
9 4 16 1 179


44 H
N
H


O


F


F


O


O O


6 4 8 1 146


45 H
N
H


Br


O O


5 2 16 61 124


46 H


O


HN


OH


10 1 2 1 140


47 OH
O


H N


C l 7 2 16 60.5 180


Gent 0.03 <0.5 <0.5 0.5 >300


Cm 1.5 4 8 >64 ND


ND, not determined.
a Eukaryotic cytotoxiccity was determined in a proliferation assay with CEM T-cells after 72 h.5
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Abstract—Synthetic routes towards highly substituted eight membered ring heterocycles fused to aryl rings such as the dib-
enzo[b,f]azocine system are still lacking. Herein, we present a convenient convergent synthetic route towards this heterocyclic class
of compounds with possible variations at positions 4, 7, and 11. One member of a library of dibenzo[b,f]azocines with different sub-
stituents at position 11 was identified to inhibit protein kinase A activity (IC50 = 122 lM) but not protein kinase C.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Protein kinase inhibitors H-89 and H-7.


Scheme 1. Synthesis of 4. Reagents and conditions: (i) a—Mg (2


equiv), 1,2-dibromoethane (cat.), THF, 60 �C, 12 h; b—ethyl pyruvate


(1 equiv), THF, 0–25 �C, 3 h; (ii) P2O5 (2 equiv), benzene, 80 �C, 8 h;


(iii) N-bromosuccinimide (1.5 equiv), benzoyl peroxide (cat.), CCl4,


80 �C, 18 h.

Medium-size heterocycles fused to aryl rings are found
in many drugs and preclinical leads. An important scaf-
fold is the dibenzo[b,f]azepine present in psychotropic
drugs like Imipramine, Desipramine and Bonnecore.1


While the mechanism of action of this class of com-
pounds has been associated with protein kinase activity,
especially cAMP-dependent kinase (PKA) and
phospholipid-dependent protein kinase C (PKC),2 little
is known about their mechanism of influence on the sig-
nal transduction mediated by these kinases.3,4 Recently,
we described a novel strategy to synthesize these hetero-
cycles along with the synthesis of dibenzo[b,f]azocines.5


In order to explore their potential activity on PKA
and PKC, we produced and tested a focused library uti-
lizing this route. We used isoquinolinesulfonyl based
protein kinase inhibitors H-896 and H-77 as controls
for the activity studies as they have been exhaustively
studied and are known to inhibit the ATP binding site
of the PKs (Fig. 1).8 Closely related heterocycles have
also been applied as inhibitors of neuronal Na+ chan-
nels,9 ligands for human EP1 prostanoid receptor10


and arginine vasopressin antagonists.11


The dibenzo[b,f]azocine scaffold was synthesized using
precursor 4 and 8 (Schemes 1 and 2).
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Commercially available 2,6-dichlorotoluene was con-
verted into the corresponding mono Grignard reagent
in the presence of magnesium metal and 1,2-dibromo-
ethane as an activating agent. Addition of ethyl pyru-
vate at 0 �C gave the tertiary alcohol 2 in 60% yield.
The dehydration of 2 was carried out using P2O5 in ben-
zene giving analytically pure 3 in good yield. Subsequent
benzylic bromination of 3 with NBS gave 4 in 80% yield.


The synthesis of 8 was realized in three steps with an
overall yield of 41% (Scheme 2). This synthesis includes
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Scheme 2. Synthesis of 8. Reagents and conditions: (i) Na2CO3 (5


equiv), Bu4NBr (1 equiv), Pd(PPh3)4 (0.015 equiv), water/toluene (1:2),


100 �C, 18 h; (ii) 10% Pt/C (0.02 equiv of Pt), H2 (36 psi), ethyl acetate,


rt, 14 h; (iii) a—sodium hexamethyldisilazide (2.2 equiv), THF, rt,


15 min; b—Boc-anhydride (1.1 equiv), rt, 3 h.


Scheme 4. Synthesis of dibenzo[b,f]azocine library. Reagents and


conditions: (i) a—di-tert-butylazodicarboxylate (1.5 equiv), PPh3 (1.5


equiv), THF, rt, 3 h; b—trifluoroacetic acid (5 equiv), DCM, rt, 12 h.


Table 1. Summary of dibenzo[b,f]azocine library


Entry Phenol (ArOH) Product Overall yielda (%)


1 2-Nitrophenol 14a 59 (90)


2 3-Nitrophenol 14b 41 (76)


3 4-Nitrophenol 14c 51 (68)


L. A. Arnold, R. Kiplin Guy / Bioorg. Med. Chem. Lett. 16 (2006) 5360–5363 5361

the introduction of a 2-phenylvinyl substituent under
Suzuki coupling reaction conditions. Because of the
great variety of commercially available boronic acid
derivatives this reaction is well suited for the introduc-
tion of various substituents. Unprotected 2,6-dibro-
moaniline and trans-2-phenylvinylboronic acid reacted
in a two-phase system (water/toluene) using the phase-
transfer catalyst Bu4NBr. In the presence of 1.5 mol%
tetrakis-(triphenylphosphine)palladium compound 6
could be isolated in 62% yield after 18 h at 100 �C.
The major side products were the dialkylated aniline
(15%) and unreacted starting material (15%). Subse-
quent hydrogenation of 6 in the presence of a Pt/C cat-
alyst gave 7 in very good yield. Protection of the aniline
with di-tert-butyldicarbonate was realized by using two
equivalents of NaHMDS, a sterically hindered strong
base.12 Compound 8 was isolated in 71% yield.


The synthesis of dibenzo[b,f]azocine 13 was carried out
in five steps using compounds 4 and 8 as starting mate-
rials (Scheme 3). Deprotonation of the aniline 8 in the
presence of sodium hydride followed by the slow addi-
tion of 4 at �50 �C gave 9 in 50% yield. One side reac-
tion is the debromination of 4 which became more
dominant at higher temperature. The intramolecular
Heck reaction of 9 in the presence of palladium acetate,
tetraethylammonium chloride and dicyclohexylmethyl-

Scheme 3. Synthesis of 13. Reagents and conditions: (i) a—8 (1 equiv),


NaH (1.1 equiv), dimethylformamide, rt, 1 h; b—4 (1.1 equiv), �50 �C


to rt, 18 h; (ii) Pd(OAc)2 (0.03 equiv), Et4NCl (1 equiv), Cy2NMe (1.5


equiv), N,N-dimethylacetamide, 90 �C, 6 h; (iii) tributyl(vinyl)tin (1


equiv), Pd(t-Bu3)2 (0.045 equiv), CsF (2 equiv), dioxane, 100 �C, 16 h;


(iv) DIBAL-H (2 equiv), toluene, �78 �C to rt, 3 h; (v) 10% Pt/C (0.07


equiv of Pt), H2 (36 psi), ethyl acetate, rt, 14 h.

amine proceeded smoothly at 90 �C.13 The ring closure
product 10 could be isolated in 80% yield after 6 h.
The introduction of a vinyl substituent at position 7
was realized using a Stille coupling employing a new cat-
alytic system reported by Fu et al.14 Under these condi-
tions compound 10 reacted with tributyl(vinyl)tin giving
compound 11 in 73% yield after 16 h at 100 �C. Reduc-
tion with diisobutylaluminium hydride followed by an
acid work-up resulted in the formation of allylic alcohol
12. Selective hydrogenation using Pt/C at 35 psi (H2)
gave compound 13 in 95% yield.


Compound 13 was used as starting material to synthe-
size a library of dibenzo[b,f]azocines. The allylic alcohol
underwent a Mitsunobu reaction with different phenols
in the presence of di-tert-butylazodicarboxylate (Scheme
4).15 The results are summarized in Table 1.


The phenols used were mono-substituted bearing func-
tional groups like nitro, ester, chloro, fluoro, methoxy,

4 2-Hydroxymethylbenzoate 14d 46 (74)


5 3-Hydroxymethylbenzoate 14e 25 (67)


6 4-Hydroxymethylbenzoate 14f 35 (80)


7 2-Chlorophenol 14g 43 (91)


8 3-Chlorophenol 14h 63 (70)


9 4-Chlorophenol 14i 48 (78)


10 2-Fluorophenol 14j 66 (88)


11 3-Fluorophenol 14k 51 (81)


12 4-Fluorophenol 14l 56 (85)


13 2-Methoxyphenol 14m 38 (70)


14 3-Methoxyphenol 14n 39 (70)


15 4-Methoxyphenol 14o 55 (87)


16 Trifluoro o-cresol 14p 76 (91)


17 Trifluoro m-cresol 14q 49 (83)


18 Phenol 14r 79 (84)


19 2-Acetamidophenol 14s 39 (64)


20 3-Acetamidophenol 14t —b


21 4-Acetamidophenol 14u —b


22 2-Hydroxypyridine 14v –(<10)c


23 3-Hydroxypyridine 14w –(<10)c


24 4-Hydroxypyridine 14x –(<10)c


a Isolated yield and yield of Mitsunobu reaction in parentheses.
b Complex reaction mixture.
c Less than 10% conversion.







Figure 3. Dose–response analysis of 14s, H-89 and H-7 using a


luminescence based PKA activity assay. The conditions are identical to


Figure 2. Compounds were serial diluted in DMSO. IC50 values were


obtained by fitting data to the following equation (y = min + (max �
min)/1 + (x/IC50) Hill slope). j (14s), . (no kinase), � (H-89), d (H-


7), m (DMSO).
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trifluoromethyl and acetamido substituents in ortho,
meta and para positions to the hydroxy functionality.
Most of the phenols could be coupled successfully ex-
cept hydroxypyridines and m-and p-acetamidophenols
(Table 1). The hydroxypyridines gave less than 10% con-
version after 12 h and the 3- and 4-acetamidophenols
gave complex reaction mixtures (Table 1, entries 20–
24). The products 14a–s were separated from di-tert-
butyl hydrazinedicarboxylate, the reduction product of
di-tert-butylazodicarboxylate, and triphenylphosphine
oxide by column chromatography and isolated in 64–
91% yield. Subsequent deprotection in the presence of
TFA gave the corresponding compounds 14a–s in 25–
79% yield over two steps.


We investigated the ability of these compounds to inhib-
it the phosphorylation of kemptide in the presence of
PKA. The screen was carried out using a commercially
available luminescence kinase assay (Promega). This as-
say quantifies the remains of adenosine triphosphate
(ATP) by converting luciferin to oxyluciferin in the pres-
ence of luciferase. The results are depicted in Figure 2.


Among compounds 14a–s of the dibenzo[b,f]azocine li-
brary only compound 14s inhibited partially the phos-
phorylation of kemptide in the presence of PKA at
100 lM. The other derivatives showed no inhibition.
Control experiments were carried out using protein ki-
nase inhibitors H-7 and H-89. H-89 fully inhibited
PKA activity, whereas H-7 was only partially active.
Furthermore, we included DMSO as negative control
and the experiment in the absence of PKA as a positive
control.


To quantify the inhibition of PKA by small molecules
we performed dose response studies of 14s, H-89 and
H-7 (Fig. 3). The small molecules were diluted and incu-
bated with kemptide and PKA in the presence of ATP.
The unconsumed ATP was quantified. Under these as-
say conditions we calculated the following IC50 values:
1.2 lM (H-89) and 122 lM (14s), respectively. The inhi-

Figure 2. Luminescence based PKA kinase screen. A solution of PKA


(41 lg/ml), kemptide (10 lM) and compound (100 lM) in 9 ll reaction


buffer (40 mM Tris, pH 7.5, 20 mM MgCl2 and 0.1 mg/ml BSA) was


equilibrated for 1 h. Ten minutes after the addition of 1 ll ATP


(1 lM), 10 ll Kinase-Glo� plus was added and luminescence was


measured. Values represents means of two replicates. . (no kinase),


� (H-89), d (H-7), m (DMSO), j compound.

bition constant of H-7 could not be calculated because
of the lack of saturation at the measured concentrations.
Thus, 14s is a fairly good inhibitor of PKA activity in
comparison with the control compounds tested.


To define the biological mechanism of action of the
small molecules, we examined the activity of PKA in
the presence of 14s and H-89 at increasing concentra-
tions of ATP (Fig. 4).


Three concentrations of ATP (25, 5, and 1 lM) were
examined in the presence of 41 lg/ml PKA and 10 lM
kemptide. The analysis showed that the IC50 values of
14s and H-89 increased with increasing concentration
ATP. In case of APT-competitive inhibitor H-89, this
behaviour has been reported.6


Finally, we investigated the influence of the compounds
14a–s on the protein kinase C. In this case, we added
phosphatidylserine, diacylglycol and CaCl2 to the buffer
solution to activate PKC. The results are depicted in
Figure 5.

Figure 4. Kinetic analysis of 14s and H-89. The conditions are


identical to Figure 2. H-89 and 14s were serial diluted in DMSO.


Kinase activity was determined by normalizing data to luminescence


signal measured for full activity (DMSO) and no activity (exclusion of


kinase). j (25 lM), d (5 lM) and m (1 lM).







Figure 5. Luminescence based PKC kinase screen. A solution of PKC


(0.33 lg/ml), neurogranin (20 lM) and compound (100 lM) in 4.5 ll


reaction buffer (20 mM Tris, pH 7.5, 10 mM MgCl2, and 0.1 mg/ml BSA,


250 lM EGTA and 400 lM CaCl2) and 4.5 ll PKC lipid activator


solution (Upstate; 0.5 mg/ml phosphatidylserine, 0.05 mg/ml diacylgly-


col, 20 mM MOPS, pH 7.2, 25 mM b-glycerol phosphate, 1 mM


dithiothreitol and 1 mM CaCl2) was equilibrated for 1 h. Thirty minutes


after the addition of 1 ll ATP (1 lM), 10 ll Kinase-Glo� Plus was added


and luminescence was measured. Values represents means of two


replicates. . (no kinase), � (H-89), d (H-7), m (DMSO), j compound.
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The compounds 14a–s could not inhibit the phosphory-
lation of neurogranin in the presence of PKC and ATP.
We used the kinase inhibitors H-7 and H-89 as control
compounds that showed only partial inhibition of
PKC at a concentration of 100 lM. The negative con-
trol (DMSO) exhibits still a substantial amount of
ATP (2,500,000 counts) due to the low concentration
of PKC. However, this concentration was sufficient to
give clear controls (DMSO and no kinase). In contrast
to H-7 and H-89 compound 14s showed no activity
towards PKC although it was identified to inhibit PKA.


We present herein a convenient synthesis for highly
substituted dibenzo[b,f]azocines. The starting materials
to synthesize dibenzo[b,f]azocine scaffolds are readily
available in three steps. The presented synthetic route
leaves three independent positions available for the
introduction of different substituents at positions 4, 7
and 11 (Scheme 4). Compound 5 can be coupled with
different boronic acid derivatives under the developed
Suzuki reaction conditions. Furthermore, scaffold 10
can be reacted with commercially available organotin
compounds under Stille reaction conditions. The final
position of diversity was successfully employed in the
synthesis of a dibenzo[b,f]azocine library (compounds
14a–s).


We showed that one member of this library (compound
14s) could successfully inhibit the phosphorylation of
kemptide in the presence of PKA. Additionally, this
compound exhibits selectivity among the serine/threo-
nine kinases PKA and PKC. No inhibition of PKC

was detected in the presence of 14s. The activity of the
acetamido functionality regarding the other functional-
ities employed in this library is remarkable. This is the
first example of a protein kinase inhibitor based on a
dibenzo[b,f]azocine scaffold.


We plan to synthesize a second library addressing the
suggested two positions of diversity. Furthermore, we
will explore the influence of these compounds on the
activity of different protein kinases.
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Abstract—A new polyaminocarboxylate ligand derived from N,C-pyrazolylpyridine was synthesized. The luminescence and relax-
ometry properties of its Tb3+ and Gd3+ chelates were investigated in aqueous solutions. The Tb3+ chelate is strongly luminescent
having remarkable lifetime and quantum yield (s = 1.82 ms and U = 0.42). The 1/T1 proton relaxivity at 20 MHz and 25 �C
(5.3 s�1 mM�1) of the Gd3+ chelate was found to be comparable to that of the clinically used Gd-DTPA.
� 2006 Elsevier Ltd. All rights reserved.

The sustained research activity devoted to lanthanide
complexes arises in part from their successful applica-
tions as diagnostic tools in biomedical analysis.1 Gado-
linium(III) complexes are the most popular magnetic
resonance imaging (MRI) contrast agents and europi-
um(III) or terbium(III) complexes are long-lived lumi-
nescent probes (ms range) which can efficiently exclude
the fluorescence of biological materials by the use of
time-resolved spectroscopy.2,3 The search of bimodal
systems that form both efficient luminescent Eu or Tb
complexes and Gd relaxation agents shows great prom-
ise for a direct correlation of in vitro (time-resolved
luminescence microscopy) and in vivo (MRI) imaging
studies, because the structure of the two probes would
be effectively identical.4


The design of lanthanide-containing bimodal agents is
not an easy task because of the various and conflict-
ing constraints associated to the chemical, relaxomet-
ric, and photophysical properties of the complexes.
An efficient lanthanide complex should be obviously
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characterized by reasonable water solubility and high
kinetic stability (with respect to dissociation) when
biological applications are concerned. In order to ob-
tain an efficient luminescent Eu or Tb label, the li-
gand needs to incorporate a chromophoric unit
(antenna group), for absorbing light and transferring
it to the metallic ion, thereby overcoming the intrinsic
low absorption coefficients of the lanthanide ions.5


Another important feature concerns the hydration
state, that is, the number of directly coordinated
water molecules to the Ln(III) ion. The proton relax-
ivity of gadolinium complexes is directly correlated to
the number of metal-bound water molecules (inner-
sphere contribution).2c In contrast, inner-sphere water
molecules contribute to reduce emission lifetime and
quantum yield for Tb3+ and especially Eu3+


luminescence.5


In this context, it appeared very attractive to synthesize
the ligand 1 and to measure the luminescence and relax-
ivity properties of its Tb3+ and Gd3+ complexes, respec-
tively. This ligand presents three main advantages: (i) its
octadenticity allows the coordination of one water mol-
ecule in the inner-sphere of the metal (the preferred
coordination number for Tb3+, Gd3+ is 9); (ii) the bis-
heteroaryl group, N,C-pyrazolylpyridine may act as an
efficient antenna in Tb3+ photosensitization;6 (iii) the
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bis (iminodiacetate) unit is a very efficient chelating sys-
tem for Ln3+ ions in aqueous solutions.7


N


CO2H


N


CO2H


NN
N


HO2C HO2C
1


The synthesis of compound 1 is described in Scheme 1.
The traditional method to synthesize pyridinylpyrazoles
involves a direct reaction of potassium pyrazolate deriv-
atives (using potassium metal as a base) with halogeno
pyridines in diglyme at 130 �C.8 In an effort to explore
a more friendly alternative method for the preparation
of the target compound, we were attracted by recent re-
ports about catalysts derived from copper iodide and
simple diamine which promote efficiently the N-aryla-
tion of nitrogen heterocycles.9 The reaction between
2-bromo-6-methyl-pyridine and 3-methyl-pyrazole was
carried out in the presence of 10 mol% CuI, 10 mol%
of trans-1,2-cyclohexanediamine, and K2CO3 in reflux-
ing dioxane and afforded the recently reported com-
pound 26 in a 39% isolated yield. Interestingly, besides
the b-nitrogen substituted pyrazole 2, a minor amount
(2%) of the a-nitrogen substituted isomer was also iso-
lated, indicating that, as expected, the coupling occurred
preferentially at the less hindered nitrogen atom. The
yield of this N-arylation of 3-methyl-pyrazole could pre-
sumably be improved through further optimization of
the chelating amino ligand.10 Activation of the methyl
groups of 2 was achieved by a free radical procedure

N


CO2RRO2C


N


CO2RRO2C


NN
N


Br Br


NN
N


NN
N


NN
NH Br+


i.


ii.


iii.


2 3


R =tBu   4


R =H 1


Scheme 1. Reagents and conditions: (i) 10 mol% CuI, 10 mol% trans-


1,2-cyclohexanediamine, K2CO3, dioxane, reflux, 39%; (ii) NBS,


AIBN, CCl4, reflux, ht, 20%; (iii) NH(CH2COOtBu)2, Na2CO3,


CH3CN, 72%; (iv) CF3COOH, CH2Cl2, 96%.


Table 1. Photophysical properties of 1, [Tb.1]�, and [Gd.1]� in aerated HEP


1


kabs (nm) 254, 289


e (103 M�1 cm�1) 12.4, 12.1


sH (sD)a (ms) —


UH (UD)b (102) —


a H and D refer to H2O and D2O solutions, respectively. Luminescence decay


the intensity of the emitted light of the 5D4! 7F5 transition.
b Measured by excitation from the lowest-energy ligand-centered absorption

using NBS/AIBN under UV irradiation and gave the
corresponding bis-bromomethyl derivative 3 with mod-
erate yield. Finally the tetra-tert-butyl ester 4 was syn-
thesized from 3 and di-tert-butyliminodiacetate, and
hydrolyzed with CF3COOH to give the target tetraacetic
acid 1 in good yield.11


Mononuclear complexes [Tb.1]� and [Gd.1]� were easily
obtained by treating a solution of ligand 1 with a metal
salt in aqueous solution.12 The photophysical investiga-
tions of these complexes were carried out in HEPES
buffer at pH 7.4 (Table 1). We note that the molar
absorption coefficient at the maximum of the ligand-
centered (LC) band (k = 290 nm) is higher than
104 M�1 cm�1, a favorable condition for an efficient
antenna effect.


The [Tb.1]� complex is very strongly luminescent in the
green domain when excited into the lowest-energy LC
absorption band, indicating that the energy is absorbed
by the surrounding ligand and efficiently transferred to
the chelated Tb3+ ion. Transitions were measured from
the first excited level (5D4) to the first four components
of the ground term (7Fj, j = 6–3), with the transition
5D4! 7F5 (545 nm) as the most prominent band
(Fig. 1). This complex exhibits excited-state lifetime
(1.82 ms) that is among the longest reported for Tb(III)
complexes in aqueous solution. The decay profile fits a
single-exponential law, as expected for one discrete
[Tb.1]� species. From the difference in excited-state life-

ES buffer (pH 7.4) solutions at 25 �C


[Tb.1]� [Gd.1]�


256, 261, 292 255, 261, 293


11.5, 11.6, 11.7 11.7, 11.8, 12.0


1.82 (3.85) —


42 (76) —


s were investigated by direct excitation of the ligand and by recording


band.
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Figure 1. Corrected excitation (200–400 nm, kem = 545 nm) and emis-


sion (400–700 nm, kexc = 290 nm) of the [Tb.1]� complex solution


(2.5 · 10�6 M in HEPES buffer, pH 7.4). The insert shows the excited-


state lifetime: luminescence decay curve (bottom plot) and ln(intensity)


versus time (upper plot).







Table 2. Fitting parameters obtained from analysis of NMRD profile


for [Gd.1]�


Parameters 25 �C 25 �C 37 �C


sR (ps) 104 ± 2 106 ± 2 61 ± 2.4


sM (ns) 200a 300a 100a


sSO (ps) 73 ± 1 74 ± 10 80 ± 3


sV (ps) 21 ± 1.4 21 ± 1.4 21 ± 2.7


a Fixed value.
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times obtained in H2O and D2O solutions, and use of
Parker’s equation,13 only one metal-bound water mole-
cule was detected (qH2O = 1.15). This suggests that all
eight donor groups of 1 are coordinated to the lantha-
nide ion, in agreement with the experimentally deter-
mined coordination number of 9 of aqueous Tb3+ ion
(Tb(H2O)9 species).14 Ligand 1 is an excellent sensitizer
of the terbium luminescence. The value of the overall
quantum yield upon direct excitation of the ligand
(42%) is among the highest values found up to now in
water for a mono–aquo terbium complex.15


These photophysical results (s, U) are consistent with a
compound in which the triplet energy level
(26,400 cm�1) matches the 5D4 energy level of Tb3+


(20,500 cm�1) properly and precludes a back-energy
transfer between the metal 5D4 and ligand 3pp* excited
states, a deactivation pathway which is commonly ob-
served for photosensitized terbium complexes.7,16


[Tb.1]� displays an appreciable luminescence intensity
(eU) that makes it very competitive as luminescent probe
in relation to previously reported lanthanide bimodal
agents.4


At 20 MHz (a still clinically relevant field strength) the
proton relaxivity was measured to be 5.3 s�1 mM�1 at
25 �C (4.0 s�1 mM�1 at 37 �C) for [Gd.1]�, a value which
is strongly indicative of the presence of one coordinated
water molecule in the inner coordination sphere of
Gd3+.17 This value is larger than those found in mono–
aquo contrast agents [Gd-(DTPA)]2� (4.3 s�1 mM�1 at
25 �C) and [Gd-(DOTA)]� (4.2 s�1 mM�1) which are
currently used in clinical practice.2c A preliminary study
of the temperature dependence on the relaxivity indicates
that the water-residence lifetime (sM), that is, the resi-
dence time describing the exchange between coordinated
and bulk water, is not a limiting factor for the relaxivity
of [Gd.1]� at temperatures P25 �C. As a matter of fact,
[Gd.1]� exhibits a continuous increase in r1 when the
temperature is lowered (Fig. 2) like [Gd-(DTPA)]2� or
[S-Gd-(C4BzDTPA)]2� for which sM values determined
by oxygen-17 relaxometry are equal to 143 ± 25 ns and
86 ± 8 ns at 37 �C, respectively, and to 331 ± 60 ns and
195 ± 18 ns at 25 �C, respectively.18 The experimental
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Figure 2. Temperature dependence of the proton longitudinal relax-


ivity of [Gd.1]� complex (at 20 MHz). Data reported for Gd-DTPA


and S-Gd-C4BzDTPA are shown for comparison.18

proton NMRD profiles were analyzed using the classical
innersphere19,20 and outersphere21 contributions to the
paramagnetic relaxation rate. Some parameters were
fixed during the fitting procedure: q, the number of coor-
dinated water molecules (q = 1), d, the distance of closest
approach (d = 0.36 nm), D, the relative diffusion con-
stant (D = 3.3 10�9 m2/s)22, and r, the distance between
the Gd(III) ion and the proton nuclei of water
(r = 0.31 nm). By comparison with the sM of Gd-DTPA
and S-Gd-(C4BzDTPA), the water-residence time at
37 �C was set to 100 ns, a value which has no influence
on the relaxivity, and to 200 or 300 ns at 25 �C. The re-
sults of these fittings are shown in Table 2 and Figure
3. Both fittings performed at 25 �C are very similar and
agree with a sR value close to 105 ps.


As far as the stability of [Ln.1]� is concerned, no change
in luminescence data of [Tb.1]� (emission intensity, life-
time) in water (examined pH range 6.6–8.6) was ob-
served after several days at room temperature,
indicating that this complex is highly resistant to disso-
ciation in this medium. In the presence of a 5-fold excess
of EDTA at pH 7.4 (HEPES buffer), 40% of the [Tb.1]�


complex was dissociated after 2 days (Fig. 4). From this
experiment and by using the Verhoeven analysis,23


logKcond (pH 7.4) was measured to be 16.3 for the for-
mation of the terbium complex with 1 in water. This
indicates a reasonable physiological stability, compared
to the lowest logKcond Gd value (14.9 at pH 7.4) found
in commercially used MRI agents.2c The kinetic inert-
ness of this complex in the presence of competing metal
ions which may be involved in a cation-promoted disso-
ciation pathway is under investigation.
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Figure 3. 1H NMRD relaxivity profile of [Gd.1]� complex in water at


37 �C (closed circles) and 25 �C (open squares).
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Figure 4. Luminescence (excited at 290 nm, monitored at 545 nm) of a


solution of [Tb.1]� in HEPES buffer (2.5 · 10�6 M, pH 7.4): (a) no


added EDTA and (b) five molar equivalents of EDTA added.
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In summary, we have described a new octadentate li-
gand, based on a N,C-pyrazolylpyridine moiety and imi-
nodiacetate units, which leads to lanthanide complexes
with high thermodynamic stability in aqueous solutions.
The properties of its Tb3+ and Gd3+ chelates make this
system a very good candidate for the development of
efficient bimodal agents (luminophore and paramagnetic
contrastophore) for biological applications. The intro-
duction of additional functionality in the pyridine ring,
in order to generate targeted molecular imaging agent,
is in progress.
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Abstract—A new sub-class of p38 inhibitors represented by 7-amino-naphthyridone have been discovered. Benchmark compound
16 potently inhibited p38 in vitro, was functionally active, and displayed excellent pharmacokinetic profiles in two animal species.
Compound 16 reduced inflammation in animal disease models at EC50 doses as low as 0.2 mpk.
� 2006 Elsevier Ltd. All rights reserved.


In preceding communications1 the development of a
novel series of p38 MAP kinase inhibitors originating
from quinazolinones were described. This class of p38
MAP kinase inhibitors was originally inspired by semi-
nal work done at Vertex Pharmaceuticals which yielded
them a clinical candidate VX-745 (1).2 The subject of
this communication is an SAR analysis on the naph-
thyridone platform and the subsequent discovery of a
new sub-class, the 7-amino-naphthyridones, as potent,
orally bio-available, and efficacious p38 inhibitors (see
Fig. 1).


The pyrido[3,2-d]pyrimidone core (3 and 4) is an isomeric
scaffold derived from VX-745 (1). Significant potency
could only be attained via the installation of a C7-substi-
tuent which predisposes the pendant sulfide moiety in
order to enable a facile entry into the hydrophobic pock-
et past Thr-106 in the p38 ATP binding site. Based on
predicted binding mode of these compounds in the
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Figure 1. Novel p38 inhibitors: VX-745 and homologs.







active site this design was further refined by direct
attachment of the aryl substituent onto the scaffold.
The resulting quinazolinones (5) and pyrido[4,3-d]pyr-
imidones (6) represented a promising new series of p38
inhibitors. The viability of this class of inhibitors criti-
cally depended on a C7-substituted piperidine append-
age for functional activity. On account of metabolic
lability represented by the pendant piperidine append-
age and the C4-benzyllic moiety, these compounds gen-
erally suffered from high clearances and poor overall
pharmacokinetic profiles in all animal species. The latter
liability was addressed by a scaffold re-design resulting
in the quinolinones (7) and 1,6-naphthyridones (8).3


The liability arising from the pendant piperidine
appendage, which is critical for functional activity, still
remained. Key compounds in this class are typified by
9 and 10, where the introduction of a bulky iso-propyl
group on the piperidine slowed down metabolism and
enabled efficacy. Although 9 and 10 embody many desir-
able features of a clinical compound, there still remained
much room for improvement over the above compounds
and a solution to restore functional activity to these p38
inhibitors based on the naphthyridone platform without
making use of a piperidine appendage was highly sought
after (see Fig. 2).


SAR investigations began with C7-unsubstituted naph-
thyridones (Table 1). Synthesis of these derivatives was
achieved readily by Pd-mediated reduction of corre-


sponding 7-bromo compound.4 Table 1 depicts activities
of three C7-unsubstituted naphthyridinone analogs.
Although compound 11 displayed potent in vitro activ-
ity, functional activity was modest in human whole
blood. It was encouraging to note that compounds 12
and 13 showed similar potent functional activity. It
can be reasoned that substitution with fluorines contrib-
uted to lower calculated logDs and enabled greater
aqueous solvation or increased fraction of protein un-
bound drug which translated into observed functional
potencies. Compound 11 inhibited TNF-a release in
LPS-stimulated human whole blood with an IC50 of
100 nM. In rats 11 was 57% orally bioavailable with
an AUC (PO/1 mpk) of 1.5 lM, Cmax of 1 lM, and
t1/2 of 2 h. With the above rat pharmacokinetic profile
it was anticipated that 11 could effectively inhibit
TNF-a production in a rat LPS challenge model at
3 mpk oral QD dose. Thus, rats were treated with a
3 mpk oral dose of 11 and were injected with LPS
1.5 h prior to euthanasia. At the end of the experiment
plasma samples were pooled and the levels of circulating
TNF-a were determined at three different time points. A
61% inhibition of TNF-a observed at the 6 h time point
gave rise to optimism. However, inhibition at the 16 and
24 h time points was only 37% and 27%, respectively.
The lack of sustained inhibition was disappointing.


Treatment in a liver microsomal assay revealed that the
unsubstituted naphthyridine analogs above (Table 1)
were turned over rapidly. In the case of compound 12
it was hypothesized that formation of corresponding
N-oxide derivative 14 could be a facile first step in the
metabolic process. Accordingly an authentic sample of
proposed N-oxide 14 was synthesized by oxidation of
11 with MCPBA as shown in Scheme 1.


Compound 14 displayed remarkable rat pharmacokinet-
ic profile. Thus, a 1 mpk po dose of 14 in SD rats
showed 98% bioavailability with an AUC of 49 lM,
Cmax of 3.5 lM, and half-life of 9.9 h. Since N-oxides
can be reduced in vivo, the above oral dose experiment
was also monitored for the formation of 11 and no
evidence for the reductive process could be observed.
N-oxide 14 inhibited p38 with an IC50 of 12 nM and
TNF-a release from LPS stimulated monocytes with
an IC50 of 200 nM. Given the good oral bioavailability
and potency, it was not surprising that a single 3 mpk
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Figure 2. Key quinolinone and 1,6-naphthyridone p38 inhibitors.


Table 1. p38 inhibitory properties for 1,6-naphthyridones
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Scheme 1. Synthesis of pyrimido[4,5-d]pyrimidone-based p38 inhibi-


tors. Reagents and conditions: (a) 1.5 equiv of MCPBA, MeCN, rt,


5 h, 85%.
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oral dose of 14 could effectively lower TNF-a produc-
tion by 80% for 24 h in a rat LPS challenge PD assay.
From the observed profile of 11 and 14 above it became
obvious that metabolism at the naphthyridinone
N-atom was a key factor contributing to poor therapeu-
tic efficacy of the C7-unsubstituted naphthyridinone
compounds. Alternative means to modulate the charac-
ter of naphthyridinone scaffold in order to improve
metabolic profiles was therefore sought.


Three targetted analogs, pyridone 15, amino-pyridine
16, and aminomethyl-pyridine 17, were synthesized
(Table 2) in order to ameliorate purported in vivo
metabolism at the naphthyridone N-atom. Treatment
of bromide 18 with potassium hydroxide at 110 �C yield-
ed a meager 10% of desired pyridone 15. Although 15
potently inhibited TNF-a release in human whole blood
(IC50 = 121 nM), only a 70% reduction in circulating
TNF-a levels was observed at the 3 h time point with
a 10 mpk oral dose in a rat LPS challenge assay. The hy-
droxy pyridine moiety could have contributed to poor
absorption or enabled conjugation and rapid clearance.


Amino-pyridine derivative 16 and aminomethyl-pyri-
dine 17 potently inhibited TNF-a release in human
monocytes. Speculations over metabolic demethylation
of 17 to 16 re-directed our attention to the simple ami-
no-pyridine derivative for further study. The synthesis
of compound 16 is shown in Scheme 2. Bromo deriva-
tive 18 was synthesized in an analogous manner as de-
scribed previously. Direct displacement of bromide in
18 with ammonia did not yield 16 in appreciable yield.
Access to 16 was achieved indirectly by first displace-
ment of the bromide with PMB amine by simply heating
at 150 �C. The PMB group was removed by treatment
with TFA to give desired analog 16. It was gratifying
to note that amino-pyridine derivative 16 was stable in
microsomal assays and displayed excellent pharmacoki-
netic profiles in rats and monkeys.


In male SD rat 16 showed a 68% oral bioavailability
when dosed as a 0.5% methylcellulose suspension.
AUC at 1 mpk was 12 lM with a half life of 6.5 h,


low clearance of 1.6 mL/min/kg, Cmax of 3.5 lM and
at 0.9 L/kg, a small volume of distribution. Conjecture
has it that a small volume of distribution could be
thought of as a safety feature. The compound would
be expected to localize in the vasculature and it is spec-
ulated that p38-mediated processes in the rest of the
body not pertaining to the arrest of inflammation could
be spared. In male rhesus macaques the oral bioavail-
ability was 22% with a half-life of 11.6 h, a low clearance
of 1.3 mL/min/kg, and similar low volume of distribu-
tion of 0.9 L/kg.


For in vivo evaluation 16 was initially screened in a
mouse LPS challenge assay.4 12- to 16-week-old female
Balb/c mice were used in these studies. The compound
was formulated in 0.5% methylcellulose and adminis-
tered orally 22.5 h prior to LPS challenge. The animals
were sacrificed 1.5 h after challenge and the resulting
plasma samples collected were analyzed by ELISA to
measure amount of circulating TNF-a. It was found
that 16 was very effective at suppressing the production
of TNF-a (>90% inhibition) for up to 24 h at doses as
low as 0.3 mpk. A similar LPS challenge experiment
was carried out in rats using dexamethasone as a posi-
tive control. One panel of rats was given a 3 mpk oral
dose of 16, while a second panel of rats was given a
1 mpk dose of dexamethasone. Rats in both panels were
injected with LPS at three time points. At the 6 h, 16 h,
and 24 h time points a 3 mpk dose of 16 inhibited TNF-
a production by 97%, 95%, and 92%, respectively, while
a 1 mpk dose of dexamethasone inhibited TNF-a pro-
duction, 92%, 30%, and 28%, respectively. In another
rat LPS challenge study doses of 0.1, 0.3, 1, and
3 mpk of 16 inhibited TNF-a production, 53%, 75%,
79%, and 92%, respectively, at the 24 h time point
(Fig. 3). It was thus inferred that 16 was equally effica-
cious, if not better than dexamethasone at arresting
LPS induced inflammatory processes in rats.


In order to test the efficacy in an animal disease model,
16 was dosed in rats in a therapeutic manner after dis-
ease progression was induced by means of suitable adju-
vant. Seven-week-old female lewis rats were used. On
day 0 rats were weighed, paw volumes measured, and
radiographed. Adjuvant was injected into the left hind
paw. Onset of disease was allowed to occur for 12 days
when the animals were re-weighed, the paw volumes re-
measured, and radiographed.


Table 2. p38 inhibitory properties for 1,6-naphthyridones
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Scheme 2. Synthesis of amino-pyridine 16. Reagents and conditions:
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10 h, 79%.
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The animals were orally dosed at 0.1, 0.3, 1, and 3 mpk
once daily for the next ten days. On day 21 animals were
re-weighed, paw volumes measured, and radiographed.
A dose dependent inhibition of swelling bserved in the
secondary paw at the four doses was 38%, 54%, 65%,
and 80% respectively. The ED50 for the observed thera-


peutic efficacy in the AIA disease model was determined
to be 0.22 mpk (Fig. 4). It is also worthy to note that 16
did not display affinities for ion channels and this bodes
well from a cardiovascular safety point of view for this
class of inhibitors.


In summary, the goal of achieving functional activities
on the naphthyridinone platform without resorting to
use of a piperidine appendage has been demonstrated.
Compound 16 is a highly effective compound for block-
ing p38-mediated inflammatory processes. Follow-up
studies and identification of appropriate drug candidates
in this area are underway.
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Figure 3. Dose titration of 16 in a rat LPS challenge assay.
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Abstract—A novel series of oxadiazole based amides have been shown to be potent DPP-4 inhibitors. The optimized compound 43
exhibited excellent selectivity over a variety of DPP-4 homologs.
� 2006 Elsevier Ltd. All rights reserved.

Glucagon-like peptide-1 (GLP-1) and glucose-depen-
dent insulinotropic polypeptide (GIP) are incretin hor-
mones that are released from the gut during meals and
serve as enhancers of glucose-dependent insulin release
from pancreatic b cells.1 Chronic infusion of GLP-1 to
patients with type 2 diabetes resulted in significant
decreases in both blood glucose and hemoglobin A1c lev-
els;2 however, GLP-1 as well as GIP is rapidly degraded
in plasma by the serine protease dipeptidyl peptidase IV
(DPP-4). Inhibition of DPP-4 increases the levels of
endogenous intact circulating GLP-1 and GIP. Conse-
quently, the development of DPP-4 inhibitors is rapidly
emerging as a novel therapeutic approach to the treat-
ment of type 2 diabetes.3


Earlier reports from our laboratories described a series
of (R)-b-homophenylalanine-based dipeptidyl pepti-
dase-4 inhibitors lacking an electrophile.4 Our efforts
in this area culminated in the discovery of sitagliptin,5


which has been accepted for standard review by the
U.S. Food and Drug Administration (FDA). In an ef-
fort to discover a structurally diverse back-up com-

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


doi:10.1016/j.bmcl.2006.07.061


Keywords: DPP-4 inhibitors.
* Corresponding author. Tel.: +1 732 594 2217; e-mail: Jinyou_Xu@


merck.com

pound, we designed and executed the initial SAR
studies of a novel series of anti substituted biaryl b-
phenylalanine-based DPP-4 inhibitors.6 Further optimi-
zation of this series led to the discovery of compound 2b
(Fig. 1), a potent, orally active DPP-4 inhibitor with
excellent selectivity, oral bioavailability in preclinical
species, and in vivo efficacy in animal models.7


During the course of our investigation, we became inter-
ested in replacing the central phenyl group in biphenyl
lead 1a with a heterocycle. The work described here
summarizes our initial efforts at optimizing the potency,
selectivity, and oral bioavailability of the resulting novel
series of oxadiazole-based DPP-4 inhibitors. Quite sur-
prisingly, the potent diastereoisomer in this series has
a syn relationship between the b-methyl and the primary
amine as revealed by the X-ray crystal structure of 20.


Inhibitors were prepared from the protected LL-aspartic
acid derivative 4, and a representative example of the
synthesis of these inhibitors is shown in Scheme 1. The
route began with an EDC-mediated coupling of acid 4
with pyrrolidine to provide amide 5. The addition of
potassium hexamethyldisilazide (KHMDS, 0.5 M in tol-
uene) to a solution of 5 in THF at �78 �C followed by
quenching with methyl iodide produced 6 as the major
component of a 5:1 mixture of diastereoisomers. Sapon-
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Scheme 1. Reagents and conditions: (a) EDC, HOBT, DIEA, pyrrol-


idine, DMF; (b) KHMDS, MeI, �78 �C; (c) LiOH, THF, H2O; (d)


CDI, 4-methanesulfonylbenzamidoxime, rt, 1 h, then 110 �C, 12 h; (e)


TFA/CH2Cl2, 1 h.


Table 1. Inhibitory properties of selected DPP-4 inhibitors


NH2


O


N
N


N O


R


Compound R IC50 (lM)


DPP-4 QPP DPP8 DPP9


8 H 19.7 5.7 >100 >100


9 2-CHF2 1.82 1.0 >100 >100


10 2-OCF3 12.4 2.5 >100 >100


11 2-F 4.79 4.5 >100 >100


12 2-CF3 4.82 1.8 >100 >100


13 2-Cl 0.99 2.2 >100 >100


14 3-CF3 15.6 4.3 >100 >100


15 4-Cl 3.82 3.8 >100 >100


16 4-OCF3 1.79 5.2 >100 >100


17 4-CF3 1.61 6.0 >100 >100


18 4-SO2CF3 0.33 24.4 >100 >100


19 4-SO2NH2 0.19 26.8 >100 >100


20 4-SO2Me 0.122 15.0 >100 >100


21 4-NHSO2Me 0.52 5.4 >100 >100


22 3-Cl, 5-Cl 7.36 2.5 >100 >100


23 2-F, 4-F 4.59 8.1 >100 >100


24 2-Cl, 4-Cl 0.20 1.4 >100 >100


25 2-Cl, 4-Br 0.16 1.3 >100 >100


26 2-Cl, 4-F 0.83 3.0 >100 >100


27 2-Cl 0.008 1.4 >100 >100


4-NHSO2Me


28 2-Cl, 4-SO2Me 0.017 6.4 >100 >100


29 2-F, 4-SO2Me 0.043 14.1 >100 >100
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ification of 6 with an aqueous solution of lithium
hydroxide thus provided carboxylic acid 7. Activation
of acid 7 with 1,1-carbonyl diimidazole followed by
addition of the substituted benzamidoxime and heating
at 110 �C in DMF provided the desired product after
Boc deprotection.8


Inhibitors were tested for their selectivity profiles against
a variety of DPP-4 homologs and proline-specific en-
zymes including quiescent cell proline dipeptidase
(QPP/DPP-II), prolyl endopeptidase (PEP), amino pep-
tidase P (APP), prolidase, DPP8, and DPP9.9 Since sig-
nificant off-target activity was only observed with QPP
(<10,000 nM), QPP data are presented for compari-
son.10 Safety studies using a dual DPP8/DPP9 selective
inhibitor suggest that inhibition of DPP8 and/or DPP9
may be associated with toxicity in preclinical species.11


While the relevance of these findings to human toxicity
is unknown, DPP8 and DPP9 binding data for these
compounds are included for comparison.


The effect of substitution on the phenyl group was first
examined. Table 1 summarizes the DPP-4 inhibitory

properties of these a-amino acid pyrrolidides. Introduc-
tion of a fluorine at the 2-position increased potency by
4-fold (11), while a 20-fold increase in potency was
achieved when a chlorine was introduced at the 2-posi-
tion (13). Substitution at the 3-position has little effect
on potency. Introduction of a polar group at the 4-posi-
tion improved potency dramatically. A 160-fold increase
in potency was achieved when a methanesulfonyl group
was incorporated at the 4-position (20). We also ob-
served substantial additive effects of substitution at both
the 2- and 4-position on the phenyl ring. A 2500-fold in-
crease in potency relative to the unsubstituted phenyl
group was achieved when a chlorine was introduced at
the 2-position and a methanesulfonamide group was







Table 3. Effect of changing the right-hand side amide


NH3
+


O


X
N


N O
MeO2SHN


Cl TFA-


Compound X IC50 (lM)


DPP-4 QPP DPP8 DPP9


27 N 0.008 1.4 >100 >100


34 N


F
0.019 2.57 >100 >100


35 N


F
0.019 1.7 >100 >100


36 N


F
F 0.019 0.16 >100 >100


Table 4. Inhibitory properties of selected DPP-4 inhibitors


NH3
+


O


N


F


N


N O


R2


MeO2S


R1 TFA-


Compound R1 R2 IC50(lM)


DPP-4 QPP DPP8 DPP9


37 Cl Me 0.040 3.5 >100 >100


38 Cl cPr-CH2 0.013 1.7 >100 >100


39 Cl iPr-CH2 0.013 3.7 >100 >100


40 Cl (CH2)2OH 0.070 44.8 >100 >100


41 H cPr-CH2 0.052 20.4 >100 >100
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introduced at the 4-position (27). Incorporating a meth-
anesulfonyl group at the 4-position and a fluorine at the
2-position (29) improved not only the potency but also
the selectivity (>320-fold window over inhibition of
QPP).


The effect of the central heterocycle on the potency and
selectivity was next briefly explored. Table 2 summarizes
the DPP-4 inhibitory properties of these a-amino acid
pyrrolidides. Among the heterocycles we prepared, the
1,2,4-oxadiazole analog 24 gave the best overall potency
and selectivity profile. Given also the ease of synthesis of
1,2,4-oxadiazoles, further optimization of potency,
selectivity, and pharmacokinetic profiles was thus con-
tinued with the 1,2,4-oxadiazole series.


The effect of modification of the pyrrolidine amide was
next explored (Table 3). In general, consistent with what
we observed in the related a-amino acid series, the 3,3-
difluoropyrrolidine analog 36 displayed markedly lower
selectivity for inhibition of DPP-4 over QPP. The (S)-
and (R)-3-fluoropyrrolidides 34 and 35 exhibited a mod-
erate decrease in DPP-4 potency relative to pyrrolidide
27. Since better pharmacokinetic profiles were observed
with analogs which incorporated (S)-3-fluoropyrroli-
dine, further optimization was continued with com-
pounds derived from (S)-3-fluoropyrrolidine.12


The effect of changing the b-substituent in this series was
also explored (Table 4) In general, potency could be fur-
ther improved by increasing the lipophilicity at the b-po-
sition as evidenced by compounds 38 and 39. Since
analogs incorporating cyclopropylmethyl group at the
b-position exhibited much better improved pharmacoki-
netic properties relative to analogs with isobutyl group,
the cyclopropylmethyl group was incorporated into
other derivatives. The optimized compound, 43, exhibit-

Table 2. Effect of changing the heterocycle


X
NH3


+


O


NCl


Cl TFA-


Compound X IC50 (lM)


DPP-4 QPP DPP8 DPP9


24
N


ON
0.203 1.4 >100 >100


30
N N


O
0.56 0.85 >100 >100


31
N


NO
1.21 4.2 >100 >100


32
N


O
1.83 1.05 >100 >100


33
HN N


N
3.05 5.41 >100 >100


42 Me cPr-CH2 0.031 2.92 >100 >100


43 F cPr-CH2 0.019 17.6 >100 >100

ed excellent selectivity over a variety of DPP-4
homologs.


Representative analogs were selected for in vivo evalua-
tion of pharmacokinetic properties in rats and possible
ion channel activity as a measure of potential off-target
activity (Table 5). The latter is illustrated here with data
for binding to the hERG potassium channel.13 In gener-
al, these compounds exhibited excellent selectivity with
regard to ion channel binding. However, with few excep-
tions, these compounds exhibited a relatively short half-
life and moderate clearance in rats. The optimized com-

Table 5. Pharmacokinetic properties of selected DPP-4 inhibitors in


the rat (1 mpk iv/2 mpk po) and hERG binding


Compound Clp (mL/min/kg) t1/2 (h) F (%) hERG


IC50 (lM)


24 13.8 2.71 35 36.7


28 6.0 0.82 27 >100


41 11.2 1.8 49 >100


43 18.7 1.3 36 58.5







Figure 2. Compound 20 bound to DPP-4. The overlay of compound


20 (yellow) and 2a (green, 2FJP.pdb) shows the different orientation of


the two compounds. Interactions of compound 20 with DPP-4 are


shown as red dotted lines. The hydrogen-bond network present


between the ordered water molecules, compound 20, and protein


atoms has been omitted for clarity.
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pound 43 displayed moderate oral bioavailability in rats
(F = 36%) and excellent oral bioavailability in dogs
(F = 95%). Unfortunately, 43 exhibited a short half-life
in both rats (t1/2 = 1.3 h) and dogs (t1/2 = 1.75 h).


Co-crystallization of 20 with the DPP-4 enzyme indi-
cates that the major interactions of compound 20 with
DPP-4 are similar to those observed with the Val-Pro
and Diprotin A substrate analogs and several other clas-
ses of inhibitors reported to date (Fig. 2).14 The pyrrol-
idine moiety is located in the P-1 site, adjacent to the
catalytic Ser630. The a-amino acid group forms four
hydrogen-bond interactions with the side chains of
Glu205, Glu206, Tyr662, and Asn710. The major differ-
ence between the binding mode of compound 20 and
that of other amino-acid derived compounds such as 2
is that it does not extend across the binding site to inter-
act with Arg358. The methylsulfonylphenyl ring stacks
against the side chain of Tyr547, and the methylsulfonyl
group extends toward a polar surface in an area of the
binding site that has not been utilized by any previously
reported compounds, although aminomethylpyrimi-
dines have been shown to extend in the same general
direction.14h The stereochemistry at the b-position is
critical for the binding potency, since the corresponding
anti-diastereoisomer is typically 10-fold less potent than
the syn-diastereoisomer in this series. The difference in
binding modes accounts for the switch in stereochemical
preference observed in this series (syn over anti) relative
to the biaryl derivatives 1 and 2.


In summary, we have discovered a novel series of po-
tent, selective, and orally bioavailable DPP-4 inhibitors.
These are among the most potent compounds reported
to date lacking an electrophilic trap. The optimized
compound 43 exhibited excellent selectivity over a vari-
ety of DPP-4 homologs. However, further development
of this compound was not pursued due to the short half-

life observed upon oral administration in both rats and
dogs.
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Abstract—A novel dibenzofuran compound designated vialinin B was isolated from dry fruiting bodies of an edible mushroom,
Thelephora vialis, and potently inhibits TNF-a production in RBL-2H3 cells (IC50 = 0.02 nM) and is a promising anti-allergic agent.
� 2006 Elsevier Ltd. All rights reserved.


The incidence of an immediate hypersensitive allergy
(type I) caused by immunoglobulin E, for example, food
allergy, pollinosis, asthma, drug-induced allergy, etc., is
increasing worldwide1 and several therapeutic agents
that inhibit the release of chemical mediators such as
histamine from mast cells and basophils are currently
used as therapeutic agents.2 Mast cells and basophils,
which are high-affinity receptors for IgE (FceRI), are
activated by a specific antigen (IgE) through cross-link-
ing of the IgE–FceRI complex. Cell activation induces
the degranulation and release of chemical mediators
such as histamine and leukotrienes, and subsequently
causes the release of cytokines including TNF-a, which
have important roles in the late phase inflammation of
type I allergy. Tumor necrosis factor (TNF)-a is a po-
tent multifunctional cytokine that mediates a variety
of biological actions with a central role in the pathogen-
esis of many inflammatory diseases.3 Thus, inhibitors of
TNF-a production in the activated mast cells and baso-
phils are promising candidates for a new type of anti-
allergic agent.


In our search for bioactive compounds from edible Chi-
nese mushrooms, we isolated the potent antioxidants
vialinin A and ganbajunin B (1), and an inseparable


mixture of ganbajunins D and E, from the dry fruiting
bodies of Thelephora vialis.4,5 Further studies of the
functional fungal components led to the discovery of a
novel dibenzofuran compound, vialinin B (2), together
with a known cycloleucomelone (3) (Fig. 1). In this pa-
per, we describe the isolation and structure elucidation
of 2. The potent inhibitory activity of 2 against TNF-a
production in rat basophilic leukemia cell lines RBL-
2H3, which is highly dependent on its chemical struc-
ture, is also evaluated.


The dry fruiting bodies6 (420 g) of the edible mushroom
Thelephora vialis were extracted with 8.0 L of 80% ace-
tone for 48 h at room temperature. The aqueous concen-
trate after evaporation of the solvent in vacuo was
adjusted to pH 3.0 and extracted with the same volume
of ethyl acetate (EtOAc). The organic layer was concen-
trated in vacuo and gave 36.5 g of the EtOAc extract. A
part of the extract (10.0 g) was applied to a Sephadex
LH-20 column using a mixture of 40% methanol in chlo-
roform as the eluent, to give two major fractions, A
(6.04 g) and B (0.76 g). Fraction A was further subjected
to silica gel column chromatography (2% methanol in
chloroform), and subsequently rechromatographed
using a reverse-phase MPLC (YMC ODS-AQ 120) col-
umn to yield three independent fractions (A-a, A-b, and
A-c), eluted with 0.15% KH2PO4 (pH 3.5)/acetonitrile
(1:1). Finally, 5.8 mg of vialinin B (2) was purified as a
brownish amorphous powder from fraction A-a by re-
verse-phase preparative HPLC.7
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The molecular formula of vialinin B (2) was established
as C34H24O9 on the basis of HRESI-MS [m/z 599.13040
(M+Na)+, 599.13180 for C34H24O9Na]. The UV and vis-
ible spectra showed kmax (e, methanol) at 223 (103600),
244 (sh, 86000), 265 (62300), 300 (55100), 318 (sh,
6000), and 328 (65600) nm, which were very similar to
those of dibenzofuran compounds such as ganbajunin
B (1)8 and thelephantins H and M.9 The IR spectrum
of 2 had the following characteristic absorption bands
mmax (ATR) at 3400, 1750, 1730, 1210, 1110, and
1145 cm�1, indicating the presence of hydroxy and ester
carbonyl groups. The 1H NMR spectral data10 indicated
2 singlet methylene groups (d 3.88 and 3.19) and 16 aro-
matic methine protons, including two characteristic
singlet protons at d 7.04 (1H) and at d 7.06 (1H). The
analyses of the 1H–1H coupling patterns in the aromatic
proton regions suggested the presence of a 1,4-disubsti-
tuted [d 7.07 (2H) and 6.76 (2 H)] and two-monosubsti-
tuted [(i) d 7.44 (2H), 7.40 (2H), and 7.33 (1H), and (ii) d
7.23 (2H), 7.22 (1H), and 6.92 (2H)] phenyl groups. The
13C NMR spectrum10 of 2 included characteristic signals
of two ester (d 171.08 and 170.85) and two sp2 methy-
lene (d 41.53 and 41.01) carbon signals. Based on the
chemical shifts, the remaining signals were deduced to
be sp2 quaternary or sp2 methine carbons. The HMQC
data revealed all one-bond 1H–13C correlations for
C-6, C-9, C-2 0(6 0), C-3 0(5 0), C-200, C-400(800), C-500(C-700),
C-600, C-2000, C-4000(8000), C-5000(C-7000), and C-6000. The fun-
damental structure of 2 was elucidated by comparing


the UV, IR, and NMR spectral data of 2, ganbajunin
B (1),8 and thelephantins H and M,9 which revealed that
the structure of 2 is similar to that of ganbajunin B and
thelephantins H and M: a 3-(4-hydroxylphenyl)-
1,2,4,7,8-pentaoxygenated dibenzofuran framework, de-
rived from 2 0,3,3 0,4,400,5 0,6 0-hexahydroxy[1,1 0:4 0,100-ter-
phenyl]. Further structural information was obtained
by HMBC and NOESY experiments (Fig. 2). The
long-range correlations from 200-H to C-100, C-300, and
C-400 (800), from 2000-H to C-1000, C-3000, and C-4000 (8000) in
the HMBC spectrum supported the presence of two
phenylacetyl groups, and the NOEs between 9-H and
2000-H, between 4000-H and 2-H00, and between 200-H and
6 0-H in the NOESY spectrum indicated that the phenyl-
acetyl groups were bonded to C-1 and C-2, respectively.
Four hydroxy groups, which were deduced from the
number of invisible protons in the 1H NMR spectrum,
were expected to be located at C-4, C-7, C-8, and C-
4 0. On the basis of the spectral analyses, the structure
of 2 was determined to be 3-(4-hydroxyphenyl)dibenzo-
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furan-1,2,4,7,8-pentaol 1,2-O-diphenylacetate, designat-
ed vialinin B (Fig. 1).


Vialinin B (2) strongly inhibited TNF-a release induced
by anti-dinitrophenyl (DNP)-specific IgE/dinitropheny-
lated bovine serum albumin (DNP7–BSA) antigen, from
rat basophilic leukemia (RBL-2H3) cells in a dose-de-
pendent manner (Fig. 3).11 The compound 2 had an
IC50 value of 0.02 nM, indicating that 2 was approxi-
mately 2 · 105-fold more effective than the related com-
pounds, ganbajunin B (1, IC50 = 5000 nM) and
cycloleucomelone (3, IC50 = 3500 nM), and comparable
to the clinical immunosuppressant FK-50612


(IC50 = 0.25 nM) in this assay. Further biological inves-
tigation is in progress.
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Abstract—A new bicyclic template has been developed for the synthesis of peptide mimetics. Straightforward synthetic steps, start-
ing from amino acids, allow the facile construction of a wide range of analogs. This system was designed to target the melanocortin
receptors (MCRs), with functional group selection based on a known pharmacophore and guidance from molecular modeling to
rationally identify positional and stereochemical isomers likely to be active. The functions of hMCRs are critical to myriad biolog-
ical activities, including pigmentation, steroidogenesis, energy homeostasis, erectile activity, and inflammation. These G-protein-
coupled receptors (GPCRs) are targets for drug discovery in a number of areas, including cancer, pain, and obesity therapeutics.
All compounds from this series tested to date are antagonists which bind with high affinity. Importantly, many are highly selective
for a particular MCR subtype, including some of the first completely hMC5R-selective antagonists reported.
� 2006 Elsevier Ltd. All rights reserved.

The human melanocortin receptors (hMCRs) comprise
a family of five Type I, or rhodopsin-like, G-protein-
coupled receptors (GPCRs) to which a wide array of
biological functions has been ascribed.1 Some examples
include nociception, inflammation, energy balance, and
sexual function. From the early understanding of the
role MCRs play in pigmentation to recent revelations
concerning their relevance to pain, new studies have
continually uncovered crucial but previously unknown
actions of this receptor system. Beyond advancing our
knowledge of basic biology, the understanding and
modulation of MCR function also has clinical relevance,
with potential therapeutic value for addressing obesity,2


cachexia,3 pain,4 inflammatory diseases,5 and sexual
dysfunction,6 as well as the diagnosis and treatment of
certain cancers.7


Much research to date has relied on natural and synthet-
ic peptide ligands for these receptors. The MCRs are
unique in that both endogenous agonists (a-, b-,
c-MSH, ACTH) and antagonists (agouti, AGRP) for
the system have been discovered.8 Each of the agonists
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contains the His-Phe-Arg-Trp tetrad, the minimum se-
quence necessary for activation of all melanocortin
receptors.9 Both endogenous antagonists contain an
Arg-Phe-Phe sequence. Extensive melanotropin peptide
structure–activity relationship (SAR) studies by our
group and others have identified modifications which
enhance potency, stability, or selectivity.10 The value
of the ligands generated—particularly the standard ago-
nists NDP-a-MSH and MT-II, and the antagonist,
SHU9119, is hard to overestimate.


Nevertheless, with respect to certain applications in biol-
ogy and medicine, the possession of small molecules
with activity at the MCRs and properties complementa-
ry to those of peptides would be advantageous. Consid-
erable effort in both academic and industrial
laboratories has been directed toward this end.11 Suc-
cessful examples have come from screening libraries,12


‘privileged structure’ design strategies,13 and ligand-
based rational design using computational chemistry.14


We decided to employ this latter modeling approach to
guide our design of small molecule peptide mimetics.
Careful consideration of potential molecular scaffolds
for b-turn mimetics led us to the bicyclic structure in
Figure 1. From a synthetic point of view, compounds
of this type are easily constructed from amino acids,
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Scheme 1. Reagents: (a) BOP, HOBt, DIEA, DMF; (b) TFA; (c) TEA,


MeOH; (d) LiAlH4, THF.
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Figure 1. General structure of peptide mimetics.
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allowing us to take advantage both of the naturally
available chiral pool and our group’s extensive reper-
toire of unnatural amino acid syntheses.15


Interestingly, none of our initial target molecules had
been previously reported. Despite the prevalence of
piperazine-based structures in medicinal chemistry,16,17


the pyrrolopiperazine moiety remains surprisingly
underutilized.18 On the other hand, diketopiperazines,
including the cyclodipeptides that are key precursors
to our final structures, are found in a wide variety of
natural products and synthetic ligands.19–21 As a conse-
quence, a significant body of methodology for the syn-
thesis of these molecules has been developed.22


The functional groups appended to our template were
chosen based on SAR both for peptide ligands and pre-
vious MCR-targeted small molecules. As noted above,
peptides active at all five MCRs contain the His-Phe-
Arg-Trp sequence, while the minimum chemical features
seemingly common to all active small molecules are the
presence of two hydrophobic aromatic groups and a ba-
sic nitrogen. In the design of our first set of compounds,
we intended to explore the effect of variations in the type
and orientation of the hydrophobic groups and of the
presence or absence of arginine.


All four stereoisomeric variants of a number of such
compounds were modeled and compared to the solution
conformations23 of MT-II, a superpotent, nonselective
agonist for the MCRs.24 One relatively simple example
is shown in Figure 2. Spectroscopy and molecular
modeling have suggested that the receptors recognize a
b-turn structure in MT-II, probably centered at the his-
tidine and phenylalanine residues.23 The new structures
with the best overlap against MT-II were predicted to
have the best biological activity. We also hoped to iden-
tify structurally distinct features of molecules within this
subset which demonstrated greater receptor subtype
selectivity. Thus, the synthesis and biological evaluation

Figure 2. Superimposition of computational model of HMC001 (orange) an

of multiple analogs, some with better overlap than oth-
ers, would allow us to simultaneously probe the struc-
tural requirements of MCRs and to test the validity of
our model.


The synthesis of our first set of analogs began with the
construction of the core template from LL-proline and
DD- or LL-phenylalanine (Scheme 1, LL-phenylalanine
shown). The dipeptide of these amino acids was easily
obtained by BOP-mediated coupling. Deprotection of
the Boc-protected amine using TFA was followed by
cyclization in triethylamine and methanol to yield the
diketopiperazine. Reduction with LAH provided the
diamine core structure.


Functionalization of this core structure could be achieved
with a variety of acylation chemistries (Scheme 2). Reac-
tion with phenylacetyl chloride provided HMC001
(3S,6S) and HMC002 (3S,6R). A convenient means of
introducing a spacer was the reaction with succinic anhy-
dride, followed by amide bond coupling, to generate
HMC013 (3S, 6S) and HMC014 (3S,6R). This coupling
reaction itself, using BOP, was convenient and effective
for functionalizing the core secondary amine, and was
used with indolepropionic acid to access HMC009 (3S,
6S) and HMC010 (3S,6R). The same coupling chemistry
was used to produce HMC021 and HMC025. All com-
pounds were purified using RP-HPLC.


Biological assays of these compounds were performed
using human melanocortin receptors (hMCRs)

d NMR-derived structure of MT-II (cyan).23
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expressed in whole HEK293 cells.25 Binding was deter-
mined by measuring competition with 125I-labeled
NDP-a-MSH.26 Binding efficiency refers to the degree
of displacement of the radiolabeled ligand by the com-
pound being assayed, relative to the maximum displace-
ment caused by excess amounts of MT-II. Functional
activity (activation of adenylate cyclase) was determined
by measuring the cAMP produced by the cells after its
incubation with ligand.26


The assay results for our first set of compounds (Table
1) are very encouraging. Each of the analogs tested thus
far binds to one or more of the receptor subtypes, and
most with high selectivity. HMC001, for instance, binds
strongly to MC1, with greater than 150-fold selectivity
over MC3, and no measurable binding at other sub-
types. HMC002, with the opposite stereochemistry at
C6, also binds strongly to MC1. The effect of switching
the chirality of C6 in the analogs containing an indole-
propionyl group is dramatic. HMC009 binds only to
MC5, while HMC010 binds to MC1 and MC3. For both
HMC009 and HMC010, only 50% displacement of radi-
oligand is observed at each relevant receptor subtype.


Each of the remaining members of this test set contains
an indole ring separated from the bicyclic core by a rel-
atively long linker group. The biological results for all of
these compounds are remarkably similar, exhibiting
complete MC5 selectivity, with subnanomolar IC50


values and 50–65% binding efficiency. The presence of
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arginine in HMC025 does not appear to have a signifi-
cant effect on binding affinity or cAMP accumulation.


The discovery of five new MC5-selective antagonists
(HMC009, HMC013, HMC014, HMC021, and
HMC025) may prove useful for the study of this rela-
tively unexplored receptor subtype. The most widely ex-
pressed of the MCRs, the MC5R has been linked to
energy homeostasis27 and thermoregulation.28 Interest-
ing recent work has identified a putative behavioral role
in the regulation of aggression related to pheromone sig-
naling in mice.29 Chemical biology using a small mole-
cule may offer advantages over the use of MC5R
knockout mice in future studies.


Most importantly, we have developed a new small mol-
ecule template which provides compounds recognized
by the target receptors. The inability of these ligands
to completely displace 125I-NDP-a-MSH, however, sug-
gests the possibility of an allosteric binding mode. This
interaction may occur at a site distinct from or partially
overlapping the residues which bind standard ligands,
with the induction of an alternative receptor conforma-
tion having different reactivity toward intracellular com-
ponents. Additional studies will be needed to clarify this
issue, and allow a more clear assessment of the role that
b-turn mimicry plays in molecular recognition for this
series.


In addition, new analogs are being produced with the
goals of achieving selectivity at each receptor subtype
and engendering functional agonism through rational
substitutions on the core structure. A full paper describ-
ing the results of these studies will follow shortly.
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Abstract—An electrochemiluminescence (ECL) based on energy transfer from electro-generated triplet sulfur dioxide to pipemidic
acid (PPA) was studied. A weak ECL from triplet sulfur dioxide 3SO2


� was observed when sulfite was electrochemically oxidized in
sulfuric acid solution on a Pt electrode. When PPA was present, the weak ECL was enhanced. The enhanced ECL was attributed to
energy transfer from 3SO2


� to PPA. Based on the enhanced ECL, a flow-injection (FIA) ECL method for the determination of PPA
was proposed. The proposed method allowed the measurement of PPA over the range of 1.0 · 10�7 to 2.0 · 10�5 mol l�1. The detec-
tion limit was 3.9 · 10�8 mol l�1, and the relative standard deviation for 1.0 · 10�6 mol l�1 PPA (n = 9) was 1.3%. This method was
evaluated by the analysis of PPA in pharmaceutical preparations and urine samples.
� 2006 Elsevier Ltd. All rights reserved.

Energy transfer electrochemiluminescence. Chemilumi-
nescence (CL) has been used widely in different research
fields for its low detection limit and easy operation pro-
cedure. Usually, CL can be achieved by direct reactions
or by energy-transfer mechanisms. Many energy-trans-
fer CL systems have been widely used for the determina-
tion of some fluorophore compounds.1–4 Among them,
SO3


2�-based energy transfer CL is a typical one. In this
case, sulfite ion as energy-transfer mediator receives
chemical energy via chemical oxidation by such oxidants
as cerium (IV), permanganate, hydrogen peroxide,
hypobromite, O2, manganese (III), and manganese
(IV), producing excited state sulfur dioxide (SO2


�).5–8


Because these oxidants possessed different oxidation
ability, the excited state sulfur dioxide (SO2


�) produced
by chemical oxidation should possess different energy.9


Only suitable fluorophore as sensitizer could just accept
the energy from the SO2


� in different energy level, which
led to the enhanced CL. Thus, the sensitized CL intensi-
ty mainly depended on the chemical and spectroscopy
characters of the oxidant.10 However, the enhanced
CL often suffered from an overlapping between the CL
band of sensitizer and the absorption band of the used
oxidants itself.11 Moreover, homogeneous CL reaction
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between oxidant and energy-transfer mediator was com-
plicated, and side reaction often occurred. Because oxi-
dation ability of the used oxidants was invariable under
certain chemical conditions, the selection of appropriate
oxidant was limited in CL analysis.


Compared with energy transfer CL, energy transfer
electrochemiluminescence (ECL) has many additional
advantages. First, the ECL reaction is easily regulated
and manipulated by employing electrochemical manner,
which introduces a degree of electrochemically high
selectivity into the methodology.12 Second, electrochem-
ical oxidation ability is continuously variable and con-
trollable, which allows the efficient and selective
production of an excited state species under certain
chemical conditions. Third, oxidation of mediator by
electrochemical manner effectively avoids side reaction
that often takes place in homogeneous CL reaction.
Up to now, however, most of ECL studies have focused
on electron transfer ECL reaction such as annihilation,
luminol and coreactant systems.13 Only a few ECL stud-
ies are concerned with the energy-transfer mecha-
nism.14–17 Therefore, it is of significance to study this
kind of ECL and to enlarge its application in analysis
field.


In this paper, a weak ECL was observed when sulfite in
sulfuric acid solution was electrochemically oxidized at
1.34 V (vs. Ag/AgCl/sat. KCl) on a platinum electrode.
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With the presence of pipemidic acid (PPA) (Scheme 1),
the weak ECL was enhanced. Both the weak and the en-
hanced ECL mechanisms were discussed. Moreover,
based on the enhanced ECL, a rapid and sensitive
flow-injection (FIA) ECL method for the determination
of PPA was proposed and evaluated by the analysis of
PPA in pharmaceutical preparations and urine samples.


Reagents and apparatus. All reagents were of analytical
reagent-grade. Twice glass-distilled water was used
throughout the experiments. PPA was of biochemical-
reagent grade and purchased from National Institute
for the Control of Pharmaceutical and Biological
Products (Beijing, China). A stock standard solution
of PPA (1.00 · 10�3 mol l�1) was prepared in
0.01 mol l�1 sodium hydroxide solution. The standard
working solutions were prepared by diluting the stock
solution with water before they were used. Sodium sul-
fite solution (Xi’an Chemical Reagent Plant, Xi’an, Chi-
na) (8.0 · 10�3 mol l�1) was prepared daily. PPA tablet
(Xi’an Pharmaceutical Plant, China) was purchased
from local hospital. Urine samples were collected from
three healthy individuals (from the Hospital of North-
west University, Xi’an).


All the ECL intensity was recorded by a Model IFFM-
D-FI-CL analyzer (Xi’an Remax Electronic Science-
Tech Co. Ltd., China). It consisted of two peristaltic
pumps, a six-way injection valve, a Y-shaped mixing ele-
ment (Y), and a photomultiplier tube (PMT). PTFE
tubing (0.8 mm i.d.) was used to connect all components
in the flow system. The ECL signal was collected with
the PMT. Cyclic voltammograms were recorded on a
model CHI660 electrochemical workstation (CH Instru-
ments, USA). A commercial cylindroid glass cell was
used as batch ECL cell and employed with a three-elec-
trode system consisting of a platinum coil
(30 cm · 0.5 mm i.d.) as working electrode, a platinum
wire as auxiliary electrode, and an Ag/AgCl/satd KCl
as reference electrode. The ECL flow-through electroly-
sis cell, a flat spiral-coiled colorless glass tube
(40 cm · 1.0 mm i.d.) with two-electrode system, was
placed in front of the PMT and was paralleled with
the flat of the window of PMT. Two platinum wires
(30 cm · 0.5 mm i.d. and 2 cm · 0.5 mm i.d.), directly
inserted from the inlet and the outlet of the glass tube
into the ECL flow-through electrolysis cell and kept
the end distance between the two platinum electrodes
about 1 cm, were used as working and auxiliary elec-
trodes, and were connected with anode port and cathode
port of a galvanostat (Model KLT-1 coulombmeter)
(Jiangshu Electroanalysis Instrument Plant, China).
The constant direct current for electrolysis was supplied

O


NHN


HOOC


CH2CH3


N


NN


Scheme 1. Structural formula of pipemidic acid.

by the galvanostat too. The fluorescence spectra were
monitored using Model RF-540 fluorescence spectrome-
ter (Shimadzu, Japan).


Procedures for ECL profiles versus potential, cyclic vol-
tammograms and ECL spectra. The batch ECL cell
was placed in front of the PMT. When the potential of
the work electrode was scanned from 0 to 1.5 V at scan
rate 50 mV s�1, ECL profiles versus potential and corre-
sponding cyclic voltammograms were recorded
simultaneously.


The ECL spectra were achieved with a set of 11 narrow
band interference filters (400–680 nm). The filters were
set between the batch ECL cell and the PMT. When the
potential was stepped from 0 to 1.34 V, the ECL signal
produced was recorded at different wavelength bands.


Procedure for flow injection ECL experiment. By keeping
the valve in washing position, sulfuric acid solution and
sodium sulfite solution were continuously pumped into
the manifold until the baseline was established on the
recorder. Then, 120 ll of sample (or standard) solution
was injected into the sulfuric acid solution, and at the
same time 15 mA direct current was applied. The solu-
tion was then merged with sodium sulfite solution in
the Y-shaped mixing element (Y) before the ECL flow-
through electrolysis cell. The ECL signal produced was
recorded. Calibration graphs were constructed by plot-
ting the ECL intensity (peak height of the ECL signal)
versus the concentration of PPA (Fig. 1).


Characteristics of ECL. Experiment showed that a weak
ECL signal appeared when the potential was stepped
from 0 to 1.34 V (vs. Ag/AgCl/satd KCl) in sodium sul-
fite–sulfuric acid solution (Fig. 2b), while no ECL signal
was observed in PPA–sulfuric acid solution (Fig. 2a).
When PPA was added into the sodium sulfite–sulfuric
acid solution mentioned above, the weak ECL was en-
hanced (Fig. 2c). The enhancement in ECL intensity in-
creased with the increase of PPA concentration. In order
to understand both the weak and the enhanced ECL
mechanisms, ECL profiles versus potential, and cyclic
voltammograms, the fluorescence and ECL spectra were
examined.

p 2
W


I


Figure 1. Schematic diagram of the flow injection ECL manifold used


for the determination of PPA: P1 and P2, peristaltic pump; Y, three-


way pipe; V, six-way valve; F, ECL flow-through electrolysis cell; W,


waste; WE, working electrode; AE, auxiliary electrode; NHV, negative


high voltage; PMT, photomultiplier tube; R, computer; I, galvanostat;


a, sample stream; b, sulfuric acid carrier stream; c, sodium sulfite


stream.
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Figure 2. ECL emission intensity versus time profile of


2.0 · 10�6 mol l�1 PPA �0.10 mol l�1 sulfuric acid solution (a) and


8.0 · 10�3 mol l�1 sodium sulfite-0.10 mol l�1 sulfuric acid solution in


the absence (b) and the presence (c) of 2.0 · 10�6 mol l�1 PPA.


5330 Y.-D. Liang et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5328–5333

As shown in Figure 3, in sulfuric acid solution, one irre-
versible oxidation peak appeared at 1.15 V (vs. Ag/
AgCl/sat. KCl) (Fig. 3A-a), which was due to the forma-
tion of PtO2 on the surface of Pt electrode.18 When
sulfite was added in the sulfuric acid solution, another
two new irreversible oxidation peaks were observed at
0.65 and 1.34 V (Fig. 3A-b), respectively. The oxidation
peaks of 0.65 and 1.34 V corresponded to electro-oxida-
tion of sulfite absorbed at Pt electrode and diffused from
bulk solution, respectively.19 Both absorbed sulfite and
bulk sulfite were electrochemically oxidized to form
the same hydrogen sulfite radical (HSO3


�),15,20–22 and
the formed radical subsequently recombined to form
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Figure 3. The cyclic voltammograms (A) and ECL profiles versus


potential (B) of 0.10 mol l�1 sulfuric acid solution (a),


8.0 · 10�3 mol l�1 sodium sulfite-0.10 mol l�1sulfuric acid solution in


the absence (b) and the presence (c) of 2.0 · 10�6 mol l�1 PPA. The


scan rate was 50 mV s�1.

dithionate (S2O6
2�).23,24 Since the formed S2O6


2� was
unstable in the diffusion layer of the Pt electrode, it rap-
idly decomposed to triplet sulfur dioxide (3SO2


�) and
sulfate.24 When 3SO2


� fell back to its ground, a weak
ECL peak at 1.34 V appeared (Fig. 3B-b). Nevertheless,
the formed S2O6


2� absorbed at Pt electrode surface was
stable due to the formation of a surface complex consist-
ing of S2O6


2� and SO2.23,25 As a result, no ECL signal
appeared at 0.65 V. When PPA was added in the sul-
fite-sulfuric acid solution, the weak ECL at 1.34 V was
enhanced (Fig. 3B-c). Moreover, no change of both oxi-
dation peak current and peak potential of sulfite was ob-
served in the presence of PPA (Fig. 3A-c), indicating
that PPA itself did not participate in electrode reaction.
Obviously, the molecular structure of PPA was not de-
stroyed in the enhanced ECL reaction.


The fluorescence and ECL spectra were also examined.
Only one fluorescence peak (kmax = 450 nm) in the range
of 400–700 nm was observed in PPA–sulfuric acid solu-
tion. The fluorescence peak was from PPA itself.26 After
sodium sulfite was added into the PPA–sulfuric acid
solution, the fluorescence spectrum and the peak inten-
sity (kmax = 450 nm) hardly changed. The results showed
that no direct chemical reaction occurred between sulfite
and PPA. Moreover, when the potential was stepped
from 0 to 1.5 V in the PPA–sulfite–sulfuric acid solution,
the fluorescence spectrum and the peak intensity
(kmax = 450 nm) were still unchanged. The results fur-
ther confirmed that the molecular structure of PPA
was not destroyed. Furthermore, the ECL spectra of sul-
fite–sulfuric acid in the absence and the presence of PPA
were recorded in the range of 400–680 nm. When PPA
was absent, no obvious ECL spectrum was observed
(Fig. 4a), which was because the ECL from 3SO2


� was
too weak to penetrate the interference filters. The ECL
spectrum in the presence of PPA showed one band,
420–490 nm (Fig. 4b). The band coincided with the fluo-
rescence spectrum of PPA (kmax = 450 nm) obtained by
this work in PPA–sulfuric acid solution and the CL
spectrum of PPA in Ce(IV)–sulfite and acidic hydrogen
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Figure 4. ECL spectra of 8.0 · 10�3 mol l�1 sodium sulfite-


0.10 mol l�1 sulfuric acid solution in the absence (a) and the presence


(b) of 6.0 · 10�6 PPA.
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peroxide–nitrite CL systems.27,28 Thus, the emitting spe-
cies in the enhanced ECL was excited state PPA (PPA*).


It was reported that PPA could easily receive energy and
had high fluorescence quantum efficiency in acid solu-
tion.26 The energy from excited state sulfur dioxide
(SO2


�) was easily transferred to a fluorophore intention-
ally added to the sulfite-based weak CL system, which
was responsible for the enhanced CL.29,30 Under the
condition of this work, the electro-oxidation of acidic
sulfite at Pt electrode produced weak ECL. The weak
ECL was from triplet sulfur dioxide (3SO2


�). When
PPA was present in the sulfite–sulfuric acid solution,
the energy from 3SO2


� was transferred to PPA, forming
PPA*. When PPA* fell back to its ground state, the en-
hanced ECL occurred. Because PPA* had higher quan-
tum efficiency than 3SO2


�, stronger light was emitted.
The enhanced ECL mechanism was suggested as
follows:


HSO�3 !
�e�


HSO�3


2HSO�3 !S2O2�
6 þ 2Hþ


S2O2�
6 !SO2�


4 þ 3SO�2
3SO�2 þ PPA!PPA� þ SO2


PPA� !PPAþ hv ð450 nmÞ

Optimization of experimental variables. The enhanced
ECL can be used to determine PPA. A FIA ECL meth-
od was proposed. The analytical conditions were
optimized.


The current-controlled electrolysis is used as it is
thought to be simple in instrument. The effect of direct
current on the ECL intensity in the presence of
2.0 · 10�6 mol l�1 PPA was investigated when the flow
rate was fixed at 2.1 ml min�1. As shown in Figure 5,
the ECL intensity increased dramatically with the in-
crease of direct current from 1 to 15 mA. Above
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Figure 5. Effect of direct current on the ECL intensity. Sodium sulfite,


8.0 · 10�3 mol l�1; sulfuric acid, 0.10; PPA, 2.0 · 10�6 mol l�1.

15 mA, the ECL intensity remained at a higher level,
however, it decreased slightly with the increase of direct
current. The reason may be that when the higher direct
current was applied, the oxidation reaction of water
took place and the intermediate products of water oxi-
dation might react with the electrogenerated hydrogen
sulfite radical.24 Therefore, 15 mA direct current was
used.


Many different carrier streams such as H2SO4, HCl,
H3PO4, NaOH, Na2CO3, NaHCO3, Na3PO4, Na2HPO4,
and NH3 Æ H2O were used. Experiment showed that
H2SO4 gave the maximum ECL signal, and also the best
reproducibility for the ECL intensity. So H2SO4 solu-
tion was selected as carrier stream.


The effect of sulfuric acid concentration on the ECL
intensity was examined over the range of 1.0 · 10�3 to
1.0 mol l�1. The maximum ECL intensity was obtained
when sulfuric acid concentration was 0.10 mol l�1. The
raising of sulfuric acid concentration over 0.10 mol l�1


caused a decrease of ECL intensity. This was presum-
ably due to the fact that the luminescent form of PPA
was gradually destroyed by acidolysis when the pH val-
ue was less than 1.24 Therefore, 0.10 mol l�1 sulfuric acid
was used.


The effect of sodium sulfite concentration on the ECL
intensity was examined. The ECL intensity rose sharply
as the sodium sulfite concentration increased from
1.0 · 10�4 to 8.0 · 10�3 mol l�1. When the sodium sul-
fite concentration increased from 8.0 · 10�3 to
2.0 · 10�2 mol l�1, the ECL intensity decreased slightly.
Therefore, 8.0 · 10�3 mol l�1 sodium sulfite was used.


Pump P2 was used to deliver the carrier (sulfuric acid)
and sodium sulfite solutions. Sodium sulfite solution
and sulfuric acid carrier solution that contained sample
were first mixed at the Y-shaped mixing element (Y),
and then the mixed solution was delivered by pump P2


to the ECL flow-through electrolysis cell placed in front
of the PMT. The flow rate affected the amount of elec-
trogenerated hydrogen sulfite radical. The effect of the
flow rate on the ECL intensity was examined in the
range of 0.7–4.2 ml min�1. The ECL signal reached its
maximum value at 2.1 ml min�1. The raising of flow rate
over 2.1 ml min�1 caused the decrease of ECL intensity.
This was due to the fact that higher flow rate led to a de-
crease of electrolysis efficiency.31 Thus, 2.1 ml min�1


flow rate was used.


Performance of the proposed method for PPA measure-
ments. Under the selected experimental conditions, the
ECL intensity was linear with PPA in the range of
1.0 · 10�7 to 2.0 · 10�5 mol l�1. The detection limit
was 3.9 · 10�8 mol l�1 (s/n = 3) and the relative stan-
dard deviation for 1.0 · 10�6 mol l�1 PPA (n = 9) was
1.3%. The linear regression equation was
I = 9.05 + 5.07 · 107C (where I is ECL intensity and C
is PPA concentration, units are mV and mol l�1, respec-
tively) with a correlation coefficient of 0.9995 (n = 13).
The sample measurement frequency was calculated to
be about 20 samples h�1.







Table 1. The tolerable concentration ratios of some interfering species


to 2.0 · 10�6 mol l�1 PPA


Substance Tolerable


concentration ratio


Cation


K+, Na+, Ca2+, NH4
+ 1000


Mg2+, Al3+, Zn2+ 500


Fe2+, Fe3+, Cu2+, Co2+, Ni2+ 100


Anion


Cl�, SO4
2� , PO4


3�, NO3
� 1000


Vitamin


Thiamine hydrochloride (vitamin B1) 200


Riboflavin (vitamin B2), folic acid


(vitamin Bc)


100


Ascorbic acid (vitamin C) 50


Amino acid


LL-Valine, LL-serine, LL-arginine, 500


LL-Glutamic acid, LL-tyrosine 200


LL-Threonine, LL-lysine 100


LL-Histidine, LL-cystine 50


Others


Urea, starch 500


Glucose, sucrose 200


Oxalic acid, uric acid 100


Table 3. Results for the determination of PPA in spiked urine samples


Sample


no.


Added


(·10�6 mol l�1)


Founda


(·10�6 mol l�1)


Recovery (%)


1 0.40 0.41 ± 0.01 103


2.00 1.95 ± 0.03 98


2 0.40 0.42 ± 0.02 105


2.00 2.02 ± 0.02 101


3 0.40 0.39 ± 0.01 98


2.00 1.97 ± 0.02 99


a Mean value ± SD (n = 5).
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Interferences study. In order to assess the proposed
method to the analysis of PPA in pharmaceutical dos-
age forms and urine samples, the interference of com-
monly used excipients and additives, co-existing ions
or the other compounds was examined. The solutions
for this purpose contained 2.0 · 10�6 mol l�1 PPA and
increasing amounts of interfering species. The toler-
ance limit was taken as the maximum concentration
of the foreign substances which caused an approxi-
mately ±5% relative error for the determination of
PPA. The results of interference tests are listed in Ta-
ble 1. The tolerated amounts of interfering species
were far in excess of their normal occurrence in urine
samples.32


Determination of PPA in tablet and urine samples. The
proposed method was applied to the determination of
PPA in tablet. Ten tablets of PPA were weighed and
pulverized. An accurately weighted amount of the
powder was dissolved in 0.01 mol l�1 sodium hydrox-
ide. After filtering, aliquots of the filtrate were further
diluted with water until the final PPA concentration
was within the working range. The determination
was performed according to procedure for flow injec-

Table 2. Results for the determination of PPA in tablets


Sample no. Label value (mg) Amount (mg)


Proposed methoda Official methodb


1 250 253 ± 3 251 ± 2


2 250 246 ± 2 246 ± 2


a,b,c Mean value ± SD (n = 5).

tion ECL experiment. The results, shown in Table 2,
agreed well with those obtained by UV method (Phar-
macopoeia method).33 Moreover, recovery studies
were also carried out on each sample solution to
which the known amounts of PPA standard solution
were added. Each recovery was calculated by compar-
ing the results obtained before and after the addition.
As shown in Table 2, the recoveries were between 97%
and 105%.


Because all of PPA was unchanged during metabo-
lism,34 and its content in patient urine was between
3.3 and 330 lmol l�1,35 the proposed method could
be applied to the determination of PPA in urine sam-
ple. The PPA content in the spiked urine sample was
determined directly by the proposed method. No PPA
was found. Then, recovery tests were carried out by
standard addition method. The recoveries obtained
are shown in Table 3. The recoveries were between
98% and 105%.


In summary, the electro-generated excited state species
can be easily realized by electrochemical manner, which
allows the efficient and selective measurements. The
ECL based on energy transfer from 3SO2


� to PPA,
which was taken as an example, was more sensitive
and convenient than sulfite-based and hydrogen perox-
ide-nitrite energy transfer CL.27–29 In addition, the
ECL based on energy transfer mechanism could occur
greatly and has potential application for analytical
purpose.
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Added (·10�6 mol l�1) Foundc (·10�6 mol l�1) Recovery (%)


0.40 0.42 ± 0.02 105


2.00 2.02 ± 0.04 101


4.00 4.08 ± 0.03 102


0.40 0.39 ± 0.01 98


2.00 2.03 ± 0.03 102


4.00 3.88 ± 0.05 97
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Abstract—An orthogonal tRNA/aminoacyl-tRNA synthetase pair was evolved that makes possible the site-specific incorporation of
an unnatural amino acid bearing a b-diketone side chain into proteins in Escherichia coli with high translational efficiency and fidel-
ity. Proteins containing this unnatural amino acid can be efficiently and selectively modified with hydroxylamine derivatives of fluo-
rophores and other biophysical probes.
� 2006 Elsevier Ltd. All rights reserved.
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Recently, we showed that by adding a unique amber sup-
pressor tRNA (mutRNATyr


CUA)/aminoacyl-tRNA synthe-
tase (MjTyrRS) to the translational machinery of
Escherichia coli, unnatural amino acids can be incorpo-
rated into proteins in response to nonsense and frameshift
codons with high translational fidelity and efficiency.1–5


This approach has been used to genetically encode over
30 unnatural amino acids including glycosylated, photo-
reactive, metal binding, and heavy atom-containing ami-
no acids.6–8 In addition, a series of chemically reactive
amino acids with ketone-, azide-, and acetylene-contain-
ing side chains have been selectively incorporated into
proteins. These mutant proteins can be subsequently
modified by nonpeptidic molecules with useful biological
and/or physical properties (e.g., polyethylene glycol,
biotin, glycomimetics, fluorophores, cross-linking agents,
and cytotoxic molecules).9–13 Because of the unique reac-
tivity of these amino acid side chains, such bioconjuga-
tion reactions are highly selective. Herein, we extend
this methodology to the genetic incorporation of dike-
tone-containing amino acid 1 in E. coli. The b-diketone
group can react to form stable complexes with a number
of functional groups including alkoxyamines, hydrazides,
and primary amines.


Diketone 1 was synthesized from p-acetyl-LL-phenylala-
nine containing tert-butyloxycarbonyl (t-Boc) and
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methyl ester-protecting groups (Scheme 1). The second
carbonyl group was added using potassium tert-butox-
ide in the mixed solvent, 2:3 [v/v] methyl acetate/
THF.14 Removal of t-Boc group with TFA, followed
by alkaline hydrolysis, afforded the desired diketone-
containing unnatural amino acid 1 in an overall yield
of 40%.


We previously generated an amber suppressor tRNA/
aminoacyl-tRNA synthetase pair (mutRNA


Tyr
CUA-


MjTyrRS) derived from the tRNATyr/TyrRS pair of
Methanococcus jannaschii, which has been used to selec-
tively and efficiently incorporate a large number of
unnatural amino acids in E. coli in response to the
TAG codon.9,10,12,15 On the basis of a crystal structure
of the M. jannaschii TyrRS-tRNA(Tyr)-LL-tyrosine com-
plex,16 six residues (Tyr32, Leu65, Phe108, Gln109, Asp158,
and Leu162) in the tyrosine-binding site of M. jannaschii

Scheme 1. Reagents and conditions: (i) SOCl2, anhydrous MeOH, 1 h


at rt, 90%; (ii) t-(Boc)2O, Et3N, CH2Cl2, 2 h at rt, 85%; (iii) potassium


tert-butoxide, 40% methyl acetate in THF, 1 h at rt, 60%; (iv) TFA,


CH2Cl2, 5 h at rt, 92%; (v) NaOH, 30% H2O in MeOH, 6 h at rt,


followed by addition of aqueous concentrated HCl, >90%.
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Figure 1. (a) The sequence of the Z-domain protein. The codon for


Lys7 was mutated to TAG in order to introduce amino acied 1. (b)


Gelcode Blue-stained SDS–PAGE analysis of Lys7! TAG7 Z-domain


protein expressed under different conditions. Lane 1: molecular mass


marker; lane 2: expression with wt MjTyrRS; lane 3: expression with


mutMjTyrRS in the presence of 1; lane 4: expression with mutMjTyr-


RS in the absence of 1. wt = wildtype.
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Figure 2. MALDI-TOF analysis of the mutant Z-domain protein


containing 1.18 The observed masses of intact mutant protein in its


protonated and acetylated forms are 7998 and 8040 Da, respectively.


The observed masses of mutant protein without the first methionine in


its protonated and acetylated forms are 7867 and 7909 Da, respective-


ly. All of these experimental data are in excellent agreement with


theoretically calculated values (see text for more detail).
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TyrRS were randomly mutated. The mutant MjTyrRS
(mutMjTyrRS) library (>109 clones) was then passed
through three rounds of positive selection in the pres-
ence of 1 mM unnatural amino acid 1 (based on the sup-
pression of an amber stop codon in the chloramphenicol
acetyl transferase (CAT) gene), alternated with two
rounds of negative selection in the absence of 1 (based
on the suppression of three amber stop codons intro-
duced into the toxic barnase gene).9 One clone emerged
whose survival in chloramphenicol was dependent on
the presence of 1; this mutant MjTyrRS supported cell
growth in 120 lg mL�1 chloramphenicol in the presence
of 1, and up to 10 lg mL�1 chloramphenicol in the ab-
sence of 1. This result suggests that the mutant synthe-
tase has higher specificity for 1 than for endogenous
amino acids. Sequencing revealed the following muta-
tions: Tyr32! Gly32, Asp158! Gly158, Phe65! Val65,
Phe108! Thr108, and Leu162! Ser162. The Tyr32 and
Asp158 mutations remove the two hydrogen bonds to
tyrosine in the wildtype (wt) synthetase, consistent with
the decreased activity of the enzyme toward its natural
substrate.


To confirm that the observed phenotype is caused
by the site-specific incorporation of 1 by the
mutRNA Tyr


CUA–mutMjTyrRS pair, an amber stop codon
was substituted at a permissive site (Lys7) in the gene
encoding the Z-domain protein17 fused to a C-termi-
nal hexameric His tag. Cells transformed with
mutRNA


Tyr
CUA, mutMjTyrRS, and the mutant Z-do-


main gene were grown in the presence or absence of
1 mM 1 in minimal medium containing 1% glycerol
and 0.3 mM leucine (GMML medium). The expres-
sion of the Lys7! TAG7 Z-domain protein by
mutMjTyrRS was induced by the addition of 1 mM
isopropyl-b-DD-thiogalactopyranoside (IPTG) and pro-
tein was purified by Ni2+ affinity chromatography.
Analysis by SDS–PAGE revealed that the expression
of mutant protein was strongly dependent on 1—the
yield of purified mutant protein was 1.6 mg/liter of
culture in the presence of 1, and insignificant in the
absence of 1 (Fig. 1), consistent with a high fidelity
for the incorporation of 1 into proteins by mutMjTyr-
RS. For comparison, the yield of the wt Z-domain
protein using wt MjTyrRS that charges only endoge-
nous tyrosine in response to the amber stop codon
was 3.0 mg/liter of culture under the identical condi-
tions. Additional evidence for the site-specific incorpora-
tion of 1 was obtained by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-
TOF MS).18 In addition to the observation of an experi-
mental average mass of 7997 Da (MTheoretical = 7997 Da)
for the intact mutant protein, a major peak corresponding
to the protein without the first methionine moiety
(MExperimental = 7866 Da, MTheoretical = 7866 Da) was also
detected (Fig. 2). The other two peaks (MExperimental =
8039 Da and MExperimental = 7908 Da) correspond to the
mutant proteins with or without the first methionine in
their acetylated forms (MTheoretical = 8039 Da and
MTheoretical = 7908 Da), respectively.19 These results con-
firm a high fidelity for the incorporation of 1 by


mutRNATyr
CUA/mutMjTyrRS pair.

The possibility of using the diketone moiety as a chem-
ical handle for the selective modification of protein with
exogenous agents was then tested by labeling diketone-
containing protein with a biotin hydroxylamine deriva-
tive (Fig. 3a, MW = 331.39, purchased from Molecular
Probes).9 The purified mutant and wt Z-domain proteins
(�0.1 mM) were treated with 1.0 mM biotin hydroxyl-
amine in PBS buffer (20 mM sodium phosphate,
150 mM NaCl) at pH 4.0 at 25 �C for 12 h. After dialysis
against distilled water to remove excess biotin hydroxyl-
amine, the proteins were analyzed by MALDI-TOF MS.
Experimental average masses of 8315 Da (MTheoretical =
8310 Da for biotin-labeled intact mutant protein),
8182 Da (MTheoretical = 8179 Da for biotin-labeled
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Figure 3. In vitro labeling of the mutant Z-domain protein containing


1 with hydroxylamine derivatives of (a) biotin and (b) Alexa Fluor 488.


(c) Gelcode Blue-stained SDS/PAGE analysis of wt and mutant


Z-domain proteins treated with Alexa Fluor 488 hydroxylamine. (d)


Fluorescence imaging of wt and mutant Z-domain proteins treated


with Alexa Fluor 488 hydroxylamine. wt = wildtype.
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mutant protein without the first methionine residue),
and 8225 Da (MTheoretical = 8221 Da for biotin-labeled
mutant protein without the first methionine residue in
its acetylated form) were found, confirming that biotin
hydroxylamine reacted with the mutant Z-domain pro-
teins in a molar ratio of 1:1. As expected, no labeling
products were detected for wt Z-domain protein, indi-
cating that the labeling reaction occurred only between
the hydroxylamine and the diketone group, but not
any existing functional groups in the wt protein. Based
on the integration ratio of the peaks in the MALDI-
TOF spectrum, the labeling efficiency was estimated to
be >85% (Fig. 4c).20
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     Unlabeled 


 Labeled with 
Alexa Fluor 488 
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   with biotin
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Figure 4. MALDI-TOF analysis18 of doping experiments with com-


parable amounts of unlabeled diketone-containing Z-domain protein


and its corresponding labeled versions with either (a) biotin or (b)


Alexa Fluor 488, and of the diketone-containing Z-domain protein


labeled with (c) biotin and (d) Alexa Fluor 488.20

To demonstrate the generality of this approach, the
labeling of Z-domain protein with a fluorophore
hydroxylamine derivative was also carried out. The
purified mutant and wt Z-domain proteins
(�0.05 mM) were treated with 0.5 mM Alexa Fluor
488 hydroxylamine derivative (Fig. 3b, Molecular
Probes) in PBS buffer at pH 4.0 at 25 �C for 12 h
(Fig. 3b). After conjugation, proteins were dialyzed
against distilled water to remove excess fluorophore
and then analyzed by SDS–PAGE. The gel was first im-
aged with a Phosphoimager21 (Fig. 3d) and then stained
with Gelcode Blue (Fig. 3c). The band for mutant Z-do-
main shows a fluorescent signal, whereas no fluorescence
at the same position can be detected for either the wt Z-
domain or dye molecules alone, indicating that Alexa
Fluor 488 hydroxylamine derivative was selectively
coupled to the diketone group in the presence of the
other amino acid side chains in the protein. The labeled
protein was confirmed by MALDI-TOF MS
(MExperimental = 8678 Da and MTheoretical = 8668 Da
for the dye-labeled intact protein) to be the product
formed between one molecule of Alexa Fluor 488
hydroxylamine and one molecule of mutant Z-domain.
The labeling efficiency was >85% as estimated by
MALDI-TOF analysis (Fig. 4d).20


The present study demonstrates the site-specific incor-
poration of the b-diketone moiety into proteins in vivo
with high fidelity and good efficiency by means of an
amber suppressor tRNA/aminoacyl-tRNA synthetase
pair. The b-diketone can serve as a unique chemical
handle for the efficient and selective modification of
target proteins with a host of exogenous alkoxyamine
derivatives in vitro. Additionally, the b-diketone group
may be able to participate in carbon–carbon bond
forming Michael reactions.22,23 Moreover, an enamine
adduct stabilized by a six-membered intramolecular
hydrogen bond can be formed between the b-diketone
and a primary amine.24 Consistent with this observa-
tion, we found that, while an imine adduct formed be-
tween an aryl monoketone and butyl amine readily
undergoes hydrolysis at pH 4.0–10.4, the enamine de-
rived from the b-diketone is highly resilient toward
hydrolysis in the same pH range.25 Consequently, by
placing a diketone-containing unnatural amino acid
immediately adjacent to a lysine residue situated in a
favorable hydrophobic environment, one may be able
to form intermolecular or intramolecular protein
crosslinks.
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Abstract—We prepared a series of amino acid derived cyclohexyl and adamantyl ureas and tested them as inhibitors of the human
soluble epoxide hydrolase, and obtained very potent compounds (KI = 15 nM) that are >10-fold more soluble than previously
described sEH inhibitors. While our lead compound 2 showed low apparent bioavailability in dogs and rats, this series of com-
pounds revealed that sEH inhibitor structures could accept large groups that could lead to better orally available drugs.
� 2006 Elsevier Ltd. All rights reserved.

Soluble epoxide hydrolase (sEH; EC 3.3.3.2) catalyzes
the addition of a water molecule to an epoxide resulting
in the corresponding diol.1 Endogenous substrates for
sEH include epoxyeicosatrienoic acids (EETs), which
are known for their vasodilatory effects as well as for
their anti-inflammatory actions.2 Hydrolysis of the epox-
ides by sEH diminished this activity.3 The inhibition of
sEH led to the accumulation of EETs and other lipid
epoxides in the organism.4 Furthermore, sEH inhibition
in rodent models can successfully treat hypertension,4b,5


and inflammatory diseases,6 as well as protect against
renal damage caused by hypertension.7


The development in our laboratory of novel, stable,
highly potent, and selective inhibitors for sEH4a has
allowed the elucidation of the biology associated with
sEH.1,2d Crystal structure determinations show that
the urea inhibitors establish hydrogen bonding and salt
bridges between the urea function of the inhibitor and
residues of the sEH active site.8 However, these dial-
kyl-ureas have high crystal lattice energies as indicated
by their high melting point, and also have limited sol-
ubility in water,4 likely affecting their in vivo efficacy.
While medicinal chemistry approaches were used to
increase their inhibitory activity and solubility,9 the lat-
est compounds reported may not possess physical
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properties consistent with successful pharmaceutical
candidates.10 Therefore, there remains a need for novel
sEH inhibitor structures with improved biological
availability and stability for possible future orally
administered in vivo drugs. There is also the need for
synthetic methods amenable to high throughput combi-
natorial or parallel methods.


As shown previously, if placed at an appropriate dis-
tance from the urea moiety polar groups can be incorpo-
rated into one of the alkyl groups of the dialkyl-urea
sEH inhibitors without loss of activity.9 Such modifica-
tions give the new inhibitors better solubility and
availability; however, only straight alkyl chain deriva-
tives such as 12-(3-adamantyl-ureido)-dodecanoic acid
(AUDA; see Fig. 1) were investigated. From the crystal
structure of sEH,8 we observed that while the catalytic
tunnel is restricted around the catalytic residues it
enlarges as one moves away from the site of reaction
to yield relatively large cavities. These structural features
suggest that the enzyme could accommodate branches
on the main alkyl chain. To evaluate a wide variety of
side chains, we used a semi-combinatorial approach.
Because amino acids are simple bifunctional synthons
with a wide variety of side chains, mono- and di-peptidic
derivatives of urea based sEH inhibitors were synthe-
sized (see Fig. 1) and their effects on sEH inhibition
investigated.


We chose to modify (3-cycloalkyl-ureido)-alkanoic acids
because these compounds are poor inhibitors of sEH
when the alkyl chain is less than 6-carbons in length,9
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Table 1. Optimization of the alkyl chain length between the urea


function and the first amino acid for optimal inhibition


O


N
H


N
H


(CH2)n


O


R


n R Mouse sEH


IC50
a (lM)


Human sEH


IC50
a (lM)


1 OH >100 >100


1 OCH3 33 70


Figure 1. General structure of amino acid derived urea based


inhibitors for sEH.
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and because we previously showed that ester and amide
derivatives of these compounds could yield potent sEH
inhibitors. Furthermore, to make the peptidic bond,
we select reactants, such as 1-ethyl-3-(3-(dimethylami-
no)-propyl) carbodiimide (EDCI) or N,N-dimethyl-4-
aminopyridine (DMAP), that are not inhibitors of
sEH themselves nor are their reaction products, such
as 1-ethyl-3-(3-dimethylamino)-propyl urea. Therefore,
any inhibition observed was derived from the targeted
peptidic derivatives, allowing us to carry out reactions
on an analytical scale (10 lmol), monitor the reactions
with LC–MS, and test them for inhibition without the
need to purify the products (Scheme 1). The presence
of the desired products was confirmed by positive mode
electrospray LC–MS in all cases reported. The yield of
the reaction was estimated by quantifying the remaining
(3-cycloalkyl-ureido)-alkanoic acid against a 4-point cal-
ibration curve. With the exception of cysteine and lysine,
which formed secondary products and gave erratic
yields and thus are not included herein, we found reac-
tion yields of >95%. Dimethylformamide was added to
the reaction mixtures to give target compound’s concen-
tration of 10 mM. These solutions were used to measure
inhibitor potency directly on purified recombinant
mouse and human sEH,11 using a spectrophotometric
substrate in a 96-well microplate assay.12

Scheme 1. Reagents and conditions: (a) EDCI, DMAP, CH2Cl2,


25 �C, 12 h, 95–99%; (b) KOH, DMF, H2O, 25 �C, 12 h, 100%.

We first optimized the distance between the urea func-
tion and the first amino acid using a subset of amino
acids and three (3-cyclohexyl-ureido)-alkanoic acids of
different length (Table 1). For the mouse sEH, good
inhibition is obtained for both inhibitor series with
the 4- and 6-carbon carboxylate tails, suggesting that a
3-carbon spacer (i.e., n = 3) is sufficient for this enzyme.
Compared to the free acid (R = OH), the histidyl deriv-
ative gives the best inhibition potency (smallest IC50)
for both chain length. Interestingly, overall for the
human sEH the 4-carbon chain derivatives (n = 3) gave
better inhibition results than shorter or longer chains.
Similar results were observed for the methyl esters of
the three (3-cyclohexyl-ureido)-alkanoic acids tested
(R = OCH3).13 The crystal structure of the human
sEH with these acids showed that the inhibitor with
the 4-carbon carboxylate tail is oriented the opposite
way in the active site, underlying that structure–activity
relationships are more complex for the human sEH.13


For example, increasing the chain length from 4 to 6
carbons resulted in higher IC50s for all the amino acid
derivatives, except for phenylalanine that is decreased
by an order of magnitude. Furthermore, compared to
the free acid (R = OH), only the phenylalanine deriva-
tive with n = 5 gave a significantly improved inhibition
potency.


Therefore, in a second experiment to optimize the
nature of the amino acid residues, we made amino acid

1 Arginine >100 >100


1 Glutamate >100 >100


1 Histidine 36 >100


1 Phenylalanine 18 >100


1 Valine >100 >100


3 OH 1.9 36


3 OCH3 0.33 6.2


3 Arginine 1.0 25


3 Glutamate 1.7 24


3 Histidine 0.05 30


3 Phenylalanine 1.6 21


3 Valine 1.4 17


5 OH 24 >100


5 OCH3 0.11 3.2


5 Arginine 0.23 >100


5 Glutamate 51 >100


5 Histidine 0.06 >100


5 Phenylalanine 0.15 2.7


5 Valine 0.56 41


AUDA 0.05 0.1


a IC50s were determined as described using a spectrophotometric


assay.4a,12.
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derivatives with n = 3 for the murine sEH and n = 5 for
the human sEH. In addition, due to our previous discov-
ery that for the human sEH the replacement of the
cyclohexyl by 1-adamantyl resulted in P10-fold increase
in inhibition, we also prepared derivatives of (3-ada-
mantyl-ureido)-alkanoic acids (Table 2). Other than
the catalytic residues, the active site of both the murine
and human sEHs are quite hydrophobic.1,8 Thus, one
would expect that hydrophobic or aromatic amino acids
would yield good inhibitors. While we observed such
effects for the human sEH, the increase in inhibition
for the murine sEH is not clearly linked to the hydro-
phobicity of the side chain. Furthermore, one would
expect that polar side chains would yield poor sEH
inhibitor as observed for the human sEH. However,
for the murine enzyme, positively charged residues
(i.e., the basic amino acids Arg and His) gave surprising-
ly good inhibition, with the best inhibition obtained with
the histidine conjugate. Because the active site of sEH,
besides being hydrophobic, is also relatively basic,1


one could hypothesize that only uncharged residues
would bind to the enzyme. This hypothesis is supported
by the fact that histidine, which has a 3 pH unit lower
pKa than arginine, yields a far better inhibitor for the
mouse sEH. Alternatively, one could envision p-cation
interactions between the cationic side chain of the inhib-
itors and the aromatic residues that are lining the cata-
lytic cavity of sEH.1 This kind of interaction is very
common in biological systems.14


Previously, while investigating largely hydrophobic
inhibitors, we observed reasonable agreement between
the two enzymes with regard to the structure–activity

Table 2. Inhibition of mouse and human sEH by mono-amino acid


derivatives of n-(3-adamantyl-ureido)-alkanoic acid


O


N
H


N
H


(CH2)n


O


R


R Mouse sEH Human sEH


n = 3 IC50
a (lM) n = 5 IC50


a (lM)


OH >100 >100


OCH3 0.10 1.8


Alanine >100 >100


Arginine 16 >100


Aspartate >100 >100


Glutamate >100 >100


Glycine >100 >100


Histidine 0.05 >100


Isoleucine 1.3 >100


Leucine 15 >100


Methionine 4.8 >100


Phenylalanine 0.8 2.7


Proline 82 >100


Serine 47 >100


Threonine 33 >100


Tryptophan 8.4 41


Tyrosine 18 80


Valine 30 55


a IC50s were determined as described using a spectrophotometric


assay. 4a,12.

relationships among inhibitors.4,9 As seen in Table 2, this
is not the case here, indicating that for this structural ser-
ies, it is important to optimize inhibitor structures with
the targeted species (human) enzyme. Furthermore, it
suggests that the series of inhibitors reported herein prob-
ably bind differently for each enzyme studied. While we
obtained a very potent inhibitor for the murine sEH
(the histidine derivative of the 4-carbon carboxylate), less
than optimal inhibition was obtained for the human sEH.
Toward improving inhibition potency for this latter
enzyme, we tested the effect of adding a second amino acid
on the phenylalanine derivatives. Therefore, we prepared
and purified 2-[6-(3-cyclohexyl-ureido)-hexanoylamino]-
3-phenyl-propionic acid 1,15 and following a procedure
similar to the one described in Scheme 1, we prepared a
series of amino acid derivatives of this compound on ana-
lytical scale. We obtained reaction yields >95% and the
products were tested for their ability to inhibit the human
sEH (Table 3). Compared to the free acid (R = OH), the
presence of polar side chains did not enhance the potency
of the inhibitor, while the presence of either aromatic or
hydrophobic side chains reduced the IC50s. These results
agreed with the observed hydrophobicity of the human
sEH catalytic cavity.1,8 The best inhibition was obtained
with isoleucine, phenylalanine, proline, tryptophan or
valine derivatives, suggesting that the human sEH can
fit compounds of various sizes as long as they are hydro-
phobic in nature.


Based on the results obtained at analytical scale (Tables
1–3), we prepared N-[6-(3-adamantyl-ureido)-hexanoyl]-
phenylalanyl-tryptophan 2.16 We then determined the

Table 3. Inhibition of human sEH by mono-amino acid derivatives


of 1


N
H


N
H


O
H
N


O


R


O


R IC50
a (lM)


OH (1) 1.0


Alanine 0.26


Arginine 2.1


Aspartate >100


Glutamate >100


Glycine 1.5


Histidine 5.5


Isoleucine 0.13


Leucine 0.88


Methionine 0.87


Phenylalanine 0.10


Proline 0.10


Serine 2.4


Threonine 1.3


Tryptophan 0.10


Tyrosine 0.23


Valine 0.10


a IC50s were determined as described using a spectrophotometric


assay.4a,12







Table 4. Pharmacokinetic profile data for compounds 2 and AUDA as


obtained via oral dosing in a canine model


Time (min) 2 AUDA


Plasma concentration (nM) 0 0.00 0.00


15 0.62 6.97


30 0.82 20.43


60 0.33 30.69


120 0.00 26.31


180 0.00 13.39


240 0.00 6.12


300 0.00 1.61


360 0.00 1.17


480 0.00 0.86


1440 0.00 0.00


AUCa (·104 nM min) <0.01 0.31


a Area under the curve, estimated from a plot of inhibitor plasma


concentration (nM) versus time (minutes) following an oral dose of


0.3 mg/Kg of the indicated compounds in 6 mL of tristerate.17
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inhibition constant of compound 2 for the human sEH
(Fig. 2) and found a KI of 15 ± 3 nM (n = 3). This is
in the same order of magnitude as previously reported
sEH inhibitors,4,9 confirming that 2 is a very potent
human sEH inhibitor in vitro, as suggested by analytical
scale results. Our ultimate objective is to obtain novel
sEH inhibitors with improved solubility, higher biologi-
cal availability, and in vivo stability. Therefore, we next
tested the peptidyl-urea sEH inhibitor solubility in sodi-
um phosphate buffer (100 mM, pH 7.4) as previously
described.9a All prepared amino acid derivatives had sol-
ubilities >500 lM. This is P10-fold the solubility of the
corresponding compounds with a straight carboxylate
chain, such as AUDA,9 suggesting that the peptidyl-
urea based inhibitors could be given in drinking water,
and should dissolve readily from tablets. Finally, we
tested the oral bioavailability of 2 in a canine model
(Table 4). The presence of amino acids in some com-
pounds can greatly increase their bioavailability due to
the presence of di/tri-peptide specific transporters in
the gut.18 Thus, one would expect that compounds like
2 might be readily bioavailable. Surprisingly, as shown
in Table 4, small amounts of 2 were detected in dog

Figure 2. Determination of the KI of 2 for the human sEH. The enzyme ([E]


incubated for 5 min at 30 �C with the inhibitor ([I]final = 0–50 nM), before t


constant (KI) was determined as described.4a,9a

plasma. Furthermore, expected metabolites for 2, 6-(3-
adamantyl-ureido)-hexanoic acid and its phenylalanine
derivatives, were not detected, suggesting that 2 is poorly
absorbed from the gut or rapidly metabolized by an

final = 3 nM) diluted in sodium phosphate buffer (100 mM, pH 7.4) was


he addition of substrate (tDPPO; [S]final = 3.6–50 lM). The inhibition
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alternate route, either within the gut or the body.
Regardless, as measured by the AUCs of the parent
molecules (Table 4), compound 2 appears far less
bioavailable than AUDA, our reference inhibitor.9a


Similar results were obtained in rats.


In conclusion, we have reported a new series of potent
peptidyl-urea based sEH inhibitors which are substan-
tially more water soluble than previously described
sEH inhibitors. While our lead compound, 2, showed
low apparent bioavailability, this series of compounds
revealed that sEH inhibitor structures could accept large
groups if placed at an appropriate distance from the cen-
tral pharmacophore. Further exploration within this
area of the molecular structure could yield inhibitors
with higher biological availability and stability, leading
the way to orally available drugs. Furthermore, these
findings suggest that refinements of the sEH inhibitor
structure that depart from the simple, flexible aliphatic
backbone characteristic of the AUDA-like compounds
should be performed using human sEH. Moreover, it
is clear that the procedure described here offers a rapid
route to synthesize a variety of sEHI with both natural
and non-natural amino acids by both liquid- and solid-
phase procedures. One also can reverse the polar group
on the urea side of the molecule using an amine linker to
have the peptide chain serve as the N- rather than C-ter-
minal equivalent. The structure and polarity of the pep-
tide chain can be altered with amides and esters of free
amino and carboxylic acid functionalities or by deriva-
tives commonly used to alter the structure and polarity
of the NH bond.
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inhibitors with selectivity for bacterial lyases


Martin Spickenreither, Stephan Braun, Günther Bernhardt,
Stefan Dove and Armin Buschauer*


Institute of Pharmacy, Pharmaceutical/Medicinal Chemistry II, University of Regensburg,
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Abstract—Previously, we identified ascorbic acid 6-O-hexadecanoate as an up to 1500 times more potent inhibitor of bacterial and
bovine hyaluronidases than the parent compound, vitamin C, and determined a crystal structure of hyaluronidase from Streptococ-
cus pneumoniae in complex with the inhibitor. As the alkanoyl chain interacts with a hydrophobic patch of the enzyme we synthe-
sized other 6-O-acylated vitamin C derivatives bearing various lipophilic residues and investigated the inhibition of Streptococcus
agalactiae strain 4755 hyaluronidase (SagHyal4755) and of bovine testicular hyaluronidases (BTH) in a turbidimetric assay. All com-
pounds showed selectivity for the bacterial enzyme. Whereas vitamin C 6-O-hexanoate only weakly inhibited SagHyal4755, the inhi-
bition of both enzymes increased with the length of the aliphatic chain. In the case of the 6-O-octadecanoate, IC50 values of 0.9 and
39 lM for SagHyal4755 and BTH, respectively, were determined. Partial replacement of the aliphatic chain with a phenyl, p-pheny-
lene or p-biphenylyl group resulted in inhibitors with activity in the lower micromolar range, too. The title compounds are among
the most potent inhibitors of both enzymes known to date.
� 2006 Elsevier Ltd. All rights reserved.

Hyaluronidases are enzymes degrading hyaluronic acid
(hyaluronan), an important component of the extracel-
lular matrix. Hyaluronan consists of 1! 4-linked
b-DD-glucuronic acid-(1! 3)-b-N-acetyl-DD-glucosamine
disaccharide units. According to their catalytic mecha-
nism, the hyaluronidases are divided into three main
families. In contrast to hyaluronidases from other sourc-
es, bacterial hyaluronan lyases (EC 4.2.2.1) degrade the
substrate into unsaturated disaccharide units, cleaving
the b-1,4-glycosidic bond between N-acetyl-b-DD-glucosa-
mine and DD-glucuronic acid residues by an elimination
reaction.1 As the role of hyaluronidases is far from being
understood, potent and selective inhibitors are required
as pharmacological tools. Moreover, inhibitors of the
bacterial and mammalian enzymes might be useful
agents in the treatment of various diseases, for example,
bacterial infections,2 cancer,3 or as contraceptives.4
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Vitamin C, reported to inhibit the bovine testicular hyal-
uronidase (BTH),5 was found to be a weak inhibitor of
the hyaluronan lyase of Streptococcus pneumoniae (IC50


value: 5.8 mM). X-ray analysis verifies that ascorbic acid
binds to the active site6 and suggests that additional
interactions with a hydrophobic patch might increase
the potency. Therefore, we investigated LL-ascorbic
acid-6-O-hexadecanoate (vitamin C palmitate, Vcpal,
cpd. 13i in Table 1), a highly effective antioxidant, for
the inhibition of hyaluronan lyases from S. pneumoniae
(SpnHyal) and Streptococcus agalactiae strain 4755
(SagHyal4755) and of BTH. Furthermore, SpnHyal was
crystallized in complex with Vcpal and the X-ray struc-
ture was determined.7 Compared to vitamin C, Vcpal is
an up to 1500 times more potent inhibitor of bacterial
and bovine hyaluronidases.


As shown in Figure 1, Vcpal binds exactly in the same
region of the catalytic cleft of SpnHyal as a hexasaccha-
ride substrate.8 In addition to hydrogen bonds of the
carboxylate group of the inhibitor (the ring-opened
form of ascorbic acid was found in the crystal structure)
with Tyr408 and Arg462, and of the hydroxy groups at
C-4 and C-5 with Asn290, extensive interactions with
the hydrophobic patch (Trp291, Trp292, Phe343) are
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Table 1. Inhibitory effects of LL-ascorbic acid derivatives on hyaluronan lyase from S. agalactiae strain 4755 (SagHyal4755) and bovine testicular


hyaluronidase (BTH; Neopermease�) at pH 5.0


Compound R1 R2 R3 SagHyal4755 BTH


IC50 [lM] or % inhibitiona, pH 5.0


1 H H H 6100 ± 100 Inactiveb


6 Me Me H Inactivec Inactivec


7 Bn Bn H 355 ± 59 Inactivec


8 CH2CH2 H 24% (2000) Inactivec


9 Me Me CO(CH2)14CH3 5% (160) Inactived


10 Bn Bn CO(CH2)14CH3 Inactived Inactived


11 CH2CH2 CO(CH2)14CH3 32% (190) Inactived


13a H H COC(CH3)3 43% (1100) Inactivee


13b H H CO(CH2)4CH3 475 ± 16 Inactive


13c H H CO(CH2)6CH3 772 ± 19 Inactive


13d H H CO(CH2)8CH3 102 ± 5 1380 ± 49


13e H H CO(CH2)9CH3 72 ± 2 580 ± 21


13f H H CO(CH2)10CH3 47 ± 2 208 ± 4


13g H H CO(CH2)11CH3 14.3 ± 0.3 96 ± 5


13h H H CO(CH2)12CH3 8.4 ± 0.2 71 ± 1


13i H H CO(CH2)14CH3 4.2 ± 0.1 57 ± 1


13j H H CO(CH2)16CH3 0.9 ± 0.1 39 ± 1


13k H H COPh 132 ± 6 33% (1430)


13l H H COCH2-p-C6H4-Ph 358 ± 15 2006 ± 40


13m H H CO(CH2)5OPh 717 ± 28 Inactive


13n H H CO(CH2)5OCH2Ph 437 ± 77 Inactive


13o H H CO(CH2)5O-p-C6H4-Ph 61 ± 1 188 ± 3


13p H H CO(CH2)5OCH2-p-C6H4-Ph 102 ± 2 543 ± 15


13q H H CO(CH2)5O-p-C6H4-C2H5 280 ± 9 Inactive


13r H H CO(CH2)5O-p-C6H4-OCH2Ph 76 ± 1 210 ± 3


13s H H CO(CH2)10O-Ph 31 ± 0.4 105 ± 1


13t H H CO(CH2)10O-p-C6H4-Ph 7.5 ± 0.2 37 ± 0.4


a Inhibition of enzyme expressed as IC50 (lM), mean values ± SEM (N = 2, experiments performed in duplicate), or as % inhibition at inhibitor


concentration given in parentheses; substances were tested up to a concentration of 1.5 mM unless otherwise indicated.
b At concentrations 6100 mM.
c At concentrations 6 13 mM.
d At concentrations 6200 lM.
e At concentrations 6 1.1 mM.
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evident. The lipophilic face of the vitamin C portion lies
flat on the side chain of Trp292, and the palmitoyl group
interacts with Trp291 and Phe343, also with His399 and
Thr400. This prompted us to synthesize various ascorbic
acid derivatives with increased lipophilicity as potential
hyaluronidase inhibitors.


The ascorbic acid derivatives 9–11 were synthesized
according to a modified four-step reaction sequence by
analogy with the procedure described by Sanders9


(Scheme 1). First the acetal 2 was formed, which was
alkylated to obtain the 2,3-di-O-protected derivatives
3–5. After cleavage of the isopropylidene-protecting
group, acylation was carried out using palmitoyl chlo-
ride to obtain compounds 9–11. The 6-O-acylated ascor-
bic acid derivatives 13a, b, i–k were accessible by
acylation of benzyl-protected ascorbic acid 7 followed
by hydrogenolysis of the benzyl ether groups (Scheme
2, Method A). For the synthesis of the 6-O-acylated
ascorbic acid derivatives 13c–h, l–t an alternative proce-

dure was used (Scheme 2, Method B): ascorbic acid was
treated with the corresponding methyl esters in the pres-
ence of lipase from Candida antarctica immobilized on
acrylic resin (Novozyme 435�) at 60 �C under reduced
pressure (200 mbar).10,11


The synthesized compounds were investigated for inhi-
bition of SagHyal4755 and BTH at pH 5.0 in a modified
turbidimetric assay16 based on the method of Di Ferran-
te.17 Under these conditions both enzymes show compa-
rably high activity.18 The results are summarized in
Table 1 and exemplarily depicted in Figure 2.


Ascorbic acid (1) is only a very weak inhibitor of the
bacterial enzyme. Structural modifications of the enediol
system as in 6 and 8 are not tolerated, whereas the 2-O-,
3-O-dibenzylated analog 7 is more active than 1. This is
in agreement with the hypothesis that the potency of
hyaluronidase inhibitors derived from vitamin C may
be increased by additional hydrophobic interactions







Figure 1. Binding modes of Vcpal and a hyaluronan hexasaccharide.


(A) Binding mode of Vcpal (13i) in the active site of SpnHyal (PDB


code 1w3y). The inhibitor was found to bind in a ring-opened form.


Missing electron density did not permit modeling of the last three


carbon atoms of the palmitoyl chain. (B) SpnHyal in complex with a


hyaluronic acid hexasaccharide (PDB code 11oh, for clearity only the


tetrasaccharide is shown).


Scheme 1. Synthesis of the 6-O-palmitoyl ascorbic acid derivatives 9–


11. Reagents and conditions: (i) abs. acetone, AcCl (cat.); (ii) K2CO3,


MeI or BnBr or 1,2-dibromoethane, DMF, 40–60 �C; (iii) 50% HOAc,


MeOH, 80 �C; (iv) CH3(CH2)14COCl, pyridine, dichloromethane


(DCM), 4-dimethylaminopyridine (DMAP) (catalytic amount).


Scheme 2. Synthesis of the 6-O-acylated ascorbic acid derivatives 13a–


t, Reagents and conditions: (i) X = Cl: pyridine/DCM, DMAP (cat.);


X = OH: 1,1 0-carbonyl-diimidazole (CDI) or dicyclohexyl carbodii-


mide (DCC), DCM, DMAP (cat.); (ii) 10% Pd/C (cat.), H2, 4 bar,


EtOH. (iii) Lipase acrylic resin from Candida antarctica, tert-amyl


alcohol, 60 �C, 200 mbar, 16–24 h. The alkanoic acids and acid


chlorides used for the preparation of 12a, b, i–k are commercially


available. The building blocks 14c–h, l–t were prepared according to


standard procedures starting from the corresponding commercially


available alkanoic acids, x-bromo-alkanoic acids, methyl x-bromoalk-


anoates or from e-caprolacton.12–15


Figure 2. Enzymatic activity of hyaluronan lyase from S. agalactiae


strain 4755 in the presence of compounds 13c, f, j, o, t at pH 5.0.
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with amino acids in the active site. Regarding com-
pounds 13b–j, the inhibition of both enzymes increases
with the length of the 6-O-acyl residue, hence the octa-
decanoate 13j inhibits SagHyal4755 and BTH with the
lowest IC50 values of 0.9 and 39 lM, respectively. Com-







5316 M. Spickenreither et al. / Bioorg. Med. Chem. Lett. 16 (2006) 5313–5316

pound 13k, bearing only a relatively small benzoyl resi-
due, is more active than the alkanoyl analogs 13b and
13c on the bacterial enzyme. Structural modifications
at the hydroxy groups of the enediol system of the
strong hyaluronidase inhibitor 13i (see compounds 9–
11) led to significantly lower potency on the bacterial
enzyme and to inactivity on the BTH, respectively.
Comparing compounds 13m with 13o and 13s with
13t, a remarkably increased inhibitory potency on both
enzymes results when the phenyl groups are replaced
with p-biphenylyl residues. The synthetic approach
using an ether linkage to introduce aromatic residues
makes the desired compounds easily accessible. More-
over, the ether group is capable of forming H-bonds in
the active site by analogy with the substrate hyaluronan.
The more rigid phenyl and biphenylyl residues are
suitable alternatives to the flexible alkyl chains, as the
inhibitory activities are in the same range as those of
the corresponding aliphatic compounds.


In summary, the presented 6-O-acyl derivatives of
LL-ascorbic acid are among the most potent inhibitors
of hyaluronidases known so far. The title compounds
are rather selective for the bacterial enzyme and repre-
sent promising lead structures for rational optimization
in ongoing work.
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Abstract—This report describes a novel carboxyl pendant containing adenylated polymeric template, its metalation with Zn (II), and
manifestation of catalytic activity for the hydrolysis of model phosphodiester, bis(p-nitrophenyl) phosphate (bNPP), and plasmid
cleavage. Observation of a bell-shaped pH-Kobs profile suggested influence of pH variation over hydrolysis rate. This metalated
polymer also afforded facile relaxation of pBR322 supercoiled DNA, with an interesting reusability feature intricately associated
with heterogeneous catalysis.
� 2006 Elsevier Ltd. All rights reserved.

Redox inertness and hard–soft properties of zinc play an
important role in its coordination to various donor envi-
ronments in proteins thus making it available for biolog-
ical activities.1 Zinc coordinates to side chains of Cys,
His, Asp, and Glu, with water playing a crucial role in
catalytic zinc sites.2 Several zinc enzymes and deoxyri-
bozymes have been described for their nuclease activity
pertaining to hydrolysis of DNA and RNA.3 Interaction
of zinc with nucleobases has been investigated4 and
there have been reports of structurally characterized
zinc–adenine complexes.5 Several examples of phos-
phate ester hydrolysis6 and DNA cleavage by zinc com-
plexes have also been reported.7


In the present paper, we report synthesis, characteriza-
tion, and catalytic activity of AP1-Zn homopolymer.
The effectiveness of AP1-Zn as a heterogeneous catalyst
has been extensively studied by choosing routinely used
phosphodiester substrate, bis(p-nitrophenyl)phosphate
(bNPP). AP1-Zn assisted hydrolysis of bNPP monitored
by time-dependent release of p-nitrophenolate anion
(e400 = 1.65 · 104 M�1 cm�1). Attempts were also done
to explore nuclease activity of the homopolymer toward
super-coiled plasmid, pBR322 relaxation.

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


doi:10.1016/j.bmcl.2006.07.077
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N-(6-purinyl)-caproic acid (1) was prepared according
to a reported method and further derivatized to give a
polymerizable monomer, 9-(4-vinylbenzyl)purine-6-yl
amino caproic acid (2).8 Site of alkylation was confirmed
by spectroscopic evaluation and crystal structure studies
(Figs. 1 and 2).9 Acidic polymer (AP1) was synthesized
using standard free-radical initiation chemistry.10 AP1
was metalated with zinc chloride to yield AP1-Zn.8


(Scheme 1).


Compound 1 exhibited purine–purine dimerization with
the help of carboxylate group hydrogen bonding with

Figure 1. ORTEP diagram of 1 and 2.
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Figure 3. pH curve for bNPP hydrolysis catalyzed by AP1-Zn.
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Figure 4. Lineweaver–Burk plot for bNPP hydrolysis catalyzed by


AP1-Zn.


Figure 2. POVERAY diagram showing intermolecular hydrogen


bonding in solid state structure of 1 and 2. Color code: Green:


Carbon; Blue: Nitrogen; Red: Oxygen; Pink: Hydrogen.


Scheme 1. Molecular structure of AP1 polymer.
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the Hoogsteen face of another modified purine, and this
dimer afforded extended interaction in the solid state via
base-pairing mediated by N3–H9 interaction. In case of
2, alkylation at N9 resulted in the loss of dimeric struc-
ture, but a continuous hydrogen bonded supramolecular
lattice was observed due to hydrogen bonding of car-
boxylate group with the Hoogsteen face.


Commonly employed activated phosphodiester sub-
strate (bNPP) was chosen to evaluate hydrolytic poten-
tial of AP1-Zn.11 Pseudo-first-order rate constants for
bNPP hydrolysis catalyzed by AP1-Zn were determined
for various pH values between 8 and 9.5. A bell-shaped
curve with a maximum at pH 8.7 giving a clear indica-
tion that at this optimal pH, rate of bNPP hydrolysis
was fastest (Fig. 3). The observed rate constant, kobs


for the release of p-nitrophenolate anion was
19.0 · 10�5 min�1, which corresponded to �105-fold
enhancement over the uncatalyzed reaction.12


In comparison, two selected values for bNPP phospho-
diester hydrolysis reported from the literature are:

9.1 · 10�8 s�1 (pH 8.28, 50 �C) and 2.24 · 10�6 s�1


(pH 9.2, 35 �C).13


Such profiles have been reported for other synthetic
phosphodiesterases following hydrolytic pathway for
phosphate ester cleavage.14 It is established that transi-
tion metal ions lower pKa of metal-bound water leading
to the generation of hydoxyl ion, which can act either as
a general base to activate solvent water or as a nucleo-
phile to attack at the phosphorus center. We assume
that our metal ion coordinated polymeric template acti-
vates water molecules and electrostatically mitigates the
developing negative charge on the phosphate moiety to
exhibit catalytic activity.


We also determined kinetic parameters for this catalyst
under Michaelis–Menten conditions. Michaelis constant
(Km), maximal velocity (Vmax), and turnover number
(kcat), from corresponding Lineweaver–Burk plot, were
found to be 1.27 mM, 1.25 · 10�4 mM min�1, and
4.8 · 10�5 min�1, respectively (Fig. 4). Interestingly,
the unmetalated homopolymers failed to assist phos-
phate ester hydrolysis in a control reaction confirming
the importance of metal center in catalysis.


Coordinated zinc ions are responsible for the catalytic
activity of AP1-Zn. We performed reaction arrest exper-
iment to confirm the fact that adventitiously leached out
metal ions are not responsible for hydrolytic assistance.
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Figure 5. Reaction arrest experiment for bNPP hydrolysis catalyzed by


AP1-Zn filtration.
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In this experiment, AP1-Zn was filtered off from the
reaction mixture after a reaction time of 7 h and
hydrolysis of bNPP was further monitored up to 72 h
at various time points. It was noticed that the hydrolysis
reaction aborted soon after the removal of AP1-Zn and
a lack of change in absorbance confirmed that
hydrolysis occurred due to assistance rendered by
AP1-Zn and not due to leached out zinc ions (Fig. 5).


AP1-Zn homopolymer was insoluble in aqueous and
organic solvents and hence it could be easily recovered
and recycled for further use. Recovered polymer was
washed with aqueous methanol, acetone and air-dried
prior to reuse. AAS analysis of the recycled AP1-Zn
polymer confirmed that zinc has not leached out during
the course of hydrolytic reaction (data not shown). Fur-
thermore, kinetic data for fresh and reused polymer
were comparable suggesting that AP1-Zn retains its cat-
alytic potential through several cycles of hydrolytic reac-
tion (supplementary data, Table 2).


When compared with the catalysts reported in the liter-
ature, AP1-Zn combines superior catalytic activity
together with reusability. This property makes Zn-im-
pregnated polymeric matrices more suitable as artificial
oligozinc phosphate ester hydrolases compared to
reported models.


AP1-Zn was further evaluated for hydrolytic cleavage of
a natural substrate, supercoiled plasmid DNA pBR322.
A time-course experiment was performed under hetero-
geneous conditions in cacodylate buffer containing
pBR322.15 Complete conversion of supercoiled form I
to nicked form II was observed (Fig. 6, Lane 7), while
unmetalated polymer AP1 did not induce plasmid relax-
ation (Fig. 6, lane 2), confirming a crucial role of coor-

       1       2  3            4   5          6    7      8     9


Figure 6. Nicking of pBR322 supercoiled DNA catalyzed by AP1-Zn.


Each reaction contains 100 lg AP1-Zn. Lane 1: pBR322 alone; lane 2:


pBR322 with unmetalated polymer, AP1 (60 h); lanes 3–8:


pBR322 + AP1-Zn (12, 24, 36, 48, 60, 72 h, respectively); lane 9:


pBR322 + AP1-Zn + EDTA (60 h).

dinated zinc ions in AP1-Zn. Interestingly, this cleavage
reaction was completely inhibited in the presence of
EDTA, which probably complexes zinc ions thus inter-
fering with AP1-Zn catalytic activity (Fig. 6, lane 9).
Similar effect of EDTA was observed for bNPP hydroly-
sis where its addition aborted hydrolytic activity pre-
sumably by zinc ion complexation (data not shown),
thus verifying crucial role of zinc in hydrolysis of natural
as well as non-natural substrates.


Results presented above suggest that our water-stable
metalated homopolymer, AP1-Zn, affords facile hydro-
lysis of phosphodiester hydrolysis substrates when com-
pared to its unmetalated counterpart. Insolubility of
AP1-Zn in reaction medium facilitates its separation
subsequent to hydrolytic reaction. Recovered polymer
retains its catalytic activity making recyclability of
AP1-Zn as an extremely attractive feature for future
investigations. Synthetic nuclease activity of AP1-Zn
against pBR322 supercoiled DNA provides an indica-
tion that such reusable artificial models may become
important tools for various biochemical applications.
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1 N HCl, 0.95 g (2.5 mmol, 65%). Rf (silica gel) = 0.6
(CH2Cl2/MeOH/CF3COOH 9:0.5:0.5). Mp 170 �C. 1H
NMR (400 MHz, CDCl3, 25 �C, TMS): d = 1.45–1.53(m,
2H); 1.69–1.79 (m, 4H); 2.35 (t, 2H, J = 7.3Hz); 3.6–3.63
(m, 2H); 5.24(d, 1H, J(H,H) = 11 Hz); 5.3 (s, 2H); 5.7 (d,
1H, J(H,H) = 18 Hz); 6.7 (dd, 1H, J(H,H) = 18 and
11 Hz); 7.2 (d, 2H, J(H,H) = 8 Hz); 7.36 (d, 2H,
J(H,H) = 8 Hz); 7.7 (s, 1H); 8.4 (s, 1H). FABMS
(M+1) = 366. Zinc metalated AP1 (AP1-Zn). Potassium
salt of AP1 (1.2 g) dissolved in MeOH (70 mL) and ZnCl2
(0.75 g) was added to this solution. The reaction mixture
was stirred for 12 h at room temperature. A white
precipitate formed which was filtered, washed with meth-
anol (4· 25 mL), acetone (2· 20 mL), and ether (2·
20 mL). Resulting metalated complex (1 g) was dried
under vacuum. The metalated polymer, AP1-Zn was
cream in color and insoluble in all common solvents and
thus acted as heterogeneous catalyst in the hydrolytic
reaction. The amount of Zn incorporated in the polymeric
matrix was determined by AAS analysis and was found to
be 16.7 mg/g of the polymer. The resulted zinc complex
was used for phosphate ester hydrolysis and DNA
cleavage reactions..


9. 1H NMR spectra recorded using a JEOL 400 MHz
spectrometer in CDCl3 (Aldrich). FABMS recorded at
RSIC, Lucknow, and AAS values recorded at FEAT
Laboratory, IIT-Kanpur. Single crystal X-ray studies:
Light green colored crystals of 1 were grown from
methanol and acetone (1:1) solvent mixture by slow
evaporation method and mounted on an Enraf Nonius

FR590 CAD-4 diffractometer. Colorless prismatic crystals
of 2, suitable for X-ray studies, were grown from
chloroform and acetone (2:1) mixed solvent by slow
evaporation and mounted on diffractometer.


10. Gupta, Y.; Mathur, G. N.; Verma, S. Bioorg. Med. Chem.
Lett. 2006, 16, 363.


11. Phosphate ester hydrolysis. All hydrolytic reactions were
performed in duplicate in centrifuge tubes thermostated at
30 �C for bNPP hydrolysis. The assay mixture contained
3 mL of substrate solution of appropriate concentration
prepared in 0.01 M N-ethylmorpholine (NEM) aqueous
buffer in 90% aqueous methanol (pH 8.6). The reference
cell contained substrate without metal conjugates, to
correct for background hydrolysis. AP1-Zn weight was
1 mg mL�1. For Km and Vmax, concentration of bNPP was
1.0–5.0 mM. For Kobs, concentration of bNPP was
12 mM. Control experiments of unmetalated AP1 alone,
with phosphate ester substrates, did not accelerate hydro-
lysis, suggesting a magnificent purpose of coordinated Zn
(II) ions in AP1-Zn. Initial velocities were determined as a
function of time-dependent release of p-nitrophenolate
anion at 400 nm (e400 = 1.65 · 104 M�1 cm�1), with a
Shimadzu UV-160 spectrophotometer. Michaelis–Menten
parameters were determined using corresponding Linewe-
aver–Burk plots. All hydrolytic reactions were performed
at least over five half-lives of each substrate.


12. (a) Vance, D. H.; Czarnik, A. W. J. Am. Chem. Soc. 1993,
115, 12165; (b) Breslow, R.; Huang, D. L. Proc. Natl.
Acad. Sci. U.S.A. 1991, 88, 4080.


13. (a) Bauer-Siebenlist, B.; Meyer, F.; Farkas, E.; Vidovic,
D.; Cuesta-Seijo, J. A.; Herbst-Irmer, R.; Pritzkow, H.
Inorg. Chem. 2004, 43, 4189; (b) Vichard, C.; Kaden, T. A.
Inorg. Chim. Acta 2002, 337, 173.


14. (a) Hernick, M.; Fierke, C. A. Arch. Biochem. Biophys.
2005, 433, 71; (b) Ichikawa, K.; Tarnai, M.; Uddin, M. K.;
Nakata, K.; Sato, S. J. Inorg. Biochem. 2002, 91, 437; (c)
Vichard, C.; Thomas, A. K. Inorg. Chim. Acta 2002, 337,
173.


15. pBR322 cleavage experiment. All cleavage reactions were
performed by incubating 100 lg AP1-Zn (corresponding
to 0.127 mM of zinc concentration, if the polymer was to
be completely soluble in buffer) in sodium cacodylate
buffer (10 mM, pH 7.5), at 35 �C, unless otherwise
mentioned. Total reaction volume was 20 lL and weight
of the DNA was 8 ng/lL of buffer. Two microliters of
methanol was used for polymer wetting. All reactions were
quenched with 5 lL of loading buffer containing 100 mM
EDTA, 50% glycerol in Tris–HCl, pH 8.0, at regular time
intervals. The samples were loaded onto 0.7% of agarose
gel containing ethidium bromide (1 lg/mL) and were
electrophoresed for 1 h at constant current, 70 mA.
Finally gels were imaged on PC-interfaced Bio-Rad Gel
Documentation system 2000.
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Aza-stilbenes as potent and selective c-RAF inhibitors
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Abstract—The synthesis of several novel aza-stilbene derivatives was carried out. The compounds were tested for their c-RAF
enzyme inhibition. Compound 27 possesses significant potency against c-RAF and demonstrates selectivity over other protein
kinases. A hypothesis for the binding mode, activity, and selectivity is proposed.
� 2006 Elsevier Ltd. All rights reserved.
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The kinome has become a widely targeted class of sig-
naling proteins for drug intervention points due to the
multitude of cellular regulatory roles protein kinases
play.1 At the basic level, all protein kinase enzymes bind
a molecule of ATP and peptide substrate in order to
propagate the signal cascade via transfer of the terminal
phosphate group to a tyrosine or serine/threonine. Early
research in the area targeted the protein substrate bind-
ing domain under the assumption that there was a great-
er probability for achieving selectivity.2,3 Pioneering
work on piceatannol derivatives and diversely substitut-
ed tyrphostins showed a number of very important con-
cepts in the field of kinase inhibition.4,5 Peptide mimics
of the protein substrate proved difficult to make signifi-
cantly potent as compared with ATP binding kinase
activity inhibitors.6 However, small changes in substitu-
tion patterns of non-peptide inhibitors of the protein
substrate phosphorylation, especially compound varia-
tions that would normally emerge from a medicinal
chemistry analog program, demonstrated interesting
mechanism of inhibition changes (Fig. 1).7 For example,
polyhydroxylated styrenes 1 and stilbenes (piceatannol)
were inhibitors by virtue of their ability to compete with
peptide substrate in a kinase enzyme assay.5 When the
stilbene scaffold was substituted with halogens, as in 2,
the inhibition of kinase activity was competitive with
ATP, suggesting a different binding interaction.8
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In our research, we sought to use these types of small
molecules as potential starting points in our effort to
find diverse series to inhibit the MAPK signaling path-
way since this may offer an ideal point to block cellular
proliferation in cancer cells.9 Examples of c-RAF inhib-
itors currently in the literature include Sorfenib (BAY-
439006) and GW5074.11,12 We began by performing a
substructure search of the GlaxoSmithKline compound
collection to select a few thousand compounds for
screening in a kinase enzyme cascade assay that included
c-RAF/MEK-1/ERK-2.10

Cl


CN


competative. vs ATP (2)


Figure 1. Historical development of modulating kinase activity via


peptide substrate inhibition shifting to ATP competitive inhibition.
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Figure 2. Related stilbene derivatives that inhibit kinase activity.
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The literature examples 3 and 4 used for the basis of the
substructure search are shown in Figure 2.13,14 A very
potent starting point emerged, also shown in Figure 2,
which formed the basis of a lead optimization program
targeting c-RAF.15 The synthesis, highlights of the
structure–activity relationships (SAR), and kinase selec-
tivity considerations will be described.


A facile synthetic route was used to produce diversely
substituted aza-stilbene analogs and is shown in
Scheme 1.


The commercially available 5-bromo-nicotinonitrile,
methyl 5-bromo-nicotinate, and ethyl 5-bromo-nicotin-
ate served as good starting materials for the synthesis
of the desired compounds listed in Tables 1–4. In the
case of the nitrile and tetrazole containing 6–9, the 5-
bromo-nicotinonitrile was used in a Stille coupling with
tributylvinyl tin to generate the vinyl intermediate.16


Subsequent reaction under Heck conditions with the
appropriately substituted bromo or iodo benzene gave

N


Br


N N


a bR1 R1R1


R3
R4


R2


Scheme 1. Reagents and conditions: (a) tributylvinyl tin, LiCl, BHT,


Pd(PPh3)2Cl2, DMF, 70 �C; (b) arylbromide(iodide), Pd2dba3, TEA,


P(o-tol)3, DMF, 95 �C.


N


Br


N


O


O


a


b


Scheme 2. Reagents and conditions: (a) tributyl tin azide, toluene, reflux; (b

the desired aza-stilbenes in good isolated yields, general-
ly 50 percent or better.17 Formation of the tetrazole was
accomplished with tributyl tin azide in toluene at re-
flux.18 Workup of the tributyl tin azide reaction consist-
ed of adding excess 4 M HCl in dioxane, dilution with
Et2O, and collection of the solids by vacuum filtration.
Compound 10 was prepared in the same fashion from
methyl 5-bromo-nicotinate (Scheme 2).


Compounds 11–14 were prepared from the ethyl ester by
stirring the desired stilbene with 33% methyl amine or
33% dimethyl amine in EtOH at room temperature
overnight. Compound 5 was prepared by the hydrolysis
of 10, and 15 was prepared by the esterification of 5-bro-
mo nicotinic acid and subsequent Stille and Heck reac-
tions as described above.19


The enzymes used in the RAF/MEK/ERK Kinase Scin-
tillation Proximity Assay were prepared as previously
described.10 Standard compound screening assays were
performed in 96-well microtiter Optiplates (Packard
Instrument Co., Meriden, CT) where the final assay vol-
ume was 45 ll. Test compound (15 ll) dissolved in 6%
DMSO was added to the wells followed by substrate
solution (15 ll). The final assay concentrations of the re-
agents contained in the substrate solution were 10 lM
ATP, 10 mM MgCl2, 2 lM peptide substrate, biotin-
AAATGPLSPGPFA, and 0.125 lCi [c-33P]ATP/well,
50 mM Mops, pH 7.6. The reactions were initiated by
the addition of enzyme solution (15 ll). The final assay
concentrations of the enzymes were 10 nM c-RAF1,
100 nM MEK1, and 300 nM ERK2. Positive control
wells contained 6% DMSO with no added compound.
Background control wells contained 50 mM EDTA.
The reaction was allowed to proceed for 120 min at
room temperature and was terminated by the addition
of 200 ll PBS containing 2.5 mg/ml streptavidin-coated
SPA beads (Amersham Biosciences, Piscataway, NJ),
50 lM ATP, 10 mM EDTA and 0.1% TX-100. The
microtiter plates were sealed and SPA beads were
allowed to settle for at least 6 h. The SPA signal was
measured using a Packard Topcount 96-well plate
scintillation counter (Packard Instrument Co.).


To determine pIC50 values, data were normalized to
control values using the equation, 100 · (U1 � C2)/
(C1 � C2), where C1 is CPM in the absence of com-
pound, C2 is CPM in the presence of excess EDTA,

N


NN
N


N
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N


O


N


H


) 33% dimethylamine, EtOH, rt.







Table 1. c-RAF/MEK/ERK inhibition and SAR for compounds 5–15


N


R1


R4


Compound R1 R4 c-RAF/MEK/ERK


inhibition pIC50


5 COOH OH 6.4 (0.15), n = 4


6 CN OH 6.1 (0.25), n = 4


7 CN H 6.0 (0.28), n = 10


8 Tetrazole OH 8.4 (0.35), n = 10


9 Tetrazole H 7.9 (0.3), n = 5


10 COOMe OH 6.2 (0.26), n = 3


11 CON(Me)2 OH 5.1, n = 1


12 CONHMe OH 6.6 (0.15), n = 4


13 CONHMe H 6.6 (0.52), n = 4


14 CONH2 OH 6.8 (0.23), n = 4


15 t-Butyl ester OH 5.4, n = 1


Standard deviation is given in parentheses. n values are as shown


(n = replicates).


Table 2. c-RAF/MEK/ERK inhibition data SAR for compounds


16–20


N


O


N
H


HR3


R2


Compound R2 R3 c-RAF/MEK/ERK


inhibition pIC50


13 CH3 CH3 6.6 (0.52), n = 4


16 CH2CH3 CH2CH3 4.6, n = 1


17 Cl Cl 6.6 (0.46), n = 4


18 CH3 H 5.5, n = 1


19 Cl H 5.7, n = 1


20 CH3 Cl 7.1 (0.56), n = 4


Standard deviation is given in parentheses. n values are as shown


(n = replicates).


Table 3. c-RAF/MEK/ERK inhibition data SAR for compounds


21–27


N


O


O


N
H


R1


Compound R1 c-RAF/MEK/ERK


inhibition pIC50


21 CN 7.4 (0.1), n = 3


22 CON(Me)2 5.1, n = 1


23 CONHMe 8.0 (0.22), n = 4


24 CONH2 8.1 (0.18), n = 4


25 COOMe 7.5 (0.53), n = 4


26 t-Butyl ester 7.0 (0.33), n = 3


27 COOH 8.2 (0.09) n = 3


Standard deviation is given in parentheses. n values are as shown


(n = replicates).


Table 4. c-RAF/MEK/ERK inhibition data SAR for compounds


28–32


N


NN
H


N
N


R4


Compound R4 c-RAF/MEK/ERK inhibition pIC50


28 2-Furan 6.2 (0.28), n = 3


29 2-Thiophene 6.5 (0.32), n = 3


30 2-Pyridyl 7.0 (0.63), n = 4


31 3-Thiophene 6.0, n = 1


32 3-Pyridyl 6.2 (0.25), n = 2


Standard deviation is given in parentheses. n values are as shown


(n = replicates).
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and U is CPM in the presence of compound. Com-
pounds were serially diluted 3-fold and added to the
reaction mixture to produce an 11-point dose–response
curve ranging from 0.0001 to 10 lM. IC50 values were
estimated using the equation Y = Vmax · (1 � (X/
(IC50 + X))) where Y is rate of product formation, Vmax


is the rate of the reaction in the absence of an inhibitor,
and X is the inhibitor concentration. The IC50 value was
then converted to a pIC50.


Based on initial observations of the SAR, the aza-stil-
bene core with the ortho di-methyl groups was retained
to achieve potent c-RAF inhibition. The data in Table 1
show that residues in the R1 position which contain a
hydrogen-bond acceptor/donor such as the acid, amide,
or tetrazole are generally more potent in the c-RAF/
MEK/ERK enzyme assay. Removal of the hydroxyl
group at R4 had very little effect on the enzyme potency.


Structure–activity relationships generated via the initial
screening set suggested di-substitution ortho to the stil-
bene was important for enzyme activity. Maintaining a
hydrogen in the 4-position of the pendant phenyl ring
and the N-methyl amide on the pyridyl ring, Table 2,
we synthesized a set of stilbenes to probe the SAR in this
region. The diethyl substitution 16 was 100-fold less ac-
tive than the parent, indicating a size restriction.
Replacement of the methyl groups by chlorines, 17,
resulted in a compound that was equipotent with 13 in
the enzyme assay. Removal of one of the methyl or chlo-
ro groups, 18 and 19, proved to be 10-fold less active
than the parent 13. Interestingly, when only one of
methyl groups was replaced with chlorine, as in 20, the
activity was increased by about 3-fold.


Placement of a N-methyl carbamate in the 4-position of
the pendant phenyl ring, 21–27 in Table 3, was accom-
plished by reaction of the compounds where R4 is OH
in Table 1 with methylisocyanate in DMF. Incorpora-
tion of the carbamate increased enzyme potency by a
minimum of 15-fold in 21 and a maximum of 60-fold
in 27.23


Consideration of kinase selectivity is important due
to the similarities of the ATP-binding pockets of
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Figure 5. Structural model of c-RAF (carbon atoms in gray) in


complex with compound 5 (carbon atoms in green). H-bond interac-


tions are designated by thin yellow lines.
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protein kinases. As shown in Figure 3, the incorpora-
tion of the carbamate group yielded potent com-
pounds, and it resulted in compounds that were
quite selective over other representative kinases in
the screening panel.


Unfortunately, the combination of both the tetrazole
and the carbamate functionalities in the same mole-
cule was not explored due to the instability of the
carbamate (ex vivo studies in both mouse and human
plasma demonstrated the carbamate exhibited rapid
biphasic degradation to the parent phenol).24 We in-
stead focused on the preparation of compounds
which contained the tetrazole and potential replace-
ments for the carbamate. To do this, we prepared
the triflate of 6 and used it in a second Stille reac-
tion.20 Listed in Table 4 are examples of the com-
pounds prepared.


Replacement of the carbamate with a 2-pyridyl ring, 30,
resulted in only a modest loss of c-RAF activity as com-
pared to 8 and 9. However, this modification introduces
some kinase selectivity challenges because it demon-
strates activity on the SRC kinase family (FYN, LCK,
LYN, and SRC).


In efforts to explain the observed c-RAF SAR and selec-
tivity in terms of protein–ligand binding, a homology
model of c-RAF was constructed from available
b-RAF crystallographic data.11 The sequence identity
across their kinase domains was roughly 80% with no
residue differences in their ATP-binding sites. The
c-RAF model was constructed using MVP,21 and then
geometry optimized in Insight’s Discover module.22


Designating compound 5 as the parent, substitution of
the carboxylate with tetrazole resulted in a 100-fold in-
crease in c-RAF inhibitory activity, Table 1. From Fig-
ures 3 and 4, note that this substitution also led to an
increase in potency of 1.30–1.60 log units against
FYN, LCK, and SRC. Such dramatic changes in activ-
ity were not observed from the two functional groups
used at the R4 position. Indeed, only 8 and 9 demon-

strated a change in activity at all, where substitution
of the hydroxyl with a hydrogen atom resulted in a
modest 3-fold decrease in c-RAF inhibitory activity.
To possibly explain why tetrazole led to an increase
in potency, models of 5 and 8 in complex with
c-RAF were constructed.


Illustrated in Figure 5 is a docking model of 5 in com-
plex with c-RAF. Note that the inhibitor’s pyridyl ring
binds to the kinase at the hinge region with its nitrogen
atom forming an H-bond interaction with the backbone
NH of Cys424. The 4-hydroxy-2,6-dimethylphenyl moi-
ety is positioned deep into the ATP-binding pocket
toward the aC helix and is surrounded by mostly hydro-
phobic residues including Val363, Ala373, Leu397,
Leu406, Ile419, and Phe487. One face of the phenyl ring
makes van der Waals contact with the alkyl portion of
Lys375’s side chain, while the other interacts with the







Figure 7. Structural model of c-RAF (carbon atoms in gray) in


complex with compound 27 (carbon atoms in green). H-bond


interactions are designated by thin yellow lines.
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side chain of Thr421. The ligand’s hydroxyl is posi-
tioned toward Glu393 forming an H-bond interaction.
At the opposite end of the molecule, the carboxylate is
positioned at the entrance of the ATP-binding site near
the protein–solvent interface where it makes van der
Waals contact with three hydrophobic residues, Ile355,
Phe475, and Phe487.


From Figure 6, note that the binding mode for 8 is nearly
identical to that of 5, with the difference being the tet-
razole. However, given that tetrazole is significantly
more lipophilic than the carboxylate, it is reasonable
to conclude that 8 will have a more favorable hydropho-
bic interaction with Ile355, Phe475, and Phe487. Not
only does the tetrazole interact more favorably with
these residues, but it also makes van der Waals contact
with a fourth hydrophobic residue, Trp423. Given these
observations, it is apparent why the tetrazole analogues
8 and 9 are significantly more potent than the other
aza-stilbene derivatives from Table 1.


Recall that substitution of the carboxylate with tetrazole
also led to an increase in potency of 1.30–1.60 log units
against FYN, LCK, and SRC. From our sequence analy-
ses and superposition of LCK and SRC X-ray structures
onto c-RAF, it was discovered that the four c-RAF
hydrophobic residues predicted to interact with 8 corre-
sponded to hydrophobic residues in FYN, LCK, and
SRC, suggesting that the increase in potency for these
other kinases was related to favorable hydrophobic inter-
actions. In FYN, these residues are Leu277, Tyr344,
Leu397, and Phe409. For LCK and SRC, the residues
are Leu238, Tyr305, Leu353, Phe370 and Leu282,
Tyr349, Leu402, Phe414, respectively.


Replacement of the hydroxyl at the R4 position with
N-methyl carbamate resulted in significant increases in
c-RAF inhibitory activities, Table 3. Consider as an
example 27, which had an increase in c-RAF inhibitory
activity comparable to that seen with 8. Moreover and
perhaps more importantly, 27 proved to be selective
for c-RAF (pIC50 = 8.16) over the other kinases
(pIC50 < 5.0) in the screening panel, Figure 3.

Figure 6. Structural model of c-RAF (carbon atoms in gray) in


complex with compound 8 (carbon atoms in green). H-bond interac-


tions are designated by thin yellow lines.

Illustrated in Figure 7 is a docking model of compound
27 in complex with c-RAF. The inhibitor’s binding
mode is similar to that already described for compounds
5 and 8. However, compound 27 forms one additional
H-bond with c-RAF. Similar to 5 and 8, this inhibitor
forms an H-bond interaction with the side chain of
Glu393 through the carbamate NH. The additional
H-bond interaction is formed between the inhibitor’s
carbonyl and the backbone NH of Asp486. We hypoth-
esize that the increase in enzyme potency for 21–27 may
result in part from this additional H-bond interaction
with c-RAF. Note that the residue which immediately
precedes Asp486 is Gly485. Based on our docking mod-
el, it is evident that formation of the H-bond interaction
between the inhibitor’s carbonyl and Asp486 is not ste-
rically hindered by this glycine. However, if this residue
were mutated to a larger amino acid, even one the size of
alanine, the increase in side-chain volume may perhaps
be sufficient to hinder the formation of this H-bond.
This in turn may affect the formation of the H-bond be-
tween the carbamate NH and the glutamate (which is
present in all seven kinases). In FYN, LCK, LYN,
SRC, and TIE2, the residue which corresponds to
Gly485 in c-Raf is an alanine. For VEGFR2, that resi-
due is a cysteine. We hypothesize that the observed
c-Raf selectivity may result in part over the ability of
these non-glycine residues to sterically hinder formation
of the specified H-bond interaction.


From a Piceatannol and Tyrphostin substructure search
of the GSK compound collection, an aza-stilbene series
was identified (5) for a c-RAF lead optimization effort
(IC50 value 0.4 lM). The most potent c-RAF compound
was 3,5-dimethyl-4-{(E)-2-[5-(1H-tetrazol-5-yl)-3-pyrid-
inyl]ethenyl}phenol (8, IC50 value 0.004 lM), and it also
inhibited SRC family kinases (e.g., IC50 value for FYN
0.040 lM). 4-{(E)-2-[5-(aminocarbonyl)-3-pyridinyl]eth-
enyl}-3,5-dimethylphenyl methylcarbamate (25) and
5-[(E)-2-(2,6-dimethyl-4-{[(methylamino)carbonyl]oxy}-
phenyl)ethenyl]-3-pyridinecarboxylic acid (27) were the
most potent and selective c-RAF inhibitors synthesized.
SAR was established for enhancing c-RAF potency and
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selectivity, and can be explained using a homology
model of c-RAF.
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Abstract—Novel tetrahydroisoquinoline compounds were designed by coupling structure-based de novo design based on the struc-
ture of lanosterol 14a-demethylase (CYP51). The chemical synthesis and the antifungal activities in vitro of them were reported. The
results exhibited that all of the lead compounds showed potent antifungal activities, in which compounds 6 and 7 had equal or stron-
ger antifungal activities against five test fungi than that of fluconazole. The studies presented here provided the antifungal lead com-
pounds. The affinity of the lead molecules for CYP51 was mainly attributed to their non-bonding interaction with the apoprotein,
which was different from the azole antifungal agents.
� 2006 Elsevier Ltd. All rights reserved.

Lanosterol 14a-demethylase (CYP51) is one of the key
enzymes of sterol biosynthesis in fungi1 and is a prime
target for development of antifungal drugs. The devel-
opment of inhibitors of lanosterol 14a-demethylase in
fungi has provided azole antifungal drugs used in clini-
cal therapy, such as ketoconazole, fluconazole, vorico-
nazole, and itraconazole (Fig. 1).2 These azole
antifungal drugs are classified as imidazoles and tria-
zoles on the basis of whether they have two or three
nitrogens in the five-membered azole ring. Azole anti-
fungal agents inhibit the CYP51 by a mechanism in
which the heterocyclic nitrogen atom (N-3 of imidazole
and N-4 of triazole) binds to the heme iron atom in the
binding site of the enzyme. The resulting ergosterol
depletion and the accumulation of precursor 14a-meth-
ylated sterols interfere with the function of ergosterol as
a membrane component. They disrupt the structure of
the plasma membrane, making it more vulnerable to fur-
ther damage, and alter the activities of several mem-
brane-bound enzymes.3,4


Because CYP51 is a member of the cytochrome P450
superfamily which exists in fungi and mammals, azole
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antifungal agents are generally toxic and are hampered
in the treatment of deep-seated mycoses and life-threat-
ening systemic infections because of their ability to coor-
dinate with the heme of a lot of host cytochrome P450
enzymes, particularly mammalian CYP3A4.5,6 Cases of
fatal hepatotoxicity have been reported.7–12 The azole
ring has been demonstrated to be one of the most impor-
tant pharmacophores for antifungal activity, and both
toxicity and activity of azole antifungal agents are main-
ly attributed to the coordination binding of the nitrogen
atom of the azole ring to the iron atom of heme.13,14 All
of these findings urged us to discover novel non-azole
lead compounds with more structural specificity for
the fungal enzyme to separate their activity from
toxicity.


Because the crystal structure of CYP51 of fungi has not
been obtained, in previous studies, we constructed a
three-dimensional model of CYP51 from Candida albi-
cans15 and investigated the active site of CYP51, then,
we designed non-azole antifungal lead compounds based
on the constructed three-dimensional model of CYP51
by coupling structure-based de novo design. The non-
azole lead molecules containing benzopyran ring were
successfully designed and synthesized. The results of
their biological evaluation showed that the benzopyran
compounds are the novel non-azole inhibitors specific
for CYP51 of fungi.16 Although the antifungal activities
of the designed lead compounds are much lower, these
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Figure 1. Azole antifungal drugs used in clinical therapy.
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findings encouraged us to make further efforts to explore
more potent non-azole antifungal lead compounds spe-
cific for fungi.


In this paper, the non-azole lead molecules were further
designed according to the previous method,16 and the
antifungal activity in vitro of the lead compounds was
evaluated.


In previous study, we found that except for the site
coordinating with the heme, the key regions in the
active site of CYP51 for ligand non-covalent binding
can be divided into four subsites by the investigation
of the three-dimensional molecular model of CYP51
from C. albicans15,16: S1–S4. The S1 subsite was the
hydrophilic hydrogen-bonding region; the S2 subsite
was the hydrophobic region; the S3 subsite was the
narrow hydrophobic cleft formed by the residues in
the helix B 0-meander1 loop and the N terminus of
helix I; The S4 subsite adjacent to the b6-1/b1-4 sheet
is another important hydrogen-bonding region in the
active site.


Because the toxicity of azole antifungal agents is mainly
attributed to the coordination binding of the nitrogen
atom of the azole ring to the iron atom of heme, during
the process of inhibitor design in the present study, only
those functional groups forming non-covalent bonds
with the amino acid residues in the active site of
CYP51 were introduced, avoiding the connection with
the iron atom of heme. By connecting the highest scor-
ing minimum in each subsite, the lead structures were
designed.

N


HO


HO (CH2)7CH3
N


HO


HO


Compound 4 Compound 6


Figure 2.

The lead molecules were constructed by manually link-
ing some of the MCSS minima.17 The new bond was
constructed in such a way that there was no introduction
of significant internal strain in the candidate ligand.
During the fragment connection step, the synthetic
accessibility of the generated structures was taken into
account. The newly formed ligand molecules were subse-
quently energy-minimized in the rigid protein to regular-
ize the internal coordinates using the CVFF force field
in the Discover 95.0 program within Insight II. The
Affinity module within Insight II was then applied to de-
fine the lowest energy position for the generated mole-
cules by using a Monte Carlo and simulated annealing
combined protocol. All of the atoms within a defined
radius (5 Å) of the lead molecules were allowed to move.
The solvation grid supplied with the Affinity program
was used.18 The resulting structure was accepted if it
passed the Metropolis criterion and then a check of
the rms distance of the new structure versus the struc-
ture found so far. The final conformations were ob-
tained through a simulation annealing procedure from
500 to 300 K, and then 2000 rounds of energy minimiza-
tion were performed to reach a convergence, where the
resulting interaction energy values were used to define
a rank order. Each energy-minimized final docking posi-
tion of the lead molecules was evaluated using the inter-
action score function in the LUDI module.19,20


Figure 2 shows some of the designed lead molecules con-
taining the tetrahydroisoquinoline ring.


At position 2 of the lead structure, long lipophilic alkyl
side chains were introduced to interact with the hydro-
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phobic S3 subsite. The 6,7-phenolic hydroxyl groups
were introduced to form H bonds with the residue in
the S4 subsite. The tetrahydroisoquinoline ring was
selected to act as the skeleton to link the functional
groups in the S2 and S3 subsites, and also because of
the synthetic accessibility. After energy minimization,
the lowest energy position in the active site for the gen-
erated lead molecule was determined by the flexible li-
gand docking procedure in the Affinity module of the
Insight II program and scored by the score-3 function
in LUDI module. The calculated interaction energies
and LUDI scores of each molecule are given in Table 1.


The mode of action of lead molecules 6 with the active site
of CYP51 of C. albicans is shown in Figure 3. After flexi-
ble ligand docking and subsequent molecular dynamics
simulated annealing studies, the 6,7-phenolic hydroxyl
groups of lead molecule 6 form H bonds with the residue
Tyr69, Ser378, Val509 of S4 subsite. At position 2 of the
lead structure, long lipophilic alkyl side chains were inter-
acted with the hydrophobic S3 subsite. The tetrahydroiso-
quinoline ring of lead molecule 6 was interacted with the
hydrophobic S2 subsite. No interactions were found be-
tween the lead molecule and the heme.


The lead molecules and several of their derivatives were
synthesized (Scheme 1): 2-(3,4-dimethoxyphenyl)ethyla-
mine(I) was submitted to Pictet–Spengler reaction using
HCHO in acidic ethanol to yield 6,7-dimethoxy-1,2,3,4-
tetrahydroisoquinoline hydrochloride (II)21 which was
neutralized with aqueous NaOH to provide free
base(III).23 The 6,7-dimethoxy-1,2,3,4-tetrahydroquino-

Table 1. The calculated interaction energies and LUDI scores of the lead m


Compound EVdw EElec


4 �44.9629 �11.


6 �45.9949 �15.


7 �49.7315 �15.


Calculated interaction energies (kcal/mol) for the complexes of the lead com


scores.
a ETotal = Evdw + Eelec.


Figure 3. The mode of action of lead molecules 6 with the active site of CY

line (III) was refluxed with different alkyl halides to form
the intermediates (IV). Cleavage of the methoxy group of
IV in HBr/CH3COOH provided target compounds (V).24


In vitro antifungal activity was measured by means of
the minimal inhibitory concentrations (MIC) using the
serial dilution method in 96-well microtest plates. Test
fungal strains were obtained from the ATCC or were
clinical isolates. The MIC determination was performed
according to the national committee for clinical labora-
tory standards (NCCLS) recommendations with RPMI
1640 (Sigma) buffered with 0.165 M Mops (Sigma) as
the test medium. The MIC value was defined as the low-
est concentration of test compounds that resulted in a
culture with turbidity less than or equal to 80% inhibi-
tion when compared with the growth of the control. Test
compounds were dissolved in DMSO serially diluted in
growth medium. The yeasts were incubated at 35 �C
and the dermatophytes at 28 �C. Growth MIC was
determined at 24 h for Candida species, at 72 h for Cryp-
tococcus neoformans, and at 7 days for filamentous fun-
gi. In vitro antifungal activity of the lead compounds
was shown in Table 1.


The results of in vitro antifungal activities of the novel
compounds showed that all of the lead molecules exhib-
ited potent antifungal activities against six pathogenic
fungi, and compounds 6, 7, exhibited equal or stronger
antifungal activities against five test fungi than that of
control drug fluconazole except C. albicans. The anti-
fungal activities of compounds 1, 2, 3, 4, 5, and 9 were
lower than those of compounds 6, 7, and 8, suggesting

olecules
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that the appropriate substitution at position 2 of the
compound was important for antifungal activities. Com-
pound 9 was less potent because the alkyl side chain at
its position 2 was too long to be accommodated by the
hydrophobic S3 subsite. Compounds 1, 2, 3, 4, and 5
were less potent because their alkyl side chain was too

Table 2. In vitro antifungal activity of the lead compounds


N


HO


HO R


Compound R C. alb. C. par. C


1 –(CH2)4CH3 >200 100 1


2 –(CH2)5CH3 >200 100 1


3 –(CH2)6CH3 >200 100 1


4 –(CH2)7CH3 >200 100 1


5 –(CH2)8CH3 200 25


6 –(CH2)9CH3 100 12.5


7 –(CH2)11CH3 50 50


8 –(CH2)13CH3 50 50


9 –(CH2)15CH3 >200 100 1


10 Fluconazole 1.562 50


Abbreviations: C. alb., Candida albicans; C. par., Candida parapsilosis; C. n


Trichophyton rubrum; M. can., Microsporum canis.


Figure 4. The mode of action of fluconazole with the active site of CYP51 o

short to interact firmly with the hydrophobic region,
although it was able to enter the active site. The overall
trend for the interaction energy and LUDI scores was in
good qualitative agreement with the antifungal activities
in vitro. All of the results gave us the suggestion to fur-
ther design and synthesize their derivatives (Table 2).
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3.125 50 12.5 3.125


6.25 50 12.5 12.5
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00 200 >200 200


6.25 >200 100 25


eo., Cryptococcus neoformans; A. fum., Aspergillus fumigatus; T. rub.,


f Candida albicans.
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In summary, the novel tetrahydroisoquinolines based on
lanosterol 14a-demethylase of fungi were discovered by
coupling structure-based de novo design with chemical
synthesis, and their antifungal activities in vitro were
evaluated. The mode of action of the lead molecules
was represented, which was different from that of azoles
(Fig. 4). The lead compounds exhibited potent anti-
fungal activities in vitro. Because the affinity of the lead
molecules for CYP51 was mainly attributed to their
non-bonding interaction with the apoprotein, the studies
presented here afford the opportunity to develop novel
antifungal agents that specifically interact with the resi-
dues in the active site and avoid the serious toxicity aris-
ing from coordination binding with the heme of
mammalian P450s.
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Abstract—Four kinds of N-dansyl-amino acid-modified b-cyclodextrins (b-CDs) were prepared as fluorescent chemosensors for chi-
ral discrimination. The use of an amino acid as a spacer improved binding affinities and chiral discrimination abilities of the chemo-
sensors. N-dansyl-LL-Phe-modified b-CD showed high d-selectivity for norbornane derivatives and N-dansyl-DD-Phe-modified b-CD
showed high l-selectivity for menthol. Microcalorimetric titration results indicate that the chemosensors selectively accommodate
the enantiomer that induces the least unfavorable entropy change on making an inclusion complex.
� 2006 Elsevier Ltd. All rights reserved.

Figure 1. Conformational equilibrium in aqueous solution and guest-


induced conformational change of a fluorescent chemosensor.

There has been a great deal of activity devoted to
chemosensors for detection of molecules.1 We have pre-
pared many kinds of chromophore-modified cyclodex-
trins (CDs) as chemosensors for molecule detection.2


Colorless neutral molecules can be detected by changes
in the intensities of fluorescence, absorption or circular
dichroism using chemosensors based on chromophore-
modified CDs in aqueous solutions. The mechanism of
molecule detection by these chemosensors is shown in
Figure 1.2c,d The fluorophore-modified CDs can adopt
a number of different conformations in aqueous solu-
tions. The conformation equilibrium can be explained
by the simplified two-state model shown in parentheses
of Figure 1. The ‘self-inclusion state’, in which the chro-
mophore is located in the interior of the CD cavity, is
usually the major conformation, if a spacer is long en-
ough for self-inclusion. An ‘induced-fit’ conformational
change of the chromophore-modified CD occurs in asso-
ciation with accommodation of a guest, which displaces
the chromophore from the inside to the outside of the
CD cavity, generating the ‘non-self-inclusion state’
(Fig. 1). The fluorophore-modified CD exhibits a strong
fluorescence in the self-inclusion state due to the hydro-
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phobic environment of the CD cavity, while exclusion of
the fluorophore from the cavity to the bulk water weak-
ens its fluorescence intensity. The extent of variation in
fluorescence intensity upon addition of a guest depends
on the affinity of the chemosensor for the guest. Thus,
this system can be used as a sensory system for detecting
various organic compounds on the basis of molecular
recognition.


We previously prepared fluorophore-leucine-CD triad
systems as chemosensors for molecule detection (Chart
1).2c,d This chemosensor has a leucine unit as a spacer
between the CD cavity and the dansyl unit as a fluoro-
phore. The hydrophobic side chain of the amino acid
is expected to increase binding affinity due to a hydro-
phobic cap effect. The chirality of the leucine unit also
affects the stability of the self-inclusion complex. The
self-inclusion form of 2 having the DD-leucine unit is more
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Chart 1. N-Dansyl-amino acid-modified b-cyclodextrins.


Figure 2. Fluorescence spectra of N-dansyl-amino acid-modified


b-CDs in aqueous solution; [DNS-AA-b-CD] = 1 · 10�5 M in sodium


phosphate buffer (pH 7.0) at 25 �C, kex = 345 nm.
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stable than that of 1 having the LL-leucine unit. The fluo-
rescence lifetime data suggested that the stability of the
self-inclusion complex of 2 is 1.7-fold larger than that of
1. The difference in the stability of the self-inclusion
states results in differences in the binding abilities of 1
and 2, because the guest binding is in competition with
the self-inclusion of the dansyl unit. The binding affinity
of 2 for guests is about half as that of 1. The difference in
their binding ability is almost inversely proportional to
the difference in the stability of the self-inclusion states.


There is interest in whether or not this tendency for the
chirality of the spacer to influence the binding affinity is
shared by other amino acid spacer units. We are also
interested in the ability of the chirality of the spacer to
influence enantioselective recognition of chiral guests.
Enantioselective chemosensors are currently of great
interest to determine enantiomeric excess of samples in
drug discovery and catalyst screening.3


We selected phenylalanine and valine as spacers and pre-
pared new fluorescent chemosensors. Phenylalanine has
a benzyl side chain, which is larger than the isobutyl side
chain of leucine, and valine has an isopropyl side chain,
which is smaller than the isobutyl side chain of leucine.
We here report the fluorescence properties and chiral
recognition abilities of dansyl-phenylalanine-appended
and dansyl-valine-appended b-CDs (Chart 1).4


Figure 2 shows the fluorescence spectra of N-dansyl-LL-
leucine-appended b-CD (1), N-dansyl-DD-leucine-append-
ed b-CD (2), N-dansyl-LL-phenylalanine-appended b-CD
(3), N-dansyl-DD-phenylalanine-appended b-CD (4),

N-dansyl-LL-valine-appended b-CD (5), and N-dansyl-
DD-valine-appended b-CD (6) in aqueous solution.


The fluorescence intensity of 4 is much larger than that
of 3. This influence of the spacer chirality on the fluores-
cence intensity is the same as for N-dansyl-leucine-
appended b-CD. Since the fluorescence intensity of the
dansyl unit is sensitive to its microenvironment, being
stronger in a hydrophobic environment than in a hydro-
philic environment,5 this result suggests that the dansyl
unit of 4 is located in a more hydrophobic environment
or is more deeply accommodated in the CD cavity than
that of 3. The fluorescence intensity of 4 is smaller than
that of 2. This indicates that steric hindrance by the side
chain inhibits deeper accommodation of the dansyl unit
into the CD cavity and this effect is more pronounced
with the benzyl unit of DD-phenylalanine than with the
isobutyl unit of DD-leucine. On the other hand, the fluo-
rescence intensity of 5 is similar to that of 6 and the fluo-
rescence intensities of them are larger than those of 3
and 4. This indicates that the steric hindrance of the
isopropyl side chain of valine scarcely inhibits the self-
inclusion of the dansyl unit to the CD cavity.


The binding constants of 3–6 for guests listed in Chart 2
were obtained by the usual method (Fig. 3).2c,d In all
cases the binding affinity of the chemosensor with the
LL-amino acid spacer is larger than that of the chemosen-
sor with the DD-amino acid spacer. It is noteworthy that
the binding affinity of 5 is greater than that of 6,
although the fluorescence intensities of 5 and 6 are
almost the same. This result indicates that the binding
affinity is affected by the chirality of the amino acid
spacer. The absolute configuration of the amino acid
influences the position of the dansyl unit in the CD
cavity and the DD-configuration leads to a more stable
self-inclusion complex. Although the dansyl units of
both 5 and 6 are accommodated deeply enough to be
shielded from water and their fluorescence intensities
are almost the same, there is a difference between the
positions of the dansyl unit in the CD cavity of 5 and
6, and so the stability of the inclusion complex is not







Figure 4. Chiral discrimination abilities of N-dansyl-amino acid-


modified b-CDs; [DNS-AA-b-CD] = 1 · 10�5 M in sodium phosphate


buffer (pH 7.0) at 25 �C.


Figure 3. Binding constants of N-dansyl-amino acid-modified b-CDs;


[DNS-AA-b-CD] = 1 · 10�5 M in sodium phosphate buffer (pH 7.0) at


25 �C.


Chart 2. Structures of guests.
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the same for both. On the other hand, the steric hin-
drance of the side chain in phenylalanine results in the
differences in the depth that dansyl unit inserts into
the CD cavity of 3 and 4. As a result, both the fluores-
cence intensity and stability of the inclusion complex are
different for 3 and 4.


The abilities of chiral discrimination of 3–6 for chiral
compounds in Chart 2 were examined. The chemosensor
3 showed good d-selectivity for borneol, camphor, cam-
phorquinone, and fenchone, but poor selectivity for
menthol (Fig. 4). The chemosensors 4 and 5 showed
good l-selectivity and d-selectivity for menthol, respec-
tively. Only menthol has a cyclohexane skeleton,
whereas the other guests have the same norbornane
framework. This difference in the framework results in
a difference in the selectivity pattern. The chemosensor
3 shows high selectivity for the norbornane derivatives
but does not show selectivity for the cyclohexane deriv-
ative. Borneol, camphor, camphorquinone, and fench-
one have the same framework of norbornane but with
a different functional group. Each of the four chemosen-
sors, 3–6, shows a different selectivity pattern for each of
the norbornane derivatives. We were able to discrimi-
nate these norbornane derivatives by a chemosensor
array using 3–6.

The stability constant (Kb), standard free energy (DG�),
enthalpy (DH�), and entropy changes (DS�) for making
inclusion complexes were determined to obtain thermo-
dynamic insights into the factors related to chiral recogni-
tion by 3–6 (Table 1).6 Borneol was selected as the guest
for a microcalorimetric titration, because the binding
constant for borneol with 3–6 is large enough to obtain
Kb and DH� by curve fitting analysis of the microcalori-
metric titration. The formation of the inclusion complex-
es of both 3 and 4 with the guest gave favorable enthalpy
changes but with unfavorable entropy changes. The
chemosensor 3 shows a larger favorable enthalpy change
upon complexation with the l-enantiomer than with the
d-enantiomer (DDH� = �5.3 kJ mol�1). However, this is
outweighed by a greater unfavorable entropy change
(D(TDS�) = �6.3 kJ mol�1) resulting in d-selectivity.
The favorable enthalpy change on making an inclusion
complex of 4 with the l-enantiomer (DDH� = �6.2 kJ
mol�1) was also overruled by its unfavorable entropy
change (D(TDS�) = �7.0 kJ mol�1) and thus 4 showed
d-selectivity. Both 3 and 4 selectively bind the guest that
results in the smaller unfavorable entropy change for
making an inclusion complex. The interaction of 5 and
6 with the d-enantiomer gave larger favorable enthalpy
change than that with the l-enantiomer, but the interac-
tion with the d-enantiomer also resulted in an unfavorable
entropy change. The difference between the enthalpy or
entropy changes upon making an inclusion complex of
dansyl-valine-modified b-CD with the d-enantiomer and
that with the l-enantiomer was small and thus the enantio-
selectivity of dansyl-valine-modified b-CD is poor.


Inoue et al. reported enthalpy–entropy compensation
effects in the complexation thermodynamics of a wide
variety of guests with CDs or CD derivatives.6a,b Large
negative enthalpy changes are attributable to the favor-
able van der Waals interactions, which arise from the
precise matching in size and shape between the host
and guest, whereas negative entropy changes usually
arise from the significantly reduced translational and
conformational freedoms of the host and the guest upon







Table 1. Binding constants (Kb), standard free energy (DG�), enthalpy (DH�), and entropy (DS�) changes for 1:1 inclusion complexation of N-dansyl-


amino acid-modified b-CDs with d-borneol and l-borneol in sodium phosphate buffer solutions (pH 7.0) at 30 �C


Host Guest Kb M�1 DG� kJ mol�1 DH� kJ mol�1 DS� J K�1 mol�1


3 d-borneol 23940 �25.41 �26.66 �4.184


l-borneol 15770 �24.36 �31.97 �25.09


4 d-borneol 9726 �23.14 �32.44 �30.73


l-borneol 7063 �22.34 �38.66 �53.92


5 d-borneol 5519 �21.72 �29.58 �26.01


l-borneol 5345 �21.63 �27.59 �19.70


6 d-borneol 3800 �20.77 �24.40 �12.04


l-borneol 3347 �20.45 �23.05 �8.615
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complexation. Most of the enthalpic gain is canceled out
by the entropic loss.


Our results suggest that there is a hydrophobic interac-
tion between the guest and the DNS unit, of which the
position is affected by steric hindrance of the side chain
of the amino acid. A previous study indicates that the
side chain of the amino acid is located near the rim of
the entrance of the CD cavity.2c,d The steric hindrance
of the side chain of the amino acid with the rim of the
entrance of the CD cavity reduces the translational
and conformational freedom of the DNS unit. The ben-
zyl unit of phenylalanine, being bulkier, is more influen-
tial in the enantiomeric discrimination of borneol than
the smaller isopropyl unit of valine.


In conclusion, the use of an amino acid as a spacer is
effective for chiral discrimination of chemosensors.
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Abstract—A folate receptor targeted camptothecin prodrug was synthesized using a hydrophilic peptide spacer linked to folate
via a releasable disulfide carbonate linker. The conjugate was found to possess high affinity for folate receptor-expressing cells
and inhibited cell proliferation in human KB cells with an IC50 of 10 nM. Activity of the prodrug was completely blocked by excess
folic acid, demonstrating receptor-mediated uptake.
� 2006 Elsevier Ltd. All rights reserved.


Tumor-targeted chemotherapeutic agents are attracting
increased attention because of their ability to decrease
toxicity to nonmalignant cells.1–5 One of the more
attractive molecular targets to emerge in this area is
the folate receptor (FR), because (i) it is over-expressed
on many tumors, including cancers of the breast, lung,
kidney, ovary, brain, and myelogenous cells, and (ii) it
is present in low or non-detectable quantities in most
normal tissues.6–12 Moreover, the vitamin folic acid
and its drug conjugates bind FR with nanomolar affinity
and enter cancer cells by receptor-mediated endocyto-
sis.13,14 Thus, the development of folate-tethered gene
therapy vectors,15 immunogenic haptens,16 protein tox-
ins,17,18 liposomes,19 imaging agents,20–22 and low
molecular weight drugs5,23,24 has proceeded rapidly.


Camptothecin (CPT), originally isolated from the
Chinese tree Camptotheca acuminate, possesses potent
antitumor properties that derive from its inhibition of
topoisomerase I.25–27 However, clinical use of CPT (1)
has been severely hindered by toxicity stemming in part
from the instability of its E-lactone ring (Fig. 1), result-
ing in formation of the inactive but toxic carboxylate
species (2).28,29 In addition, problems with delivery due
to poor water solubility have plagued development of
CPT as a therapeutic agent.26,28,30


Ever since conjugation to the 20-OH of camptothecin
was demonstrated to stabilize the lactone ring, prodrugs
derivatized at this site have been vigorously pur-
sued.29,31,32 Simultaneous efforts to improve water solu-
bility have led researchers to attach large PEG
(polyethylene glycol) adducts that can be readily
released by ester hydrolysis.33 Our approach to the
above chemical stability/water solubility problems has
been to construct a folate conjugate of CPT linked to
the drug at its 20-OH via a hydrophilic peptide spacer
containing a disulfide releasable carbonate linker that
together provide: (i) enhanced water solubility, (ii) min-
imal interference with folate-receptor binding, and (iii)
efficient release of unmodified camptothecin via endo-
somal disulfide reduction.


Synthesis of the disulfide cleavable CPT prodrug was
initiated (Scheme 1) by construction of the 2-(2-pyr-
idinyldithio)-ethanol arm (5). 2-Mercaptoethanol (3)
was reacted with 2,2 0-dipyridyl disulfide (4) to generate
5.34 The mixed disulfide afforded reactive groups for
subsequent coupling to both a folate-peptide thiol con-
struct and for forming a carbonate bridge that connects
to the 20-OH of CPT. Based on published data,28,29,32
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Figure 1. Camptothecin in its closed (1) and lactone ring opened


form (2).
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we hypothesize that linkage of the targeting moiety to
the 20-OH of CPT will stabilize the lactone ring and
thereby minimize systemic toxicity by ensuring full drug
activity upon arrival at the tumor.


Following a procedure reported in the literature,29 com-
mercially available camptothecin (1) was treated with
triphosgene (caution: triphosgene should only be handled
by trained personnel) in the presence of DMAP to form
the C20 chloroformate (6) of camptothecin. Addition of
5 to the chloroformate afforded pyridyldithioethyl car-
bonate camptothecin (7).35 Coupling of the pyridyldithiol
carbonate arm to camptothecin in this manner also
allows for possible conjugation to other free thiols (via
disulfide exchange), rendering this precursor amenable
to linkage to a variety of targeting ligands (e.g., pep-
tides, aptamers, antibodies, etc.). Additionally, reduc-
tion of the disulfide carbonate linker releases the
parent camptothecin in unmodified form.


The folate-peptide construct with a terminal cysteine
residue, Pte-c-Glu-Asp-Arg-Asp-Asp-Cys (8), was


synthesized on an H–Cys(Trt)-2-Cl–Trt resin using
standard FMOC-protected amino acids and N10–tri-
fluoroacetylpteroic acid as previously described.36,37


Scheme 2 illustrates the conjugation of folate peptide (8)
to 7 forming the completed folate-peptide-CPT prodrug
(9).38 For comparison, an analogue possessing an ester
linkage (10) was synthesized using a modified literature
procedure.39 Briefly, 4-(2-(pyridinyldithio)-butanoic
acid was used as the heterobifunctional bridging agent
for esterification to the 20-OH of camptothecin. Conju-
gation of the ester form of pyridyl camptothecin to 8
was performed as described in Scheme 2.


Together with cytotoxicity analyses, studies were
performed on folate-peptide-CPT to evaluate both the
binding affinity and CPT release efficiency of the intact
prodrug. In our experience, all three parameters are pre-
dictive of in vivo efficacy and can be used to guide
further structural refinements. Relative binding affinity
was assayed using methodology described by Westerhoff
et al.,40 where KB cells (a human cervical cancer cell line


Scheme 2. Synthesis of folate-peptide-CPT (carbonate linker). Reagents and conditions: (a) DMSO, rt, 6 h.


Scheme 1. Synthesis of pyridyldithioethyl carbonate camptothecin. Reagents and conditions: (a) CH2Cl2 rt, 30 min; (b) 0.35 equiv triphosgene,


6 equiv DMAP, CH2Cl2 rt, 15 min; (c) CH2Cl2 rt, 6 h.
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that over-expresses the folate receptor) were incubated
in the presence of 10 nM 3H folic acid plus increasing
concentrations (0.1 nM–1 lM) of competitor (i.e.,
folate-peptide-CPT or non-radioactive folate). Relative
affinity is defined as the molar ratio of competitor to
folate required to block 50% of 3H folic acid binding
to KB cells. The relative affinity for folic acid, by defini-
tion, was set to 1. Thus, a relative affinity of 1 indicates a
binding affinity equivalent to that of folic acid, whereas
a lower value reflects lower affinity and a higher value
indicates higher affinity. Analysis of the folate-peptide-
CPT prodrug revealed a relative binding affinity of
0.44 (Fig. 2), demonstrating that attachment of the pep-
tide spacer to camptothecin has little impact on FR
binding.41 To assess release of camptothecin (Scheme 3)
from the folate peptide linker, folate-peptide-CPT was
incubated in the presence of a 10-fold molar excess of
the disulfide reducing agent, dithiothreitol, in 0.1 mM
phosphate-buffered saline (pH 7.4) for 1 h. Based on
HPLC analysis (Fig. 3), >80% conversion of the pro-


Figure 2. Relative folate receptor binding affinity of folate-peptide-


CPT (9). Human KB cells were incubated for 30 min in the presence of


10 nM tritiated folic acid with increasing competitor concentrations.


Open circles, folate-peptide-CPT; black circles, folic acid.


Scheme 3. Disulfide mediated release of camptothecin from the folate peptide carbonate linker.
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drug to free camptothecin occurred within the 1 h time
frame.


In vitro cytotoxicity of folate-peptide-CPTwas evaluated
using amodified tritiated thymidine incorporation assay.5


Confluent FR + KB cells in folate deficient medium were
incubated for 1 h (pulsed) with increasing concentrations
of folate-peptide-CPT in the presence or absence of
0.1 mMfolic acid.Afterwashing to remove unbound pro-
drug, the cells were incubated 72 h (chased) in freshmedi-
um. This type of pulse-chase assay is considered more
appropriate for evaluation of folate-targeted compounds
than a standard 72 h incubation, since folate conjugates


are commonly cleared from both the vasculature and
interstitial spaces within a short time frame (<2 h).5,41


Incubation of cells with folate conjugates in the presence
of free folic acid further enables discernment of receptor
mediated uptake from non-receptor mediated mecha-
nisms. As shown in Figure 4, tritiated thymidine incorpo-
ration (a measure of DNA synthesis) decreased in a
dose-dependent manner with increasing concentrations
of folate-peptide-CPT (IC50 � 10 nM). Folate-peptide-
CPT activity, furthermore, was quantitatively blocked
in the presence of excess folic acid, demonstrating that
prodrug uptake is FR mediated.


Recent data demonstrate that reduction of disulfide
bonds in folate conjugates begins immediately following
endocytosis and proceeds continuously until FR recycles
to the cell surface.42 Importantly, reduction of the disul-
fide bond in the carbonate prodrug 9 generates a thiol
intermediate (11) that would be expected to cleave the
carbonate bridge to CPT (Scheme 3), releasing unmod-
ified camptothecin.43 In contrast, generation of the same
thiol intermediate in the analogous ester-bridged pro-
drug (10) would not be expected to facilitate rapid ester
hydrolysis, resulting in less CPT release during prodrug
endocytosis. Consistent with this anticipation, the cyto-
toxicity of the ester-linked prodrug was found to be
much lower than the carbonate-linked prodrug
(Fig. 5). The data also suggest that esterases capable
of releasing CPT from the ester-linked prodrug are not
abundant in FR + endosomes.


In summary, the synthesis of a novel folate peptide
camptothecin prodrug, possessing a releasable disulfide
carbonate linker, has been described. The disulfide car-
bonate-peptide spacer confers water solubility to the
prodrug without compromising FR binding affinity
and provides a release mechanism for rapid unloading
of camptothecin within FR + cancer cells. Moreover,
this synthetic strategy could prove useful for construc-
tion of additional camptothecin prodrugs linked to
other targeting ligands.
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Figure 3. Release of CPT (1) from folate-peptide-CPT prodrug (9) by


disulfide reduction. Folate-peptide-CPT was analyzed using RP-C18


HPLC (Abs = 280 nm) in the absence (top chromatogram) and


presence (bottom chromatogram) of a 10-fold excess of dithiothreitol.


Figure 4. Dose-response of folate-peptide-CPT (9). Human KB cells


were incubated with increasing concentrations of folate-peptide-CPT


in the presence or absence of excess folic acid for 1 h. After a 72-h


incubation in fresh media, activity was assessed using a tritiated


thymidine incorporation assay. Open circles, folate-peptide-CPT plus


0.1 mM folic acid; black circles, folate-peptide-CPT. IC50 � 10 nM.


Figure 5. Comparison of carbonate versus ester drug release mecha-


nism. Cells were incubated in 100 nM of each respective conjugate


(carbonate linkage = compound 9; ester linkage = compound 10) in


the presence or absence of an excess of folic acid for 1 h. After a 72-h


incubation in fresh media, activity was assessed using the tritiated


thymidine incorporation assay. Gray bars, 100 nM, respective conju-


gate. Black bars, 100 nM respective conjugate + 0.1 mM folic acid.
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Abstract—Copper (I) promoted [3+2] Huisgen cycloaddition of azides with terminal alkynes was used to prepare triazole-containing
macrocycles based on the Grb2 SH2 domain-binding motif, ‘Pmp-Ac6c-Asn’, where Pmp and Ac6c stand for 4-phosphonomethyl-
phenylalanine and 1-aminocyclohexanecarboxylic acid, respectively. When cycloaddition reactions were conducted at 1 mM sub-
strate concentrations, cyclization of monomeric units occurred. At 2 mM substrate concentrations the predominant products
were macrocyclic dimers. In Grb2 SH2 domain-binding assays the monomeric (S)-Pmp-containing macrocycle exhibited a Kd value
of 0.23 lM, while the corresponding dimeric macrocycle was found to have greater than 50-fold higher affinity. The open-chain
dimer was also found to have affinity equal to the dimeric macrocycle. This work represents the first application of ‘click chemistry’
to the synthesis of SH2 domain-binding inhibitors and indicates its potential utility.
� 2006 Elsevier Ltd. All rights reserved.

The growth factor receptor-bound protein 2 (Grb2) is an
SH2 domain-containing signal transducer that repre-
sents an attractive therapeutic target.1 For Grb2 SH2
domains, where open-chain ‘pTyr-Xxx-Asn’ sequences
are preferentially recognized in type-I b-turn conforma-
tions, induction of turn geometries through macrocycli-
zation using ring-closing olefin metathesis2 (RCM) has
resulted in a number of potent binding inhibitors.3 Re-
cent reports have highlighted the growing utility in drug
discovery of copper (I) promoted [3+2] Huisgen cyc-
loadditions of azides with terminal alkynes, which is
one example of ‘click chemistry’.4 This led us to examine
the potential usefulness of this approach to prepare
Grb2 SH2 domain-binding antagonists, including mac-
rocyclic inhibitors. To date few reports of ring closure
using azide–alkyne click chemistry have appeared for
peptides or peptide mimetics.5 Therefore, the current
study was undertaken to examine click chemistry in
the synthesis of Grb2 SH2 domain-binding inhibitors.

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


doi:10.1016/j.bmcl.2006.08.004
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dition; Peptide mimetic.
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Macrocyclization using ring-closing [1,3] dipolar cyclo-
addition was undertaken using the protected monomeric
sequences 8 that contain the tripeptide motif, ‘Pmp-
Ac6c-Asn-amide’ (Scheme 1). (Here Pmp represents the
phosphatase-stable pTyr mimetic 4-phosphonomethyl-
phenylalanine6 and Ac6c stands for 1-aminocyclohexan-
ecarboxylic acid7). Preparation of 8 began with the
known protected amine 1, which was obtained by Mits-
unobu coupling of phthalimide with commercially avail-
able 4-pentyn-1-ol.8 Direct hydrazinolysis of 1 to yield
1-amino-4-pentyne had previously been reported to fail
or to require tedious ion exchange chromatographic
workup if an alternate reductive phthalimide cleavage
procedure was used.9 However, we were able to employ
1 as a source of 1-amino-4-pentyne by reacting this
material with hydrazine in aqueous EtOH (reflux,
2 h),10 then cooling the reaction mixture to room tem-
perature, filtering, and concentrating the volatile prod-
uct. Without further purification the crude amine was
coupled directly with N-Boc LL-Asn using active ester
protocols [1-hydroxybenzotriazole (HOBT) and 1-(3-
dimethylaminopropyl)-3-ethyl carbodiimide hydrochlo-
ride (EDC)]. This provided the N-Boc-Asn[1-(5-penty-
nyl)] amide 2 in 48% yield from 1. Conversion of 2 to
the N-Fmoc protected dipeptide 4 required initial
TFA-mediated N-Boc deprotection followed by neutral-
ization and chromatographic purification. Active ester



mailto:tburke@helix.nih.gov





N


O


O


N
H


O


N
CONH2


H R


N
H


O


HN


CONH2


O


N


O


P


O


ButO
ButO


N
H Fmoc


OH


O


N


N
H


O


HN


CONH2


O


N
H


H
N


O


N
H


O


HN
CONH2


O


N
HO


N3* *


1
2 R = Boc
3 R = H


4


5


6 (*R/S); R = Fmoc
7a (*S), 7b (*R); R = H


i iii


iv vi


P
O OBut


OBut


H
N


O


N
H


CONH2


O


HN O


N
H


O


N


N
H


O
H
NH2NOC


O


NHO


H
N


O


N


P


O


RO
OR


NN


N N
*


*


P
O OR


OR


10a (*S), 10b (*R); R = But


12a (*S), 12b (*R); R = H
ix


viii


H
N


O


N
H


O


HN


CONH2


O


N
HO


P
O OR


OR


N


N


N


*


11a (*S), 11b (*R); R = But


13a (*S), 13b (*R); R = H
ix


+


8a (*S), 8b (*R); R = But


9a (*S); R = H
vii


P
O


OR
OR


Fmoc
H


ii


H R


v


Scheme 1. Reagents and conditions: (i) a—N2H4ÆH2O, EtOH, H2O, reflux, 2 h; b—Boc-Asn-OH, EDC, HOBt, DMF, rt, 12 h (48% yield for two


steps); (ii) a—TFA, CH2Cl2, rt, 1 h (95% yield); (iii) a—Fmoc-1-amino-cyclohexanecarboxylic acid, EDC, HOBt, DMF, rt, 12 h (84% yield); (iv) a—


piperidine, CH3CN, rt, 2 h; b—EDCIÆHCl, HOBt, DMF, rt, 12 h (39% yield for two steps); (v) piperidine, CH3CN, rt, 2 h (37% yield for 7a; 38%


yield for 7b); (vi) a—(BrCH2CO)2O DMF, rt, 1 h; b—NaN3, DMF, rt, 24 h (two steps, 81% yield for 8a, 62% yield for 8b); (vii) TFA–HS(CH2)2SH–


H2O, rt, 1 h (69% yield); (viii) CuI, LL-ascorbate, DIPEA, CH3CN/tBuOH/H2O, rt; (ix) TFA–HS(CH2)2SH–H2O, rt, 1 h.
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coupling of the resulting free amine with N-Fmoc Ac6c
provided 4 in 80% yield from 2. Removal of N-Fmoc
protection followed by coupling with 4-[bis(tert-bu-
tyl)phosphonomethyl]-N-Fmoc-DD,LL-phenylalanine ([N-
Fmoc-DD,LL-(OBut)2Pmp], 5)11 gave the tripeptide 6 as
an inseparable mixture of (R/S) epimers at the Pmp a-
carbon. Following N-Fmoc removal, the epimeric free
amines could be separated by flash chromatography to
yield the (S)-Pmp- and (R)-Pmp-containing diastereo-
mers 7a and 7b, respectively. Assignment of relative con-
figurations was done by comparison with an authentic
sample of (S)-Pmp-containing tripeptide (corresponding
to the faster eluting material) prepared using enantio-
merically pure N-Fmoc-LL-(OBut)2Pmp.12 Treatment of
7a and 7b with bromoacetic anhydride, followed after
1 h by the addition of sodium azide, yielded the cycload-
dition precursors 8a and 8b in 81% yield and 62% yield,
respectively.


Initial attempts at [1,3] Huisgen cycloaddition using CuI
and LL-ascorbate13 proceeded poorly and yielded mainly
unreacted starting material. However, addition of N,N-
diisopropylethylamine (DIEA) significantly facilitated
the reaction, apparently by promoting formation of
the copper-(I)-alkyne complex.14 When the cycloaddi-

tion reaction was conducted using a substrate concen-
tration of 2 mM, the expected monomeric cyclization
product 10 was obtained only as a minor component.
The major product under these conditions proved to
be the dimeric macrocycle 11 (26% yield for 11a, 56%
yield for 11b). The dimerization reaction was highly con-
centration dependent, since repeating the procedure at
1 mM substrate concentration reversed the product ra-
tios and provided monomeric 10 (29% yield for 10a
and 19% yield for 10b) as the predominant product with
dimeric 11 appearing as a minor component. Similar
peptide cyclodimerization by copper-catalyzed azide–al-
kyne cycloaddition has recently been reported.5a Cleav-
age of the phosphonate tert-butyl esters (TFA–
ethanedithiol–H2O) and purification by HPLC gave
the final monomeric (12) and dimeric (13) products,
respectively.


For comparison purposes the (S)-Pmp-containing open-
chain monomer (9a) (Scheme 1) and dimer (18) (Scheme
2) were prepared. In the latter case, starting from the
(S)-Pmp-containing tripeptide 7a, cycloaddition precur-
sors 15 and 16 were synthesized bearing C-terminal
alkyne and N-terminal azide functionality, respectively.
Performing [3+2] cycloaddition of 15 and 16 using CuI
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Figure 1. Structure of reference macrocycle examined by both SPR


and ELISA binding experiments.


Table 1. Grb2 SH2 domain-binding affinities of synthetic peptides


Compound Binding affinity Kd
a (lM)


9a >1


12a 0.23


12b >1


13a Kd1 = 0.0018; Kd2 = 0.0040


13b >1


18 Kd1 = 0.0011; Kd2 = 0.087


a Values were determined as described in Ref. 15.
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and LL-ascorbate in the presence of DIEA gave the pro-
tected product 17, which was converted to 18.


Evaluation of Grb2 SH2 domain-binding affinities was
conducted using surface plasmon resonance (SPR) as
previously described.15 A key feature of this technique
was its use of Biacore S51 instrumentation, which
allowed direct measurement of synthetic peptide binding
to surface-bound Grb2 SH2 domain protein. In similar
studies conducted on the reference macrocycle 19
(Fig. 1) using a Biacore 3000 instrument, close agree-
ment was observed between the SPR binding affinity
(Kd = 0.9 nM) and affinity determined by ELISA meth-
ods (IC50 = 1.4 nM).3d


As shown in Table 1, the (R)-Pmp-containing monomer-
ic and dimeric macrocycles (12b and 13b, respectively)
exhibited binding constants above 1 lM. However, the
monomeric (S)-Pmp-containing macrocycle (12a)16


bound with sub-micromolar affinity. Of particular note
were the affinities of the dimeric (S)-Pmp-containing
peptides, which provided low nanomolar Kd values for
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both the macrocyclic (13a)17 and open-chain (18)18


forms. These high affinities were somewhat unexpected
based on the low affinity of the open-chain precursor
9a (Kd > 1 lM).


The binding kinetics of 13a and 18 were complex and
consistent with multiple binding components. The qual-
ity of the Biacore data was very high and this was not
felt to be an artifact of the data. Multiple binding com-
ponents have been reported previously for Grb2 SH2
domain-binding macrocycles, however the physical
interpretation is not clear.19 Fitting data to a two-com-
ponent system (Fig. 2) provided the Kd1 and Kd2 values
shown in Table 1.


High Grb2 SH2 domain-binding affinity has been
reported previously for a peptide containing two pTyr
mimetic residues.20 However, in this latter case both res-
idues were situated in the proximal pTyr and pTyr+1
positions with the pTyr+1 residue participating in a
non-canonical interaction with the Grb2 Arg142.21


Molecular modeling indicates that this type of interac-
tion is not possible for dimeric peptides 13a and 18
(Fig. 3).


Peptides based on immunoreceptor tyrosine activation
motifs (ITAMs) also present tandem pTyr-containing

Figure 2. Representative SPR data for 13a and 18 showing response in


RU units versus time. Traces in black are for 2-fold dilutions of


inhibitor from 62 to 0.98 nM. Curve fitting for two-component models


is shown in red.


Figure 3. Potential Grb2 SH2 domain-binding interactions of syn-


thetic ligands as determined by molecular modeling. (A) Dimeric


macrocycle 13a; (B) open-chain dimer 18.

motifs that bind with high affinity to targets such as the
ZAP-70 tyrosine kinase that contain multiple SH2 do-
mains. X-ray analysis has confirmed that this binding in-
volves simultaneous interaction of each pTyr-containing
motif with a separate SH2 domain.22 To our knowledge,
peptides 13a and 18 are among the first examples of dimer-
ic pTyr-mimetic-containing peptides that show high affin-
ity against a single SH2 domain construct. The structural
basis for the more than two orders of magnitude affinity
enhancement in going from the monomer 9a to the dimers
13a and 18 is not apparent from docking studies with the
isolated Grb2 SH2 domain.


Reported herein is the first application of [3+2] Huisgen
cycloaddition click chemistry for the synthesis of SH2
domain-binding peptides. By appending azide/alkyne
functionality to the N- and C-termini, respectively, mac-
rocyclization could be effected in monomeric or dimeric
fashion depending on substrate concentration. Open-
chain dimeric analogues could also be prepared by react-
ing monomers that contained a single azide/alkyne
group each. Although the open-chain (S)-Pmp-contain-
ing monomer exhibited very low binding affinity, dimer-
ic analogues based on the same motif bound with very
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high affinity and displayed complex kinetics. These re-
sults support the potential utility of click chemistries
for the preparation of novel SH2 domain-binding
antagonists.
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Abstract—New inhibitors of histone deacetylase (HDAC) have been synthesized and evaluated for their activity toward non small
lung cancer cell line H661. Their design is based on indanone (or tetralone) systems leading to trichostatin A (TSA) analogs with
limited conformational mobility. Molecular modelization at the AM1 level revealed that the conformations of indane-based analogs
and TSA bound to HDAC like protein are similar. The synthesis of these new analogs was achieved by alkylation of an appropriate
indanone (or tetralone) to introduce the side chain bearing a terminal ester group, the latter being a precursor of hydroxamic acid
and aminobenzamide derivatives. Hydroxamic acids with the TSA side chain were found to be the most active compounds and the
presence of the dimethylamino group on the phenyl ring turned out to be essential to achieve low micromolar activities against H661
cancer cells.
� 2006 Elsevier Ltd. All rights reserved.
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1  trichostatin A,R = H
2a trichostatin C, R = β-glucosyl
2b trichostatin D, R =α-glucosyl

The eukaryotic DNA is structured in chromatin with
repetitive units called nucleosomes that not only provide
structural support for packing the nucleosomal DNA
but also are critical sites that control gene activation
and repression. At the center of the periodically assem-
bled units (about every 200 nucleotide base pairs) sealed
by histone H1 are the highly conserved histone proteins
H2A, H2B, H3, and H4 that form the octameric core
around which the DNA is folded. The assembly of
DNA in nucleosomal units is a fluid structure that
responds to the needs of the cells by remodeling regions
that are actively involved in gene transcription and
DNA replication. Regulation of histone acetylation,
methylation, and phosphorylation control chromatin
remodeling1. Modification of the R-amino group of spe-
cific lysines within histones by acetylation and deacetyla-
tion plays a crucial role in the transcriptional process
and deregulation can lead to cancer.2,3 This epigenetic
modification is regulated by two groups of enzymes
HAT (histone acetyl transferase) and HDAC (histone
deacetylase) with opposite activities.4,5 HDACs play
prominent roles in the transcriptional inactivation of
tumor suppressor genes. Many studies show that
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inhibition of HDAC elicits anticancer effects in several
tumors by inhibition of cell growth and inducing cell
differentiation.6 In addition, recent data indicate that a
variety of proteins, including p53 a tumor suppressor
gene7 and a-tubulin involved in microtubule stability,8,9


are also substrates for HDACs. It is now clear that
many HDACs target non-histone proteins and have
functions beyond the alteration of chromatin struc-
tures.10 Therefore, inhibiting HDAC is an attractive
target for anticancer therapy.11–13


As a result of these findings, several programs for the
development of HDAC inhibitors (HDACI) as antican-
cer drugs have been initiated.14 Several natural com-
pounds have been isolated, like trichostatin A 115 (Fig. 1),
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Figure 1. Natural (1,2) and synthetic (3) HDACI.
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Figure 2. TSA in HDLP protein (pdb 1C3R15).


Figure 4. Modeled conformations of TSA and of an indanone analog,


and crystallographic structures of TSA bound to HDLP (histone


deacetylase like protein) and HDAC8.
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Figure 5. Indanones and tetralone.
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a reversible HDACI,16 or synthesized, like SAHA 3,
actually in clinical trials (phase III).17


Structural requirements for HDAC inhibition have been
rationalized:18–20 a functional group able to chelate the
zinc atom at the bottom of the active site, a recognition
moiety interacting with the external surface of the pro-
tein, and a spacer linking these two moieties and fitting
the tubular geometry of the site (Fig. 2). This led to the
synthesis of a large number of more or less complex
compounds for SAR studies.21–26


HDACIs were classified in several groups: second gener-
ation hybrid polar compounds (HPCs) as SAHA 3,
benzamides, arylketones, benzo[de]isoquinolines, and
1,3-dioxanes. Another group is the cyclic hydroxamic
acid-containing compounds (CHAPs), where the recog-
nition part is a cyclic tetrapeptide.


TSA 1 itself has been synthesized in either racemic27 or
enantiopure28 form, and enantioselective preparation of
trichostatin D 229 has also been described. Biological
studies on TSA showed some toxicity and biological
instability limiting its clinical development: the hydroxa-
mic acid is hydrolyzed first to amide and then to carbox-
ylic acid, two inactive derivatives, and the amino group
is demethylated, giving metabolites rapidly eliminated in
biological systems.30 Furthermore, it should be consid-
ered that TSA may be sensitive to enolization and thus,
racemization leading to inactive compounds.


Taking into account these observations, it seemed
worthwhile to explore the synthesis of rigid analogs of
TSA designed by linking the a position of the ketone
to the phenyl ring, leading to indanone (n = 1) or tetr-
alone (n = 2) derivatives (Fig. 3). Furthermore, other
modifications may be considered such ring substitution
or replacement of the hydroxamic acid by another Zn
chelating function.


For such analogs enolization will be impossible but the
flexibility of the phenyl ring with respect to the remain-
ing part of the molecule will also be suppressed. At this
stage, conformational analysis of the indanone analog
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X R= H, F, Me2 N
X= OH, 2-NH2Ph
n= 1,2(  )n


Figure 3. TSA analogs.

was carried out at the AM1 level31 (Fig. 4) and it was
found that the more stable conformer is rather close to
the computed and X-ray structures found for TSA in
the active site of HDAC8 or HDLP.18–20


The synthesis of these new analogs was implemented by
alkylation of an appropriate indanone (or tetralone,
Fig. 5) to introduce the unsaturated side chain bearing
a terminal ester group, the latter being a precursor of
hydroxamic acid and aminobenzamide derivatives.


Indanone 4a is commercially available, tetralone 4b was
prepared from a-tetralone by methylation32 (79% over-
all yield), and fluoroindanone 4c was prepared from
fluorobenzene and 2-bromo-2-methylpropionylbromide
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Scheme 1. Reagents and conditions: (i) CH2O, NaBH3CN, CH3CN,


98%; (ii) DDQ, THF, 90%; (iii) H2N–NMe2, pTsOH, Toluene, Dean–


Stark; (iv) LDA, MeI, �40�C; then H3O+, 78%.
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Scheme 3. Reagents and conditions: (i) Ph3P@CHCOOEt, toluene,


reflux, 12 h; (ii) LiOH, MeOH; (iii) H2N–OTHP, TBTU, DMF, NEt3;
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(AlCl3, CS2, quantitative yield).33 Attempts to directly
convert fluoroindanone to dimethylamino-2-methyl-
indanone 4d by nucleophilic aromatic substitution
(HMPA, 170 �C34 or Me2NH, NaH, DMSO, 120 �C35)
gave poor yields (<10%).


Another strategy was used to prepare this material from
aminoindane 5 (Scheme 1). The latter was dimethylated
by reductive formylation (CH2O, NaBH3CN, CH3CN)
to give 6 which was then oxidized to 7 (DDQ, THF).36


Monomethylation of 7 (LDA, THF, CH3I) via its
N,N-dimethylhydrazone 8 finally afforded 4d (78% over-
all yield from 7).


Introduction of the butadienoate chain was first carried
out from 4a,b via aldolization with isobutyraldehyde
(LDA, THF, �78 �C, Scheme 2). Aldols 9a,b were dehy-
drated (SOCl2, pyridine) to give alkenes 10a,b which
were oxidized to afford 11a,b as E isomers.37 A better
route was designed based on aldolization with 3-eth-
oxy-2-methyl-propenal as described by Wood,38 the
intermediate aldol being hydrolyzed in situ under acidic
conditions to afford 3-substituted 2-methyl-pronenal
derivatives. This methodology was first applied to 4b
and gave 11b in better yield (80%) as compared to the
first method (3 steps, 40% overall). Wood’s procedure
was then applied to fluoro and amino compounds 4c,d
to give the corresponding aldehydes 11c,d in good yield.


Wittig homologation (Ph3P = CHCOOEt, toluene, 12 h)
of aldehydes 11a–d gave the E,E-unsaturated esters 12a–
d (Scheme 3). After hydrolysis (LiOH, MeOH) to the
corresponding carboxylic acids 13a–d, hydroxamic acids
15a–d were obtained by treatment of 13a–d with the
known hydroxylamine O–THP39 ether (TBTU, DMF,
NEt3) giving 14a–d, followed by acid catalyzed removal
of the THP ether (CSA, CH2Cl2, MeOH). Aminobenza-
mides 16a–d were obtained by coupling 13a–d with 1,2-
diaminobenzene (EDC, THF, 64–85%).

A different butadienoate derivative was also prepared
with the aim of attempting double bond isomerization
to afford an alternative route toward 12a–d
(Scheme 4). Alkylation of indanone 4a with 2,3-dib-
romopropene afforded bromide 17 which was then
submitted to Heck coupling with ethyl acrylate. The
E dienoate 18 was hydrolyzed to acid 19, converted
as previously described to benzamide 20. Compound
19 could not be converted to the corresponding
hydroxamic acid and Pd catalyzed isomerization of
18 was not successful.


All the hydroxamic and benzamide derivatives were
evaluated for their antiproliferative activity against
non small cell lung cancer H661 cells. IC50s were deter-
mined from two triplicate experiments by extrapolation







Table 1. Antiproliferative activities for TSA 1, SAHA 2, and TSA analogs


Entry Compound Inhibition IC50, lMa,b,c Cell lines
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a Extrapolated IC50 from XTT tests at concentrations in range 1–10 lM.
b 1–5 lM.
c 0.025–1 lM.
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to 50% proliferation (Table 1 and supplementary mate-
rial, Fig. 8). Values obtained were compared to previ-
ously reported data for TSA or SAHA.

Benzamides were found to be less active than the corre-
sponding hydroxamic acids, which is in agreement with
literature data. The tetralone analogs were found to be







Figure 7. Western blots of: (A) histone H4 acetylation, (B) tubulin


acetylation, (C) a-tubulin for H661 cell treatment during 5 h 30 0 with:


1—1 (TSA) 0.3 lM, 2—control untreated cells, 3—15c 2.5 lM, 4—15b


5 lM, 5—15d 0.3 lM, (D) total protein extract of H661 cells stained by


Coomassie blue.
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half as potent than the corresponding indanones (Table
1, entries 3–8, compounds 15a,b–16a,b). Compound 20
appeared to be rather unstable and was not active (Table
1, entry 11).


Analogs not substituted on the phenyl ring or bearing a
fluoro substituent gave IC50s in the 1–5 lM range (Table
1, entries 5 and 9). On the other hand, the presence of a
dimethylamino group (Table 1, entries 6 and 10) appears
to be critical to achieve submicromolar activity.


This can be rationalized by analysis of the crystallized
form of HDLP with TSA which shows an interaction
between this amino group and Tyr91 (Tyr100 in
HDAC8) at the entry of the pocket, either with the car-
bonyl group of Tyr91 or by p–p stacking with the phenyl
ring (Fig. 6).


Then, compounds showing the best antiproliferative
activities were used for determination of acetylation of
histone H4 and tubulin using Western blot (Fig. 7).
The concentration of each compound was adjusted close
to the corresponding IC50 value (15c: 2.5 lM, 15b:
5 lM, 15d: 0.3 lM, TSA 1: 0.3 lM). At these concentra-
tions, 15b–d have good activities on acetylation of his-
tone H4. In particular, 15d shows a better response
than TSA at the same concentration. Evaluation on
tubulin acetylation was also determined for compounds
15b–d, with activities similar to those of TSA at the
given concentrations.


In conclusion, this work has demonstrated that con-
formationally constrained analogs of TSA, incorporat-
ing an indanone nucleus retain interesting
antiproliferative and HDAC inhibitory activities. The
dimethylamino group derivative compares favorably
to TSA, although being a racemic compound. Work
is in progress in our laboratory to prepare new substi-
tuted indanones as well as enantiomerically pure
compounds.

Figure 6. TSA (pink) and an indanone analog (CPK) manually docked


in the active site of HDLP with Zn2+ (brown). Only Phe (green) and


Tyr (white) are shown with stacking of the vinylic methyl between


Phe141 and Phe198, and dimethylamino close to Tyr91 (produced


from 1C3R18 with MDL Chime plug in).
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A novel series of oxadiazole-based amides have been shown to be potent DPP-4 inhibitors. The optimized compound 43 exhibited


excellent selectivity over a variety of DPP-4 homologs.
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Compound 27 possesses significant potency against c-RAF and demonstrates selectivity over other protein kinases. A hypothesis for


the binding mode, activity, and selectivity is proposed.
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A series of N1-arylidene-N2-quinolyl- and N2-acrydinylhydrazones were synthesized and tested for their antimalarial activity. These


compounds showed remarkable anti-plasmodial activity in vitro especially against choroquine-resistant strains.
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A new, improved synthesis of the 2-debenzoyl-2-m-methoxybenzoyl-7-triethylsilyl-13-oxo-14b-hydroxybaccatin III 1,14-carbonate


(6), the key intermediate in the synthesis of two new second-generation antitumor taxanes, is described.
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We describe a novel class of benzoheptanone derived oxazolidinone antibacterial agents. The synthesis and antibacterial activities


with structure variation are described.
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The isolation and structures of three novel scalarane sesterterpenes 1–3 and their inhibition of FXR transactivation are reported.
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Cu(II) complexes with two sterically hindered o-aminophenol derivatives have been synthesized and characterized by means of


elemental analysis and various physico-chemical techniques. The antimicrobial activities of compounds were tested.
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Vince S. C. Yeh,* Ravi Kurukulasuriya, David Madar, Jyoti R. Patel, Steven Fung,
Katina Monzon, William Chiou, Jiahong Wang, Peer Jacobson, Hing L. Sham and J. T. Link
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A series of structurally novel and metabolically stable bridged bicyclic carbocycle and heterocycle adamantane replacements have


been synthesized and biologically evaluated. Several of these compounds exhibit excellent human and mouse 11b-HSD1 potency


and 11b-HSD2 selectivity.


Synthesis and biological evaluation of heterocycle containing adamantane 11b-HSD1 inhibitors pp 5414–5419


Vince S. C. Yeh,* Jyoti R. Patel,* Hong Yong, Ravi Kurukulasuriya, Steven Fung, Katina Monzon,
William Chiou, Jiahong Wang, Deanne Stolarik, Hovis Imade, David Beno, Michael Brune,
Peer Jacobson, Hing Sham and J. T. Link
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A series of metabolically stable adamantane amide 11b-HSD1 inhibitors have been synthesized and biologically evaluated. These


compounds exhibit excellent HSD1 potency and HSD2 selectivity and good pharmacokinetic and pharmacodynamic profiles.


Chiral recognition by fluorescent chemosensors based on N-dansyl-amino acid-modified cyclodextrins pp 5420–5423


Hiroshi Ikeda,* Qun Li and Akihiko Ueno


Vialinin B, a novel potent inhibitor of TNF-a production, isolated from an
edible mushroom, Thelephora vialis


pp 5424–5426


Chun Xie, Hiroyuki Koshino, Yasuaki Esumi, Jun-ichi Onose, Kunie Yoshikawa and Naoki Abe*
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cycloleucomelone  3500


vialinin B  0.02 


ganbajunin B 5000


Sample
Inhibition of TNF-  release 


Vialinin B had an IC50 value of 0.02 nM, indicating that vialinin B was approximately 2 · 105-fold more effective than the related


compounds, ganbajunin B and cycloleucomelone.
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Novel aminobenzimidazoles as selective MCH-R1 antagonists
for the treatment of metabolic diseases


pp 5427–5431


T. K. Sasikumar,* Li Qiang, Duane A. Burnett, William J. Greenlee,
Brian E. Hawes, Timothy J. Kowalski, Kim O�Neill, Brian D. Spar and Blair Weig


N N N
NH


N


F


Cl


NC


H
N


NH
N


NC N N


Cl
Cl


9; h-MCH-R1 Ki = 2.2 nM


H


22; h-MCH-R1 Ki = 4.9 nM


A series of potent and highly selective melanin-concentrating hormone (MCH) inhibitors is described.


1-Alkyl-2-aryl-4-(1-naphthoyl)pyrroles: New high affinity ligands
for the cannabinoid CB1 and CB2 receptors


pp 5432–5435


John W. Huffman,* Lea W. Padgett, Matthew L. Isherwood,
Jenny L. Wiley and Billy R. Martin


N
R


O


Ar


The synthesis and pharmacology of 28 1-alkyl-2-aryl-4-(1-naphthoyl)pyrroles are described. Several of these compounds have high


affinity for both the CB1 and CB2 receptors.


Toward intrinsically fluorescent proteomimetics: Fluorescent probe response to alpha helix structure
of poly-c-benzyl-LL-glutamate


pp 5436–5438


Kenji Hutt, Randy Hernandez and Michael D. Heagy*


Peptidyl-urea based inhibitors of soluble epoxide hydrolases pp 5439–5444


Christophe Morisseau, John W. Newman, Hsing-Ju Tsai,
Preston A. Baecker and Bruce D. Hammock*
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Identification of substituted 4-aminopiperidines and 3-aminopyrrolidines as potent MCH-R1
antagonists for the treatment of obesity
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Wei Ji, John A. Wos, Annyodile Colson, M. Chrissy Mitchell, Jan R. Davis,
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Structure modification of 4-aminopiperidine, an HTS hit, led to the identification of 4-piperidinylbenzamide (5c) as a potent MCH


antagonist (Ki = 27 nM). Further optimization via piperidine ring contraction resulted in enhanced activity in a 3-aminopyrrolidine


series, where 3-pyrrolidinylbenzamide (10i) was found to be an excellent MCH antagonist (Ki = 7 nM).


Structure–activity relationships of novel antibacterial translation inhibitors:
3,5-Diamino-piperidinyl triazines


pp 5451–5456


Yuefen Zhou, Zhongxiang Sun, Jamie M. Froelich, Thomas Hermann and Daniel Wall*
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Antiprotozoal activities of new bis-chlorophenyl derivatives of bicyclic octanes and aza-nonanes pp 5457–5461


Heinrich Berger, Werner Seebacher,* Robert Saf, Marcel Kaiser,
Reto Brun and Robert Weis
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The in vitro activity of newly synthesized bis-(chlorophenyl)-azabicyclo[3.2.2]nonanes and bis-(chlorophenyl)-


bicyclo[2.2.2]octanes against Plasmodium falciparum K1 (resistant to chloroquine and pyrimethamine) and


Trypanosoma brucei rhodesiense was investigated.


Design, synthesis, and biological evaluation of a new class of small
molecule peptide mimetics targeting the melanocortin receptors


pp 5462–5467


James P. Cain, Alexander V. Mayorov, Minying Cai, Hui Wang, Bahar Tan,
Kevin Chandler, YeonSun Lee, Ravil R. Petrov, Dev Trivedi and Victor J. Hruby*
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HMC009(6S) hMC5R IC50 = 0.8 nM
HMC010(6R ) hMC1R IC50 = 4.0 nM, hMC3R IC50 = 1.2 nM


*


The design, synthesis, and evaluation of new high-affinity antagonists of the human melanocortin receptors (hMCRs) is reported.
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p38 MAP kinase inhibitors. Part 5: Discovery of an orally bio-available and highly
efficacious compound based on the 7-amino-naphthyridone scaffold
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View of the crystal structure of the DB819-d(CGCGAATTCGCG)2 complex, looking down the minor groove of the DNA (see


Campbell, N.H.; Evans, D.A.; Lee, M.P.H.; Parkinson, G.N.; Neidle, S. Bioorg. Med. Chem. Lett. 2006, 16, 15). The DB819


molecule is shown in space-filling mode. Visualisation produced with the VMD program. [Humphrey, W.; Dalke, A.; Schulten, K.


J. Mol. Graphics 1996, 14, 33.]
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Erratum


Erratum to ‘‘Triazolo-tetrahydrofluorenones as selective
estrogen receptor beta agonists’’


[Bioorg. Med. Chem. Lett. 16 (2006) 4652–4656]


Dann L. Parker, Jr.,a,* Dongfang Meng,a Ronald W. Ratcliffe,a Robert R. Wilkening,a


Donald M. Sperbeck,a Mark L. Greenlee,a Lawrence F. Colwell,a Sherrie Lambert,a


Elizabeth T. Birzin,b Katalin Frisch,b Susan P. Rohrer,b Stefan Nilsson,c


Ann-Gerd Thorsellc and Milton L. Hammonda


aDepartment of Medicinal Chemistry, Merck Research Laboratories, PO Box 2000, Rahway, NJ 07065, USA
bDepartment of Atherosclerosis and Endocrinology, Merck Research Laboratories, PO Box 2000, Rahway, NJ 07065, USA


cKaroBio AB, Novum, S-14157 Huddinge, Sweden


The publisher regrets that the structures in Figure 1 are labeled incorrectly. The corrected figure appears here.

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


doi:10.1016/j.bmcl.2006.05.106


DOI of original article: 10.1016/j.bmcl.2006.05.103.
* Corresponding author. Tel.: +1 732 594 4586; fax: +1 732 594 9556; e-mail: dann_parker@merck.com
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Figure 1. ERb ligands based on tetrahydrofluorenones.
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Corrigendum


Corrigendum to ‘‘estimation of the hydrophobicity of
2,4-diphenyl-1,3-oxazoline analogs and QSAR analysis
of their ovicidal activity against Tetranychus urticae’’


[Bioorg. Med. Chem. Lett. 16 (2006) 4080–4084]


Chieka Minakuchi,a Junji Suzuki,b Kazuya Toda,b
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aDivision of Applied Life Sciences, Graduate School of Agriculture, Kyoto University, Kyoto 606-8502, Japan
bKyoyu Agri Co., Ltd, Nagano 381-0006, Japan


cDivision of Environmental Science and Technology, Kyoto University, Kyoto 606-8502, Japan


Available online 24 August 2006

The scientific name of the two-spotted spider mite should be Tetranychus, not Tetranycus as it appears in the title,
abstract, text (pages 4080 and 4081), and Table 2. The correct article title is given above.


A reader commented that the substituent parameter (rI) values for OC6H5 and SCH3 groups are not generally used in
QSAR analyses. Therefore, we changed these values to the standard values of 0.40 and 0.25, respectively, and reana-
lyzed. The revised equations and table for the correlation matrix are shown below. These new QSAR equations do not
disturb the logic of our original paper.


BA ¼1:396ð�1:437Þ log P þ 2:707ð�1:656Þro
I � 0:943ð�0:702ÞDBo


5 � 2:816ð�4:880Þ ð3Þ
n ¼ 15; s ¼ 0:857; r ¼ 0:800; F 3;11 ¼ 6:503


BA ¼1:158ð�1:135Þ log P þ 2:599ð�1:284Þro
I � 0:852ð�0:567ÞBo


5 � 1:889ð�1:414ÞIm=p � 2:024ð�3:849Þ ð4Þ
n ¼ 21; s ¼ 0:765; r ¼ 0:808; F 4;16 ¼ 7:517


Correlation matrix between parameters
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